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The Western Alpine Sesia^Lanzo Zone (SLZ) is a sliver of

eclogite-facies continental crust exhumed from mantle depths in the

hanging wall of a subducted oceanic slab. Eclogite-facies felsic and

basic rocks sampled across the internal SLZ show different degrees

of retrograde metamorphic overprint associated with fluid influx.

The weakly deformed samples preserve relict eclogite-facies mineral

assemblages that show partial fluid-induced compositional

re-equilibration along grain boundaries, brittle fractures and other

fluid pathways. Multiple fluid influx stages are indicated by re-

placement of primary omphacite by phengite, albitic plagioclase and

epidote as well as partial re-equilibration and/or overgrowths in

phengite and sodic amphibole, producing characteristic step-like com-

positional zoning patterns. The observed textures, together with the

map-scale distribution of the samples, suggest open-system, pervasive

and reactive fluid flux across large rock volumes above the subducted

slab. Thermodynamic modelling indicates a minimum amount of

fluid of 0·1^0·5 wt % interacting with the wall-rocks. Phase rela-

tions and reaction textures indicate mobility of K, Ca, Fe and Mg,

whereas Al is relatively immobile in these medium-temperature^

high-pressure fluids. Furthermore, the thermodynamic models show

that recycling of previously fractionated material, such as in the

cores of garnet porphyroblasts, largely controls the compositional

re-equilibration of the exhumed rock body.

KEY WORDS: fluid migration; subduction; fluid^rock interaction;

Sesia Zone

I NTRODUCTION

The migration of aqueous fluids and the associated major-

and trace-element transport in metamorphic rocks, and

particularly in subduction zones, has been a topic of

intense research in the last two decades (e.g. Poli &

Schmidt, 1997; Bebout et al., 1999; Scambelluri &

Philippot, 2001; Manning, 2004; Zack & John, 2007).

Migrating fluids released from the subducted slab as a

result of devolatilization of hydrous minerals are respon-

sible for mantle metasomatism, the production of

subduction-related magmatic activity (e.g. Schmidt &
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Poli, 1998) and the formation of large ore deposits (e.g.

Rosenbaum et al., 2005), as well as for triggering earth-

quake ruptures (e.g. Hacker et al., 2003), and thus are of sci-

entific, economic and social relevance. Furthermore,

slab-derived fluids are important carriers of major and

trace elements as well as isotopic signatures that contain

encoded information about subduction-related processes

in the downgoing slab, in the mantle wedge and in the

lower crust (e.g. Ryan et al., 1995; Sorensen et al., 1997;

Spandler et al., 2003, 2007; Kessel et al., 2005; Bouvier et al.,

2008).

It is evident, however, that depending on the mode of

fluid transport (e.g. pervasive or channelized) the migrat-

ing fluids interact differently with the wall-rocks during

their ascent; however, in any case, fluid^rock interaction

will lead to significant compositional modification of both

the wall-rocks and the percolating fluids. Such fluid^rock

interaction is often evident in exhumed high-pressure

(HP) and ultrahigh-pressure (UHP) metamorphic rocks

as an incomplete retrogression and re-hydration of primar-

ily anhydrous eclogite-facies mineral assemblages (e.g.

Schulte & Sindern, 2002). Several recent studies have re-

vealed the existence of a narrow, highly strained mixing

zone, often called the ‘subduction channel’, between the

subducted slab and the overlying mantle wedge (e.g. Lin

et al., 1999; Bebout & Barton, 2002); this is most probably

the site of syn-convergence exhumation of deeply sub-

ducted material (e.g. Escher & Beaumont, 1997). Within

this zone, syn-kinematic fluid infiltration into metastable

hot and dry (U)HP rocks on an exhumation path leads to

a significant modification of wall-rock and fluid chemistry

(e.g. Bebout & Barton, 1993). Thus, fluids released from

the subducted slab are probably modified during their

ascent within such a highly reactive subduction channel,

depending on the intensity of rock deformation, the com-

position and amount of the infiltrated fluid, but also on re-

action kinetics and permeability contrasts (Ague, 2007;

Zack & John, 2007; van der Straaten et al., 2008). It is evi-

dent that any information about processes in the subducted

slab, which might have been recorded in the fluid proper-

ties, and fluid chemistry, becomes heavily modified

during the interaction with rocks undergoing exhumation

in the hanging wall of the downgoing plate. Therefore it is

crucial to constrain the mode of fluid transport, to quantify

the amount and composition of the infiltrated fluid and to

understand the interplay between the infiltrated fluid and

the wall-rock above the subducted plate.

Rock samples that interacted with metamorphic fluids

and still partly preserve information about the pre-influx

metamorphic stage are of greatest importance for the

quantification of fluid fluxes and associated element

cycling in subduction zones. In such partly reacted rocks

the effect of fluid influx on the modes and compositions of

newly formed or recrystallized phases can be directly

observed and, if the thermodynamic response of the

coexisting mineral paragenesis during fluid infiltration is

known, constraints can be placed on the amount, compos-

ition and possibly the origin of the infiltrated fluid.

In this study we investigate four basic and felsic high-

pressure metamorphic samples from the Western Alpine

Sesia^Lanzo Zone (SLZ) that display excellent records

of subduction zone fluid interaction with relatively

dry wall-rocks at lower crustal and mantle depths.

Fluid infiltration at blueschist-facies conditions during

syn-convergent exhumation led to a partial compositional

re-equilibration of hydrous high-pressure minerals, such as

sodic amphibole and phengite, as well as to the formation

of hydrous phases that partly replace the peak meta-

morphic eclogite-facies mineral assemblages.

To extract information about and to quantify the fluid^

rock interaction from the compositionally zoned and

newly formed minerals, we use various thermodynamic

modelling techniques and compare modeled major elem-

ent compositional trends and changing mineral paragen-

esis with those observed in our natural samples (see

Konrad-Schmolke et al., 2008b). We draw conclusions

about the transport mode and amount as well as about

the major element compositional effect of the infiltrating

fluid on the wall-rock.

TECTONIC AND GEOLOGICAL

SETT ING

The Sesia^Lanzo Zone (SLZ) consists mainly of

continent-derived rocks that were subducted to depths be-

tween 50 and 70 km during the Late Cretaceous (e.g. Dal

Piaz et al., 1972; Duche“ ne et al., 1997; Rubatto et al., 1999).

Prior to subduction, the SLZ rocks occupied the distal

part of the Apulian passive continental margin (e.g.

Carraro et al., 1970) and were separated from the

European continental margin by the Early Jurassic

Piemont^Liguria Ocean. Large parts of the SLZ rocks

underwent Permian and Jurassic amphibolite- to

granulite-facies metamorphism resulting in relatively dry

rock compositions prior to subduction (e.g. Lardeaux &

Spalla, 1991). The onset of convergence of the Apulian and

European plates during the Cretaceous involved tectonic

erosion and subduction of the SLZ rocks as well as subduc-

tion of the Piemont Ocean (e.g. Handy & Oberha« nsli,

2004, and references therein). During convergence, the

SLZ was exhumed in the hanging wall of the subducted

oceanic plate prior to continent^continent collision

(Babist et al., 2006) and incorporated in the accretionary

wedge-like Western Alpine nappe pile (Fig. 1a), within

which it forms today the structurally uppermost segment.

The SLZ primarily consists of three large coherent

metamorphic rock units (Fig. 1): the Mombarone and the

Bard units, which are affected by an Alpine metamorphic
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HP overprint (Babist et al., 2006), and the so-called II DK

unit, which preserves mainly pre-Alpine granulite- and

amphibolite-facies schists and gneisses, as well as several

smaller lenses of gabbro and peridotite (e.g. Carraro et al.,

1970; Dal Piaz et al., 1971). The internally only weakly

deformed Mombarone Unit is separated from the

other units by blueschist-facies mylonitic shear zones

(e.g. Gosso et al., 1979; Babist et al., 2006; Fig. 1) and

a band of Mesozoic metabasites and metacarbonates

[Monometamorphic Cover Complex (MCC) of Venturini

(1995)] that is interpreted to form the nappe separator be-

tween the internal Mombarone and the external Bard unit.

Predominant rock types of the Mombarone unit are

felsic quartz-rich coarse-grained garnet^omphacite^sodic

amphibole^paragonite^phengite ortho- and para-gneisses

and schists (e.g. Rubie, 1983; Koons, 1986), basic coarse-

grained garnet^omphacite^sodic amphibole^paragonite^

epidote gneisses, smaller lenses of sodic amphibole-bearing

basic eclogite and omphacite^phengite^zoisite-bearing

marble, as well as subordinate quartzite and ultrabasic

rocks (e.g. Compagnoni et al., 1977; Castelli, 1991; Ferraris

& Compagnoni, 2003). Peak metamorphic conditions in

these rocks were about 500^6008C at pressures between

1·5 and 2·0GPa (Pognante, 1989; Tropper et al., 1999z;

Zucali et al., 2002). Blueschist-facies viscous deformation at

the contact between the Mombarone and the Bard Units

(Tallorno Shear Zone) affected felsic and basic rock types

and led to well-equilibrated�garnet-bearing albitic

plagioclase^epidote^sodic amphibole^paragonite^phen-

gite mylonites (e.g. Gosso et al., 1979; Babist et al., 2006). In

the more external Alpine Bard Unit the greenschist-facies

overprint is more pervasive, reflected in fine-grained albi-

tic plagioclase^white mica^epidote^biotite gneisses with

minor intercalations of chlorite^calcic amphibole gneiss

and subordinate phengite-bearing quartzite. Alpine peak

metamorphic conditions attained in the Bard Unit are esti-

mated to have been 1·0^1·5GPa at 500^5508C (Lardeaux

& Spalla, 1991).

