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Serpentinite dehydration at low pressures
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Abstract 

Petrographic observations combined with mineral compositional analyses constrain the phase relations of pro-
grade metamorphosed serpentinites in the Bergell contact aureole (Italy). In a 1500 m profile perpendicular to 
the north-eastern edge of the Bergell intrusion, seven dehydration reactions ran to completion. Three previously 
undocumented reactions have been identified within 70 m of the intrusive contact: olivine + anthophyllite = orthopy-
roxene +  H2O, tremolite + Cr–Al-spinel = olivine + Mg-hornblende +  H2O and chlorite = olivine + orthopyroxene + Cr-
Al-spinel +  H2O. Petrological analysis indicates that these reactions occur over a narrow range of pressure and 
temperature, 300 ± 30 MPa and 720 ± 10 °C respectively. Computed phase diagram sections reproduce the observed 
mineral parageneses with one notable exception. Due to the underestimation of aluminium and sodium contents in 
Ca-amphibole models, plagioclase is predicted above 700 °C instead of Mg-hornblende. In comparison with natu-
ral grains, the aluminium content of computed chlorite compositions is overestimated for low grade parageneses 
while it is underestimated near the upper thermal stability limit of chlorite. In the computed sections, Fe partitioning 
relative to Mg between olivine and other silicates, suggests a clear preference for Fe in olivine, that therefore shows 
lower Mg#s. In contrast, microprobe analyses of natural mineral pairs indicate that orthopyroxene, Mg-hornblende 
and anthophyllite have lower Mg#s than equilibrium olivine. The inferred thermal profile of the metamorphic aure-
ole is not consistent with simple heat conduction models and indicates a contact temperature of ~ 800 °C, which is 
120–230 °C higher than previously estimated. Petrography also reveals extensive retrograde overprint of the pro-
grade parageneses within 200 m of the contact. Retrogression is related to metamorphic fluids that were released 
by dehydration reactions during contact metamorphism and magmatic fluids expelled from the tonalite intrusion. 
The thermal gradient between the intrusion and the country rocks induced hydrothermal circulation of these flu-
ids throughout the contact aureole, which beyond peak metamorphic conditions caused retrograde overprint of the 
prograde parageneses. The proposed phase relations for low and high pressures, and in particular, the transition from 
tremolite to Mg-hornblende, provides a complete representation of hydration and dehydration processes in serpen-
tinites in subduction zones, along deep oceanic transform faults, and at passive continental margins. The latter has 
new implications, specifically for subduction initiation.
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1 Introduction
Contact metamorphic aureoles are natural laborato-
ries that provide constraints on metamorphic processes 
(Eskola 1914, 1921; Goldschmidt 1911, 1922; Kerrick 

1991; Tracy & Frost 1991). They form under approxi-
mately eustatic conditions in the country rocks surround-
ing  magmatic intrusions. Metamorphic temperatures in 
the aureole increase continuously with decreasing dis-
tance from the intrusive body, providing excellent control 
on prograde mineral parageneses. Therefore, in contact 
aureoles with large continuous lithologies, mapping of 
isograds is possible.

At Valmalenco, northern Italy, a classic and accessi-
ble contact metamorphic aureole is exposed where the 
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Bergell tonalite and granodiorite melts intruded into 
greenschist facies country rocks at upper crustal levels 
(Fig. 1). The aureole is most reknown for phase relation 
studies in the Malenco serpentinites (Trommsdorff & 
Evans 1972) including its ophicarbonates (Eberhard & 
Pettke 2021; Pozzorini 1996; Trommsdorff & Evans 1977) 
but also mesozoic sediments (Bucher-Nurminen 1977; 
Gieré 1985; Trommsdorff & Schwander 1969; Wenk 
et  al. 1974), metabasalts (Riklin 1978) and basement 
rocks (Bucher-Nurminen 1977; Gyr 1967). Tromms-
dorff and Evans (1972) have shown that in the Malenco 
serpentinites, the pre-intrusive regional paragenesis 
consists of antigorite, olivine, (chlorite), diopside and 
magnetite. Through a series of bulk rock measurements, 
they have also shown that prograde metamorphism 

in the meta-serpentinites of the Bergell contact aure-
ole is isochemical except for  H2O loss during dehydra-
tion. Trommsdorff and Evans (1972) and Trommsdorff 
and Connolly (1996) defined five prograde parageneses 
which form characteristic mineral zones towards the plu-
ton representing increasing metamorphic grade; (I) oli-
vine + antigorite + tremolite + chlorite + magnetite, (II) 
Ti-clinohumite + olivine + Mg-ilmenite (geikilite), (III) 
olivine + talc + tremolite + chlorite + magnetite, (IV) 
anthophyllite + olivine + tremolite + chlorite + magnetite 
and (V) olivine + enstatite + tremolite + chlorite + mag-
netite. Based on the changing mineralogy, they defined 
five reactions corresponding to isograds: I′ = tremolite-
in, II′ = Ti-clinohumite-out, III′ = talc-in, IV′ = antho-
phyllite-in and V′ = orthopyroxene-in. Trommsdorff and 
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Fig. 1 The geologic setting of the Bergell intrusion between the upper Engadine valley (Switzerland) and the Valtellina (Italy) modified from Wenk 
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Evans (1980) pointed out that zones I and II coincide 
throughout the contact aureole defining a combined zone 
I&II and that zone III is the most simple to recognize 
in the field. According to Trommsdorff and Connolly 
(1996), zone IV and V parageneses occur only sporadi-
cally in the immediate vicinity of the intrusion, implying 
that isograds IV′ and V′ are only defined locally. Assum-
ing a tonalite implacement temperature of 700  °C, they 
argued that the formation of orthopyroxene occurred due 
to a reduction in  H2O activity consequent to  CO2 release 
by decarbonation reactions in neighbouring lithologies. 
They suggested low contact temperatures of 570 °C based 
on carbonate thermometry in ophicarbonates, assuming 
an ambient pressure of 350  MPa in the serpentinites at 
the time of magma implacement. Ferry (1995) provided 
an alternative peak metamorphic temperature profile for 
the Bergell contact aureole. He used an exponential equa-
tion which represents temperatures around cooling plu-
tons from Furlong et al. (1991), suggesting higher contact 
temperatures (680 °C) than Trommsdorff and Connolly.

In this study, we focus on the prograde and retrograde 
metamorphic reactions in contact metamorphic ser-
pentinites from the north-eastern edge of the aureole 
which represents the most complete profile in serpent-
inites towards the Bergell pluton (Fig. 2). We inspect the 
changing prograde and retrograde parageneses based on 
micro-textural evidence and compare them with charac-
teristic prograde parageneses reported from other con-
tact aureoles (e.g., Berg & Docka 1983; Evans & Frost 
1976; Frost 1975, 1976; Matthes & Knauer 1981; Rice 
et al. 1974; Robinson et al. 1982; Springer 1974). The pet-
rographic evidence is then linked to chemical changes 
regarding major and minor element characteristics in key 
phases such as chlorite, Ca-amphibole and spinel group 
minerals. Likewise, we re-assess Fe–Mg partitioning data 
between olivine and paragenetic phases using natural 
data from this study and from various literature sources 
(e.g., Padrón-Navarta et  al. 2010; Robinson et  al. 1982; 
Trommsdorff & Evans 1972; Trommsdorff et  al. 1998). 
Our observed phase relations combined with reaction 
curves from the literature (e.g., Chernosky et  al. 1985; 
Evans 1976; Evans & Trommsdorff 1970; Jenkins 1983; 
Jenkins & Chernosky 1986; Mandler & Grove 2016; Niida 
& Green 1999; Trommsdorff & Evans 1980; Wang et al. 
2020) lead us to propose new phase relations for low 
pressure meta-serpentinites. We explore the key differ-
ences between these phase relations and the  computed 
phase diagram sections. In particular, we focus on the 
stability of Ca-amphibole versus plagioclase at upper 
amphibolite conditions in serpentinized peridotites. 
On the basis of our phase relations, we then revise the 
thermal profile and contact temperatures of the Bergell 

aureole and investigate phase relations of chlorite and 
Ca-amphibole forming reactions over a wide pressure 
and temperature range. These reactions are relevant to 
various geodynamic processes. For example, deep hydra-
tion processes in the oceanic lithosphere, subduction 
initiation, subduction infancy and subduction of the oce-
anic lithosphere.

2  Geological setting
The Malenco-Forno ophiolitic unit in Valmalenco 
(Northern Italy) and Puschlav (south-eastern Switzer-
land) is a remnant of the Piedmont-Ligurian oceanic 
lithosphere (Dietrich 1974). It forms the Penninic-Aus-
troalpine boundary zone between the European and 
Adriatic continental margins (Trommsdorff et  al. 
2005). The European crust lies tectonically below the 
Malenco-Forno unit and is represented by middle pen-
ninic basement nappe stacks (Suretta-, Tambo-, Adula-, 
Bellinzona-Dascio-nappes) including their sedimentary 
cover (Fig. 1). The Adriatic continental basement nappe 
stacks (Bernina-, Sella- and Margna-nappes) and their 
sedimentary cover lie tectonically above the Malenco-
Forno unit. The Malenco-Forno unit contains one of the 
largest serpentinized ultramafic bodies in the Alps (Staub 
1921, 1946; Trommsdorff & Evans 1972) and preserves a 
Permian fossil subcontinental lower crust to mantle tran-
sition of the Adriatic micro-continent (Hermann et  al. 
1997; Müntener & Hermann 1996; Trommsdorff et  al. 
1993). Serpentinization occurred during Jurassic rifting 
through seawater infiltration (Burkhard & O’Neil 1988) 
when locally ophicarbonates were formed (Pozzorini 
1996; Trommsdorff & Evans 1977; Trommsdorff et  al. 
1993). Regional metamorphism overprinted the whole 
nappe stack at 600–700 MPa and 450–500 °C (Bucher & 
Pfeifer 1973; Guntli & Liniger 1989; Trommsdorff 1974) 
and was followed by polyphase deformational overprint 
(Hermann & Muntener 1992). During the Oligocene, the 
Bergell tonalite, (32  Ma) hornblende gabbros and later 
granodiorite (30 Ma) intrusions discordantly crosscut the 
nappe stacks (Fig. 2), causing contact metamorphic over-
print in the surrounding country rocks (Diethelm 1985; 
Hansmann 1996; Jäger 1973; Reusser 1987; von Blacken-
burg 1992). At the eastern border, thermal metmorphism 
produced a 1–1.5  km wide aureole in the mostly lher-
zolitic and harzburgitic Malenco serpentinites (Tromms-
dorff & Evans 1972) where the contact with the tonalite 
is mostly vertical (Trommsdorff & Connolly 1996). The 
tonalite dips subvertically underneath Monte Disgrazia 
and at its northern edge with a lower angle underneath 
the Forno basalts where the aureole is 2.5 km wide (Rik-
lin 1978).
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Fig. 2 a The geological map of the studied ultramafic rocks modified from Trommsdorff et al. (2005). A detailed sample profile was collected from 
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3  Methods
Polished thin sections of 30 µm thickness (Table 1) were 
investigated by optical microscopy, BSE imaging and 
quantitative WDS analyses.

