
introduction

In the debate of carbon transfer between Earth’s reser-
voirs, the cycling of carbon between crust and mantle during
subduction is of particular interest because carbon is effec-
tively mobilized and recycled at active convergent margins
(Poli, 2015 and references therein). Being largely incompati-
ble in mantle silicate minerals (Shcheka et al., 2006), carbon
in the mantle is commonly hosted by carbonate minerals,
graphite and/or diamond as well as occurring in volatile car-
bon species, such as COH-fluids. Carbon may be introduced
into peridotite mantle via, (1) the release of crust-derived C-
bearing fluids at the slab-mantle interface during subduction
(e.g., Bebout, 1996; Kerrick and Connolly, 1998; Molina
and Poli, 2000; Scambelluri and Philippot, 2001; Poli et al.,
2009) and/or, (2) the reaction of mantle peridotite with car-
bonated melts (e.g., Green and Wallace, 1988; Green et al.,
1992; Ionov et al., 1993; 1996). Nevertheless, due to sparse
natural record of carbonated peridotite samples, the nature of
carbon transfer between crust and mantle remains little un-
derstood. Experimental studies reveal that carbonates in both
hydrous and anhydrous mantle peridotites are stable in a
broad temperature and pressure range (e.g., Wyllie and
Huang, 1975; Eggler, 1978; Eggler et al., 1979; Tumiati et
al., 2013), and several studies report the occurrence of car-
bonate minerals in mantle-derived ultramafic rocks (e.g.,
Ionov et al., 1993; 1996; 1998 and references therein; Zanetti

et al., 1999; Lee et al., 2000; Laurora et al., 2001; Braga and
Sapienza, 2007; Sapienza et al., 2009). However, for exam-
ple, although mantle xenoliths have provided invaluable in-
sights into the composition and evolution of the mantle, car-
bonate minerals can be destabilized during decompression
upon entrainment in the host lava (Canil, 1990), largely ex-
cluding this sample type as a direct source of information on
the deep carbon cycle. Experimental studies dealing with the
stability of carbonate minerals at mantle conditions under
appropriate oxygen fugacities revealed that carbonation of
peridotite starts with the formation of dolomite + orthopy-
roxene at the expense of forsterite + clinopyroxene + CO2

(Wyllie and Huang, 1975). In mantle peridotites, dolomite is
stable at P < 1.9 GPa and at 900°C, followed by coexistent
dolomite and magnesite up to 2.4 GPa and ultimately stabili-
ty of magnesite at P > 2.4 GPa (Wyllie and Huang, 1975;
Eggler et al., 1979; Tumiati et al., 2013). It has been shown
that carbonate minerals are robust even at subduction zone
conditions involving fluids and/or melts (Molina and Poli,
2000; Kerrick and Connolly, 2001). Decarbonation of peri-
dotites occurs only at conditions of low pressures and high
temperatures that are virtually not achieved along subduc-
tion geotherms (Tumiati et al., 2013), but exhumation on a
clockwise retrograde P-T path is considered to prompt de-
carbonation and CO2-degassing of formerly subducted car-
bonate-bearing rocks (Kerrick and Connolly, 1998). It is be-
coming increasingly clear, however, that mantle carbonates
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ABSTRACT

We present a comprehensive petrographic study on carbonates in orogenic mantle wedge-derived peridotites from the Ulten Zone (UZ) in the Eastern Ital-

ian Alps representing a fragment of the Variscan belt. These peridotites are found in ultramafic bodies incorporated in high-grade crustal rocks from a former

continental slab and are characterized by highly variable mineral assemblages and microstructures, which reflect their evolution from spinel peridotite in a hot

mantle wedge, to garnet peridotite after incorporation into the subducting slab and finally exhumation accompanied by retrogression. Carbonate phases in UZ

peridotites are observed in diverse textural sites and can be related to particular petrographic peridotite types. Inclusions of dolomite and dolomite-breakdown

products in primary spinel from coarse-grained protogranular peridotites indicate that carbon-bearing liquids were introduced into the mantle wedge at a time

before achieving garnet stability. Discrete dolomite grains occur in fine-grained deformed garnet-bearing peridotite and are suggested to have formed simulta-

neously with hydrous phases (amphibole, apatite) from a carbon-bearing aqueous crustal slab-derived fluid during garnet stability. Intergrowths of calcite and

brucite occur mainly in serpentinized fine-grained garnet-amphibole peridotites and are interpreted to be products of dedolomitization (CaMg(CO3)2 + H2O →

CaCO3 + Mg(OH)2 + CO2), thus decarbonation, during exhumation. Veins of dolomite and calcite-brucite indicate secondary dolomite formation from car-

bon-bearing fluids due to interaction with slab-derived crustal fluids during retrogression on the exhumation path of the UZ peridotite. Magnesite veins and

calcite veins that are texturally linked to alteration features are probably of low-temperature origin. In summary, this petrographic study reveals multi-stage

carbonation of the UZ peridotites during residence in the mantle wedge and decarbonation with the release of a carbon species during low-temperature peri-

dotite reaction with aqueous fluids leading to serpentinization accompanied by dolomite breakdown, thus providing important constraints on the carbon bud-

get and carbon cycling in collisional settings. Overall, the ubiquity of carbonates in a variety of textural settings in the UZ peridotites suggests that the supra-

subduction zone mantle in continental settings represents an efficient carbon trap.
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are soluble as ionic species in aqueous fluids and in carbon-
atitic liquids under P-T conditions applicable to subduction
zones, thus helping to redress the discrepancy between ob-
served carbon inputs and outputs in subduction zones that
arises if only decarbonation reactions are considered (Frez-
zotti et al., 2011; Manning et al., 2013; Ague and Nicolescu,
2014; Facq et al., 2014; Poli, 2015; Ferrando et al., 2017).
Orogenic carbonate-bearing mantle peridotites can provide
important constraints on the nature and effects of subduc-
tion-related fluids and melts on the trapping and remobiliza-
tion of carbon during collisional tectonics. 

In this paper we present a comprehensive petrographic
study on the occurrence of diverse carbonate minerals in
orogenic peridotites and pyroxenites from the Ulten Zone
(UZ) tectonic unit in the Eastern Italian Alps (Fig. 1). These
peridotites derive from a supra-subduction zone mantle
wedge being affected by various petrologic processes in-
volving metasomatic agents during subduction and exhuma-
tion (Scambelluri et al., 2006; Tumiati et al., 2007). Several
previous studies (Obata and Morten, 1987; Godard et al.,
1996; Braga and Sapienza, 2007; Marocchi et al., 2009;
Sapienza et al., 2009; Malaspina and Tumiati, 2012) report-
ed the occurrence of dolomite in different textural sites in
the UZ peridotites, the precipitation of which has been sug-
gested to be prompted by infiltration of C-bearing metaso-

matic aqueous fluids at different depths along the interface
between the subducting continental slab and the overlying
mantle wedge (Rampone and Morten, 2001; Sapienza et al.,
2009). Here, we present new and extended petrographic evi-
dence of carbonate minerals and especially the occurrence
of dedolomitization products in wedge-derived peridotite
mantle, which have not been described previously. As we
will show, different carbonate minerals in these rocks were
precipitated during different stages of the subduction-ex-
humation cycle. In addition, their occurrence in a variety of
textural settings, from discrete grains to veins, attests to the
mobilization and “fixation” of carbon. Hence, the UZ peri-
dotites are a promising natural laboratory to study carbon
cycling in orogenic settings. We will discuss the presence of
carbonate minerals and dolomite-breakdown products in the
context of the complex tectono-metamorphic evolution of
the UZ and we will link our petrographic observations to
known carbonate stability at conditions occurring in crust
and mantle in collisional subduction zone settings.