SAMPLES

We investigated four samples that were collected within the

Mombarone Unit (Fig. 1b). The samples represent the two

major rock types of the SLZ and can be divided into two

chemically different groups: two samples are characterized

by higher K, Al and Si concentrations, thus reflecting

their felsic precursor, and two are characterized by high

Ca, Na and Mg and lower K and Si contents, reflecting

the more basic composition of the protolith.

Representative examples of both felsic and mafic rocks

types are described in greater detail below. Major and

trace element bulk-rock compositions are given as

Electronic Supplementary Material (available at http://

www.petrology.oxfordjournals.org).

Mineral assemblages and mineral
chemistry in samples MKS-52-1 and
MKS-55-1

The weakly deformed samples are moderately foliated and

fine- to medium-grained (Fig. 2). The weak foliation in

the basic sample (MKS-52-1, Fig. 2a) is parallel to a com-

positional banding defined by garnet-, sodic amphibole-,

quartz- and mica-rich layers. The metapelitic sample

(Fig. 2b), containing sodic amphibole, white mica and

omphacite (or pseudomorphs after omphacite) in a

quartz-rich matrix, is more homogeneous with a moderate

foliation defined by sodic amphibole and white mica.

In both samples the foliation is interpreted to be syn-

kinematic with respect to the mylonitic blueschist-facies

shear zone at the contact between the Mombarone and

Bard Units (see Babist et al., 2006).

The samples have a high-pressure mineral assemblage,

the oldest preserved stage, of quartz (predominant in the

felsic sample)þ phengitic white micaþomphaciteþ sodic

amphiboleþ garnetþ rutileþparagonite, with differences

being restricted to variation in modal proportions. The

felsic sample (MKS-55-1) is quartz- and mica-rich whereas

the basic sample (MKS-52-1) is dominated by sodic amphi-

bole, garnet and, if preserved, omphacite.

In all samples three major stages of retrograde meta-

morphic overprint associated with fluid influx are evident

from the textural phase relations (Fig. 3). Each of the over-

printing stages is preserved in the samples either in the

form of compositional zonation in phengite and sodic

amphibole or by the preservation of characteristic mineral

assemblages (Table 1). The first two overprinting stages

that occurred in the stability field of sodic amphibole are

obvious in all samples, whereas the third, greenschist-facies

overprint is only weakly developed and is restricted to a

few areas in each thin section.

If preserved, the primary omphacite (cpx) forms grains

up to 5 mm long, which commonly contain numerous in-

clusions of garnet, rutile and quartz. Compositional vari-

ations are only minor, ranging between Jd30 and Jd40 in

the basic samples and between Jd50 and Jd60 in the felsic

samples. The first retrograde compositional resetting of

omphacite starts at the rims of large grains and produces

patchy omphacite with lower jadeite content along a com-

plex intra-grain network (Fig. 3a). In some places newly

formed diopsidic omphacite overgrowths are found. In the

next stage omphacite shows a characteristic and unusual

replacement by pseudomorphs containing phengite, epi-

dote, quartz and albitic plagioclase (Fig. 3b). The extent

of the replacement and the amounts of replacement prod-

ucts vary within a single thin section.The relative amounts

of pseudomorph phases vary from phengite-rich to albitic

plagioclase-rich, but always with only small amounts of

epidote (Fig. 3a and b). Interestingly, in some places epi-

dote shows a topotactic replacement of the earlier
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pseudomorph texture, thus suggesting epidote growth after

the phengite-bearing pseudomorph stage (Fig. 3b).

Phengite in the pseudomorphs has lower Na but higher Fe

than the cores of large matrix grains. Symplectite plagio-

clase is almost pure albite and epidote is zoned to slightly

more Fe-rich rims. The third stage of omphacite modifica-

tion is characterized by the formation of a finger-like vein

network within the relict omphacite crystals that consists

of sodic^calcic amphibole, mostly concentrated in the

middle of the veins and sometimes arranged en echelon,

and albitic plagioclase (Fig. 3a). None of the replacement

textures show signs of a deformation after formation.

Primary phengite (phe) forms grains up to 3 mm long,

in places intergrown with paragonite, and containing

minor inclusions of garnet and quartz (Fig. 3). Primary

phengite has between 3·3 and 3·5 Si per formula unit

(p.f.u.), XMg between 0·6 and 0·7, and a slightly higher

celadonite content in the basic samples. Chemical modifi-

cation of phengite as a result of retrograde equilibration is

visible in high-contrast back-scattered electron (BSE)

Fig. 1. (a) Simplified geological map of the Sesia^Lanzo Zone (SLZ) and adjacent areas. (b) Structural profile along the section shown in
(a) and geological sketch representing the exhumation of the SLZ in Late Cretaceous time. Sample sites are along a transect across the
Mombarone Unit. Figure modified from Babist et al. (2006).
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images (Fig. 3) and in compositional X-ray maps (Fig. 4).

The BSE images show darker-coloured cores surrounded

by brighter zones that are concentrated at the tips and

grain boundaries (Figs 3c and 4a), around inclusions

(Figs 3e and 4a) and in deformed parts (Fig. 3d) of many

grains. The BSE images and X-ray maps reveal one, in

some places two, different overprinting zones (Figs 3c

and 4), which probably correspond to two different over-

printing events. The boundary between unaffected and

overprinted parts can be relatively sharp, but especially in

deformed grains diffuse transitions also occur (Fig. 5b).

The compositional variation between the homogeneous

cores and the rims is mainly characterized by Fe^Mg

exchange and an associated decrease in the XMg value

(Figs 4b and 5b). A slight decrease in the Si content asso-

ciated with an increase in tetrahedrally coordinated

Al (Tschermak-substitution) is sometimes observable

(Fig. 4c). Furthermore, overprinted areas are characterized

by lower Na and Sr and higher Ba and Cl contents

(Fig. 4). During the last overprinting event phengite is

rimmed by biotite and oxide phases (Fig. 3).

Sodic amphibole (gln) grains, up to 5 mm long, com-

monly contain garnet, omphacite and quartz inclusions

(Fig. 3). Primary sodic amphibole can be characterized as

a solid solution between glaucophane and Fe-glaucophane

with XMg between 0·55 and 0·7 (Fig. 5c). During initial

retrogression sodic amphibole adjusts compositionally

with a characteristic chemical trend in overgrowth zones

as well as in intra-grain recrystallization and diffusion

zones. The chemical modification of affected amphibole

grains is reflected, in high-contrast BSE images, as a net-

work of brighter (compared with the unaffected areas)

amphibole material, varying in width and emanating

from grain boundaries, brittle fractures and cleavage

planes. The affected areas often have sharp boundaries

towards the unaffected cores, but also more diffuse transi-

tions between affected and unaffected parts occur. In the

modified parts two, in places three, compositional vari-

ations can be observed. The first compositional overprint

occurs only along grain boundaries, emanating mainly

sub-parallel to the grain boundaries into the interior of

the amphibole grains (Fig. 3f). It can be seen in weakly

Fig. 1. Continued.
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retrogressed samples that this overprinting is related to the

first retrograde metamorphic event, as modified sodic

amphibole rims coexist with retrogressed omphacite. The

second stage of overprinting is indicated by sodic amphi-

bole with slightly brighter appearance in the BSE images;

this has a more diffuse pattern although it seems to be con-

centrated along the grain boundaries (Fig. 3g). The third

retrogression stage is characterized by the ‘brightest’ sodic

amphibole composition and occurs mainly along brittle

fractures that clearly postdate the two earlier overprint

stages (Fig. 3g).

As in phengite, the compositional change across the

boundary to the affected rims can be mainly characterized

by Mg and Fe exchange (Fig. 4b). Mg contents change

drastically and drop from values around 2·2 to 1·6 cations

per formula unit (c.p.f.u.) followed by a further decreases

to values around 1·45. The change in the Fe content is in-

verse with a sharp increase from 0·9 to 1·4 c.p.f.u. and a

further increase towards the rim. Although Ca is a minor

component it shows a slight increase, as does calculated

tetrahedral Al, whereas octahedral Al shows a slight de-

crease towards the overprinting zones. Si and Na show no

significant differences between cores and overprinted rims

(Fig. 4c and d). In contrast to phengite, sodic amphibole

in places exhibits oscillatory growth zonation (Fig. 3h).

The last retrogression of sodic amphibole is in some

areas visible at the outermost rims of the amphibole

grains, where it is often replaced by chlorite, calcic

amphibole and albitic plagioclase, indicating a static

greenschist-facies overprint (Fig. 3d and f).