3.1  Electron probe micro analyser (EPMA)
The JEOL JXA-8200 Superprobe of the Institute of Geo-
logical Sciences at the University of Bern was used for 
quantitative mineral chemistry analyses. The instru-
ment is equipped with five wavelength dispersive crystal 
spectrometers (WDS) and one energy dispersive spec-
trometer (EDS). Imaging and micro-textural analyses 
were performed with a backscatter detector (BSE). Sam-
ples were analysed at a 15 kV acceleration voltage and a 
probe current of 20 nA. The measurement time included 
20 s on the peak and 10 s on each background position. 
These measurement conditions have detection limits of 
0.01  wt% (Batanova et  al. 2015). All values lower than 
the detection limit are indicated with "below detection" 
(b.d.) in the text and tables. Olivine, pyroxene and spinel 
were analysed under a focused beam, whereas for sheet 
silicates and amphiboles, a defocused beam of 3–5  µm 
diameter was used depending on grain size. Natural 
and synthetic oxides and silicate minerals were used as 
standards.

3.2  Thermodynamic modelling
Phase diagram sections were calculated for a lherzolitic 
serpentinite bulk sample lr21 from Li et  al. (2004): 
41.37  wt%  SiO2, 4.06  wt%  Al2O3, 0.60  wt%  Cr2O3, 
6.32  wt% FeO, 35.03  wt% MgO, 2.93  wt% CaO and 
8.95 wt%  H2O. Since  Na2O was reported to be < 0.05 wt% 
by the latter authors, we added 0.03 wt%  Na2O in order 
to test Ca-amphibole model compositions. We used the 
Perple_X software package of Connolly (2009) and the 
2002 revision of the thermodynamic data base of Hol-
land and Powell (1998) augmented with data for Cr-oxide 
solutions (Klemme et  al. 2009). The following solution 
models from Holland and Powell (1998) were considered 
including their fluid equation of state: Olivine O(HP), 
chlorite Chl(HP), orthopyroxene Opx(HP), talc T, bru-
cite B, orthoamphibole from Diener and Powell (2012) 
oAmph(DP), Ca-amphibole from Dale et  al. (2000) 
GlTrTsPg, antigorite from Padrón-Navarta et  al. (2013) 
Atg(PN)  and Cr-Al-spinel from Klemme et  al. (2009) 
CrSp. For comparison, a phase diagram section was cal-
culated with the more recent data base of Holland et al. 
(2018) using the corresponding solution models: Olivine 
O(HGP), orthopyroxene Opx(HGP), Al-spinel Sp(HGP), 
talc (T), brucite (B), chlorite from White et  al. (2014) 
Chl(W), orthoamphibole from Diener and Powell (2012) 
oAmph(DP), Ca-amphibole from Green et  al. (2016) 
cAmph(G), antigorite from Padrón-Navarta et al. (2013) 

Atg(PN) and using the fluid equation of state from Pitzer 
and Sterner (1994). The Mg#s of all phases, the  Cr# of 
Cr–Al-spinel and the Al per formula unit (pfu) for chlo-
rite and Ca-amphibole were then calculated in the sys-
tem  Na2O–CaO–MgO–FeO–Al2O3–Cr2O3–SiO2–H2O, 
assuming excess  H2O.

4  Results
Serpentinites originate mostly from lherzolitic proto-
liths, including samples Ol44, Mal1101, CH2, Ol22, 
Ol21, Ol20, Ol11b, Ol9, Ol38, Ol6, Ol4 and Ol35. Sam-
ples 1603, 1604, Ol16, Ol11c and Ol8 show low diopside 
or Ca-amphibole content and are therefore harzburgitic. 
Ol18 is Ca-amphibole rich and may have a pyroxenite 
protolith. In the following, prograde parageneses defined 
as zones O–VI are described in detail. The regional met-
amorphic zone O is presented in Additional file 1: Figure 
S1 and Additional file  2: File S1. Sample names, sample 
types, prograde parageneses, metamorphic zones, dis-
tance from the contact, sample locations in Swiss coordi-
nates and mineral abbreviations are given in Table 1.

4.1  Prograde mineral parageneses in serpentinites 
towards the intrusion

4.1.1  Zone I&II (1500–750 m from the contact): first 
appearance of tremolite

The mineral assemblage of zone I&II is olivine, antigor-
ite, tremolite, relic Cr-magnetite, magnetite and antigor-
ite (Fig. 3). At the outcrop scale, zone I&II serpentinites 
show a massive felsic to schistose fabric (see Figs. 2a and 
b for location and 3a, Sample Ol21). Microscopically, oli-
vine exhibits sub-idioblastic habitus and grain sizes vary 
between a few tens of microns (Fig. 3b). Antigorite blades 
define the foliation in schists and show interlocking tex-
tures in massive rocks. Tremolite shows an acicular habi-
tus and is a few tens to hundreds of microns long. It often 
occurs in olivine-rich zones with low antigorite content 
(Fig.  3b–e), grows oblique to the foliation and occa-
sionally forms aggregates (Fig.  3c and d). Therefore, the 
prograde paragenesis consists of olivine, tremolite and 
antigorite. Additionally, two types of spinel group miner-
als occur. Large relic Cr-magnetites show dark inclusion-
rich cores surrounded by inclusion-free rims (Fig.  3e). 
The rims display grey-scales similar  to fine-grained 
magnetites found in the ground mass and as inclusions 
in olivine and tremolite. Apart from surface weathering, 
no retrograde overprint has been observed in zone I&II 
(Sample Ol21).

4.1.2  Zone III (750–200 m from the contact): olivine + talc
The mineral assemblage of zone III is olivine, talc, trem-
olite, chlorite, relic Cr-magnetite, magnetite, antigor-
ite and late serpentine (Fig. 4). At the outcrop scale, the 
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talc-in rocks consist of characteristic acicular olivines 
that attain several centimetres in  length (Fig. 4a). These 
olivines are embedded in a white, soft talc groundmass 
where antigorite is locally preserved in patches (Fig. 4a). 
Also, olivine-talc veins occur in zone I&II rocks consist-
ing of white talc patches and elongated olivine grains 
(Fig.  4b). Microscopically, the talc-in paragenesis con-
sists of unreacted antigorite serpentinite patches and its 
breakdown products, olivine, talc and chlorite (Fig.  4c 
and d). Both the  antigorite-rich and olivine-talc-rich 
zones contain variable amounts of relic Cr-magnetite 
and magnetite (Sample 1603). At complete antigorite 
breakdown, two texturally distinct rock types occur, a 
massive granoblastic fels (Fig. 4e) and a pseudo-spinifex 
textured variety (Fig. 4f ) which is only present in trem-
olite-poor rocks. Regarding the latter rock type, acicu-
lar olivines attain several tens of centimetres in  length 
and are embedded in a talc-rich groundmass. Both rock 
types consist of the paragenesis olivine, talc and variable 
amounts of tremolite, chlorite and magnetite (Fig. 4g and 
h). Retrograde overprint is discernible where late serpen-
tine replaces olivine along cracks (Additional file 3: Fig-
ure S2a).

4.1.3  Zone IV (200–70 m from the contact): 
anthophyllite + olivine

The mineral assemblage of zone IV is olivine, anthophyl-
lite, chlorite, tremolite, Cr-magnetite, magnetite and ser-
pentine (Fig. 5). The anthophyllite-in isograd is the most 
challenging to define in the field because steep topogra-
phy and vegetation complicate outcrop access (Fig.  5a). 
At  the outcrop scale, the olivine-anthophyllite domi-
nated rocks form a massive fine grained fels (Fig.  5b). 
At the microscopic level, anthophyllite is acicular and 
forms a decussate texture with hypidioblastic olivine and 
chlorite and in lherzolitic bulk rocks additionally with 
tremolite. Together, these phases form the prograde par-
agenesis (Fig.  5c). Relic Cr-magnetite occurs in the oli-
vine-anthophyllite-chlorite groundmass and both olivine 
and anthophyllite contain inclusions of magnetite. Zone 
IV is heavily retrogressed, where abundant pseudomor-
phic talc and antigorite replace anthophyllite, becom-
ing indistinguishable from tremolites in the field (Fig. 5b 
and Additional file 3: Figure S2b). Additionally, olivine is 
often partially replaced by serpentine and magnetite.

Table 1 Samples

Atg (antigorite), Ol (olivine), Di (diopside), Chl (chlorite), Ti-cl (Ti-clinohumite), Mt (magnetite), Cr-Mt (Cr-magnetite), Tc (talc), Trm (tremolite), Anth (anthophyllite), Opx 
(orthopyroxene), Mg-Hbl (Mg-hornblende), Cr-Al-spin (Cr-Al-spinel)

All hand specimens and thin sections are stored at the University of Bern, Switzerland. Swiss coordinates CH1903 +/LV95

Sample Type Prograde parageneses Distance to intrusion 
in meters

Zone Coordinates CH1903 +/LV95

Mal1101 Schist Atg, Ol, Di, Chl, Ti-cl, Mt, Cr-Mt > 1500 O 2′785′790 1′127′825

CH2 Schist Atg, Ol, Di, Chl, Ti-cl, Mt, Cr-Mt > 1500 O 2′785′790 1′127′825

Ol22 Vein Atg, Ol, Di, Chl, Ti-cl, Mt, Cr-Mt > 1500 O 2′785′790 1′127′825

Ol44 Vein Atg, Ol, Di, Chl, Ti-cl, Mt, Cr-Mt > 1500 O 2′780′295 1′129′535

Ol21 Schist Atg, Ol, Trm, Chl, Mt, Cr-Mt 800 I&II 2′779′421 1′129′998

1603 Vein Ol, Tc, Trm, Chl, Mt, Cr-Mt 750 III 2′779′440 1′129′583

1604b Vein Ol, Tc, Trm, Chl, Mt, Cr-Mt 750 III 2′779′440 1′129′583

Ol20 Fels Ol, Tc, Trm, Chl, Cr-Mt 540 III 2′779′220 1′129′843

Ol18 Fels Ol, Tc, Trm, Chl, Cr-Mt 500 III Close to Ol20

Ol16 Fels Ol, Tc, Trm, Chl, Cr-Mt 310 III 2′779′000 1′129′706

Ol11b Fels Ol, Anth, Trm, Chl, Cr-Mt 190 IV 2′778′876 1′129′635

Ol11c Fels Ol, Anth, Trm, Chl, Cr-Mt 170 IV 2′778′845 1′129′628

Ol9, Ol38 Fels Ol, Opx, Anth, Mg-Hbl, Chl, Cr–Al-Spin 70 V 2′778′759 1′129′622

Ol8 Fels Ol, Opx, Mg-Hbl, Cr–Al-Spin 35 VI Close to Ol6

Ol6 Fels Ol, Opx, Mg-Hbl, Cr–Al-Spin 15 VI 2′778′707 1′129′665

Ol4 Fels/Vein Ol, Opx, Mg-Hbl, Cr–Al-Spin 5 VI Close to Ol6

Ol35 Fels Ol, Mg-Hbl, Cr–Al-Spin 2 VI Close to Ol6
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Fig. 4 Zone III: a Tc-in isograd locality above Alpe Zocca (Samples 1604, 1603) (coin diameter 2.3 cm). Large acicular olivine embedded in white 
talc and antigorite groundmass. b Olivine-talc vein at the talc-in isograd (Alpe Zocca, scale length 14.5 cm). c Plain polarised light image of the 
talc-in paragenesis (Sample 1603) with an upper antigorite-rich part and a lower part consisting of mosaic textured olivine-chlorite-magnetite. d 
Crossed polarised light image of c. Antigorite and fine grained interstitial olivine-talc in the upper part and mosaic textured olivine with talc next 
to chlorite in the lower part. e Massive granular olivine-talc fels (Sample Ol20, Swiss army knife 9 × 2.5 cm). f Pseudo-spinifex textured olivine-talc 
rock containing acicular olivine grains embedded in a white talc groundmass (Sample Ol16, Euro coin 2.3 cm in diameter). g Crossed polarised 
light image of granular olivine-talc fels containing chlorite, tremolite and Cr-magnetite (Ol20). h Crossed polarised light image of a pseudo-spinifex 
textured olivine-talc rock containing acicular olivine, fine grained talc and Cr-magnetite (Sample Ol16)
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4.1.4  Zone V (70 m from the contact): 
orthopyroxene‑Mg‑hornblende‑(Cr–Al‑spinel) 
appearance