geologic background and previous work

The Ulten Zone (UZ) tectonic unit (e.g., Morten et al.,
1976; Martin et al., 1993; 1998) outcrops in the Nonsberg
mountain range located between the Ulten Valley and Non
Valley in the Eastern Alps in Italy (Fig. 1). The orogenic UZ
represents a fragment of the Late Paleozoic Variscan belt
(Fig. 1b; Godard et al., 1996) and consists of foliated high-
grade metamorphic crustal basement (garnet-kyanite parag-
neiss, migmatite and granitic to tonalitic orthogneiss; Obata
and Morten, 1987; Godard et al., 1996; Martin et al., 1998)
and bodies of ultramafic rocks (peridotite ± pyroxenites;
Morten and Obata, 1983; Obata and Morten, 1987; Godard et
al., 1996 and references therein). These numerous peridotite
bodies are exposed at the surface as lenses of variable sizes
(usually a few meters thick and up to hundreds of meters
length) included within the crustal metamorphic basement.
The contact zones between the crustal rocks and the peridotite
lenses are usually sharp but rarely exposed at the surface
(Obata and Morten, 1987). The UZ peridotites have been in-
terpreted to represent slices of a Late Paleozoic supra-subduc-
tion zone mantle wedge that were incorporated in a subduct-
ing continental slab (Godard et al., 1996; Nimis and Morten,
2000) and subsequently exhumed during the Variscan oroge-
ny (Godard et al., 1996). Ulten Zone peridotites display a
transition from coarse-grained (up to a few cm) spinel-peri-
dotites via a transitional type to highly deformed fine-grained
(0.2 mm to 1 mm) garnet-amphibole peridotites and amphi-
bole-chlorite peridotites (Obata and Morten, 1987). The tran-
sitional type is a porphyroclastic garnet-bearing peridotite
with large orthopyroxene and olivine in a granoblastic-polyg-
onal matrix. The highly variable petrographic occurrences
have been interpreted to record several processes during the
complex tectono-metamorphic UZ history. Recent studies
suggest the following evolutionary stages: (1) Coarse-grained
protogranular spinel-lherzolite predominantly constituted the
initial lithotype in the mantle wedge (Obata and Morten,
1987), residing at high temperatures (> 1100°C) and moder-
ate pressure (~ 1.5 GPa; Nimis and Morten, 2000). At this
early, pre-Variscan stage, the peridotites were infiltrated by
hot (> 1400°C) melts derived from deeper levels of the man-
tle wedge (Nimis and Morten, 2000; Scambelluri et al., 2006;
Marocchi et al., 2007), enabling the crystallization of pyrox-
enitic segregates (Nimis and Morten, 2000). (2) While flow-
ing towards the continental subducting slab via corner flow,

Fig. 1 - Map of the Ulten Zone tectonic unit. (a) Rectangle marks the loca-

tion of the Ulten Zone in the Alps in North Italy; (b) Rectangle marks the

location of the Ulten Zone in the Tonale nappe as a fragment of the Paleo-

zoic Variscan belt; (c) White field encompasses the Ulten Zone located be-

tween the Val Clapa Line and the Rumo Line. Ellipses mark the locations

of the ultramafic bodies from which peridotite samples were selected for

this study.
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the peridotites underwent isobaric cooling (down to ~ 850°C),
followed by transport to greater depths (corresponding to
pressures of 2.0 to 2.5 GPa) close to the slab-wedge interface
(Obata and Morten, 1987; Nimis and Morten, 2000). Due to
the high-pressure eclogite-facies conditions and the infiltra-
tion of slab-derived aqueous fluids at this stage, coarse spinel
peridotites were re-crystallized into amphibole ± garnet-bear-
ing assemblages (Rampone and Morten, 2001; Scambelluri et
al., 2006; Marocchi et al., 2007; Tumiati et al., 2007). Two
hypotheses have been suggested for the subsequent metamor-
phic path: (a) incorporation of peridotites into the continental
slab and subduction on a common prograde P-T path to peak
metamorphic conditions (~ 2.7 GPa and ~ 850°C; Nimis and
Morten, 2000), accompanied by the transformation into gar-
net-amphibole peridotite; (b) the peridotites reside in the
mantle wedge and are infiltrated by crust-derived aqueous
fluids while the slab reaches peak metamorphic conditions,
followed by emplacement of peridotites during exhumation of
crustal rocks; (3) In both cases peridotites and crustal rocks
would start a common exhumation path at ca. 330 Ma (Tu-
miati et al., 2003). The Late Paleozoic exhumation, mylonitic
deformation and retrograde overprint into fine-grained por-
phyroclastic garnet-amphibole peridotite (Obata and Morten,
1987; Scambelluri et al., 2006) is evidenced by the occur-
rence of kelyphites overgrowing the deformed textures (Go-
dard and Martin, 2000) and this marks the latest Variscan
stage of the UZ evolution. Since the UZ was only slightly
overprinted by Alpine metamorphism, the UZ lithologies pre-
serve pre-Alpine metamorphic signatures and assemblages
(Godard et al., 1996; Hauzenberger et al., 1996).

sample materials and petrographic analytical methods

The Ulten Zone peridotites described in this study large-
ly derive from a new sample set including samples from lo-
calities widespread across the whole UZ tectonic unit, in-
cluding localities that were not previously studied (Table 1;
Fig. 1c). The sampled ultramafic bodies consist of peri-
dotites ± pyroxenitic rocks and allowed targeted sampling
of, in general, well-preserved outcrops without visible
weathering. The chosen specimens are representative of all
macroscopically detectable petrographic characteristics in
each sample locality. 

Polished thick sections (~ 100 µm) of samples of the new
sample set were analyzed using an optical transmitted light
microscope and an energy dispersive (EDS) scanning elec-
tron microscope (SEM; Philips 515B, 5 µm spot size, 15 kV
voltage) at the University of Bologna (Italy) as well as a Phe-
nom XL SEM (15 kV voltage) at Lehigh University (USA).
The latter allows detection of the volatile elements carbon
and oxygen and was, therefore, used to distinguish carbonate
and oxide phases and for the generation of element maps.
The petrographic observations of the Hochwart sample set
were also carried out with polarizing optical microscopy and
electron imaging at the University of Bologna as well as with
a JEOL Superprobe 8100 at the Institute of Mineralogy and
Petrography, University of Innsbruck (Austria). 

Table 1 summarizes the provenance and petrographic
characteristics of the studied peridotite samples as well as the
occurrences of different carbonate phases in theses samples.
For the petrographic description of the Ulten Zone peri-
dotites we use the petrographic terms “coarse-grained” and
“fine-grained” peridotites corresponding to the terms
“coarse-type” and “fine-type” introduced by Obata and
Morten (1987). The coarse-grained type is mostly relatively

undeformed spinel lherzolite and composed of (in decreasing
modal abundance order) olivine + orthopyroxene + clinopy-
roxene + spinel ± garnet with texture ranging from pro-
togranular to porphyroclastic. If garnet is present, spinel is
rimmed by garnet, which in turn is rimmed by a kelyphitic
corona (Godard and Martin, 2000). The fine-grained type re-
veals various metamorphic textures, from porphyroclastic to
tabular or mosaic equigranular. The main mineral assem-
blage is composed of olivine + orthopyroxene + pale-green
amphibole + garnet + spinel ± clinopyroxene. In this fine-
type peridotite, garnet is locally completely transformed into
aggregates consisting of kelyphites (amphibole + pyroxenes
± spinel). The serpentinization degree of the fine-grained
peridotite ranges from virtually absent to strongly serpen-
tinized. According to Obata and Morten (1987), peridotites
of the fine-grained type are much more abundant than the
coarse-grained peridotites of the Ulten Zone. Indeed, while
fine-grained spinel-peridotites occur in all newly studied lo-
calities (n = 9, exclusive Hochwart), coarse-grained spinel-
peridotite was found in only six of the sampled peridotite
bodies. In those exposures coarse-grained undeformed peri-
dotite often occurs as “lenses” within the fine-grained peri-
dotite that reveals mylonitic deformation (Fig. 2).

cArbonAtes in ulten Zone peridotites

dolomite

Previous studies report consistently the occurrence of
dolomite in diverse structural sites of fine-grained garnet-am-
phibole peridotites of the UZ: as inclusions in garnet (Obata
and Morten, 1987; Godard et al., 1996); in the peridotite ma-
trix, as large cm-sized grains (Obata and Morten, 1987;
Marocchi et al., 2009) or porphyroclasts (Sapienza et al.,
2009); and as interstitial μm-sized grains disseminated within
the recrystallized foliated peridotite matrix (Godard et al.,
1996; Braga and Sapienza, 2007; Sapienza et al., 2009). The
observed dolomites commonly coexist and/or are in contact
with apatite grains, regardless their microstructural site. These
reports are consistent with our observation that interstitial dis-
seminated matrix dolomite grains occur only in fine-grained
porphyroclastic mylonitic garnet-amphibole peridotites (Fig.
3) and in similar samples containing garnet pseudormorphs

107

Fig. 2 - Photograph of an Ulten Zone peridotite block from Malga Binasia

consisting of a coarse-grained peridotite lens (C) embedded in fine-grained

mylonitic deformed peridotite (F). The coarse lens was largely excluded

from hydration and shearing. 
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Table 1 - Petrographic description of Ulten Zone peridotites from different localities, with particular attention to their carbonate
content.