The numerous idiomorphic to sub-idiomorphic, almost

inclusion-free garnet (grt) grains vary in size from 50 to

200 mm in diameter and preserve compositional growth

zonation (Fig. 5d). In most cases the variation is only a

minor increase in Prp and XMg [Mg/(MgþFe2þ)] asso-

ciated with a decrease in Alm and Grs from core to rim.

Fig. 2. Thin-section photographs of the selected samples. Both samples have similar phase assemblages but differ in modal amounts of the
phases. (a) Sample MKS-52-1 has distinct compositional layering and a parallel, weak foliation. Within quartz-rich layers phengite^epidote^
albitic plagioclase pseudomorphs after omphacite (bold arrows) are abundant. (b) The weakly foliated sample MKS-55-1 has also has a weak
foliation, but a more homogeneous texture. Grt, garnet; Gln, sodic amphibole; Phe, phengite; Ep, epidote. Long side of the images is 4·5 cm.
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Fig. 3. Back-scattered electron images of minerals affected by the fluid influx. (a, b) Relict omphacite (Cpx) is compositionally modified and
replaced by phengite, epidote, albitic plagioclase and, later, by calcic amphibole (arrows). (c^e) Phengite shows modified (brighter) areas
along grain boundaries and deformed parts. (f^h) Overprinting features in sodic amphibole along fluid pathways, such as grain boundaries
(f) and (g), microcracks (g) and (h), as well as overgrowth zones (h). (See text for further details.) Arrows in (d) and (g) indicate the positions
of the compositional profiles in Fig. 5. Cam¼ calcic amphibole.
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Sps content in all investigated garnets is low ranging from

1 to 10 mol %. Garnet shows signs of resorption, indicated

by crosscutting relations between the grain boundary

and zonation pattern, but without obvious replacement

by other phases (Fig. 4h). In sample MKS-52-1 newly

formed garnet, with higher Mn and lower Ca, overgrows

the rims of large porphyroblasts and infiltrates the interior

of the porphyroblasts along a sub-grain boundary

networks (Fig. 4h; see Konrad-Schmolke et al., 2007).

The overgrowth zones are characterized by sharp compos-

itional gradients towards the host grains. In the latest pre-

served metamorphic stage garnet is partly replaced by

chlorite.

Paragonite (pg) occurs in all samples, either in

mica-rich layers or associated, sometimes intergrown,

with phengite (Fig. 3e). Paragonite is more abundant in

the felsic samples, where it forms grains up to several hun-

dreds of microns in size with uniform composition. In a

few areas paragonite replacement by albitic plagioclase

can be observed.

Epidote (ep) occurs in the matrix, as well as in pseudo-

morphs and aggregates together with phengite that replace

omphacite. In the matrix epidote forms grains up to

300 mm that are mostly rounded, but sometimes occurs

also as elongate grains parallel to the main foliation.

Epidote in pseudomorphs and phengite^epidote aggregates

is often hypidiomorphic and forms grains up to 200 mm.

Epidote composition is uniform with XEp between 0·6

and 0·7.

Calcic amphibole (cam) occurs as small acicular grains

that are often associated with chlorite and albitic plagio-

clase along the rims of sodic amphibole, as well as within

relict omphacite grains (Fig. 3a and f). Chemically calcic

amphibole is tremolite, sometimes magnesiohornblende;

it commonly has moderate Na(A) between 0·1 and 0·15

c.p.f.u. and tetrahedral Al contents ranging between 0·25

and 0·35 c.p.f.u.

Textural relations indicate that rutile (rt) is the stable

Ti phase at peak conditions in both rock types. Rutile

is found as inclusions in garnet, where it occurs

Table 1: Changing mineral assemblages in the samples at peak metamorphic conditions, during fluid influx and static

greenschist-facies overprint
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Fig. 4. (a^g) Back-scattered electron image (BSE) and compositional maps of sodic amphibole and phengite from sample MKS-55-1 (lighter
shades in the compositional maps indicate higher concentrations). The BSE image (a) correlates inversely with the XMg pattern (b), which in
turn mimics the compositional maps of Na (d) and Sr (f), all of which show significantly lower values along the rims. In contrast, the concentra-
tions of Ba (e) and Cl (g) are higher in the overprinted rims than in the cores. Variations in Si (c) content are only minor in both phases. It
should be noted that the Na map (d) is a composite image focusing on Na concentrations in sodic amphibole and phengite respectively. (h)
Manganese variation in garnet showing a sharp, sometimes diffusive enrichment in the rim, along microcracks and subgrain boundaries, indi-
cating garnet resorption, overgrowth and Mn back-diffusion.
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Fig. 5. Compositional profiles across representative grains of omphacite, phengite, sodic amphibole and garnet from samples MKS-52-1 and
MKS-55-1. (a) Omphacite composition shows minor irregular variations without a clear core-to-rim trend. (b) The affected areas in phengite
show a sharp shift towards more iron-rich compositions; other elements are largely unaffected. In deformed areas (left side of the profile) com-
positional transitions are smoother. (c) Sodic amphibole is also more iron-rich in the overprinted areas. Ca increases in some grains, but does
not correlate with XMg. (d) Garnet preserves compositional growth zonation with a trend towards more Grs-poor and Prp-rich compositions
at the rim.
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predominantly in the outer cores and near the rims along

with omphacite, sodic amphibole and phengite. Rutile has

a grain size between 10 (small inclusions) and 200 mm

(matrix grains aligned parallel to the foliation) and is gen-

erally more abundant in the basic than in the felsic sam-

ples. In the basic samples rutile is replaced by ilmenite

along rims and cracks, whereas in the felsic samples rutile

is overgrown by titanite.

In both rock types apatite and pyrite occur as accessory

phases. Apatite is usually inclusion free and occurs in the

matrix as well as inclusions in garnet. Apatite forms elong-

ate roundish grains of up to 300 mm. Pyrite is more abun-

dant in the basic samples than in the felsic ones and

usually forms grains of up to 100 mm.Together with ilmen-

ite, forming around rutile in the basic samples, pyrite is

the major iron-rich accessory phase in the samples.

In summary, three retrogression stages control the para-

genesis and mineral compositions in the samples (Table 1).

The first retrogression drives omphacite, sodic amphibole

and phengite rims to become more Fe-rich, whereas net

transfer reactions are not evident. During the second

retrogression omphacite is replaced by phengite^epidote^

albitic plagioclase pseudomorphs, whereas sodic amphi-

bole and phengite recrystallize and again shift towards

more Fe-rich compositions. Garnet is resorbed and forms,

together with omphacite, sodic amphibole and epidote.

The last visible overprint produces calcic amphiboleþ

albitic plagioclase from omphacite and calcic amphi-

boleþ chloriteþ albitic plagioclase from sodic amphibole.

During this stage garnet is replaced by chlorite, paragonite

decomposes to albitic plagioclase, and phengite forms bio-

tite. Electron microprobe analyses and calculated mineral

compositions are included as Electronic Supplementary

Data.

RELAT ION BETWEEN

MINERAL ZONING AND

P^T^X EVOLUTION

To correlate the growth and recrystallization zones in sodic

amphibole and phengite with the pressure^temperature

and chemical evolution, as well as to constrain the modal

changes of stable solid and fluid phases, we calculated con-

toured P^Tand P^XH2O phase diagrams for the specific

bulk-rock compositions of a basic (MKS-52-1) and a felsic

(MKS-55-1) sample. Additionally, to constrain fluid input

and output, as well as the effect of fractional crystallization

on the phase assemblage, we performed thermodynamic

forward modelling along a specified P^T path represent-

ing the metamorphic evolution of the SLZ (Babist et al.,

2006, and references therein). In contrast to isochemical

phase diagrams, such forward models are suitable for mod-

elling non-isochemical metamorphic rock evolution.

Forward modelling involved calculation of sample-

specific thermodynamic properties at 25 P^T increments

along the prograde segment of the P^T trajectory as well

as at 100 increments along the retrograde branch (see

arrow in Fig. 6). We used Gibbs’ energy minimization,

and modification of the effective bulk-rock composition

between two P^T increments according to the amount of

elements incorporated in those phases that are assumed to

undergo fractional crystallization (garnet) or that are

assumed to enter or leave the system (water) using the

THERIAK algorithm (De Capitani & Brown, 1987;

Konrad-Schmolke et al., 2005, 2006). Further details, such

as solid solution formulations and bulk-rock chemistries

used in the models, are given in the Electronic

Supplementary Data. To validate model settings we com-

pare modelled major element compositional changes in

garnet, sodic amphibole and phengite with the actual,

measured compositional changes in these phases.

The thermodynamic models were applied for different

boundary conditions of the fluid budget during subduction

and subsequent exhumation, based on naturally occurring

situations.

On the prograde path we assume that any fluid liberated

during dehydration reactions leaves the (rock) system.