The mineral assemblage of zone V is olivine, orthopy-
roxene, Mg-hornblende, tremolite, chlorite, Cr-Al 
spinel, anthophyllite, magnetite, talc and serpentine 
(Fig.  6). At the  outcrop scale, the meta-serpentinites 
show a granoblastic texture consisting of brown olivine, 

orthopyroxene, white Ca-amphibole patches (Fig.  6a) 
and dark Cr–Al-spinel grains which are surrounded by 
light grey chlorite (Fig.  6b). At the microscopic scale, 
orthopyroxene is often intergrown with Ca-amphi-
bole, which consists of three different zones (Fig. 6c). A 
tremolite-rich core (dark in BSE) which is rimmed by 
Mg-hornblende (bright in BSE) and small rims of tremo-
lite (Fig.  6d). Orthopyroxene also contains inclusions of 

Ol

Anth

Sample (Ol11 c)

Sample (Ol11 b)

Hornblende Gabbro

Tonalite

Anthophyllite-in isograd

Anth

Mt

Cr-Mt

Chl

TcOl

a

b c
Fig. 5 Zone IV: a Photograph of the anthophyllite-in isograd (Val Sissone). In the background sample Ol11c and b locations and hornblende 
gabbro-tonalite borders are indicated. b Photograph of olivine-anthophyllite rock (Ol11c). c Backscatter image of sample Ol11c showing polygonal 
olivine with acicular anthophyllite, chlorite, talc and Cr-rich magnetite

(See figure on next page.)

Fig. 6 Zone V: a Photograph of the outcrop from zone V (Val Sissone), olivine-chlorite-orthopyroxene-(Al-spinel)-Mg-hornblende-anthophyll
ite rock with indicated white amphibole-rich patches and large single crystal olivine. b Photograph of a saw cut showing dark Al-spinel encircled 
by a greyish chlorite rim, grey orthopyroxene and brown olivine (tweezers 4.5 cm length). c Crossed polarised light image of sample Ol9 in zone V 
containing inclusion-rich orthopyroxene with Ca-amphibole intergrowth. d Backscatter image of c showing orthopyroxene containing inclusions 
of chlorite, olivine and a zoned Ca-amphibole intergrowth that consists of tremolite in the core, Mg-hornblende forming rim1 and tremolite rim2. 
e Backscatter image of orthopyroxene from sample Ol38 containing chlorite and olivine inclusions. f Backscatter image of sample Ol38 shows 
orthopyroxene intergrowth with anthophyllite. g Backscatter image of sample Ol38 exhibiting orthopyroxene with Al-spinel and chlorite inclusions. 
h Backscatter image of sample Ol38 containing a Cr–Al-spinel grain aggregate with sub-grains consisting of bright cores and darker rims. Retrograde 
replacement rims of Cr–Al-spinel consist of bright magnetite and dark chlorite
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chlorite (Fig. 6d), olivine (Fig. 6e), anthophyllite (Fig. 6f ) 
and a few micron sized Cr–Al-spinels (Fig.  6g). Moreo-
ver, orthopyroxenes are chemically zoned, visible as 
darker and brighter shaded zones in backscatter mode 
(Fig.  6g). Rare groundmass Cr–Al-spinels are concen-
trically zoned, showing decreasing reflectance towards 
their rims in backscatter mode (Fig. 6h). The association 
of Cr–Al-spinel, Mg-hornblende, orthopyroxene, antho-
phyllite, chlorite and olivine represents the peak meta-
morphic paragenesis of zone V. Retrograde overprint in 
zone V samples is manifested by the partial replacement 
of orthopyroxene by talc and Mg-hornblende by tremo-
lite (Fig. 6c–d). Prograde Cr-Al-spinel is replaced at the 
rim by chlorite and magnetite and olivine is crosscut by 
late serpentine and magnetite (Fig. 6h).

4.1.5  Zone VI (40–0 m from the contact): chlorite 
and anthophyllite‑out

The mineral assemblage of zone VI is olivine, orthopy-
roxene, Mg-hornblende, tremolite, Cr–Al spinel, chlorite, 
anthophyllite, magnetite and serpentine (Fig. 7). In zone 
VI metamorphic serpentinites form a triangular contact 
with the intrusion and metamorphosed gneisses of the 
Margna nappe (Fig.  7a). However, intrusive or metaso-
matic features such as veins, dykes, or blackwalls in the 
meta-serpentinites are absent. At the outcrop scale, the 
meta-serpentinites show a granoblastic texture (Fig. 7b). 
The most prominent field marker in the contact zone is 
black Cr–Al-spinel (Fig.  7b) often rimmed by chlorite 
(Fig. 7c) and large grey orthopyroxene, showing charac-
teristic cleavage angles of 90° (Fig.  7b). Microscopically, 
most Cr–Al-spinels consist of multiple sub-grain aggre-
gates (Fig.  7d and e). The subgrains show concentric 
zoning consisting of opaque to brown cores and brown 
to green rims (Fig.  7d) equivalent to decreasing reflec-
tance in backscatter mode (Fig. 7e). Orthopyroxene and 
Mg-hornblende are occasionally intergrown (Fig.  7f ) 
but mostly occur separately, forming the groundmass 
with olivine and Cr–Al-spinel (Fig.  7g). On one occa-
sion, orthopyroxene is intergrown with olivine (Sample 
Ol6, Additional file 4: Figure S3a and b). The association 
of Cr–Al-spinel, Mg-hornblende, orthopyroxene and 

olivine represents the peak metamorphic paragenesis of 
zone VI. Retrograde overprint in zone VI is most promi-
nently manifested by the formation of chlorite-magnet-
ite replacement rims around Cr–Al-spinel (Fig.  7d, e 
and g). Also, anthophyllite either occurs as overgrowth 
rims around Mg-hornblende or as separate grains in the 
groundmass together with chlorite (Fig. 7g). Retrograded 
Mg-hornblende is often dissected by tremolite or shows 
tremolite rims (see Fig.  7g lower right corner), and oli-
vine is replaced by late serpentine and magnetite.

4.2  Mineral compositions
Mineral compositions are described following increas-
ing metamorphic grade. Analyses were acquired between 
direct grain neighbours. Mineral compositions are given 
in wt% oxides, element per formula unit (pfu) and molar 
ratios such as Mg# [Mg/(Mg + Fe + Ni + Mn)] × 100 and 
yCr [Cr/(Cr + Al +  Fe3+)] × 100 in text. For most miner-
als, the compositional data set was recalculated assuming 
 Fetot = FeO. Ferric iron contents were only recalculated 
for Cr–Al-spinel, Cr-magnetite and magnetite. The full 
data set is presented in Additional files 5, 6, 7, 8, 9, 10 and 
11: Tables S1–7.

4.2.1  Olivine
Olivine from the regional metamorphic zone O shows 
homogenous low Mg# 86 in country rock sample 
Mal1101 and Mg# 90 in olivine veins (Samples Ol22 and 
Ol44). In contrast, zone I&II olivine (Sample Ol21) con-
sists of homogeneously high Mg# 94. Zone III olivine 
displays the largest variability within a single metamor-
phic zone. At talc-in, olivine from an olivine-talc vein 
(Sample 1604) is richer in iron (Mg# 90) relative to the 
country rock sample 1603 (Mg# 91–92). Additionally, 
the latter olivines occasionally preserve Mg-rich cores 
(Mg# 92–93). At full antigorite breakdown, olivine from 
sample Ol20 shows homogeneous Mg# 88 and in sample 
Ol18 Mg# 90–91. In contrast, olivine cores from pseudo-
spinifex textured sample Ol16 show slightly lower Mg#s 
than their rims with some intergrain variability, e.g., Mg# 
 86core-88rim or  87core-89rim. Olivine from zone IV exhibit 
homogeneous compositions of Mg# 90 (Sample Ol11c) 

Fig. 7 Zone VI: a Contact between hornblende-gabbro, meta-gneisses and olivine-orthopyroxene-(Mg-hornblende)-(Cr-Al-spinel) rock 
(Samples Ol4, Ol6, Ol8 and Ol35) zone VI. b Photograph of the olivine-orthopyroxene-(Mg-hornblende)-(Cr-Al-spinel) rock containing large 
orthopyroxene grains with visible cleavage, brown-weathered olivine and black Cr–Al-spinel. c Photograph of elongated olivine, orthopyroxene 
and black Cr–Al-spinel encircled by greyish chlorite. d Plain polarised light image of Cr–Al-spinel consisting of a sub-grain aggregates with 
black Al-magnetite-rich cores and brown to green rims. Its outer boundary consists of retrograde magnetite-chlorite replacement rims and 
olivine in the groundmass. e Backscatter image zoom-in of d consisting of zoned Cr–Al-spinel aggregates with bright cores becoming gradually 
darker toward the rims. Magnetite and chlorite rims form the outer boundaries of the sub-grain aggregate. f Crossed polarised light image of 
inclusion-free orthopyroxene intergrown with Mg-hornblende. g Backscatter image of sample Ol6 showing the prograde paragenesis Cr–Al-spinel, 
Mg-hornblende, orthopyroxene and olivine. The retrograde assemblage consists of chlorite, anthophyllite, tremolite and late serpentine

(See figure on next page.)
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whereas zone V olivine shows minor zoning (Mg# 87–88 
in samples Ol9 and Ol38). Zone VI olivine of the contact 
paragenesis exhibits homogeneous Mg#s (89–90) only 
slightly varying between different samples (Ol6, Ol4, 
Ol35).