03Forster 105 COLORE_Layout 1  26/07/17  12:28  Pagina 108



(Table 2). These peridotites are largely non-serpentinized and
garnets occasionally have kelyphite coronas. Dolomite grains
are often in contact with apatite (Fig. 3a, b) and amphibole
(Fig. 3c), as well as with garnet (kelyphite-free; Fig. 3c, d).
In some of these samples and in other fine-grained garnet-
amphibole peridotites, dolomite occurs also as inclusions in
matrix apatite (Fig. 4a), amphibole (Fig. 4b) and olivine (Fig.
4c). In one sample, dolomite is associated with apatite as lo-
bate inclusions in a coarse zircon crystal (~ 1 cm length; Fig.
4d). Also, dolomite occurs as part of multi-phase solid inclu-
sions (Fig. 4e) in coarse garnet (~ 2 cm length) with a ke-
lyphitic corona consisting of amphibole-pyroxene symplec-
tites. Observed dolomite-bearing mineral associations in
these multi-phase solid inclusions are dolomite ± spinel ±
chlorite and amphibole + dolomite + sulfide ± calcite ± dis-
sakisite ± apatite ± spinel ± chlorite ± sapphirine, whereas
dolomite-free mineral associations comprise amphibole + ap-
atite + phlogopite + spinel + sulfide. Such multi-phase solid
inclusions represent former entrapped fluid inclusions, as de-
scribed by Frezzotti and Ferrando (2015). In samples with
retrogressed garnet, dolomite occurs in a garnet pseudo-
morph together with amphibole and spinel (Fig. 5a), in con-
tact with kelyphite around garnet, as part of pseudomorphs
after garnet together with kelyphite, calcite and chlorite and
in spinel-free amphibole coronas together with orthopyroxene

around garnet. Occasionally, aggregates of dolomite form
bands (vein-like?) and occur in contact with amphibole with
curvilinear to embayed contacts to the matrix minerals (Fig.
5b-d). It rarely appears that dolomite veins contain patches
of calcite-brucite intergrowths (next chapter). A lenticular
polycrystalline aggregate of dolomite (~ 5 cm in length; Fig.
6a) in one sample is composed of randomly oriented crystals
with an average grain size of 500 µm which decreases to-
wards the aggregate rim. Apatite is commonly located be-
tween the dolomite and the matrix (Fig. 6b, c); the dolomite
aggregate hosts coarse amphibole enclosing spinel, sulfides
and fracture-filling dolomite. Dolomite in the little-serpen-
tinized garnet-amphibole peridotites may also occur as grains
with frayed boundaries located within rare serpentine veins
crosscutting the matrix.

In (highly-)serpentinized fine-grained garnet-bearing sam-
ples, fine veinlets (~ 10 µm) consisting of dolomite associat-
ed with magnetite ± calcite ± (secondary?) serpentine(/chlo-
rite?) crosscut the pre-existing serpentine mesh texture (Fig.
7a). Future chemical analyses will resolve the presence of
serpentine vs. chlorite. A highly-serpentinized fine-grained
garnet-free peridotite contains a distinct secondary serpentine
vein (~ 3 mm thickness) containing dolomite grains with
frayed grain boundaries (Fig. 7b). In other samples, rare
dolomite grains occur within the serpentine mesh texture

109

Fig. 3 - Back-scattered electron images of sections showing discrete dolomite grains in the matrix of non-serpentinized fine-grained garnet-amphibole peri-

dotites associated with (a, b) apatite (samples KL1.2-3 and SBA4); (c, d) amphibole and garnet (SBA7). Mineral abbreviations after Whitney and Evans

(2010), sf- sulfide. 
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(Fig. 7c) that replaces the primary ultramafic mineral assem-
blage. In one fine-grained porphyroclastic mylonitic sample,
a well-preserved idiomorphic dolomite crystal (~ 150 µm
length) and a magnesite aggregate with rippled grain bound-
aries are in textural equilibrium, residing within the serpen-

tine mesh that replaces the primary ultramafic mineral assem-
blage (Fig. 7d-f). The magnesite aggregate is crosscut by thin
(~ 10 µm) dolomite veinlets which do not occur in the sur-
rounding serpentine (Fig. 7d-f). The different shades of the
dolomite crystal (black) and the dolomite veins (gray) in

Fig. 4 - Back-scattered electron images of dolomite inclusions in (a) apatite (KL1.2-3); (b) amphibole (SBA5); (c) olivine (SBA5) in the matrix of non-serpen-

tinized fine-grained garnet-amphibole peridotites; (d) lobate inclusions of anhedral dolomite with curvilinear grain boundaries in zircon crystal (~ 1 cm

length) in a fine-grained garnet-amphibole peridotite (VM25P10A); (e) dolomite as part of a multi-phase solid inclusion in a coarse garnet (~ 2 cm length)

surrounded by a kelyphitic corona (VM25P10B); (f) dolomite inclusion in olivine located in the serpentine mesh texture in a serpentinized fine-grained gar-

net-amphibole peridotite (SB3-4). Mineral abbreviations after Whitney and Evans (2010), sf- sulfide, dis- dissakisite.
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Fig. 7d indicate two different dolomite generations with dif-
ferent chemical compositions. In other serpentinized fine-
grained garnet-amphibole peridotites, dolomite occurs as an
inclusion in matrix olivine (Fig. 4f) and as a euhedral inclu-
sion in spinel hosted in garnet (Fig. 8a).

In one coarse-grained protogranular sample, which also
contains a distinct magnesite vein, interstitial anhedral
dolomite with curvilinear grain boundaries in contact with
the silicate minerals is highly abundant (Fig. 5e, f) and
spatially associated with amphibole. So far, this is the first

113

Fig. 5 - Back-scattered electron images of (a) dolomite in retrogressed garnet associated with spinel and amphibole in a fine-grained garnet-amphibole

peridotite (VM25P10A); (b-d) bands/veins of dolomite associated with amphibole in fine-grained garnet-amphibole peridotites, dolomite has curvilinear

contacts to the matrix minerals, in (b) sample VM25P10B and (c, d) sample KL1.6; (e, f) interstitial anhedral dolomite grains associated with magnesite

with curvilinear contacts to matrix minerals in coarse-grained protogranular peridotite MOL1.5. Mineral abbreviations after Whitney and Evans (2010),

sf- sulfide.
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example of dolomite + magnesite in coarse-grained pro-
togranular UZ peridotites. The interstitial dolomite grains
are partly associated with magnesite (Fig. 5e, f). This sam-
ple also bears a vein of amphibole aggregates containing a
3-mm-large dolomite crystal. Fine veinlets consisting of
dolomite associated with magnetite ± calcite ± (secondary?)
serpentine(/chlorite?) crosscutting the pre-existing serpen-
tine mesh texture were also rarely observed in one coarse-
grained protogranular sample.

calcite-brucite intergrowths

In the UZ peridotites, acicular calcite and brucite are
finely intergrown (µm-scale; Figs. 8, 9, 10) and are found
mostly in serpentinized fine-grained garnet-bearing samples,
but are also observed in fine- and medium-grained garnet-
free samples (Table 2). The texture of these calcite-brucite
intergrowths indicates that they are pseudomorphs after
dolomite and the conditions of dolomite retrogression will
be discussed in chapter “Dedolomitization in Ulten Zone
peridotites”. Under the optical microscope, the different
phases of the intergrowths are not distinguishable nor is the
acicular shape visible (Fig. 9a, b). The intergrowths are no-
ticeable as gray-black patches in both bright field view and
cross-polarized view (Fig. 9a, b). The different phases of
which the intergrowths are composed are distinguishable
only with electron microscopy (Fig. 9c). The calcite-brucite

intergrowths appear as grains with frayed grain boundaries
and are commonly located within serpentinized parts of
the peridotites, often contoured by Fe-oxide (magnetite;
Fig. 9a-d), and in the peridotite matrix crosscut by serpen-
tine veins (Fig. 9e). A textural relation to calcite veinlets
within the serpentine phases is observed in some samples
(Fig. 9d, f). In order to verify the mineralogical composition
of these intergrowths, the relative abundance of elements
(Ca, C, Mg, O, Fe) of selected areas of intergrowths was
qualitatively measured. The relative element contents of all
phases occurring in one intergrowth (sample WG1; Fig. 10)
are shown as “false-color” element maps (Fig. 10b-f). The
light gray part in the back-scattered-electron image (Fig.
10a) is clearly richer in Ca and C and poorer in Mg, O and
Fe than the black part in the electron image. The key point
regarding the element maps is that the black part is C-free,
as the small C-content visible in the C-element map presum-
ably derives from the carbon coating of the thin section.
Comparison of the element abundances in the intergrowths
confirmed the presence of brucite, a magnesium hydroxide
(Mg(OH)2). In the electron image (Fig. 10a), a darker gray
phase occurring as patches between calcite and brucite is
clearly visible and was identified as dolomite. According to
this observation, in some samples some calcite-brucite inter-
growths contain relics of dolomite (dolomite patches and/or
dolomitic rims; Fig. 9f) indicating that dolomite was only
partly replaced by calcite-brucite intergrowths. 