Garnet undergoes fractional crystallization and elements

incorporated into the stable amount of garnet are removed

from the effective bulk-rock composition (EBC). On the

retrograde branch of the P^T trajectory the effects of two

different processes on the samples are modelled: (1) the

effect of water-fractionation, water undersaturation and

re-hydration on the samples; (2) the effect of refractory

garnet material being recycled into the EBC or staying

isolated without thermodynamically equilibrating with

the EBC.

Modelling results

Figure 6 shows the calculated phase relations in P^T

diagrams for two selected samples (MKS-52-1 and

MKS-55-1) in the temperature and pressure range of inter-

est (a), as well as contours for the amount of water in the

stable solid phases (b) and for XMg in sodic amphibole (c)

and phengite (d). The stability fields of the observed coex-

isting phase assemblages in our samples are indicated by

the shaded areas in Fig. 6a. Although different in detail,

the phase diagrams for the two samples show broadly simi-

lar topologies.

At peak conditions (c. 2·0GPa at 5508C) the equilibrium

assemblage in both samples is predicted to contain gar-

netþomphaciteþ sodic amphiboleþphengiteþquartz.

Paragonite is calculated to be stable at peak conditions in

sample MKS-55-1 (Fig. 6a). The large multivariant stabil-

ity fields are constrained by the zero mode lines of lawso-

nite and plagioclase, which are absent in the observed

assemblage, and by the stability of omphacite, which was

stable at peak conditions. The retrograde path of the P^T
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trajectory (arrow) crosses the stability fields of all the

observed retrogressional mineral assemblages (shaded

areas in Fig. 6a) in our samples.

An important feature of the metamorphic history of our

samples is demonstrated by the isopleth patterns in these

diagrams relative to the P^T path followed. The isopleths

for the water content have a positive slope below 1·1GPa

and a negative slope at higher pressures. At peak condi-

tions the basic and felsic rocks are predicted to contain

c. 0·65 and 1·5 wt % water, respectively. Thus, it is possible

Fig. 6. P^Tdiagrams calculated for the bulk-rock compositions of the two samples. (a) Phase relations labelled for each field.The shaded areas
correspond to the three parageneses that represent different metamorphic overprinting stages preserved in the samples. (b) Contours for the
water content in solids calculated for the same diagram. Stability fields correspond to those in (a). (c) Contours for XMg in sodic amphibole
are sub-parallel to those in (b), but show an inverse correlation. (d) Contours for XMg in phengite have a similar pattern to those in sodic amphi-
bole. The white stippled isopleths in (d) are calculated Si c.p.f.u. in phengite. The dashed arrow in (a) marks the P^T trajectory used for the
thermodynamic forward models.
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that decompression from the peak pressure, if not asso-

ciated with a significant temperature increase, would

result in water undersaturation of our samples if no exter-

nal fluid was entrained above 1·1GPa. The omphacite-free

retrogressional mineral assemblage sodic amphibole

þ phengiteþ epidote� garnet� albitic plagioclase con-

tains, at water saturation, about 1·8 wt % water in the

case of the basic sample and about 2·2 wt % water in case

of the felsic sample (Fig. 6b).Thus, to maintain water satur-

ation and to produce the retrograde mineral assemblages

observed in our samples a significant amount of water

must have been added.

The XMg isopleths in amphibole (shown in Fig. 6c in

those areas where the stable amphibole is sodic in compos-

ition) and phengite (Fig. 6d) lie sub-parallel to those for

the water content but show an opposite pattern with

Fig. 6. Continued.
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respect to the quantitative values. Whereas the calculated

water content of our samples shows a characteristic in-

crease along the retrograde branch of the P^T path asso-

ciated with the formation of epidote and the breakdown of

omphacite, the XMg patterns of amphibole and phengite

are characterized by a large area with low XMg in both

phases that extends from 400 to 5508C at 1·2GPa in all dia-

grams. The XMg isopleths are closely spaced in those

areas where amphibole coexists with clinopyroxene and/

or plagioclase and are more widely spaced where sodic

amphibole coexists with garnet and paragonite in the ab-

sence of omphacite and plagioclase. Generally, the isopleth

patterns indicate a continuous decrease in the glaucophane

component with decreasing pressure along the P^T trajec-

tory up to 1·1GPa. Comparing the calculated and observed

compositional trends indicates that the Fe enrichment in

amphibole and phengite of the natural samples is compat-

ible with a decompression of the samples, although the cal-

culated XMg values in phengite are slightly lower than

those observed in the natural samples. In contrast to XMg,

the calculated and observed Si contents in phengite

(between 3·5 and 3·4 c.p.f.u. (cations per formula unit)

in sample MKS-52-1 and MKS-55-1, respectively) are in

agreement with postulated peak pressures between 1·8

and 2·0GPa (Fig. 6d), and the widely spaced pattern of Si

isopleths, especially in phase fields with coexisting parago-

nite (sample MKS-55-1), explains the minor silicon

core-to-rim difference in the natural samples. However, it

is evident that the step-like compositional zoning in the

natural samples contradicts a continuous thermodynamic

equilibration during exhumation.

The diagrams in Fig. 7 display the relation between

modal changes in the phase assemblage (a), the compos-

itional trends in phengite (b) and amphibole (c) as well

as the water content and volume of solids (d) calculated

along the retrograde segment of the P^T trajectory.

Homogeneous equilibrium crystallization and water satur-

ation are assumed. During the initial stages of the decom-

pression, sodic amphibole, and in sample MKS-55-1

paragonite, is formed from omphacite and garnet. Around

1·5GPa epidote also forms, which leads to a drastic de-

crease in the modal amount of omphacite and garnet,

both of which are completely consumed at 1·3GPa

(Fig.7a).These phase transitions are associated with a con-

tinuous XMg decrease in phengite and amphibole, which

leads to a minimum XMg of around 0·5 between 1·4 and

1·2GPa. This XMg minimum corresponds to the highest

modal amounts of sodic amphibole in both samples.

Amphibole consumption associated with the formation of

plagioclase and/or magnetite leads to slightly increasing

XMg in phengite and amphibole. The diagrams in Fig. 7d

show, that, depending on bulk-rock chemistry, an influx of

water of between 0·6 and 1·5 wt % is necessary to ensure

water saturation of the samples along the decompression

path. Depending on rock composition, decompression and

rehydration are associated with up to a 17% volume in-

crease that occurs in two stages in both samples (Fig. 7d).

The eclogite- to blueschist-facies transition (between 1·4

and 1·2GPa) is associated with 8 and 5% expansion

in the basic and felsic sample respectively; the blueschist-

to greenschist-facies transition contributes another 5%

volume increase.

Nevertheless, the presence of large, compositionally

zoned garnet porphyroblasts in both samples suggests frac-

tional garnet crystallization during the prograde meta-

morphic evolution of the samples. As a consequence, the

diagrams in Figs 5 and 6 might not correctly represent

the crystallization sequence along the retrograde P^T seg-

ment, as they assume homogeneous equilibrium crystal-

lization across the entire grid: a process contradicted by

the occurrence of large garnet cores that are isolated from

the EBC (see Marmo et al., 2002; Konrad-Schmolke et al.,

2007). Furthermore, it is likely that water liberated during

the prograde devolatilization of the samples left the rocks,

which also might have influenced the crystallization his-

tory of the samples. To account for element fractionation

along the prograde segment of the P^T trajectory we per-

formed thermodynamic forward modelling under consid-

eration of fractional garnet crystallization and water

fractionation. The results of these models are shown in

Fig. 8.

Prograde evolution

The diagrams in Fig. 8 show the modal abundances of the

stable phases of interest (a) as well as the compositional

evolution of phengite (b), amphibole (c) and garnet (d)

calculated for the two chosen samples along the prograde

branch of the P^T trajectory shown in Fig. 6. Both samples

undergo significant dehydration, indicated by the signifi-

cant decrease of hydrous phases and the increase of (accu-

mulated) liberated water. Interestingly, dehydration

occurs in two stages, one between 1·2 and 1·3GPa and a

second between 1·5 and 1·8GPa, associated with the break-

down of chlorite, epidote and amphibole.The composition-

al evolution of phengite in both samples is characterized

by an increase in the celadonite component, indicated by

an increase in the Si content associated with a decrease

in tetrahedral Al (Fig. 8b). This exchange is more pro-

nounced in the basic sample. Additionally, XMg in phengite

increases in both samples, a feature also more pronounced

in the basic sample. In both samples XMg in amphibole

changes towards higher values with increasing meta-

morphic grade. The Ca content of amphibole in both sam-

ples decreases slightly.

Garnet growth in both samples is connected with dehy-

dration and the compositional change in garnet involves a

continuous slight decrease in the almandine component

associated with a slight increase of grossular and pyrope

towards the inner rim (Fig. 8d). In the outer rim the
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trend changes and almandine and pyrope increase sharply,

whereas grossular decreases. It is notable that the modelled

trend in garnet chemistry correlates well with the observed

compositional zoning in the garnet crystals in both sam-

ples (compare Figs 7 and 4), which in turn indicates a po-

tentially good correlation between assumed and actual

metamorphic evolution.