4.2.2  Ca‑amphiboles (tremolite‑Mg‑hornblende)
Aluminium compositions of Ca-amphiboles show two 
separate populations following  increasing metamorphic 
grade (Fig. 8). At its first appearance in zone I&II trem-
olite accommodates little Al. It is often below detection 
and at most contains 0.008 pfu, increasing to 0.060 Al pfu 
towards the end of zone III (Fig. 8). Al contents are sig-
nificantly higher in zone V (1.66–1.87  pfu) and in zone 
VI (1.75–1.96 pfu), delineating the transition from trem-
olite to Mg-hornblende. Cr contents follow the same pat-
tern with low contents of 0.002–0.023 pfu in zones I–III 
increasing to 0.03–0.09 pfu in zone V and 0.07–0.15 pfu 
in zone VI. Ti is below or above detection attaining 
maxima of 0.011 pfu in zone I–III tremolites but is sig-
nificantly higher in zone V–VI Mg-hornblendes (0.08–
0.11 pfu). Na contents are low but increase from 0.07 to 
0.08 pfu through zones I–III while K is below detection. 
This changes abruptly in zone V where Mg-hornblende 
incorporates 0.35–0.53  Na  pfu and 0.01–0.03  K  pfu. 
In zone VI, Na contents are even slightly higher (0.45–
0.54  pfu) while K is mostly lower (0.01–0.02  pfu) com-
pared with zone V samples. Mg#s of tremolite generally 

decrease from 96–97 in zone I&II to Mg# 94–95 in zone 
III (Samples Ol20 and Ol16). The only exception is sam-
ple Ol18 showing similar Mg#s 96–97 as zone I&II trem-
olite. In contrast, Mg#s of Mg-hornblende (Mg# 86–89) 
in zones V and VI (Mg# 88–89) are lower than that of 
tremolite from zones I–IV.

4.2.3  Chlorite
Aluminium compositions of chlorite allow to distinguish 
four separate populations showing increasing Al con-
tent with decreasing distance from the intrusive contact 
(Fig. 8). At talc-in in zone III, the Al content in chlorite 
is lower (1.4–1.5  pfu) compared with zone III chlorite 
where antigorite breakdown was complete (1.6–1.7 pfu). 
Zone IV chlorite shows elevated Al contents (1.7–1.9 
Al pfu) which is only exceeded by grains in zone V (2.2–
2.3 Al pfu). At talc-in in zone III Cr compositions show 
the strongest variability of all samples, with very low to 
high contents (0.07–0.21  pfu). At full antigorite break-
down, Cr compositions are more homogeneous (0.09–
0.18 pfu). This trend continues in zone IV grains showing 
Cr contents of 0.11–0.17 pfu. Close to its breakdown in 
zone V, both the compositional variability and absolute 
contents are low (0.03–0.09  pfu). Chlorite Mg# is fairly 
homogeneous throughout zones III–IV, varying between 
93 and 94. Only one talc-in sample (1603) shows slightly 
elevated values (Mg# 94–95). In zone V, chlorite Mg#s 
are slightly lower, varying between 92 and 93.
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4.2.4  Spinel group minerals (Magnetite, Cr‑Magnetite, Cr–
Al‑Spinel)

The spinel-group compositional trends are represented 
by the trivalent cations  Fe3+,  Cr3+ and  Al3+ (see yCr, 
yFe, yAl in Additional files 5, 6, 7, 8, 9, 10, 11: Tables 
S1–7). Three groups of spinel group minerals are dis-
tinguished. Cr-magnetite and magnetite both lie on the 
chromite-magnetite join, showing Al contents close to 
the detection limit  (Fig.  9). Large relic Cr-magnetite 
cores are characteristic of zones I–IV, showing high yCr 
(0.23–0.62) values (Fig. 9), while their inclusion-free rims 
have lower yCr numbers (0.06–0.16). The Cr content of 
groundmass magnetites and inclusions in olivine is low 
(yCr 0.04–0.05) from zone I&II (Sample Ol21) to talc-in 
in zone III (Sample 1604). These magnetites clearly form 

a separate population showing elevated yCr (0.16–0.19) 
at full antigorite breakdown in zone III,  while the highest 
numbers are attained in zone IV (0.20). In contrast, post-
peak retrograde magnetite is depleted in Cr and forms 
nearly pure end-member magnetite (Fig.  9). The third 
spinel group mineral is Cr-Al-spinel, which  contains Al 
as a major element. Ferric iron decreases from core to 
rim and is mainly replaced with Al and to a lesser extent, 
Cr (Fig. 9). Zone V Cr–Al-spinel aggregates show yCr of 
0.28 in cores, decreasing to 0.10 at rims. Additionally, 
nearly pure Al-spinel inclusions in orthopyroxene show 
yCr numbers as low as 0.04 (Fig.  9). Zone VI sub-grain 
aggregates show decreasing yCr from the  core (0.34) 
to  the rim (0.16). The lowest yCr number (0.02) was 
found in a large spinel aggregate in sample Ol6 (Fig. 7g).
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4.2.5  Antigorite, talc, anthophyllite and orthopyroxene
Zone O antigorite (Sample Mal1101) accommodates 
1.84–3.21  wt%  Al2O3 and 0.06–1.36  wt%  Cr2O3, and 
shows a homogenous Mg# 94. Antigorite in zone I&II is 
enriched in Mg (Mg# 96–97) and contains 0.43–2.68 wt% 
 Al2O3 and 0.04–0.80  wt%  Cr2O3. In both zones,  Al2O3 
and  Cr2O3 contents positively correlate (Additional files 
5 and 6: Tables S1 and S2). Talc contains minor amounts 
of  Al2O3 (0.05–0.65 wt%) while  Cr2O3 mass fractions can 
be below and above detection (b.d.-0.05 wt%). From talc-
in throughout zone III, talc is Mg-rich showing Mg#s 
between 97 and 98 in samples 1604, 1603, Ol20 and Ol16 
(Additional files 7 and 8: Tables S3–4). Anthophyllite is 
the most iron-rich silicate in the contact metamorphic 
serpentinites, with Mg#s between 86 and 88 in zone IV 
and Mg# of 85 in zone V (Additional files 9, 10: Tables 
S5 and S6). It also contains minor amounts of  Na2O in 
zone IV (0.01 and 0.09  wt%) and in zone V (0.03 and 
0.06 wt%). All orthopyroxenes show characteristic lamel-
lar growth zoning (Fig. 6g), accommodating 1.05 wt% to 
1.56 wt%  Al2O3 in dark and bright lamellae respectively 
(Sample Ol9) and 1.40–2.19  wt% in sample Ol38. The 
higher  Al2O3 contents belong to the lighter shaded lamel-
lae of the backscatter image. The Mg# in both samples 
ranges  between 87 and 89. In zone VI, orthopyroxene 
intergrowths with olivine contain up to 4.35 wt%  Al2O3, 
whereas lamellae in groundmass grains accommodate 
1.06–2.98 wt%  Al2O3 in sample Ol6 and 0.27–2.52 wt% in 
sample Ol4. They are slightly more Magnesian compared 
to zone V grains, showing Mg#s between 88 and 90.

5  Discussion
5.1  Reactions
Based on the observed mineral parageneses and various 
literature sources, we define prograde mineral reactions 
in the CaO–MgO–SiO2–H2O (CMSH) system for lher-
zolites and the MgO–SiO2–H2O (MSH) system for har-
zburgites. The participation of Al-rich phases in some 
reactions, e.g., antigorite, chlorite, Mg-hornblende and 
spinel group minerals, requires the addition  of   Al2O3 
(Al)  to the chemical system. Reactions involving  TiO2 
(T) are cited from  the literature. We explore composi-
tional changes of minerals with respect to  natural bulk 
rock compositions by considering the effects of FeO (F), 
 Cr2O3 (Cr) and  Fe2O3  (Fe3+) and assume the presence of 
a  H2O-rich fluid.

5.1.1  Prograde reactions in the contact aureole
We derive the prograde reaction 1 from the paragen-
esis olivine + tremolite where diopside from the regional 
metamorphic zone reacted with antigorite (Evans & 
Trommsdorff 1970). Regarding the four observed phases 

and considering the free fluid as an additional phase, the 
reaction is univariant in CMSH.

This reaction is limited by the amount of diopside 
present in the serpentinites. In natural rocks, trivalent 
cations such as Al, Cr and  Fe3+ can be accommodated 
as tschermak component in antigorite. If the tschermak 
component is saturated in antigorite, chlorite will addi-
tionally form (Padrón-Navarta et  al. 2013). Tschermak 
saturation will particularly be attained in Al-rich (lher-
zolitic) bulks. Even though chlorite was not observed in 
sample Ol21, Trommsdorff and Evans (1972) have shown 
that chlorite may form through reaction 1. If chlorite 
is produced, some of the Cr and  Fe3+ released by anti-
gorite consumption may be incorporated into chlorite 
(Laird 1988) as well as in magnetite. Thus, the reac-
tion would need to be described in the chemical system 
 CrFe3+CFMASH, in which it is no longer univariant:

Reaction 2 describes Ti-clinohumite breakdown to Mg-
ilmenite and olivine (Trommsdorff & Evans 1980). It is 
univariant in the system MTH.

This reaction is volumetrically unimportant in ultra-
mafic rocks because even in fertile lherzolites, bulk 
 TiO2-contents are low (0.09–0.14 wt%, Müntener (1997)). 
Nevertheless, the coincidence with reaction 1 in the field 
from 1500 m  to 750  m away from the contact (Fig.  2) 
allows defining the combined zone I&II. In the five com-
ponent system CMSTH, the seven phase equilibrium is 
invariant.

The prominent talc-in isograd representing the onset of 
antigorite-breakdown is recognizable by the occurrence 
of white talc patches and elongated olivine. At complete 
antigorite breakdown, olivine and talc form the charac-
teristic zone III paragenesis. Reaction 3 releases most of 
the water of all the reactions, and the consumption of 
Al-bearing antigorite leads to the formation of chlorite 
(Trommsdorff & Connolly 1996).

While this reaction is univariant in MASH, the pres-
ence of ferrous iron renders the equilibrium divariant 
in FMASH. This is evident in the field, where talc and 
olivine occur in veins prior to the complete consump-
tion of antigorite (Fig.  4a). According to Clément et  al. 
(2019), the divariant zone is approximately 150  m wide 
in the field. The transition from partial to full antigorite 

(1)atg+ di = trm+ ol+H2O

(1a)atg+ di = trm+ ol± chl±mt1 +H2O

(2)Ti− cl = ol+ ilm+H2O

(3)atg = ol+ tc+ chl+H2O
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breakdown also indicates an enrichment of Cr in magnet-
ite and, simultaneously, a decrease in ferric iron (Fig. 9). 
Large relic Cr-magnetites become sparse but their com-
position is more like that of magnetite in the groundmass 
and inclusions in olivine (Sample Ol16, Ol18 and Ol20, 
Fig. 9). Similar to reaction 1, ferric iron may be incorpo-
rated into newly formed chlorite. Thus, a reaction may be 
written considering the components  CrFe3+FMASH.

The prograde formation of anthophyllite in reaction 
4 is the first olivine-consuming reaction in the contact 
aureole. This reaction is univariant in MSH.

Relative to zone III, groundmass magnetite is enriched 
in Cr following the systematics outlined for reaction 
3a (Sample ol11c, Fig.  9). Al contents are significantly 
increased in chlorite, forming a distinct chlorite popula-
tion (Fig. 8). This can be expressed by the more complex 
reaction in the system,  CrFe3+FMASH.

Orthopyroxene-bearing assemblages have been recog-
nized in previous studies  but have never been precisely 
documented (Bucher-Nurminen 1977; Riklin 1978; 
Trommsdorff & Connolly 1996; Trommsdorff & Evans 
1972). The volumetrically most important orthopyrox-
ene-forming reaction is the consumption of anthophyllite 
and olivine.

Reaction 5 is univariant in MSH but divariant in FMSH. 
This is in agreement with the observation of anthophyl-
lite-orthopyroxene intergrowths (Fig. 6f ).