Fig. 6 - (a) Photograph of the hand specimen of sample VM25P11 with a lenticular polycrystalline aggregate of dolomite (~ 5 cm length); (b) polarized trans-

mitted light photograph of a part of the polycrystalline aggregate of dolomite (thick section ~ 100 μm); (c) back-scattered electron image of the contact be-

tween the dolomite polycrystalline aggregate and matrix apatite and amphibole. Mineral abbreviations after Whitney and Evans (2010).
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Fig. 7 - (a) Back-scattered electron (BSE) image of fine veinlets consisting of dolomite ± magnetite ± calcite ± serpentine crosscutting the pre-existing ser-

pentine mesh texture in serpentinized fine-grained garnet-amphibole peridotites (WG1); (b) transmitted light photomicrograph of a distinct secondary ser-

pentine vein (~ 3 mm thickness) containing discrete dolomite grains with frayed grain boundaries in a serpentinized fine-grained peridotite (MR141B, thick

section ~ 100 µm); (c) back-scattered electron images of a dolomite grain with frayed grain boundary and associated with magnetite, located within the ser-

pentine mesh texture of a serpentinized fine-grained garnet-amphibole peridotite (WG1); (d-f) back-scattered electron image (d), transmitted light photo-

graph (e) and polarized transmitted light photograph (f) of a euhedral dolomite crystal (~ 150 µm length) associated with a magnesite aggregate located in

the serpentine mesh texture of a serpentinized, highly mylonitic peridotite (SBB2F, thick section ~ 100 µm). The magnesite aggregate is interspersed with

fine dolomite veinlets (“gray” in the BSE image), which are of different origin than the dolomite crystal (“black” in the BSE image). Mineral abbreviations

after Whitney and Evans (2010).
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Occasionally, distinct euhedral calcite-brucite intergrowths
occur as inclusions in spinel, also in spinel which is itself en-
closed in garnet, and as part of multi-phase solid inclusions
(Fig. 8c). These inclusions are composed of calcite-brucite in-

tergrowths + apatite ± serpentine ± sulfide ± ilmenite (Fig. 8c).
The contact zones between spinel and garnet commonly con-
sist of kelyphite. Also, grains of calcite-brucite intergrowths
that are partly euhedral occur as inclusions in garnet (Fig. 8d),

Fig. 8 - Back-scattered electron images of (a) an inclusion of euhedral dolomite in spinel surrounded by garnet in serpentinized fine-grained garnet-amphibole

peridotite KL2.4-2b; (b) inclusion of calcite-brucite intergrowth in spinel surrounded by garnet in serpentinized fine-grained garnet-amphibole peridotite

WG7; (c) calcite-brucite intergrowths as part of multi-phase solid inclusions in spinel in serpentinized fine-grained garnet-amphibole peridotite KL2.4-2b; (d,

e) partly euhedral grains of calcite-brucite intergrowths as inclusion in garnet in serpentinized fine-grained garnet-amphibole peridotite (KBA8), (e) occasion-

ally related to spinel hosted in garnet (WG7); (f) patch of calcite-brucite intergrowth with frayed grain boundary situated within a vein of associated anhedral

dolomite and amphibole (KL1.6). Mineral abbreviations after Whitney and Evans (2010), sf- sulfide.
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occasionally touching spinel (Fig. 8e) and/or related to serpen-
tine. Finally, calcite + serpentine intergrowths as part of a mul-
ti-phase solid inclusion in spinel and in garnet related to a ser-
pentine vein were observed. Patches of calcite-brucite inter-

growths occur also situated within a vein of anhedral dolomite
referred to earlier (chapter “Dolomite”, Fig. 5c, d). Also, veins
consisting of calcite + brucite occur in serpentine veins and are
there interlaced with serpentine and magnetite (Fig. 11a, b). 

117

Fig. 9 - (a) Transmitted light photograph, (b) polarized transmitted light photograph and (c) back-scattered electron image of an intergrowth of acicular calcite

and brucite located within the serpentine mesh texture in serpentinized fine-grained garnet-amphibole peridotite PL1.6, associated with amphibole and mag-

netite (thick section ~ 100 µm); (d-f) back-scattered electron images of calcite-brucite intergrowths in serpentinized fine-grained garnet-amphibole peridotites,

(d) contoured by magnetite and associated with calcite patches, located within serpentinized parts (SB2-2), (e) located in the peridotite matrix crosscut by ser-

pentine veins (KL1.3c), (f) with interspersed dolomite patches, located within the serpentine mesh texture, associated with magnetite, contoured by calcite

veinlets (WG1). Mineral abbreviations after Whitney and Evans (2010).
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Fig. 10 - (a) Back-scattered electron image of an intergrowth of calcite (light gray phase) and acicular brucite (black phase) with inter-

spersed dolomite patches (dark gray phase); (b-f) “false-color” element maps of the calcite-brucite intergrowths showing the distribution

of (b) calcium, (c) carbon, (d) magnesium, (e) oxygen and (f) iron between the mineral phases. In the element maps (b-f) dark areas de-

note high element abundances and light areas denote low element abundances. Mineral abbreviations after Whitney and Evans (2010).
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With one exception of a serpentinized coarse-grained
sample, neither coarse-grained garnet-free nor garnet-bear-
ing samples contain calcite-brucite intergrowths. This is in
agreement with the lack of precursor dolomite in these
samples. 

calcite veinlets

Fine veinlets (a few µm thick) and patches consisting of
calcite occur in both fine- and medium-grained garnet-free
peridotites and in garnet-bearing peridotites, as well as in
coarse-grained garnet-free peridotites (Table 2; Fig. 11c, d).
These calcite veinlets and patches are often situated within
the serpentinized mesh texture in both fine-grained and
coarse-grained peridotites where they are often associated
with magnetite (Fig. 11c). In this textural context, calcite
veinlets are occasionally spatially closely related to the cal-
cite-brucite intergrowths, often contouring the calcite-
brucite grain boundaries (fine-grained garnet-bearing peri-
dotites; Fig. 9f). As mentioned in chapter “Dolomite”, vein-
lets of calcite + dolomite + magnetite occur occasionally in
serpentinized fine-grained garnet-bearing samples (Fig. 7a).
Calcite veinlets also crosscut mineral grains such as amphi-
bole, clinopyroxene, garnet and spinel (Fig. 11d).

magnesite

In the studied sample set, magnesite occurs as anhedral
grains in textural equilibrium with dolomite, as veins on a
µm-to-mm scale (Table 2), commonly situated within ser-
pentine veins or the serpentine mesh texture in both coarse-
grained and fine-grained garnet-free peridotites. In one
coarse-grained protogranular sample, interstitial anhedral
dolomite and magnesite are in textural equilibrium (Fig. 5e,
f) and are spatially closely related to a ~ 500 µm thick dis-
tinct magnesite vein (not shown) with frayed boundaries.
This vein crosscuts the ultramafic mineral assemblage per-
pendicularly to the rock fabric. This is true also for a ~ 2
mm thick magnesite vein in a fine-grained garnet-free sam-
ple (Fig. 11e). Another fine-grained garnet-free sample con-
tains an anhedral magnesite aggregate in textural equilibri-
um with a euhedral dolomite crystal, situated in the serpen-
tine mesh texture (Fig. 7d-f). In this sample, magnesite also
occurs as irregularly aligned grains embedded in a fine ser-
pentine vein with sharp boundaries crosscutting the ultra-
mafic mineral assemblage. A similar vein consisting of ser-
pentine + magnesite occurs also in another coarse-grained
protogranular peridotite (Fig. 11f). 