Fractional garnet crystallization and water liberation

along the prograde P^T path significantly changes the

EBC of the samples (see also Electronic Supplementary

Data). Therefore, we calculated P^T pseudosections

(Fig. 9a) as well as isopleths for the amount of H2O in

solid phases (Fig. 9b) and XMg in amphibole (Fig. 9c) for

the chosen samples with the EBC at peak metamorphic

conditions. Differences between the initial bulk-rock com-

position and the EBC used in these calculations are due to

the fractional crystallization of garnet, which is present in

our samples as compositionally zoned porphyroblasts, and

due to the liberation of water during prograde dehydration

reactions. This element fractionation led to a significant

Fig. 7. Phase relations, phengite and amphibole compositions, water content and volumes of the solid phases calculated for the two samples
along the retrograde segment of the P^T trajectory shown in Fig. 6. Homogeneous equilibrium crystallization and water saturation are
assumed. The marked change in the phase assemblage between 1·6 and 1·3GPa marks the transition from eclogite to blueschist facies associated
with the formation of sodic amphibole and epidote and the breakdown of omphacite and garnet. The transformation is associated with a con-
tinuous decrease in XMg in phengite (b) and amphibole (c), which shows a characteristic minimum around 1·3GPa. (d) The continuous in-
crease of H2O in the solids (bold continuous lines) indicates the need for water influx to maintain water saturation along the retrograde path.
Rehydration and decompression is associated with a volume increase of 17 and 10% in the basic and felsic sample respectively (dotted lines).
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modification of the phase topology compared with the dia-

grams in Fig. 6. It is, of course, notable that the P^Tdia-

grams in Fig. 9 (like those in Fig. 6) are isochemical and

do not reflect the effect of metasomatism during the rock’s

retrograde evolution, and thus are used only to demon-

strate the potential effect of element fractionation on the

retrograde metamorphic evolution.

The major differences in the phase relations between

fractionated (Fig. 8) and unfractionated (Fig. 6) bulk-rock

compositions are the restricted stabilities of epidote,

chlorite and garnet, the absence of paragonite in the basic

sample, as well as the enlarged stability field of omphacite

in a fractionated EBC. Furthermore, the distance between

the XMg isopleths for sodic amphibole is much larger and

amphibole is generally more Mg rich. XMg in amphibole

does not significantly change above the plagioclase

stability boundary. In the large multivariant phase

field of omphaciteþ sodic amphiboleþphengite for

sample MKS-52-1 and omphaciteþ sodic amphibole

þ phengiteþparagonite for sample MKS-55-1, which

Fig. 8. Phase relations (a), phengite (b) and amphibole (c) compositions and the water content of the solid phases (a) calculated for the two
samples along the prograde segment of the P^T trajectory shown in Fig. 6. Fractional garnet crystallization and release of liberated water are
assumed. (a) Curves for the accumulated amount of water and garnet indicate two stages of dehydration and garnet formation. (b, c)
Phengite and sodic amphibole become more Mg-rich with increasing pressure. (d) Garnet zonation patterns resemble those observed in the
natural samples (see text).
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Fig. 9. P^Tdiagrams calculated for the effective bulk-rock compositions (EBC) of the two samples at peak metamorphic conditions (after frac-
tional garnet crystallization and water release). (a) Phase relations, (b) contours for the water content of the stable phases and (c) contours
for XMg in amphibole. Phase relations in (b) and (c) are as indicated in (a). It should be noted that water saturation (stable H2O) is restricted
owing to dehydration during prograde metamorphism. (See text for discussion.)
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stretches across almost the entire upper half of the dia-

grams, XMg in amphibole varies only by 0·02 in both sam-

ples, with a minimum of 0·6 and 0·68 in the basic and

felsic sample respectively. Thus, fractional garnet crystal-

lization and water liberation have a significant influence

on the composition of the coexisting phases. In the follow-

ing sections we will demonstrate how this effect on amphi-

bole and phengite can be used to reconstruct the evolution

of solid and fluid phases during decompression of the

samples.

Retrograde evolution

To study the influence of water infiltration on the amount

and composition of stable phases during decompression

we calculated isothermal P^XH2O phase diagrams at

5508C for our samples (Figs 10 and 11). The diagrams in

Fig. 10 are calculated for the unfractionated compositions

of the samples; those in Fig. 11 are calculated for the EBC

at peak metamorphic conditions. The diagrams show con-

tours for XMg in amphibole (Figs 10b and 11b) and phen-

gite (Figs 10c and 11c). Although these two-dimensional

isothermal diagrams cannot fully display the retrograde

evolution of our samples, as they ignore the assumed

temperature decrease associated with the decompression,

several important constraints on the rock evolution can

be made.

The diagrams in Fig. 10 show that water saturation in

the samples during decompression, assuming homoge-

neous equilibrium crystallization, can be attained only if

significant amounts of water are added (see also Fig. 7d).

Assuming the rock to be on the water saturation curve at

peak conditions, which is likely if continuous dehydration

occurred along the prograde path, the samples need

between 1·5 and 1·0 wt % H2O added to attain water

saturation at lower pressures. Furthermore, the stability

fields of epidote, omphacite, paragonite and garnet are

strongly dependent on the water content. The same control

accounts for sodic amphibole at very low water contents.

In contrast, the occurrence of plagioclase is independent

of the water content and is strongly pressure sensitive,

even under water-undersaturated conditions. Interestingly,

omphacite breakdown occurs at water-saturated condi-

tions well above plagioclase stability, thus producing

paragonite, epidote, garnet and/or sodic amphibole. At

water-undersaturated conditions, omphacite breakdown

coincides with plagioclase formation or occurs at lower

pressures, thus predominantly producing plagioclase

during decompression. This indicates that the reaction

products of decomposing omphacite during decompression

are dependent on the H2O content of the rock, and might

include (albitic) plagioclase, paragonite, epidote, garnet

and sodic amphibole.

Particularly indicative of the water content of the sam-

ples are the XMg contents of amphibole and phengite.

The XMg isopleths are near vertical in most

water-undersaturated fields above plagioclase stability.

The steep isopleths indicate that amphibole as well as

phengite compositions at water-undersaturated conditions

are very sensitive indicators for the addition of H2O at

any pressure. Increasing H2O contents at elevated pres-

sures cause significantly decreasing XMg values in these

phases. Furthermore, the calculated XMg isopleths have

contrasting orientations depending on the coexisting

phases. A major change in the XMg isopleth patterns

occurs if an iron- and/or aluminium-rich phase, such as

garnet, epidote or magnetite, enters or leaves the mineral

assemblage. This effect is visible in the diagrams in Figs 10

and 11, where the formation of epidote and magnetite in

the basic and felsic sample, respectively, strongly deflects

the XMg isopleths.

The effect on the composition of amphibole and phen-

gite of the coexisting mineral assemblage is even more evi-

dent in a comparison of the P^H2O diagrams calculated

with and without fractionation effects (Figs 10 and 11).

Figure 11 shows that as a result of fractional crystallization

the stability of garnet, doubtless the most important

Fe^Al phase in the rocks, is restricted to highly

water-undersaturated conditions in both samples. In the

presence of garnetþmagnetite, most easily visible in case

of the basic sample, the XMg isopleths are near horizontal,

whereas those in the garnet- or magnetite-absent fields

are subvertical or steeply dipping. Furthermore, XMg in

amphibole and phengite is much higher, and the compos-

itional variations in both phases are much smaller, in the

diagrams calculated for the fractionated EBC, even at

water-saturated conditions. However, the absence of mag-

netite in the natural samples is probably due to the fact

that iron liberated by garnet and omphacite forms (apart

from the XMg modification of phengite and amphibole)

titanite, pyrite and epidote, whereas in the models, which

do not consider Ti and S, partition of iron occurs mainly

into epidote and magnetite.

Three retrograde evolution scenarios can be extracted

from the P^H2O diagrams: (1) homogeneous equilibrium

crystallization without water re-saturation (i.e. the sam-

ples follow the red dotted line in Fig. 10b and c).This evolu-

tion implies complete equilibration of all minerals and

recycling of previously fractionated garnet material into

the EBC. In this case the observed retrograde mineral

paragenesis epidoteþparagonite and the observed amphi-

bole and phengite compositions cannot be generated,

owing to the lack of water influx during decompression.

(2) Homogeneous equilibrium crystallization with water

re-saturation (the samples follow the water saturation

curves given in Fig. 10). This scenario implies addition of

H2O where the water saturation curve has a negative

slope. In this case compositional re-equilibration of amphi-

bole and phengite and thus the compositional zoning, if de-

veloped, is unlikely to be step-like. (3) Conservation of the
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Fig. 10. P-wt % H2O diagrams calculated for the bulk-rock composition of the samples. (a) Phase relations. The stability field of a certain
phase is displayed by the zero mode line and the label of the mineral shown on the ‘present’ side. (b) Contours for XMg in amphibole.
(c) Contours for XMg in phengite. Phase fields are as shown in (a). The restricted stability of low-XMg amphibole and phengite in assemblages
close to water saturation should be noted.
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Fig. 11. P-wt % H2O diagrams calculated for the effective bulk-rock composition of the samples at peak metamorphic conditions. (a) Phase re-
lations, (b) XMg in amphibole and (c) XMg in phengite. Without recycling of the fractionated material (garnet) amphibole and phengite do
not develop the low XMg values observed in the natural samples. Details as for Fig. 10.
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peak EBC and peak water content without garnet resorp-

tion (samples follow the red dotted line in Fig. 11b and c).