Also, Bucher-Nurminen (1977) mentioned the pres-
ence of Mg-hornblende instead of tremolite in samples 
close to the intrusion contact but did not further inves-
tigate its occurrence. Robinson et  al. (1982) suggested 
that in natural isochemically metamorphosed meta-ser-
pentinites, this transition occurs simultaneously with the 
formation of spinel, which is supported by experimental 
investigations of Jenkins (1981, 1983, 1994).

Indeed, the breakdown of chlorite to Cr–Al-spinel has 
not been described in the Bergell contact aureole yet. 
Chlorite inclusions in orthopyroxene that contain more 
Al than the clinochlore end-member (Fig.  8) are typi-
cal close to its breakdown (Jenkins & Chernosky 1986; 

(3a)atg = ol+ tc+ chl+ Cr−mt+H2O

(4)ol+ tc = anth+H2O

(4a)
ol+ tc+ chl1 +mt = anth+ Cr−mt+ chl2 +H2O

(5)anth+ ol = opx+H2O

(6)trm+ Cr− Al− spin = ol+Mg− hbl+H2O

Vavrecka-Sidler 1998). This is in agreement with nearly 
pure Al-spinel present as inclusions in orthopyroxene 
(Fig. 6g). Reaction 7 is univariant in MASH.

However, since Cr-magnetite is absent in parageneses 
V and VI and Cr–Al-spinel core compositions are alu-
minous, a Cr-magnetite-consuming reaction may be 
written.

In the chlorite and Cr-magnetite consuming reac-
tions 7 and 7a, Cr and  Fe3+ are released and partition 
into new phases such as Cr–Al-spinel, orthopyroxene 
and Mg-hornblende. The amount of calculated ferric 
iron in Cr–Al-spinel is very close to that of endmember 
Al-spinel with less than 5% magnetite. However, ferric 
iron estimates obtained by charge balance calculations 
depend on the normalization scheme applied and espe-
cially with regard to chlorite and Mg-hornblende, are 
inaccurate (Hawthorne et  al. 2012; Laird 1988). Thus, 
ferric iron content and redox conditions, which are 
generally expected to become more reduced in rocks at 
increased temperatures (Frost 1991), cannot be resolved 
unambiguously.

All observations indicate that reactions 5–7 occurred 
simultaneously in the contact aureole. Hence, the 
six phase equilibrium of reactions 5 and 7 described 
in MASH is invariant, providing a tight constraint 
for pressure. In summary, all possible serpent-
inite dehydration reactions at low pressures occur 
in the Bergell aureole except Ca-amphibole dehy-
dration where Mg-hbl + ol = opx + plag +  H2O or 
Mg-hbl + ol = opx + cpx +  H2O.

5.1.2  Retrograde reactions and fluid flow
Post-peak retrograde overprint was chiefly controlled by 
 H2O-rich fluid infiltration because retrograde carbon-
ates are absent. In zones III–VI, this is witnessed by the 
replacement of olivine with retrograde serpentine and 
end-member magnetite (Fig. 9). The more intense over-
print in zone IV is additionally evidenced by serpentine, 
talc and magnetite pseudomorphs after anthophyllite 
(Fig. 9 and Additional file 3: Figure S2b).

In zone V,  the prograde phases orthopyroxene, Mg-
hornblende and Cr–Al-spinel are replaced by talc, tremo-
lite, chlorite and magnetite respectively (Fig.  6c and d). 
This is expressed by reaction 9.

(7)chl = ol+ opx+ Al− spin+H2O

(7a)
chl+ Cr−mt = ol+ opx+ Cr− Al− spin+H2O

(8)anth+H2O = tc+ serp+mt
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Retrograde overprint in zone VI led to the partial 
replacement of Cr-Al-spinel with chlorite and magnetite 
(Fig. 7d and g). Mg-hornblende was replaced with tremo-
lite and orthopyroxene with anthophyllite (Fig. 7g).

The fluid source causing the widespread retrograde 
overprint in zones IV–VI is poorly constrained. Ther-
mal modelling has shown that hydrothermal fluid cir-
culation cells may form around magmatic intrusions. 
They become active prior to magma emplacement and 
remain active during the cooling of the pluton, thus caus-
ing widespread retrograde overprint (Eldursi et al., 2009; 
Furlong et  al., 1991). Therefore, several fluid sources 
may have continuously  fed such a hydrothermal fluid 
circulation cell at the Bergell aureole. Internal fluids 
were  released by prograde dehydration reactions in ser-
pentinites  and other lithologies parallel to the thermal 
front that has been moving away from the intrusion. 
External fluids were probably  expelled by the tonalite 
intrusion where it became water saturated near its soli-
dus (Reusser 1987).   

5.2  Controls on the Al component in chlorite 
and Ca‑amphiboles

The small increase of Al in chlorite from talc-in to fully 
equilibrated olivine-talc rock in zone III is explained by 
the presence of antigorite lamellae in chlorite. Because 
chlorite lamella in antigorite increase in abundance close 
to the  breakdown of antigorite,  a few antigorite lamella 
may have survived in what is now identified as  chlo-
rite (Shen et  al. 2020; Wunder et  al. 2001). Only minor 
amounts of Al are stored in prograde tremolite and talc. 
Thus,  as soon as all antigorite lamellae break down, a 
constant Al composition of chlorite throughout zone III 
is attained. The increase of Al in zone IV chlorite may be 
explained by the addition of minor amounts from talc 
and is therefore assemblage controlled. In zone V, the Al 
composition of chlorite is buffered by Cr–Al spinel, which 
is in agreement with compositions reported from  other 
studies dealing with samples  close to intrusion contacts 
in meta-serpentinites (Frost 1975; Pinsent & Hirst 1977). 
The Al solubility in tremolite is buffered by the presence 
of antigorite in zone I&II and by chlorite in zone III. 
There is only a minute increase in Al changing from anti-
gorite to chlorite buffering. This suggests that tremolite 
inclusions in Mg-hornblende in zones V and VI express 

(9)
opx+Mg− hbl+ Cr

− Al− spin+H2O

= chl+ tc+ trm+mt

(10)
Mg− hbl+ opx+ Cr− Al− spin+H2O

= chl+ anth+ trm+mt

Al buffering from chlorite of zone IV. Overgrowth rims 
of Al-rich Mg-hornblende on tremolite coincide with 
the presence of Cr–Al-spinel at chlorite breakdown. This 
coincidence has been observed in a number of studies on 
contact aureoles (e.g., Berg & Docka 1983; Bucher-Nur-
minen 1977; Frost 1975, 1976; Matthes & Knauer 1981; 
Pinsent & Hirst 1977; Robinson et  al. 1982; Springer 
1974). The Al composition of Mg-hornblende is also 
influenced by the bulk reactive alkali content, particu-
larly by Na and K. The compositions reported here are 
typical for isochemically metamorphosed serpentinites 
at upper amphibolite facies conditions (Robinson et  al. 
1982). Even if fluid mobile elements like Na and K are 
depleted prior to contact metamorphism during oceanic 
serpentinization, where mantle clinopyroxene is replaced 
with diopside, some mantle clinopyroxene may have sur-
vived where diopside rims shielded them. This is visible 
in regional metamorphic zone O [Additional file 1: Figure 
S1 and Additional file 2, see also Müntener et al. (2010)]. 
Published bulk rock compositions from samples close to 
the magmatic intrusion show no evidence of fluid mobile 
element enrichment with  Na2O and  K2O < 0.05 wt% and 
no evidence for enrichment with  SiO2 or CaO (Tromms-
dorff & Evans 1972). Also, there is no direct field evidence 
for external fluid input from neighbouring sediments or 
the magmatic intrusion, i.e., no Ca-amphibole or phlo-
gopite veins. The modal abundance of Mg-hornblende is 
very low in all samples (max 10 vol%), and we speculate 
that the minor Na content of the ultramafic bulk rock 
was concentrated in Mg-hornblende.

5.3  Fe–Mg partitioning between olivine and other phases
By measuring direct grain neighbours in thin section 
(Additional files 5, 6, 7, 8, 9, 10, 11: Tables S1–7), the 
order of preference for Fe relative to Mg between olivine 
and other phases is determined. It should be noted that 
the Mg# for all silicates  is based on total iron as ferrous 
iron, i.e., Mg# = Mg/(Mg + Ni + Mn + Fetot) × 100. Only 
olivine rims were considered because cores may occa-
sionally be inherited from a lower grade zone (Sample 
1603, zone III) or show core to rim Mg-enrichment fol-
lowing increased temperatures during prograde growth 
(Sample Ol16, zone III). Figure 10 compiles all the data 
produced in this study and compares them with the best 
fits through compiled mineral pairs of corresponding 
parageneses from the literature (Additional file 12: Figure 
S4). The order of preference for Fe relative to Mg obtained 
from our data set is anthophyllite > orthopyroxene ≈ 
Mg-hornblende > olivine > chlorite > tremolite > talc.

The most reliable data for olivine-anthophyllite 
pairs is found in sample Ol11c (IV),  owing to minor 
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retrogression and a well-equilibrated texture. The two 
points from samples Ol9 and Ol38 in zone V,  however, 
represent single measurements because only one grain 
of anthophyllite  is available per thin section. In contrast 
with Trommsdorff and Evans (1972), our data suggests 
that  anthophyllite has lower Mg#s than equilibrium oli-
vine  (Fig.  10). This is  in agreement with the fit through 
compiled mineral pair  data from Springer (1974), Arai 
(1975), Frost (1975) and Matthes and Knauer (1981) 
(Additional file 12: Figure S4a).

Orthopyroxene from zone V samples Ol9 (single grain) 
and Ol38, as well as zone VI samples Ol4 and Ol6, show 
slightly lower Mg#s than olivine  (Fig.  10). Even their 
lower Fe content lamellae, except for one measure-
ment, show lower Mg#s than all olivine measurements 

(Additional file  11: Table  S7). This is corroborated by 
the fit through compiled olivine-orthopyroxene pairs of 
Springer (1974), Arai (1975), Frost (1976), Berg (1977), 
Pinsent and Hirst (1977), Matthes and Knauer (1981), 
Berg and Docka (1983) and Nozaka (2011). Data of natu-
ral olivine-orthopyroxene pairs from Cerro del Almirez 
(Trommsdorff et  al. 1998) and the experimental study 
of Padrón-Navarta et  al. (2010) suggest 1:1 partitioning 
(Additional file 12: Figure S4b).

Mg-hornblende data  from zones V and VI 
shows  slightly lower Mg#s than olivine and similar par-
titioning to orthopyroxene. By contrast, the  fit through 
compiled Mg-hornblende-olivine data pairs from Frost 
(1975), Frost (1976), Ashley et  al. (1979), Matthes and 
Knauer (1981) and Springer (1974) suggests lower 
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Mg#s for olivine, while individual studies have proposed 
controversial results (Additional file 12: Figure S4c). This 
is possibly caused by measuring intensely zoned grains. 
Zoning may be induced during prograde growth or par-
tial retrograde equilibration. Additionally,  Robinson 
et  al. (1982) showed that Fe–Mg partitioning between 
Ca-amphibole-olivine pairs is dependent on the  meta-
morphic grade. Accordingly, iron is progressively incor-
porated into Mg-hornblende from the upper amphibolite 
to the lower granulite facies.