discussion

The occurrences of different carbonates in the mantle
wedge-derived ultramafic rocks from the UZ will be dis-
cussed in the following in the context of the regional
tectonometamorphic evolution. The various mineralogical
and microstructural peridotite types (Table 2) record dif-
ferent petrologic processes in the Ulten Zone and can be
linked to particular carbonate minerals, associations and
textures. Thus, this relationship may reflect different
stages of carbonate formation and carbonate breakdown/
replacement (stages 1-6, Figs. 12, 13) accompanying the
evolution of the UZ tectonic unit (Fig. 12b) during conti-
nental collision. 

carbonate inclusions in primary spinel: 
indicator for the mobilization of carbonated silicate melt

in the hot mantle wedge

The dolomite inclusions, the calcite-brucite inter-
growths after former dolomite (see chapter “Dedolomitiza-
tion in Ulten Zone peridotites”) and the carbonate-bearing
multi-phase solid inclusions (calcite-brucite + apatite ± il-
menite ± sulfide ± serpentine) entrapped in garnet-hosted
coarse spinel (Fig. 8a-c) indicate early carbonate formation
in the UZ mantle wedge in the high-temperature spinel
stage (stage 1, Figs. 12, 13). Recent studies report the oc-
currence of multi-phase solid inclusions containing a car-
bon component in spinel in both orogenic peridotites (Zac-
carini et al., 2004; Carswell and Van Roermund, 2005;
Naemura et al., 2009) and peridotite xenoliths (Timina et
al., 2012). For the first case, two hypotheses of carbon in-
troduction into the mantle have been postulated: (1) The
origin of such multi-phase inclusions in high-T Cr-spinel
has been attributed to the reaction of protolith-peridotite
with alkaline-carbonatite fluids formed from an original
carbonatitic melt and a hydrous fluid, presumably generat-
ed during the emplacement of a mantle plume and mantle
uplifting (Zaccarini et al., 2004). (2) Carbonate-bearing
multi-phase inclusions (together with microdiamonds)
originate from a supercritical COH-fluid that was generat-
ed during UHP-prograde dehydration and decarbonation
reactions in a subducting continental slab (Carswell and
Van Roermund, 2005). For peridotite xenoliths, it has been
assumed that carbonate-water-chloride-rich fluids caused
metasomatism accompanied by the formation of carbon-
bearing solid inclusions in spinel (Timina et al., 2012). Su-
percritical fluids (which can vary from pure H2O to hy-
drous melt) are restricted to ultrahigh-pressure conditions
(e.g., Manning, 2004) in subduction zones and may not
play a role during continental subduction. Oceanic subduc-
tion prior to continental subduction might have been asso-
ciated with carbonate dissolution and silico-carbonatite for-
mation in the supra-subduction mantle wedge as modelled
by Tumiati et al. (2013). Evidence for carbonate dissolu-
tion in both oceanic and continental ultra-high pressure
rocks have been reported recently (e.g., Frezzotti et al.,
2011; Ferrando et al., 2017) and hydrous carbonatitic liq-
uids were recently shown to form at temperatures down to
870°C to 900°C (Poli, 2015). Such liquids may have been
liberated from a former oceanic slab and migrated upward
into the hot portion of the wedge. In this case, dolomite
and/or dedolomitization products would be expected also
in spinel peridotites that never equilibrated in the garnet-
stability field. However, matrix dolomite and/or calcite-
brucite intergrowths have not been observed in coarse-
grained spinel peridotites or in the few fine-grained (post-
)garnet-free peridotites available for study. On the other
hand, Scambelluri et al. (2006) suggested that primary
spinel lherzolites in the mantle wedge were infiltrated by
subduction-related mafic melts which derived from deeper
magma sources and carried recycled crustal components.
We infer that these subduction-related mafic melts carried
a carbon component responsible for the formation of car-
bonate in the multi-phase solid inclusions in spinel. The
mineral assemblage in the multi-phase solid inclusions is
not indicative of the pressure and temperature conditions at
the time of entrapment of the melts. This assemblage precip-
itates during the subsequent evolution of the rock and may
be, therefore, used to constrain the chemical composition of
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the melt (Frezzotti and Ferrando, 2015). Stage 1 in Fig. 12
may, however, depict the conditions for the entrapment of
the carbon-bearing melts in spinel. Considering their high-

temperature mantle wedge origin, dolomite formation in
the spinel peridotites likely predated entrainment in the
subducting slab and associated metasomatic reactions. 

Fig. 11 - Back-scattered electron images of (a, b) a vein (~ 150 µm thickness) consisting of calcite-brucite intergrowths situated within a serpentine vein in ser-

pentinized medium-grained peridotite KoDb2. The intergrown acicular calcite and brucite are interlaced with serpentine and magnetite; (c) calcite veinlet relat-

ed to magnetite situated in the serpentine mesh texture of serpentinized medium-grained peridotite KoDb2; (d) calcite veinlets in spinel in serpentinized medi-

um-grained peridotite KoDb2; (e) distinct magnesite vein with frayed boundaries in the mineral assemblage of serpentinized fine-grained garnet-free sample

KoD9; (f) magnesite grains embedded in distinct serpentine vein with sharp boundary occurring within the ultramafic mineral assemblage of coarse-grained

protogranular peridotite KoD4 as well as intersecting orthopyroxene and olivine in this sample. Mineral abbreviations after Whitney and Evans (2010).
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dolomite formation from crust-derived aqueous fluids 
at high pressures

In previous studies based on porphyroclastic and fine-
grained garnet peridotites it has been consistently suggested
that matrix dolomite and the coexisting hydrous phases (par-
gasitic amphibole ± phlogopite) plus apatite are of metaso-
matic origin and crystallized in equilibrium with garnet
from aqueous COH-fluids in the garnet-stability field (Oba-
ta and Morten, 1987; Godard et al., 1996; Rampone and
Morten, 2001; Tumiati et al., 2003; Marocchi et al., 2009;
Sapienza et al., 2009). Such fluids have been interpreted to
derive from a hydrous silicate melt released from the conti-
nental slab during migmatization of the host gneiss (Ram-
pone and Morten, 2001; Tumiati et al., 2003; Sapienza et
al., 2009) ca. 330 Ma ago (Tumiati et al., 2003). The low
dolomite/amphibole proportion in the peridotites has been
interpreted to reflect a low CO2/H2O ratio of the metasomat-
ic fluid (Rampone and Morten, 2001). 

In the present study, the fine-grained garnet-amphibole
peridotites contain dolomite disseminated within the peri-
dotite matrix (Fig. 3), dolomite in a multi-phase solid inclu-
sion in garnet (Fig. 4e) as well as calcite-brucite inter-
growths, which are interpreted to be dedolomitization prod-
ucts (chapter “Dedolomitization in Ulten Zone peridotites”),
as inclusions in garnet (Fig. 8d, e). The occurrences of
dolomite in the multi-phase solid inclusion and of inclusions
of calcite-brucite intergrowths in garnet lends strong support
to the inference that the formation of dolomite occurred dur-
ing garnet formation (stage 2, Figs. 12, 13). Dolomite inclu-
sions in matrix apatite and amphibole (Fig. 4a, b) in these
garnet-amphibole peridotites and the occasional close spa-
tial relation between dolomite and these phases in the peri-
dotite matrix (Fig. 3) further support the assumption that
they co-precipitated from a phosphorus-bearing COH-fluid.
The rare observations of dolomite inclusions in matrix
olivine (Fig. 4c, f) in fine-grained garnet-amphibole peri-
dotites indicate that the interaction of wedge peridotite with
crust-derived fluids might have accompanied the formation
of garnet + olivine at the expense of spinel + orthopyroxene
+ clinopyroxene (e.g., Jenkins and Newton, 1979; Obata
and Morten, 1987; Klemme and O’Neil, 2000). Overall,
based on P-T estimates for anhydrous peridotites (Nimis and
Morten, 2000), Sapienza et al. (2009) suggested high-pres-
sure dolomite formation (~ 2.5 GPa and 850-900°C, < 100
km depth) and an additional dolomite formation episode at
low-pressure retrograde metamorphic conditions (1.5-1.8
GPa and < 850°C, shallow depths) in the UZ peridotites.
The latter is consistent with the absence of primary discrete
magnesite in the samples studied here, in accord with previ-
ous observations in UZ peridotites (Malaspina and Tumiati,
2012) and experimental results (magnesite stability > 1.9
GPa at 900°C, Tumiati et al., 2013). Additionally, based on
experimentally determined garnet stability in COH-bearing
peridotites (Tumiati et al., 2013), it can be inferred that T ≥
900°C at 1.9 GPa is required for dolomite formation when
garnet is stable (stage 2, Figs. 12, 13). Nevertheless, the as-
sociation of dolomite, chlorite and dissakisite in the multi-
phase solid inclusion in garnet (Fig. 4e) may have crystal-
lized at lower temperatures from a fluid inclusion entrapped
in garnet. Tumiati et al. (2005; 2007) suggested that the
mineral dissakisite-(La) (CaLaAl2MgSi3O12(OH)), which is
enriched in large ion lithophile elements (LILE), crystallized
from crust-derived aqueous fluids at P ≤ 2.7 GPa and T ≤
850°C. In this case the mineral association of the multi-phase

solid inclusion would reflect the chemical composition of
the carbon-bearing LILE-rich aqueous fluid which infiltrat-
ed the peridotites during the garnet-forming stage. The oc-
currence of dolomite + apatite as inclusion in zircon may be,
as well, related to this stage. However, future geochronolog-
ical and chemical analyses of the zircon will address the for-
mation conditions of zircon in the UZ peridotites and the oc-
currence of dolomite inclusions in zircon. 