This last case would indeed maintain water saturation

during decompression, but the refractory garnet material

hinders the observed compositional re-equilibration of

amphibole and phengite, as well as the formation of para-

gonite in the basic sample.

Forward models for the various scenarios along the

retrograde P^T trajectory, which reflect a more detailed

evolutionary model for the samples, are shown in subse-

quent figures. Figure 12 reflects the effect of decreasing

pressure during decompression, showing changes in the

phase assemblage (a) as well as in phengite (b) and amphi-

bole (c) compositions, assuming homogeneous equilibrium

crystallization without water influx; that is, fractionated

garnet material is resorbed, but the H2O contents of the

samples remain constant at peak metamorphic values.

The most important effect during this scenario is that the

initial stages of the exhumation the samples are

water-saturated and garnet material is available for the

compositional equilibration of the phase assemblage

(Fig. 12a). The amount of garnet decreases during decom-

pression and sodic amphibole is formed. Associated with

this reaction is a slight decrease in XMg in phengite and

amphibole. As both product phases are hydrous and the

amount of water is restricted, the rocks become water

undersaturated at around 1·8GPa (felsic sample) or

1·6GPa (basic sample). Thus, resorption of garnet and

the associated formation of hydrous phases consume

the entire available amount of free water. The resulting

water undersaturation hinders further compositional

re-equilibration of amphibole and phengite during

decompression.

The diagrams in Fig. 12 show the importance of water

saturation on the mineral assemblage and composition. In

Fig. 13 we demonstrate the effect of resorption of previously

fractionated garnet material on the re-equilibration of

phases and phase compositions. These diagrams (Fig. 13)

are calculated for the assumption of a ‘rehydrating system’.

The samples stay water-saturated during their retrograde

evolution, but refractory garnet does not dissolve or

react during decompression. Interestingly, the calculated

Fig. 12. Phase relations (a), phengite XMg (b) and amphibole XMg (c) calculated along the retrograde P^T segment assuming peak EBC and
peak water content of the samples but recycling of fractionated garnet material.
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amount of newly formed sodic amphibole is very small (a)

and the compositional trends of phengite (b) and sodic

amphibole (c) are almost constant, which indicates that

water influx into the dehydrated and depleted bulk-rock

volume without remobilization of the fractionated elem-

ents in refractory garnet does not lead to a significant

change in the retrograde metamorphic rock evolution.

The depleted effective (i.e. reacting) bulk-rock com-

position, despite being water-present, hinders the

compositional re-equilibration of phengite and sodic

amphibole.

DISCUSS ION

The preservation of multiple stages of retrogression in the

mineral assemblages, as well as compositional differences

within the mineral grains, allows detailed reconstruction

of the retrograde metamorphic evolution of our samples.

Comparing the results of the thermodynamic modelling

with the observed features in our samples yields important

insights into the effect of fluid infiltration on the mineral

parageneses and on the major element compositions of the

coexisting phases. Further, the pattern of restricted

compositional resetting of sodic amphibole (see Faryad &

Hoinkes 2004) and phengite (see Dempster, 1992; Giorgis

et al., 2000), visible in high-contrast BSE images, allows tra-

cing of the fluid pathways and the regional distribution of

fluid influx above a subducted slab.

It should be noted that our thermodynamic calcula-

tions were performed in a simplified chemical system

(NCKFMASH) with the chemical potential of oxygen

(mO) being controlled by an ilmenite^magnetite^rutile

(IMR) buffer, which constrains the oxidation state of the

rocks between the hematite^magnetite (HM) and quartz^

fayalite^magnetite (QFM) buffers (see Konrad-Schmolke

et al., 2008). Ferric iron is considered in the epidote solid so-

lution as well as in endmember magnetite. It is question-

able whether buffering mO can adequately describe the

oxidation state of a rock (e.g. Diener & Powell, 2010); how-

ever, in the absence of a complete set of thermodynamic

data for ferric iron-bearing solid solution phases and

under consideration of an open-system behavior of our

samples, buffering mO seems a reasonable compromise.

Furthermore, ignoring ferric iron in omphacite and amphi-

bole solid solutions might underestimate the extent of sta-

bility of both phases. Whereas ferric iron in amphibole

Fig. 13. As for Fig. 12, but without recycling of fractionated garnet material. (See text for discussion.)

JOURNAL OF PETROLOGY VOLUME 52 NUMBER 3 MARCH 2011

478

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/5
2
/3

/4
5
7
/1

4
9
1
6
1
9
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



is low in our samples (usually 510% Fetot), it is present

in considerable amounts in omphacite in the felsic

sample (Fig. 4). However, calculations utilizing the latest

thermodynamic data for ferric iron endmembers in

omphacite (Green et al., 2007) and amphibole (Diener

et al., 2007) solid solutions show that omphacite might be

stable in all plagioclase-absent assemblages (i.e. above

1·0 ^1·4GPa, depending on temperature), but, similar to

our simplified calculations, giving way to an assemblage

with increasing epidote, sodic amphibole and plagioclase

during breakdown (see Electronic Supplementary Data).

As the focus of this work is on the effect of water influx on

changes in the mineral assemblage, rather than on specify-

ing the exact metamorphic P ^Tconditions of our samples,

we assume that a slightly underestimated stability of

omphacite has only minor effect on our conclusions.

Water re-saturation and amount of
infiltrated fluid

At peak metamorphic conditions the stable mineral para-

genesis of the samples was garnetþomphaciteþ

glaucophane-rich sodic amphiboleþphengiteþquartz�

epidote�paragonite. This assemblage is only partly pre-

served in the samples. The calculated water content of

these assemblages at peak conditions was around 1·5 wt

% in the felsic samples and between 0·6 and 1·3 wt % in

the basic samples (Fig. 6). Most interesting is the partial

re-equilibration of our samples during exhumation.

The observed modal relations in the overprinted areas

(i.e. the formation of hydrous phases such as phengite and

epidote after omphacite, as well as the characteristic often

step-like compositional trends in phengite and sodic

amphibole) are clear evidence for one or more discrete

fluid influx stages during decompression. As shown in the

P^XH2O diagrams in Fig. 10, the observed compositions

of the overprinted areas of sodic amphibole (XMg¼ 0·5)

and phengite (XMg¼ 0·6) are highly indicative of the coex-

istence of these phases in specific stability fields where

both phases form a characteristic XMg minimum. The

observed compositions of phengite and sodic amphibole

are calculated to be stable at (near-) water-saturated con-

ditions between 1·4 and 1·2GPa only. The diagrams in

Fig.7, which display the calculated compositional evolution

of phengite and sodic amphibole at water-saturated condi-

tions along the proposed P^T trajectory, also show this

distinct XMg minimum. However, the modelled, relatively

smooth compositional trends in phengite and sodic amphi-

bole are in contrast to the observed trends, which show

dramatic, step-like core-to-rim transitions from high to

low XMg values (Figs 3 and 4). Assuming continuous meta-

morphic evolution and homogeneous equilibrium crystal-

lization, both phases would exhibit either no or only

smooth compositional gradients, even in the case of slug-

gish diffusional relaxation and the development of compos-

itional growth zonation. Thus, it is much more likely that

the observed compositional trends are the result of discon-

tinuous compositional equilibration. Based on the thermo-

dynamic calculations, such a discontinuity can be best

explained by an initial decompression without water add-

ition, which led only to moderate compositional changes

in amphibole and phengite (e.g. Fig. 11), followed by one

or more discrete fluid influx events between 1·4 and

1·2GPa, which allowed rapid water re-saturation and (par-

tial) compositional equilibration of the mineral assem-

blage. It is likely that during initial decompression and

cooling the rocks became water undersaturated owing to

the limited external water influx. This effect is evident

from the preservation of the Mg-rich compositions of

phengite and sodic amphibole. Limited water availability

additionally hindered the compositional re-equilibration,

owing to sluggish reaction kinetics and slow element trans-

port (e.g. Rubie, 1986; Stu« nitz, 1989).

Some constraints on the amount of fluid necessary to

re-establish water saturation in the overprinted areas of

the samples can be estimated. It is important to note that

all thermodynamic calculations in this study are based on

normalization of the coexisting phases to represent 100%

of the reacting rock volume.Thus, quantification of the ab-

solute amounts of fluids and solids must take into account

that only a fraction of the entire rock volume has reacted

during the fluid influx. This is critical if we quantify the

absolute amount of infiltrated fluid or a fluid^rock ratio.

It is evident that the amount of the infiltrated fluid led to

water saturation only in the overprinted rims, but was not

large enoughçor the reaction kinetics were too slug-

gishçto re-equilibrate the entire rock volume.

Nevertheless, rough estimates can be made for the

amount of the infiltrating fluid during metamorphism.