Chlorite data from this study clearly shows higher 
Mg#s compared  to olivine  and coincides with the fit of 
Trommsdorff et  al. (1998) (Fig.  10, Additional file  12; 
Figure  4Sd). The line through compiled olivine-chlorite 
pairs from Arai (1975), Frost (1975), Berg (1977), Pinsent 
and Hirst (1977), Matthes and Knauer (1981) and Berg 
and Docka (1983), and the one through experimental 
data of Padrón-Navarta et al. (2010) suggest even higher 
Mg#s for chlorite  relative to equilibrium olivine. The fit 
provided by Matthes and Knauer (1981) contradicts all 
other approximations of the literature.

Tremolite Mg#s show a larger compositional range 
between different samples, which is similar to Mg-horn-
blende. The fits through our data and the compiled min-
eral pairs from the literature (Berg 1977; Berg & Docka 
1983; Evans & Trommsdorff 1983; Frost 1975; Matthes 
& Knauer 1981; Nozaka 2011; Pinsent & Hirst 1977; 
Springer 1974) almost coincide and suggest higher Mg#s 
of tremolite relative to equilibrium olivine (Fig. 10). Lines 

provided by individual studies indicate even higher Mg#s 
in tremolite  (Padrón-Navarta et  al. 2010; Trommsdorff 
& Evans 1972; Trommsdorff et  al. 1998). Only Springer 
(1974) reports lower Mg#s of tremolite with respect to 
our approximation (Additional file 12: Figure S4e).

Talc  from zone III displays the most narrowly con-
fined fit, closely approaching the line through compiled 
olivine-talc pairs of Berg (1977), Pinsent and Hirst (1977), 
Berg and Docka (1983), Nozaka (2011) and Trommsdorff 
and Evans (1972). By contrast, the approximation of Berg 
and Docka (1983) is nearly vertical, dissenting from any 
other published data (Fig.  10, Additional file  12: Figure 
S4f ).

The overall excellent agreement between the observed 
Fe–Mg partitioning fits of this study and the one 
through  selected mineral pairs of corresponding par-
ageneses from the literature suggests that equilibrium 
compositions were measured. However, our approxima-
tions display a minor but systematic shift to the left in 
Fig. 10. This indicates that Fe partitioning relative to Mg 
in most silicates which are in equilibrium with olivine is 
stronger than previously thought. On the other hand, 
we argue that a shift to the right relative to our fits may 
be caused by using chemical analyses of retrogressed 
grains. For example, while  olivine is stable over all pro-
grade zones and only partially recrystallized at its rims, 
anthophyllite, orthopyroxene and Mg-hornblende are 
only stable in a narrow temperature field and hence more 
readily altered by retrograde fluids. Also, sheet silicates 
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such as chlorite and talc are mechanically weaker, often 
finer grained, and have a higher surface-to-volume ratio 
than the other silicates, which makes them prone to ret-
rograde Fe loss. Those arguments show why only analy-
ses from samples with well-equilibrated textures and 
the least retrograde overprint should be used in order to 
establish Fe-Mg partitioning data. In particular, orthopy-
roxene, Ca-amphiboles and chlorite may also contain fer-
ric iron, which  would shift their Mg#s to higher values 
relative to olivine. However, following the discussion in 
Sect. 5.1.1, ferric iron content cannot be unambiguously 
determined for these phases.

Furthermore,  prograde core to rim zoning of Mg#s 
in olivine also suggests that overstepping of the olivine 
forming reaction in zone III, as proposed by Lafay et al. 
(2019), was not significant and is generally not expected 
in serpentinites (Pattison et al. 2011).

5.4  Phase relations in serpentinites at low pressures
We derive phase relations by combining field observa-
tions and mineralogical data from this study with reac-
tion curves from field and experimental studies from the 
literature (Fig. 11). According to Trommsdorff and Evans 
(1980), the univariant equilibria 1 and 2 have an invari-
ant point at 300 MPa and 520 °C. This is consistent with 
Weiss’s (1997) experimental brackets  that indicate Ti-
clinohumite breakdown at 300 MPa and 530 °C (Fig. 11). 
Divariant fields were estimated not to be broader than 
10  °C (Trommsdorff & Connolly 1996; Trommsdorff 
& Evans 1972; Ulmer & Trommsdorff 1999). Therefore, 
pressure during contact metamorphism is well con-
strained at 300 ± 30  MPa. At the corresponding pres-
sure, reaction 3 was placed according to the experimental 
brackets of Chernosky et al. (1985) at 550 °C. For a nat-
ural reactive bulk of Mg# 90 its position may be about 
10  °C lower (Trommsdorff & Connolly 1996; Ulmer & 
Trommsdorff 1999), which is in excellent agreement with 
a 150 m wide zone where antigorite, olivine and talc coex-
ist (Clément et al. 2019). Reaction 4 was placed at 650 °C 
according to the  experimental brackets of Chernosky 
et al. (1985). This reaction shifts about 20 °C down tem-
perature for a reactive bulk of Mg# 90 (Evans & Guggen-
heim 1988; Nozaka 2011; Trommsdorff & Connolly 1996; 
Ulmer & Trommsdorff 1999). Zone V paragenesis is par-
ticularly important due to the completion of reactions 5, 
6 and 7. The intersection of reactions 5 and 7 is probably 
very close to the invariant point in MASH at 720 ± 10 °C 
and 275 ± 30  MPa (Jenkins & Chernosky 1986), with 
the difference that instead of cordierite, anthophyllite 
is involved in the equilibrium. Reaction 6 commences 
at the onset of reaction 7, and therefore the sharp tran-
sition from tremolite to Mg-hornblende occurs within 
the intersecting divariant fields of reactions 5 and 7. In 
P-T space, this divariant intersection  field is likely not 
exceeding 10  °C  (Evans & Guggenheim 1988; Tromms-
dorff & Connolly 1996; Ulmer & Trommsdorff 1999). 
The pressure of contact metamorphism in the meta-ser-
pentinites  is therefore constrained to ~ 300 MPa (orange 
rectangle in Fig. 11) by the invariant equilibria 1–2 at the 
outer and 5–7 at the inner part of the aureole.

5.5  Comparison with calculated phase diagram sections
Following the above discussion, a phase diagram section 
(Fig.  12) was calculated over a temperature range from 
450 to 850 °C and pressures between 150 and 400 MPa. 
 TiO2 was not taken into account due to the lack of solu-
tion models for Ti-clinohumite. We have also excluded 
ferric iron from our calculations due to the lack of 
independent thermodynamic data for the  key phases 
considered here. Overall, the sequence of calculated 

400

T(°C)

P
(M

P
a)

150

200

250

300

350

500 550 600 650 700 750 800 850450

2.
00

1.
99

Ol 
Anth 
Ca-amph 
Chl 
Cr-mt 

Ol 
Tc
Ca-amph 
Chl 
Cr-mt 

Ol 
Atg
Ca-amph
Di
Chl 
Cr-mt 

2.
102.

01

5

43

1

7

13

6

2

Cr# Spin
Al pfu Chl
Al pfu Ca-amph

0.
6

53
2.

05
0.

4

0.
2

0.
8

Opx
Ol
Spin
Ca-amph
(An)

Fig. 12 P–T phase diagram section calculated with Perple_X. 
Coloured numbers and isopleths indicate Al pfu in chlorite, 
Ca-amphibole and Cr#s of spinel respectively. Calculated mineral 
parageneses are presented as mineral abbreviations (see text) in large 
divariant fields and as numbers in narrower fields. 1: Ol, Ca-amph, 
Chl, Cr-mt and Atg, 2: Ol, Ca-amph, Chl, Cr-mt, Atg and Tc 3: Ol, Tc, 
Anth, Ca-amph, Chl and Cr-mt 4: Ol, Spin, Anth, Ca-amph and Chl 
5: Ol, Spin, Anth, Ca-amph and, (An) 6: Opx, Ol, Spin, Ca-amph and 
Chl 7: Opx, Ol, Spin, Ca-amph, Cpx and (An). (An) Indicates anorthite 
presence if not explicitly excluded from calculations. The orange bar 
shows pressure estimates for contact aureole formation derived from 
the discussion of Fig. 11



Page 21 of 30    14 Serpentinite dehydration

assemblages is consistent with the order of olivine-
tremolite-chlorite, olivine-talc-chlorite, olivine-anthol-
phyllite-chlorite, olivine-orthopyroxene-chlorite and 
olivine-orthopyroxene-spinel. The position of the inter-
section between anthophyllite-out and chlorite-out is 
also correctly predicted when using the 2002 revised Hol-
land and Powell (1998) data base (Fig. 12 and Additional 
file 14: Figure S5). The discrepancy between the observed 
and the calculated parageneses is greater when using 
the latest Holland et al. (2018) database including corre-
sponding solution models (Additional file 15: Figure S6). 
For example, orthopyroxene is predicted between 450 
and 500 °C and the intersection of anthophyllite-out and 
chlorite-out is not reproduced. Additionally, two distinct 
orthopyroxenes are predicted above 750  °C. Following 
those arguments, the remainder of the discussion refers 
to results obtained with the 2002 data base. A major dif-
ference between the computed phase relations and those 

observed in natural rocks is the predicted co-occurrence 
of tremolite and diopside below 500  °C, which was not 
observed in this study, or by Trommsdorff and Evans 
(1972). After the classification of Leake et  al. (1997), 
tremolite is predicted throughout the calculated P–T sec-
tion. This is in agreement with the tremolite presence in 
zones III and IV and the compositions reported in this 
study as well as those in Trommsdorff and Evans (1972). 
Tremolite is also the sole Ca-amphibole phase predicted 
above 700  °C, whereas in natural rocks, Mg-hornblende 
is additionally present. Instead of Mg-hornblende, pla-
gioclase is predicted in the computed phase diagram sec-
tion above chlorite breakdown, which is not supported 
by our observations or other studies in similar geologi-
cal settings (Frost 1975; Matthes & Knauer 1981; Pin-
sent & Hirst 1977; Springer 1974; Tracy & Frost 1991). 
Therefore, the sequence of natural parageneses can only 
be reproduced between 500 and 700  °C. Plagioclase has 
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only been reported from two contact aureoles in con-
tact zones between meta-serpentinites and mafic horn-
fels (Docka et  al. 1986; Frost 1976). It is also absent in 
meta-serpentinite lenses from the Lepontine Alps that 
formed between 0.5–0.8  GPa and 700–800  °C (Stucki 
2001; Trommsdorff 1974). Frost (1976) suggested that at 
pressures below 1  GPa and temperatures above 700  °C, 
the stable parageneses up-temperature are meta-(Mg-
hornblende)-spinel peridotite, (Mg-hornblende)-pla-
gioclase peridotite and then plagioclase peridotite. The 
increased stability of Mg-hornblende relative to tremolite 
and plagioclase is due to the incorporation of Al, Na, Ti 
and K (Robinson et  al. 1982). Moreover, these elements 
have been shown to increase with temperature and pres-
sure, stabilizing Ca-amphiboles to temperatures above 
1000 °C and pressures up to 2.8 GPa (Mandler & Grove 
2016; Niida & Green 1999).