In contrast to the fine-grained garnet-bearing peridotites,
coarse garnet- and spinel peridotites commonly contain am-
phibole but generally neither apatite nor dolomite nor cal-
cite-brucite intergrowths (except sample MOL1.5; Table 2).
Tumiati et al. (2003) report that peridotite portions in the
mantle wedge can escape hydration while other portions un-
dergo infiltration of aqueous fluids and partial dolomite
(re)crystallization. Accordingly, the absence of dolomite,
calcite-brucite intergrowths as well as apatite in both coarse-
grained spinel- and garnet peridotites suggests their preser-
vation as lenses within the fine-grained host peridotites.
This is in agreement with our field observation of the occur-
rence of coarse-grained peridotite as relics embedded within
deformed fine-grained peridotite (Fig. 2). In one locality
(Samerbergalm), coarse-grained garnet-peridotites that are
free of carbonate and apatite are spatially closely related, at
meter scale, to the dolomite-bearing fine-grained garnet-am-
phibole peridotites. This structural occurrence might be at-
tributed to the entrapment of fine-grained garnet-peridotites
by the continental slab and attendant shearing, deformation
and hydration/carbonation while the coarse peridotite was
embedded and shielded from these processes.

local formation of dolomite + magnesite 
from continental crust-derived aqueous fluids

Stability of magnesite + dolomite outside garnet stability
can be achieved in a small P-T window (at ~ 1.8-2.0 GPa
and at 850-900°C; stage 3, Fig. 12) in the pressure and tem-
perature range covered by the experiments by Tumiati et al.
(2013). The only garnet-free sample containing associated
anhedral magnesite and dolomite is a coarse-grained non-
serpentinized peridotite (MOL1.5; Fig. 5e, f) that probably
never equilibrated in the garnet-stability field. The coexis-
tence of interstitial anhedral dolomite and a magnesite vein
in this sample indicates local injection of a crust-derived C-
rich aqueous fluid with high CO2/H2O ratio. The absence of
antigorite and chlorite in this sample shows that this peri-
dotite-fluid interaction occurred indeed in the P-T window
between the chlorite-out and garnet-in curves (stage 3, Fig.
12). Interestingly, the location of stage 3 (magnesite +
dolomite in garnet-free peridotite) in the P-T diagram (Fig.
12) overlaps the P-T estimates for equilibration of dolomite-
bearing hydrous garnet-amphibole peridotite at ~ 1.8-2.2
GPa and > 800°C from Braga and Sapienza (2007). These
P-T conditions were calculated considering a COH-fluid
with XCO2 = 0.1 (Braga and Sapienza, 2007) and are in
agreement with P-T estimates of 1.96 GPa and minimum
temperature of 841°C by Malaspina and Tumiati (2012) for
a dolomite + orthopyroxene inclusion in garnet. The dis-
crepancy between these P-T estimates and those of Tumiati
et al. (2013) might be explained by different XCO2 and/or
other conditions for the calculations. Considering the exper-
imentally determined phase relations by Tumiati et al.
(2013), the temperature estimates for dolomite formation in
garnet-amphibole peridotite by Braga and Sapienza (2007)
and Malaspina and Tumiati (2012) are underestimated. 
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dolomite in retrogression textures and dolomite veins:
indicators for low-pressure carbonation?

The occurrence of interstitial band-like dolomite and dis-
tinct dolomite veins (Fig. 5b-d) related to amphibole in
weakly serpentinized fine-grained peridotites leads to the
assumption that at a certain stage on the exhumation path
(stage 4, Fig. 12) C-rich fluids prompted dolomite precipita-
tion. This is in agreement with the occurrence of anhedral
dolomite grains in amphibole-rich domains that were inter-
preted to derive from a COH-fluid during low-pressure ret-
rograde conditions (Sapienza et al., 2009). Considering the
low abundance of these dolomite veins and their limited ex-
tent, such fluids probably occurred only locally (similar to
the carbonate occurrence in sample MOL1.5, discussed in
chapter “Local formation of dolomite + magnesite ….”.).
The veins consisting of calcite-brucite intergrowths ob-
served in two serpentinized fine-grained samples (Fig. 11a,
b) crosscut the peridotite embedded in the serpentine mesh
texture. This may indicate that the local formation of
dolomite veins from a C-rich aqueous fluid occurred at a
time after high-pressure dolomite formation (stage 2) and
prior to low-temperature serpentinization during exhuma-
tion. The occurrence of dolomitic veinlets crosscutting the
serpentine mesh texture (Fig. 7a) and dolomite grains within
a distinct serpentine vein (sample MR141B, Fig. 7b) show
that additional pulses of probably C-rich, aqueous fluids
percolated the peridotites syn- and/or post-serpentinization
during exhumation. It has been suggested that during ex-
humation a dolomite-magnesiohornblende-bearing garnet-
free assemblage develops at ~ 1.8 GPa and ≥ 790°C
(Malaspina and Tumiati, 2012). At these retrograde meta-

morphic conditions, dolomite occurs as part of a kelyphitic
assemblage (orthopyroxene + magnesiohornblende + spinel
+ minor dolomite) around garnet, while larger dolomite
neoblasts, orthopyroxene, magnesiohornblende and olivine
constitute the stable matrix assemblage (Malaspina and Tu-
miati, 2012). These observations might be in agreement
with the dolomite in garnet pseudomorphs (Fig. 5a) and ke-
lyphitic coronas in some fine-grained peridotites that once
equilibrated in the garnet-stability field. However, the ques-
tion arises if low-pressure formation of dolomite + magne-
siohornblende by crust-derived aqueous fluids (Sapienza et
al., 2009) during exhumation overprinted or recrystallized a
pre-existing dolomite-bearing assemblage, which originally
formed at higher pressure conditions while garnet was sta-
ble. If dolomite neoblasts that are ascribed to crystallization
at equilibrium with garnet (Sapienza et al., 2009) coexist
with retrograde dolomite in kelyphites, low-pressure retro-
grade ingress of COH-fluids would form new dolomite but
not destabilize the pre-existing matrix dolomite. Chemical
analyses of dolomites and associated amphiboles will help
distinguish between different stages of dolomite formation.
In this context, it must be noted that it remains subject of
debate whether the polycrystalline dolomite aggregate (Fig.
6) can be attributed to high-pressure dolomite formation
during garnet stability (stage 2) or to low-pressure formation
of vein-like dolomite (stage 4).

formation of retrograde magnesite

In contrast to magnesite + dolomite in sample MOL1.5
(chapter “Local formation of dolomite + magnesite ….”),
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Fig. 12. (a) Pressure-temperature diagram with

stages of carbonate formation in the tectonometa-

morphic evolution of the Ulten Zone peridotites (1-

6). The circle in stage 5 is dashed because the posi-

tion of this stage in the diagram is only a possibility

and may be shifted to lower pressures and tempera-

tures in the antigorite stability field. Stability of

dolomite (yellow shaded field) and dolomite + mag-

nesite (gray shaded field) 1.5 GPa and 850°C (full

lines) in the peridotite-COH system is taken from

Tumiati et al. (2013) and extrapolated to lower pres-

sures and temperatures (dashed lines). Dolomite-in,

magnesite-in and dolomite-out curves from Tumiati

et al. (2013) refer to carbonate formation from COH-

fluids. Univariant reaction tremolite (tr) + magnesite

(mgs) = enstatite (en) + dolomite (dol) taken from

Malaspina and Tumiati (2012) for XCO2 = 0.5. Gar-

net-in curve based on experimental results of Tu-

miati et al. (2013). P-T curve for the brucite (brc) =

periclase (per) + water (H2O) equilibrium from

Schramke et al. (1982). Antigorite-out curve and

chlorite-out curve from Fumagalli and Poli (2005).