It can be seen in thin section as well as in BSE images

that (1) almost the entire amount of omphacite in our sam-

ples has been consumed by retrograde reactions, (2) esti-

mating from the BSE images shows that about 10%

of mica and 20% of the sodic amphibole by volume are

overprinted and recrystallized, and (3) the amount of the

greenschist-facies overprint is clearly below 5% of the

entire rock volume. A conservative estimate of the reacted

rock volume during the blueschist-facies fluid influx is

around 20% of the entire rock volume. The isothermal

P^XH2O diagrams in Fig. 10, as well as the forward

model results shown in Fig. 7, indicate that about 1·2 and

0·6 wt % water must be added in sample MKS-52-1 and

MKS-55-1 respectively, to re-saturate the entire rock with

respect to water, to yield the stability of the observed as-

semblage and to produce the observed Mg trends in mica

and sodic amphibole (see Figs 4 and 6). Assuming about

20% of the entire rock to be re-equilibrated during fluid

influx, the amount of the percolating fluid in these samples

must be around 0·2 and 0·1 wt % in sample MKS-52-1

and MKS-55-1 respectively, to ensure water re-saturation
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in the affected areas. From the results shown in Fig. 10, this

fluid influx occurred between 1·4 and 1·2GPa. However,

these values do not give a clear idea about the

time-integrated fluid flux, as they do not involve the

length-scale of the fluid migration, estimation of which is

difficult because of the large-scale structures in the SLZ

(e.g. Gosso et al., 1979; Zucali et al., 2002; Babist et al.,

2006). A minimum length-scale is given by the vertical

thickness of overprinted samples in an observable, structur-

ally coherent profile, which is of the order of 2 km. This

would correspond to a time-integrated fluid flux of about

15m3m�2. A less conservative estimate would assume

that the length-scale of fluid migration is constrained by

the present vertical extent of the SLZ, which can only be

estimated from seismic profiles (e.g. Schmid & Kissling,

2000) and is of the order of 10 km. This vertical column

would require a time-integrated fluid flux of 75m3m�2 to

produce the observed re-equilibration textures. Both esti-

mates yield fairly modest fluid fluxes through the moder-

ately deformed internal SLZ, although the intensity of

fluid migration and fluid^rock interaction might change

depending on the mode of fluid transport, as discussed fur-

ther below.

Regional fluid flux and fluid pathways

Fluid flux in metamorphic rocks might be related to brittle

deformation (e.g. along veins; Cartwright & Buick, 2000;

Oliver & Bons, 2001), to ductile deformation (e.g. along

shear zones; Austrheim, 1987; Bebout & Barton, 1993) or

be pervasive via an interconnected fluid film along grain

boundaries and other microstructures (de Meer et al.,

2005; Keller et al., 2006). Deformation-induced fluid flux

is often associated with limited fluid^rock interaction

in undeformed areas and allows large quantities of fluid

to migrate through a rock volume without significant com-

positional effects on either fluid or wall-rock (e.g.

Austrheim, 1987; Barnicoat & Cartwright, 1995). In con-

trast, large-scale pervasive fluid flux along grain bound-

aries, as in our samples, allows intense fluid^rock

interaction with strong chemical and physical effects on

the fluid and the wall-rocks. The consequences of reactive

fluid flux above a subducted slab have been demonstrated

by trace element and isotopic studies of me¤ lange zones

and exhumed high-pressure sequences (e.g. Sorensen et al.,

1997; Marschall et al., 2006; Penniston-Dorland et al., 2010),

which show that pervasive fluid fluxes heavily modify the

elemental and isotopic composition of the wall-rocks and

the fluid. Because compositional re-equilibration of our

samples is incomplete and newly formed, as well as

re-equilibrated, phases can be easily distinguished in

high-contrast BSE images, our samples are excellently

suited to study regional-scale fluid infiltration and fluid^

rock interaction, which is important for the general under-

standing of fluid-driven mass transfer in the Earth’s crust

and, in particular, in subduction zones.

There are four types of fluid-assisted re-equilibration

textures visible in our samples: (1) brittle fracturing within

amphiboles with subsequent precipitation of new equili-

brated amphibole material (Fig. 3a); (2) precipitation of

new phengite and amphibole material along grain bound-

aries (Fig. 3c, d and h); (3) migration of reaction fronts

from grain boundaries concentrically into undeformed

grains (Fig. 3d, e and f); (4) re-equilibration by volume dif-

fusion that produces a continuous compositional change

perpendicular to the grain boundaries (arrows in Fig. 3c,

d and h). Many of the re-equilibrated areas in our samples

are of type (2) and (3), both of which occur along almost

all grain boundaries (Fig. 3c, d, e and f). The observation

that this kind of overprinting occurs along almost the

entire grain boundary network, together with our thermo-

dynamic calculations, which show that fluid influx is ne-

cessary to produce the newly formed rim compositions

and overgrowths, suggests the presence of an intercon-

nected network, probably wetted by a free fluid phase,

along the grain boundaries (see Rubie, 1986). Such a

regional-scale, open-system pervasive and reactive fluid

flux (e.g. Ferry, 1987, 1992) allowed effective elemental ex-

change and compositional re-equilibration of fluids and

wall-rocks.

Many experimental studies and natural examples

(e.g. Holness, 1993; Hippertt, 1994; Mancktelow &

Pennacchioni, 2004) suggest the existence of non-

interconnected porosity along grain boundaries in un-

deformed rocks that might become interconnected during

deformation and changing confining pressure (e.g.

Holness, 1993; Fusseis et al., 2009). Recent work also sug-

gests the existence of a continuous fluid film of several

nanometres width along grain boundaries under static

metamorphic conditions (e.g. de Meer et al., 2005; Keller

et al., 2006). Nakamura & Watson (2001) experimentally

showed that as a result of dissolution^precipitation pro-

cesses, wetting fluids, such as aqueous solutions, can mi-

grate in the form of advancing high-porosity zones in

quartzites. These findings are similar to our observation

of newly precipitated sodic amphibole along existing

grain boundaries (Fig. 3h) and the occurrence of re-

equilibration fronts that migrate into older grains (Fig. 3f).

The development of micro-porosity is, however, difficult

to explain in rocks undergoing mineral reactions with a

positive volume change. In our samples, the rock volume

owing to retrograde mineral reactions increases from

eclogite- to blueschist-facies conditions by 5% in the felsic

and 8% in the basic sample. Up to greenschist-facies con-

ditions the volume increases by 10 and 17% in the felsic

and basic sample, respectively (Fig. 7d). The fluid influx

event and the associated mineral reactions alone are asso-

ciated with a volume increase of about 1·8%. Thus dilat-

ancy owing to negative volume changes seems to be

unlikely for the generation of any permeability; however,
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recent studies (e.g. Jamtveit et al., 2008) provide evidence

for the development of an extensive network of brittle

fractures and/or sub-grain boundaries in initially

low-permeability rocks by mineral reactions that are asso-

ciated with a volume increase. It is notable that the micro-

fractures and/or interconnected sub-grain boundaries

shown in Fig. 3h are very similar to the textures developed

in the models of Jamtveit et al. (2008), as well as in several

other experiments (e.g. Putnis, 2002; Milke & Wirth,

2003), and seem to be common in naturally occurring,

high-pressure/low-temperature rocks (e.g. Konrad-

Schmolke et al., 2007). However, the existence of an inter-

connected fluid film along grain boundaries in our sam-

ples is contrary to observations in many retrograde

high-pressure rocks from within the subducted slab, in

which fluid migration is often connected to brittle fractur-

ing or restricted to shear zones (e.g. Austrheim, 1987;

Cartwright & Buick, 2000; Franz et al., 2001; John &

Schenk, 2003). This is, of course, important for containing

the extent of the fluid^rock interaction in our samples,

but also for the initiation of solution and re-precipitation

processes (e.g. de Meer et al., 2005) that might explain the

observed intra-grain step-like re-equilibration features in

our samples.

Open-system pervasive fluid flow is important at mid-

and upper-crustal levels and in hydrothermal systems asso-

ciated with regional metamorphism (e.g. Ferry, 1987, 1988,

1992; Cartwright et al., 1995; St-Onge & Lucas, 1995); simi-

lar examples are also reported for subduction-zone set-

tings, such as the mantle wedge (e.g. Peacock, 1987;

Kostenko et al., 2002) or the slab^mantle interface (e.g.

Bebout & Barton,1993). In the hanging wall of a subducted

slab, where strong, thermally induced gradients in hy-

draulic head exist and where buoyancy-driven upward mi-

gration of fluids liberated by dehydration reactions in the

downgoing slab is a likely process, the prerequisites for

pervasive fluid flux along grain boundaries are generally

met (e.g. Oliver, 1996). Thus, pervasive fluid flow might be

a common process, especially in larger, weakly deformed

coherent blocks that undergo exhumation at the top of the

subducted slab. Thus, interpretation of the trace element

and isotopic composition of subduction-related volcanic

rocks must consider the potential for significant compos-

itional modification of primary devolatilization fluids at

the slab^mantle interface.