In contrast to natural mineral pairs, the order prefer-
ence for Fe relative to Mg extracted from phase diagram 
sections is: olivine > orthopyroxene > anthophyllite > chlo-
rite > tremolite > talc (Fig.  13). The relative position of 
olivine and anthophyllite is inversed, but the remaining 
phases show the same order. In absolute numbers, how-
ever, olivine shows a higher preference for Fe relative to 
Mg and thus lower Mg#s than the other phases, shifting 
all fits to the right in Fig. 13 (see also Additional file 13: 
Table S8).

The calculated Al compositions for chlorite show only 
a  minor change from 500 to 700  °C (1.99–2.1  Al  pfu), 
remaining close to clinochlore composition (Fig.  8). In 

contrast, natural chlorites accommodate between 1.3 and 
2.3 Al pfu. Thus, Al compositions in models are overesti-
mated at low temperatures and underestimated close to 
chlorite breakdown. Both,  calculated and natural spinel 
show decreasing Cr#s from core to rim. However, abso-
lute numbers cannot be directly compared due to ferric 
iron presence in natural spinels.

5.6  Temperature profile through the Bergell aureole
The isograd temperatures and their distances from the 
contact   derived from section  5.4 [Trm-in (1500  m, 
520 °C), Tc-in (750 m, 540 °C), Anth-in (200 m, 630 °C) 
and Opx/Hbl-in + Chl-out (70 m, 720 °C)] were fit to the 
following equation:

With a = 249.3, b = − 0.00559, c = 553, d = − 4.113∙10–5 
and x = distance from the contact in meters. By using 
this parametrization, the peak metamorphic tempera-
ture of each sample from zones I–VI can be estimated. 
The contact temperature between the Bergell intrusion 
and meta-serpentinites is then obtained by setting x = 0, 
returning a contact temperature of 802.3 °C. Further evi-
dence for contact temperatures close to 800  °C is pro-
vided by the occurrence of orthopyroxene in meta-pelites 
at the contact in Val Predarossa (Wenk et al. 1974). Con-
tact temperatures above 700 °C are also corroborated by 
the presence of wollastonite in silicic marbles (Bucher-
Nurminen 1977), sillimanite in pelitic schists (Wenk et al. 
1974), the anorthite content of plagioclase in mafic rocks 
(Riklin 1978), and brucite pseudomorphs after periclase 
in metamorphic dolomites (Trommsdorff & Schwan-
der 1969). In any case, our new temperature estimate 
is 230  °C higher than the one of 570  °C from Tromms-
dorff and Connolly (1996), and all estimates  from the 
other lithologies  would also predict orthopyroxene sta-
bility in meta-serpentinites under  H2O saturated condi-
tions. According to Trommsdorff and Connolly (1996), 
orthopyroxene would also become stable if the  CO2 activ-
ity in the fluid was high enough to destabilize hydrous 
phases such as anthophyllite. However, if this were the 
case, tremolite should have broken down to either plagio-
clase or clinopyroxene, which were both not observed in 
contact rocks. Therefore, the presence of Mg-hornblende 
in contact samples indicates that the fluid was  H2O-rich 
and released by the suggested breakdown reactions.

Ferry (1995) proposed a simple heat conduction model 
based on similar  equations provided by Furlong et  al. 
(1991). For an ambient temperature of 350  °C in the 
country rock, this model predicts a contact tempera-
ture of 680  °C, which is 120  °C lower than our estimate 
(Fig. 14). Even though this estimate is closer to the tem-
perature required for orthopyroxene formation (Fig. 11), 

(11)T = a · e(b·x) + c · e(d·x)

Exponential fit of field and experimental constraints f(x) = a*exp(b*x) + c*exp(d*x) 

This study (Field constraints from this study and experimental data from the literature)

Trommsdorff&Connolly (1996) carbonate thermometry and field constraints

Ferry (1995), T = Tamb+ 330∙e-0.4518∙R(km) , ambient temperature Tamb = 350°C

    802 °C, fit x = 0  
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Fig. 14 MATLAB based temperature profile fit of the north-eastern 
transect through data points derived in Fig. 11. The two other 
temperature profiles for the Bergell contact aureole are from Ferry 
(1995) and Trommsdorff and Connolly (1996)
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it would still be in the anthophyllite zone (IV). It also 
predicts that the  talc-in reaction occurs 1200  m from 
the contact, which is  not supported by field evidence 
(Table 1, Fig. 2). In any case, the predicted temperature 
for zone V from this study is higher than both proposed 
contact temperatures from Ferry (1995) and Tromms-
dorff and Connolly (1996). Our observations suggest that 
post-peak metamorphic  fluid infiltration led to partial 
or full replacement of orthopyroxene by anthophyllite 
or talc. Hence, the more intense retrogression, particu-
larly in zones V and VI,  may have led previous studies 
to conclude that locally  CO2-enriched fluids produced 

orthopyroxene and anthophyllite-orthopyroxene bearing 
assemblages at lower temperatures.

Since the adjacent hornblende-gabbro and tonalite 
show well crystallized equigranular textures, the intru-
sion was likely liquid at the time of emplacement. Reusser 
(1987) suggested that magma of ~ 900  °C intruded the 
surrounding country rocks, which had an ambient tem-
perature of about 350  °C. Because of the high contact 
temperature of 800 °C and the shape of the temperature 
profile inferred here, alternative models to simple heat 
conduction  must be considered. Jaeger (1961) argued 
that intrusion geometry is the most important factor that 
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controls temperatures  around magmatic intrusions (see 
also Furlong et  al. 1991 and references therein). This 
argument has been used by Riklin (1978) to explain the 
varying width of the contact aureole produced by the 
Bergell intrusion. More recently, Annen (2017) proposed 
that the relative thermal diffusivities between magma 
and country rock may have a significant impact on aure-
ole widths. Also, multistage magma pulses may enlarge 
thermal aureoles. This model was also used by Floess and 
Baumgartner (2015) to explain the higher contact tem-
peratures derived from meta-sediments at the Adamello 
batholith.

5.7  Implications for other geodynamic settings
5.7.1  Subduction zones
We have shown that chlorite composition in the com-
puted phase diagram section is close to the clinochlore 
endmember (Fig.  8). However, natural chlorites from 
the contact aureole and subducted high-pressure ser-
pentinites, e.g., Zermatt, Cerro del Almirez and Cima di 
Gagnone only contain 1.4–1.5 Al pfu and 1.5–1.6 Al pfu 
respectively, at equilibration temperatures between 
550 and 750  °C (Kempf et  al. 2020; Padrón-Navarta 
et al. 2010, 2011; Pfiffner 1998; Scambelluri et al. 2014; 
Trommsdorff et  al., 1998). Chlorite only assumes 
higher Al contents than clinochlore at its breakdown at 
low and high pressures (Fumagalli & Poli 2005; Fuma-
galli et al. 2014; Jenkins & Chernosky 1986). By assuming 
a fixed bulk composition, the Al ratio between calcu-
lated clinochlore and natural pennine is 2.0/1.6 = 1.25 
for Cima di Gagnone and the one for Cerro del Almirez 
is 2.0/1.5 = 1.33. Therefore, 25–33  mol% more chlorite 
must be present in natural rocks where chlorite is the 
only Al-bearing phase. Thus, when using standard ther-
modynamic data bases and corresponding solution 
models, the molar chlorite content in subducted serpen-
tinites is underestimated except close to its breakdown. 
Furthermore,  chlorite is stable to higher pressures and 
temperatures than antigorite (Fumagalli & Poli 2005; 
Fumagalli et  al. 2014; Goto & Tatsumi 1990; Padrón-
Navarta et  al. 2013; Pawley 2003), so calculated phase 
diagram sections overestimate fluid release by antigorite 
breakdown and underestimate fluid production by chlo-
rite breakdown.

Our field study showed that the transition from trem-
olite to Mg-hornblende in meta-serpentinites occurs 
simultaneously with the chlorite breakdown reac-
tion,  forming spinel. Also, Stucki (2001) has shown 
that the tremolite to Mg-hornblende transition occurs 
between 750 and 800  °C at pressures typical for barro-
vian metamorphism (0.5–0.8  GPa).  Hence, up to about 
1 GPa, the slople of the tremolite to Mg-hornblende 
transition follows the chlorite breakdown curve which is 

in agreement with Frost (1976). According to field and 
experimental studies, this transition did not occur in 
prograde Ca-amphibole from Cerro del Almirez, formed 
between 650–700  °C and 1.7–1.9  GPa where chlo-
rite is the stable Al phase  (Padrón-Navarta et  al. 2010; 
Trommsdorff et  al. 1998). However, at Cima di Gag-
none, Mg-hornblende is in equilibrium with garnet in 
metamorphosed serpentinites that equilibrated between 
750 and 800 °C at ~ 3 GPa (Evans & Trommsdorff 1978; 
Scambelluri et  al. 2014). Jenkins (1983) determined the 
upper stability limit of tremolite coexisting with olivine 
and showed that the reaction has a backbend and is 
bracketed at 650 °C and 2 GPa. Fumagalli and Poli (2005) 
reported that Al-rich tremolite is stable at 700 °C up to 
2.4 GPa in a hydrous lherzolite composition, but no Ca-
amphibole at 750  °C  and 3  GPa. This may suggest that 
the tschermakite component in Ca-amphibole increases 
with pressure, for which we tentatively propose a chlorite 
+ Mg-hornblende (Al-tremolite) field in CMASH above 
650 to 750 °C and 2.0 down to 1.0 GPa, respectively 
(Fig. 15). The stability limit of pargasitic amphibole con-
taining Na as a major constituent was found to be just 
above 3  GPa at 925  °C (Niida and Green 1999). Ca-
amphibole presence also  influences the transition from 
Mg-hornblende-spinel  and chlorite peridotite to garnet 
peridotite. According to the experiments of Mysen and 
Boettcher (1975), the Mg-hornblende-spinel perido-
tite reaction is placed at 1.75 GPa and 830 °C with a gen-
tle positive slope. Between 1.8 and 2.8 GPa, the reaction 
of chlorite + Mg-hornblende ± orthopyroxene—> gar-
net + clinopyroxene + pargasite ± olivine + fluid marks 
the transition between the hornblende-chlorite peri-
dotite and the pargasite-garnet peridotite fields. At 
pressures below 1.8 GPa and down to 1.0 GPa, Mg-horn-
blende-chlorite peridotite reacts to Mg-hornblende-
spinel peridotite along the chlorite breakdown reaction. 
Plagioclase formation  is likely to occur below 925  °C at 
0.5 GPa (Niida & Green 1999), but above 850 °C (Jenkins 
1983).