Ovals overlapping with stage 3 and stage 5 mark P-T

estimates for dolomite-bearing garnet-amphibole and

chlorite-amphibole assemblages, respectively, from

Braga and Sapienza (2007). Dotted red arrow marks

cooling and pressure decrease from magmatic condi-

tions due to corner flow, full red arrow marks isobar-

ic cooling and subduction path of the Ulten Zone

peridotites, dashed red arrow marks direction of ex-

humation path. (b) Table showing the stages of car-

bonate formation (stages 1 to 6) and carbonate sta-

bility linked to metamorphic stages of the Ulten

Zone peridotites. HT: high temperature, HP: high

pressure. Mineral abbreviations after Whitney and

Evans (2010).
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the anhedral magnesite aggregate touching a euhedral
dolomite crystal (Fig. 7d-f) in a garnet-free serpentinized
fine-grained peridotite (sample SBB2F) is set in the ser-
pentine mesh and presumably of different origin than the
dolomite + magnesite in sample MOL1.5. The stability of
magnesite + dolomite might be achieved at lower pressures
and temperatures during retrograde metamorphic stages
(Malaspina and Tumiati, 2012). These authors report the
formation of magnesite coronas around dolomite attributed
to the transition from magnesiohornblende-dolomite peri-
dotite to chlorite-tremolite-magnesite peridotite with de-
creasing pressure and temperature in the UZ (Malaspina
and Tumiati, 2012). Retrograde magnesite formation in
this mineral assemblage is consistent with the P-T esti-
mates of Braga and Sapienza (2007) of ~ 730°C at ~ 1.6
GPa (Malaspina and Tumiati, 2012) for XCO2 = 0.5 for gar-
net-free, carbonate-bearing peridotite. Stage 5 in Fig. 12
marks a possible location of retrograde magnesite forma-
tion as observed in sample SBB2F according to the P-T es-
timates of Braga and Sapienza (2007) and the univariant
reaction tremolite + magnesite = enstatite + dolomite +
H2O + CO2 modelled by Malaspina and Tumiati (2012), al-
so considering XCO2 = 0.5. Interestingly, the P-T estimates
of dolomite-bearing chlorite-amphibole peridotite of Braga
and Sapienza (2007) plot in the magnesite-stability field
estimated by Malaspina and Tumiati (2012). Those for the
dolomite-bearing assemblage depend on the XCO2 in the
fluid (Braga and Sapienza, 2007) and a lower XCO2 would
shift magnesite stability to higher P-T conditions. This
might explain the absence of magnesite in this assemblage
and the discrepancy of the different P-T estimates. For the
magnesite + dolomite-bearing sample SBB2F, pre-existing

dolomite may have decomposed leading to the formation
of magnesite. Alternatively, sample SBB2F never con-
tained dolomite (as e.g., from stage 2, since further
dolomite has not been observed in this sample). In this
case, dolomite + magnesite might have formed from a
COH-fluid at high XCO2, which shifts the COH-fluid mag-
nesite-in curve to lower pressures (Tumiati et al., 2013).
The coexistence of magnesite + dolomite with serpentine
in this sample may indicate that the carbonate phases were
stable at even lower temperatures (< 730°C) in the antig-
orite stability field during exhumation. In this case, magne-
site might coexist with antigorite at exhumation P-T condi-
tions. Common stability of carbonate phases and serpentine
might, thus, indicate elevated XCO2 (> 0.5?) in the metaso-
matizing fluid. Alternatively, they formed at higher tem-
peratures and persisted metastably because fluid flow sub-
sequently was insufficient to catalyze their breakdown.
This might also apply to the magnesite vein in serpen-
tinized sample KoD9 (Fig. 11e).

dedolomitization in ulten Zone peridotites

Intergrowths of calcite and the magnesium hydroxide
brucite (Mg(OH)2) in natural ultramafic rocks have been
rarely observed to date. Berg (1986) first reported the pres-
ence of finely intergrown calcite and brucite in mantle-de-
rived xenoliths in diamond-bearing volcanic kimberlite of
the Kimberly pipe, South Africa. These calcite-brucite in-
tergrowths were observed in coarse garnet lherzolite, por-
phyroclastic lherzolite and porphyroclastic wehrlite and
were interpreted to reflect the breakdown products of
dolomite (Berg, 1986). We here present a new observation
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Fig. 13. Schematic illustration of continental subduction and a possible scenario of the Ulten Zone evolution with different

stages of carbonate formation. Infiltration of carbonated silicate melts or COH-fluids (oval and arrows, stage 1) derived from an

oceanic slab prompting dolomite formation during the high-temperature spinel stage. This is followed by isobaric cooling of

peridotite as corner flow drags the mantle towards the cooler slab and infiltration of slab-derived aqueous COH-fluids (thin blue

arrows), again leading to dolomite formation (stage 2). The COH-fluids are residual from reaction of slab-derived hydrous sili-

cate melt (small red arrows in slab) with the mantle wedge (Rampone and Morten, 2001). During this event, at slightly higher

pressure but lower temperature in the subduction mélange, these fluids lead to the formation of associated dolomite and magne-

site in the peridotite (stage 3). Exhumation starting at ca. 330 Ma (Tumiati et al., 2003) was accompanied by several stages of

carbonate formation in the Ulten Zone peridotites, i.e. formation of interstitial vein-associated dolomite, again from continental

slab-derived aqueous fluids, at lower pressure and temperature (stage 4) and formation of retrograde magnesite (±dolomite) from

C-rich aqueous fluids (stage 5). 
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of calcite-brucite intergrowths as dedolomitization prod-
ucts in wedge-derived peridotite. This interpretation is
supported by the occurrence of dolomite patches within
the intergrown calcite and brucite (Fig. 9a), which may
represent relict dolomite from incomplete dolomite break-
down. Also, located in the ultramafic matrix, the calcite-
brucite intergrowths often inherit the grain shape of former
discrete dolomite. Since the occurrence of calcite-brucite
intergrowths is commonly associated with serpentiniza-
tion, we suggest that the breakdown of dolomite in the UZ
peridotites is linked to the reaction with serpentinizing
aqueous fluids at low P-T conditions (stage 6, Fig. 12).
Consistent with dolomite formation at the time of garnet
formation (chapter “Dolomite formation from crust-de-
rived ….”), calcite-brucite intergrowths after dolomite pre-
dominate in serpentinized fine-grained mylonitic peri-
dotites that once equilibrated in the garnet stability field.
This is in agreement with the suggested clockwise ex-
humation path of the UZ rocks (Nimis and Morten, 2000;
Tumiati et al., 2003), where coexisting hornblende +
dolomite become instable at pressures < 1.5 GPa and tem-
peratures ≤ 700°C (Nimis and Morten, 2000) while antig-
orite stabilizes (Fig. 12). In contrast, the preservation of
interstitial discrete dolomite in some garnet-bearing fine-
grained peridotites is attributed to the lack of serpentiniza-
tion of these samples and the rapid P-T decrease during
exhumation. This would be consistent with the Late-Car-
boniferous fast exhumation of the UZ mélange (Ranalli et
al., 2005) and the assumption that rapid exhumation might
have hampered slow dolomite-consuming silicate-carbon-
ate reactions (Berg, 1986), in particular in the absence of
catalyzing fluids. This also explains the occasional preser-
vation of dolomite inclusions in crack-free host minerals,
even in highly-serpentinized samples that contain calcite-
brucite intergrowths related to serpentinization. The break-
down of dolomite into periclase + calcite symplectites, ac-
cording to the reaction dolomite = calcite + periclase +
CO2, was observed in high-pressure garnet-peridotites
(Yang et al., 1993), in mantle-derived xenoliths (Berg,
1986) and in marbles (Goldsmith, 1980). In the latter case,
subsequent hydration of periclase lead to formation of
brucite (Berg, 1986). This reaction sequence has been also
suggested for other dolomite marbles where brucite has a
spherical shape that has been interpreted to record the pri-
mary cubic periclase structure (Müller et al., 2009). The
acicular habit of brucite within the calcite-brucite inter-
growths in UZ peridotites reflects its trigonal crystal struc-
ture, and thus, brucite cannot be interpreted to be pseudo-
morphic after periclase. This is in agreement with the
overlap of the UZ exhumation path (Nimis and Morten,
2000; Tumiati et al., 2003) with the brucite stability field
given by the P-T curve for brucite-periclase equilibrium
(Fig. 12) experimentally determined by Schramke et al.
(1982). In the temperature range for UZ exhumation (de-
creasing from ~ 900°C), brucite forms even at decreasing
water fugacities (Schramke et al., 1982) in a low-pressure
range (0.1 to 2.0 GPa). This supports the inference that
dedolomitization and carbon release in the UZ peridotites
are caused by late low-P-T fluid infiltration inducing ser-
pentinization (stage 6, Fig. 12) and direct formation of cal-
cite-brucite intergrowths according to the reaction
CaMg(CO3)2 + H2O → CaCO3 + Mg(OH)2 + CO2. The oc-
casional occurrence of dolomite grains embedded in the
serpentine mesh texture (Fig. 7c) in samples containing
calcite-brucite intergrowths might indicate infiltration by

serpentinizing aqueous fluids while the mantle was still in
the dolomite stability field and/or that dolomite which
formed at high-pressure conditions (stage 2) persists
metastably. Extrapolation of dolomite stability from exper-
imentally determined conditions (Tumiati et al., 2013) to
lower pressure and temperature (Fig. 12; area below
850°C) shows that dolomite might be stable at P-T condi-
tions of antigorite stability, probably below 700°C during
the UZ exhumation path.

fate of carbon during dedolomitization 
and carbon recycling in collisional settings

The fine magnesite + serpentine veinlets with sharp
boundaries crosscutting the ultramafic mineral assemblage
(Fig. 11f) are interpreted as fracture fillings. Magnesite in
these veinlets probably precipitated from a near-surface
COH-fluid. This process has been previously suggested al-
so for hydrothermal magnesite veins in serpentinites (e.g.,
Ghoneim et al., 2003) and is similar to the reaction path
leading to listwanite formation in peridotites and serpen-
tinites (e.g., Hansen et al., 2005; Power et al., 2013; Zhang
et al., 2015): magnesite precipitates as fracture filling from
fluids at the expense of serpentine minerals at a time after
the serpentinization process, as discussed earlier for mag-
nesite veins in samples SBB2F and KoD9 (chapter “For-
mation of retrograde magnesite”). Calcite veinlets in some
coarse-grained samples cutting the ultramafic minerals
may also be fracture fillings. In contrast, the fine calcite
veinlets and patches in serpentinized fine-grained peri-
dotites, rather than representing late fracture fillings, are
suggested to be related to serpentinization as they are em-
bedded within the serpentine mesh texture and therein of-
ten related to the calcite-brucite intergrowths. The close
spatial relationship between calcite veinlets and magnetite
within the serpentine veins reveals that the serpentinizing
fluid was carbon-bearing. Although the source of carbon in
this fluid is presently unconstrained, it may be speculated
that dedolomitization, which was likely caused by fluid
ingress, led to release of a mobile carbon species into the
fluid (i.e. CaMg(CO3)2 + H2O → CaCO3 + Mg(OH)2 +
CO2). This would have enabled in-situ formation of sec-
ondary carbonate generations, now observed as veins (Fig.
11c, d). The lack of dedolomitization products in the ma-
jority of the coarse-grained peridotites, yet presence of cal-
cite veinlets in some of these samples, is here taken to re-
flect local variations in the volume and carbon content
(e.g., CO2/H2O) of the fluid. While the ultimate fate of the
carbon released by dedolomitization remains unclear, mul-
tiple pieces of evidence suggest that the supra-subduction
zone peridotitic mantle from the UZ largely acted as an ef-
ficient carbon trap: (1) Preservation of an early generation
of discrete dolomite grains dating from the high-tempera-
ture mantle wedge stage, (2) additional generation of
dolomite during interaction of supra-subduction zone man-
tle with fluids derived from the subducting continental
crust, and, (3) breakdown of dolomite into calcite-brucite
intergrowths, with attendant release of a carbon species
that may have precipitated secondary carbonate minerals
in veins and veinlets elsewhere as a function of P-T-X.
Carbon fixation at the slab-wedge interface has been docu-
mented also in subduction zones involving oceanic slabs
(Piccoli et al., 2016; Scambelluri et al., 2016).
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summAry And conclusions

The occurrences of different carbonate phases in various
textural settings in the peridotites of the UZ indicate multi-
stage carbonation and carbonate breakdown and may be
linked to particular petrologic processes affecting the mantle
wedge peridotite during the UZ tectonometamorphic evolu-
tion. At each stage of carbonate formation from COH-fluids,
the composition of the fluid (e.g., XCO2) controls the precipi-
tation of particular carbonate phases making it difficult to
estimate P-T conditions from a petrographical point of view
only. Nevertheless, for the UZ peridotites, different stages
of carbonate formation and breakdown can be identified and
related to changing P-T conditions, depending on the pres-
ence or absence of fluids that are able to catalyze prograde
or retrograde reactions: 
1) An early generation of dolomite formed in the high-tem-

perature spinel-stability field (stage 1). This is evidenced
by euhedral grains of dolomite and calcite-brucite inter-
growths in primary coarse spinel surrounded by garnet.
The liquids responsible for dolomite formation may have
been mafic carbonated melts produced in deeper parts of
the subduction zone. 

2) Dolomite and hydrous phases, such as pargasitic amphi-
bole and apatite, are suggested to have formed from a
H2O-CO2-mixed aqueous fluid released by the subduct-
ing continental slab in the garnet-stability field (~ 1.9
GPa, ≥ 900°C) during migmatization of host crustal
rocks at 330 Ma (stage 2). Petrographic evidence for this
includes euhedral discrete dolomite grains, often associ-
ated with and occasionally included in garnet, amphibole,
apatite and olivine, exclusively in fine-grained non-ser-
pentinized garnet-amphibole peridotites.

3) Local injection of a CO2-rich aqueous fluid may have
caused the formation of coexisting dolomite + magnesite
outside garnet stability at ~ 2.0 GPa and ~ 850°C (stage
3), as suggested by associated interstitial anhedral
dolomite and magnesite associated with amphibole in
non-serpentinized coarse-grained garnet-free peridotite.

4) After high-pressure dolomite formation (stage 2) and pri-
or to low-temperature serpentinization, CO2-rich aqueous
fluids locally caused the formation of veins and anhedral
interstitial dolomite + amphibole (stage 4). This event is
similar to stage 3 but takes place outside magnesite sta-
bility and is inferred from the observation of distinct
veins consisting of anhedral dolomite grains associated
with amphibole ± serpentine, crosscutting the peridotite
matrix. 

5) Retrograde magnesite formed in the antigorite stability
field (≤ 730°C and ≤ 1.6 GPa) together with serpentine
from an aqueous COH-fluid (stage 5), as indicated by an
anhedral magnesite aggregate related to magnesite vein-
lets in garnet-free serpentinized fine-grained peridotite
and therein texturally associated with serpentine. 

6) During low-pressure/temperature serpentinization,
dolomite decomposed into finely intergrown calcite +
brucite due to interaction with H2O-rich fluids (stage 6).
This is evidenced by pseudomorphs after dolomite and
the close spatial relationship of the intergrowths to ser-
pentinization products. A carbon species was likely re-
leased during the process, which may have precipitated
carbonates in veins and veinlets at appropriate P-T-X
conditions, as observed ubiquitously in both fine-grained
garnet-free and garnet-bearing peridotites, as well as in
coarse-grained garnet-free peridotites. 

7) Carbon-bearing aqueous near-surface fluids triggered
syn- or post-serpentinization formation of veins in pre-
existing pathways (e.g., cracks), consisting of further ser-
pentine + magnesite and/or calcite.
Considering the stability of the various carbonates and

coexisting silicate minerals, we suggest that the P-T condi-
tions for carbonate formation in the UZ peridotites from
aqueous COH-fluids could only be achieved in the supra-
subduction zone mantle wedge close to the continental
slab (Fig. 13). In contrast, carbonate formation in peri-
dotites in the hot wedge, farther from the slab, could occur
only from fluid and/or melts possibly originating from the
deeper continental or preceding oceanic slab. A portion of
the carbon released to the serpentinizing fluid causing
dolomite breakdown may have escaped the system. How-
ever, overall, the ubiquity of carbonates in a variety of tex-
tural settings in the UZ peridotites, from discrete dolomite
grains to vein-associated carbonates, and likely formed
from a variety of liquids during several tectonometamor-
phic stages in the rocks’ evolution, suggests that the supra-
subduction zone mantle in continental settings represents
an efficient carbon trap.
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