5.7.2  Subduction initiation and infancy
Figure  15 was constructed based on prograde dehy-
dration reactions  derived from natural samples and 
bracketed experiments for upper and lower crustal envi-
ronments, including the lithospheric mantle. The estab-
lished phase relations in hydrous ultramafic rocks at 
low-pressure conditions are not only relevant for contact 
metamorphism. Similar high geothermal gradients  can 
occur  during the formation of oceanic core complexes 
at slow-spreading ridges such as the Atlantis massif 
(Schroeder & John 2004), at transform faults (Prigent 
et al. 2020) or during subduction initiation of young oce-
anic lithosphere (Agard et al. 2020).
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In oceanic transform faults, the Mg-hornblende-spinel-
olivine-orthopyroxene paragenesis has been reported to 
occur at 20–25 km depth (see Fig. 8, Prigent et al. 2020). 
Serpentinization of deep mantle fractures and faults at 
intra-oceanic transitions  has been proposed to create 
weak zones such that spontaneous subduction initiation 
may occur along them (Dymkova & Gerya 2013; Stern 
& Gerya 2018). At passive continental margins, variably 
hydrated mantle faults, shear zones, and mylonites (Vis-
sers et al. 1995) show the same parageneses as the deep 
oceanic transform faults (Prigent et al. 2020) or oceanic 
core complexes (Schroeder & John 2004). Hydration 
reactions reduce the rheological strength of these faults 
such that negatively buoyant oceanic lithosphere may 
detach along them and initiate spontaneous subduction 
(Hilairet et al. 2007; Hirauchi et al. 2016; Karig 1982; Van 
der Lee et  al. 2008). According to Regenauer-Lieb et  al. 
(2001), the detachment process could be enhanced by 
topographic loading of sediments.

Regarding spontaneous subduction initiation, we pro-
pose that by sinking of the negatively buoyant oceanic 
lithosphere into deeper levels, hydrated mantle faults will 
experience prograde metamorphism. Dehydration reac-
tions along the sinking weak zones would decrease the 
rock volume in the faults and increase porosity, which 
would enhance the detachment process. At the same 
time, released fluids would migrate to shallower levels 
along the weak zones whereby the faults could be further 
hydrated at shallower levels, initiating a self-weakening 
process. The dehydration reactions would also act if sub-
duction initiation was induced by an external heat source 
such as upwelling mantle at passive margins (Gerya et al. 
2015; Ueda et al. 2008; Whattam & Stern 2015). The deep 
hydration of transform- and passive continental/arc mar-
gin faults, shear zones and mylonitic ultramafic rocks 
may also provide significant amounts of the fluid volume 
to kick start flux melting in the early stages of subduc-
tion, which is believed to produce boninitic melts (Rea-
gan et  al. 2010; Shervais et  al. 2019, 2021; Wang et  al. 
2020). During subduction infancy, the formation of Mg-
hornblende in basal peridotites marks the beginning 
of mantle wedge formation and "slabitization" (Agard 
et  al. 2020; Prigent et  al. 2018). The latter authors have 
remarked that the exact temperature conditions of Mg-
hornblende formation, i.e., fluid infiltration, cannot be 
assessed due to the lack of suitable thermometers in Ca-
amphibole bearing  peridotites. For all the geodynamic 
settings discussed here, we have shown, however, that the 
minimum temperatures for Mg-hornblende formation 
can be constrained between ~ 720 and 750 °C at pressures 
of ~ 0.3–0.8  GPa based on the detailed investigation of 
the Malenco contact aureole.

6  Conclusions
The Bergell contact aureole is an excellent natural labo-
ratory to investigate dehydration reactions in serpen-
tinized peridotites. At the north-eastern edge of the 
Bergell tonalite intrusion, all but Ca-amphibole dehydra-
tion reactions in natural serpentinites can be observed. 
In particular, within a distance of  70  m from the Bergell 
tonalite intrusion the three breakdown reactions forming 
orthopyroxene, Mg-hornblende and spinel not only ran 
to completion but also occurred simultaneously within a 
narrow temperature range of  720 ± 10  °C and a  pressure 
of 300 ± 30 MPa. Based on the sequence of prograde reac-
tions, a detailed temperature profile towards the Bergell 
intrusion was established, showing a strong increase 
in temperature from 520 to 800  °C within 1500 m of  the 
contact that is inconsistent with simple heat conduction. 
The comparison of the established phase relations with 
computed phase stabilities and compositions showed that 
first order features are in good agreement. However, some 
key features, such as the appearance of Mg-hornblende 
and the absence of plagioclase cannot be reproduced in 
the calculated phase diagram sections. There are also sig-
nificant differences in phase compositions, such as the Al 
content of chlorite and Ca-amphibole and the Mg# among 
the phases, indicating that quantification of fluid liberation 
during prograde metamorphism of serpentinites should 
not be based on phase diagram section computation alone.

Phase relations regarding Mg-hornblende and chlo-
rite formation at low and high pressures were shown to 
be critical in a wide variety of geological settings. For 
example, deep serpentinization at oceanic transform- 
or detachment faults and de-serpentinization reactions 
during subduction initiation and subduction infancy all 
require data about low-pressure dehydration reactions in 
serpentinites like that obtained in this study.
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Additional file 1: Figure S1. a Zone O: Massive olivine-antigorite serpen-
tinite with olivine vein from Val Ventina (Euro coin 2.3 cm in diameter). b 
Plain polarised light image of olivine-serpentinite-schist from the Chiesa 
quarry (Sample  CH2) containing minor Cr-magnetite and relic clinopy-
roxene (dusty) cores which are surrounded by prograde and transparent 
diopside rims. c Crossed polarised light image of b showing the charac-
teristic olivine-antigorite mosaic texture. d Backscatter image of Mal1101, 
showing the mosaic textured intergrowth of secondary clinopyroxene 
(diopside), olivine and antigorite. e Backscatter image of zoned antigorite 
blades and metamorphic olivine.

Additional file 2: File S1. Regional metamorphism. A short summary of 
the regional metamorphism in the Malenco serpentinites is presented 
and defined as zone O in the main text (see Additional file 1: Figure S1).

Additional file 3: Figure S2. a Antigorite and magnetite replacing pro-
grade olivine along cracks (sample Ol20) in zone III. b Backscatter image 
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of sample Ol11b, showing mosaic textured intergrowth of olivine and 
pseudomorphic talc and antigorite replacement of anthophyllite.

Additional file 4: Figure S3. a Backscatter image of the olivine-orthopy-
roxene intergrowth in sample Ol6, zone VI. b Zoom-in of a, showing 
orthopyroxene containing the highest  Al2O3 mass fractions reported in 
this study (See Additional file 11: Table S7).

Additional file 5: Table S1. Zone O. Quantitative EPMA analyses of 
olivine, antigorite, Cr-Magnetite, magnetite and clinopyroxene from sam-
ples Mal1101, CH2, Ol22 and Ol44 with the locations reported in Table 1. 
Mineral normalizations are given in the footnote of the table.

Additional file 6: Table S2. Zone I&II. Quantitative EPMA analyses of oli-
vine, antigorite, Cr-Magnetite, magnetite and tremolite from sample Ol21 
with the locations reported in Table 1. Mineral normalizations are given in 
the footnote of the table.

Additional file 7: Table S3. Zone III, Tc-in. Quantitative EPMA analyses of 
olivine, antigorite, Cr-Magnetite, magnetite, talc and chlorite from samples 
1603 and 1604 with the locations reported in Table 1. Mineral normaliza-
tions are given in the footnote of the table.

Additional file 8: Table S4. Zone III. Quantitative EPMA analyses of 
olivine, Cr-Magnetite, magnetite, talc, chlorite and tremolite from samples 
Ol20, Ol18 and Ol16 with the locations reported in Table 1. Mineral nor-
malizations are given in the footnote of the table.

Additional file 9: Table S5. Zone IV. Quantitative EPMA analyses of 
olivine, anthophyllite, Cr-Magnetite, magnetite, chlorite, tremolite, talc and 
antigorite from samples Ol11b and Ol11c with the locations reported in 
Table 1. Mineral normalizations are given in the footnote of the table.

Additional file 10: Table S6. Zone V. Quantitative EPMA analyses of oli-
vine, orthopyroxene, anthophyllite, Cr-Al-spinel, Mg-hornblende, chlorite, 
tremolite and talc from samples Ol9 and Ol38 with the locations reported 
in Table 1. Mineral normalizations are given in the footnote of the table.

Additional file 11: Table S7. Zone VI. Quantitative EPMA analyses of oli-
vine, orthopyroxene, anthophyllite, Cr-Al-spinel, Mg-hornblende, chlorite 
and tremolite from samples Ol4, Ol6 and Ol35 with the locations reported 
in Table 1. Mineral normalizations are given in the footnote of the table.

Additional file 12: Figure S4. Fe–Mg partitioning data from the literature 
using only mineral pairs within samples corresponding to the paragen-
eses reported in this study. The black fit lines correspond with the pink 
fits in Fig. 10. a Anthophyllite: Green, purple and pink dashed lines are 
estimated fits from Trommsdorff and Evans (1972), Matthes and Knauer 
(1981) and Springer (1974) respectively. Data used to define the black line 
are from Springer (1974), Arai (1975), Frost (1975) and (1991). b Orthopy-
roxene: The blue regression from Trommsdorff et al. (1998) on natural 
data and the experimental study of Padrón-Navarta et al. (2010) coincide 
and define a 1:1 line, whereas the dark purple regression of Matthes and 
Knauer (1981) suggests a cross-over with the 1:1 line. This would indicate 
that at lower Mg#s than the 1:1 line, orthopyroxene shows a higher 
preference for Fe relative to Mg than olivine. Data for the black fit are from 
Springer (1974), Arai (1975), Frost (1976), Berg (1977), Pinsent and Hirst 
(1977), Matthes and Knauer (1981), Berg and Docka (1983) and Nozaka 
(2011). c Mg-hornblende: The pink regression line is from Springer (1974) 
and the black line was constructed through data of Springer (1974), Frost 
(1975), Frost (1976), Ashley et al. (1979) and Matthes and Knauer (1981). d 
Chlorite: Orange, blue and purple fits are from Matthes and Knauer (1981), 
Trommsdorff et al. (1998) and Padrón-Navarta et al. (2010) and the black 
line was fit through data of Arai (1975), Frost (1975), Berg (1977), Pinsent 
and Hirst (1977), Matthes and Knauer (1981) and Berg and Docka (1983). 
e Tremolite: The green, blue, orange and pink fits are from Trommsdorff 
and Evans (1972), Springer (1974), Trommsdorff et al. (1998) and Padrón-
Navarta et al. (2010) and the fit through the black line through data from 
Rice et al. (1974), Springer (1974), Frost (1975), Berg (1977), Pinsent and 
Hirst (1977), Matthes and Knauer (1981), Berg and Docka (1983), Evans and 
Trommsdorff (1983) and Nozaka (2011). f Talc: Green and blue fits are from 
Trommsdorff and Evans (1972) and Matthes and Knauer (1981) and the 
black line is through data of Berg (1977), Pinsent and Hirst (1977), Matthes 
and Knauer (1981), Berg and Docka (1983) and Nozaka (2011).

Additional file 13: Table S8. Fe–Mg partitioning data extracted with the 
Perple_X subroutine Meemum for temperatures of 500, 550, 600, 650, 
675, 700, 750 and 800 °C at 300 MPa. Calculated Mg#s are used in Fig. 13 
and correspond with the calculated phase diagram section of Additional 
file 14: Figure S5.

Additional file 14: Figure S5. Pseudosection calculated with Perple_X 
using the 2002 revised data base of Holland and Powell (1998), aug-
mented with Cr (Klemme et al. 2009) and corresponding solution models. 
Details are given in the methods and in the discussion.

Additional file 15: Figure S6. Pseudosection calculated with Perple_X 
using the latest Holland et al. (2018) database, Thermocalc-DS633, and 
corresponding solution models. Details are given in the methods and 
in the discussion.
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