Generally, there is likely to be a dramatic change in the

overall fluid flow mechanism from within the subducted

slab, across the slab^mantle interface into the hanging

wall mantle wedge (Fig. 14). In the downgoing subducted

slab most prograde mineral reactions are associated with

a negative volume change, which allows the formation of

open fractures that channelize fluid flow (e.g. John &

Schenk, 2003; Zack & John, 2007). In contrast, as demon-

strated by our examples, rocks in the hanging wall of the

subducted slab are often affected by retrograde and/or

re-hydration reactions, owing to decompression or fluid in-

filtration, or both. Such reactions are often associated

with a positive volume change (Fig.7d) and thus dilatancy,

and the possibility of vein formation is limited. In this set-

ting, fluid migration is controlled either by viscous deform-

ation and channelized in ductile shear zones, or by the

development of microfractures as a response to the internal

strain distributed among and around mineral grains.

Several workers (e.g. Sorensen, 1988; Sorensen et al., 1997;

Breeding et al., 2003) have shown inhomogeneous and in-

complete retrogression of high-pressure rocks in me¤ lange

blocks that are interpreted to represent parts of the slab^

mantle interface. Fluid flux in these examples is concen-

trated around low-permeability regions ranging from

centimetre- to decametre-sized undeformed blocks of

eclogite material that is surrounded by a highly deformed

and highly permeable matrix (e.g. Ague, 2007).

Our samples represent a similar situation, although on a

different scale. During exhumation of the Mombarone

Unit strain was partitioned between large-scale

blueschist-facies shear zones bounding the Mombarone

Unit and weakly deformed rocks in the internal parts

(Babist et al., 2006). Mylonitic rocks are well equilibrated

under retrograde blueschist-facies conditions (Stu« nitz,

1989; Babist et al., 2006), whereas our samples from weakly

deformed, internal, initially less permeable regions of the

Mombarone Unit reflect only moderate fluid influx, al-

though associated with an intense retrograde overprint in

the affected areas. Although fluids might be carried away

rapidly, and without strong interaction, from the subduct-

ing slab (e.g. Zack & John, 2007), it is evident that intense

fluid^rock interaction occurs on top of the slab, which sig-

nificantly modifies the trace element composition of the

subduction-related fluid in the highly reactive slab^mantle

transition zone.

Above the slab^mantle transition zone the mode of fluid

migration, and therefore the extent of fluid^rock inter-

action in the mantle wedge, is crucial for the understand-

ing of mantle hydration, major- and trace-element

transfer, melt generation and migration, as well as for the

boundary conditions of numerical thermal models of sub-

duction zones (e.g. Iwamori, 1998; Arcay et al., 2005).

Pervasive fluid flux seems to be the common mechanism

for fluid- and also melt migration in the mantle wedge

(e.g. Lundstrom, 2000; Kostenko et al., 2002), although

some examples also exist of a channelized fluid influx into

the mantle wedge (e.g. Bodinier et al., 1990). Based on the

interpretation of seismic data (Bostock et al., 2002; Xia

et al., 2008) the hydration of the mantle wedge above sub-

ducted slabs seems to be inhomogeneous, which provides

further evidence for inhomogeneous fluid fluxes, but, un-

fortunately, provides few constraints on the mode of fluid

migration on a larger scale.
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Rate-controlling processes

Reaction-controlled element availability and the limited

compositional resetting of phengite and sodic amphibole

during fluid influx is interesting with respect to the

rate-controlling processes of rock retrogression and of

fluid^rock interaction. Figure 13 shows the calculated

phase assemblages and amphibole compositions of the

effective bulk-rock composition at peak metamorphic con-

ditions for the two selected samples along the specified

P ^T trajectory. The calculations assume that fractionated

garnet does not back-react and thus that all elements incor-

porated into the garnet interiors are isolated from the react-

ing bulk-rock volume, implying garnet-absent conditions

during decompression, as the material in the interiors of

the porphyroblasts is not available for thermodynamic

equilibration. A comparison of the results shown in Fig. 12

indicates that even with re-saturation of the rocks with

respect to water there is no thermodynamically controlled

Fe enrichment predicted in phengite and amphibole. In

contrast, as shown in Fig. 7, recycling of garnet material

is the controlling factor for the stabilization of iron-rich

areas in phengite and amphibole.Thus, garnet, the kinetic-

ally most retentive phase in our samples, controls the

extent of recrystallization and re-equilibration. In other

words, resorption of garnet material from the por-

phyroblasts (i.e. recycling of garnet material into the

EBC) is necessary to allow compositional re-equilibration

of amphibole and phengite and to produce the observed

XMg decrease in the natural samples. In turn, the spatial

extent of phengite and amphibole overprinting can provide

information about the transport distances and the proper-

ties of the recycled garnet material (e.g. iron content) in

the samples. Although Mn back-diffusion and newly

formed Mn-rich overgrowth zones on garnets from our

samples (Fig. 4h) are clear indications of garnet resorption

during fluid infiltration, textural relations do not allow

Fig. 14. Schematic illustration of fluid migration pathways in a subduction zone.Within the subducted slab fluid flux is channelized and fluid^
rock interaction limited owing to the development of veins by prograde mineral reactions with negative volume change. In the slab^mantle
transition zone fluid flux is controlled by the extent of viscous deformation and is mostly parallel to the slab^mantle interface. Pervasive fluid
flux is possible owing to retrograde mineral reactions with positive volume change. In the mantle wedge fluid flux is pervasive or might region-
ally be controlled by viscous deformation. For examples see Bebout and Barton, 1993; Franz et al., 2001; John and Schenk, 2003; Kostenko et al.,
2002; Mukherjee et al., 2003; Peacock, 1987; So« rensen, 1988;Wain, 1997.
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a spatial correlation of garnet resorption sites and the

intensity of XMg re-equilibration in phengite and sodic

amphibole.

The above observation suggests that garnet porphyro-

blasts have multiple significance in high-pressure rocks.

They might contrain the physical behaviour of the rock

(e.g. Groome et al., 2006), they might control element recy-

cling into the mantle (e.g. Konrad-Schmolke et al., 2008a)

and they might further control the extent of preservation

of high-pressure assemblages in exhumed rocks because

of their sluggish reaction rates, which in turn significantly

influences the coexisting phases.

Major element transport in the fluid

The compositional profiles and element maps of phengite

and amphibole (Figs 4 and 5b and c) show a predominant

Fe^Mg exchange towards higher Fe contents in the over-

printed areas of both minerals. Ca is also slightly enriched

in the overprinted areas of sodic amphibole. As the over-

printing effect is fluid-controlled, all three elements must

be sufficiently present in the transport agent to allow

re-equilibration of the affected areas. The length-scale

of element transport is at least at the thin-section scale,

because there is no preferential overprinting of phengite

and amphibole around Fe- and Ca-rich minerals such

as omphacite and garnet. There is still insufficient know-

ledge about the properties of subduction-related fluids

(Manning, 2004), and the solubility and transport of differ-

ent elements in such fluids is difficult to constrain experi-

mentally. There have been several studies on fluid

inclusions from high-pressure veins in exhumed eclogitic

rocks, as well as data from fore-arc serpentinites (e.g.

Becker et al., 1999; Fryer et al., 1999; Franz et al., 2001; Gao

& Klemd, 2001). Most of these studies indicated a signifi-

cant mobilization of major elements, such as Si, Al, Na,

Ca and Mg; however, none of these studies concentrated

on the amount of dissolved iron, which is clearly mobile in

our samples. The formation of Fe-rich minerals, such as

omphacite and garnet, within high-pressure veins suggests

significant transport of Fe in subduction zone fluids

(Philippot & Selverstone, 1991; Franz et al., 2001).

Furthermore, there is clearly addition of potassium during

fluid influx, which is evident from the formation of

phengite-rich pseudomorphs after omphacite (see Rubie,

1986). Interestingly, newly formed phengite does not pre-

cipitate along the edges of existing grains, which would

be the favoured site of precipitation considering the surface

energy constraints, but instead forms preferentially at

omphacite reaction sites. We interpret the replacement of

omphacite by phengite as a result of the limited availabil-

ity of Al in the percolating fluid. It is likely that the K/Al

ratio in the fluid is too large to allow phengite precipitation

along existing phengite grain boundaries. Only at those

sites where Al is available as a result of retrograde

net-transfer reactions, such as omphacite breakdown, can

new phengite form. This observation suggests limited mo-

bility of Al in our samples; however, abundant K needs to

be present in the fluid (e.g. Philippot & Selverstone, 1991).

Rubie (1986) attributed the observed K-metasomatism to a

large fluid/rock ratio that might partially be present in

these rocks. It is obvious that water saturation must have

prevailed during this non-isochemical reaction as hydrous

K-bearing phases formed from omphacite, which does not

contain K or even inclusions of phengite prior to the fluid

influx (see Rubie, 1986). However, the presence of chlorine

in the fluid, which is indicated by the higher Cl contents

in the overprinted phengite rims (Fig. 4g), certainly plays

a major role regarding the relatively high solubility and

transport of major elements in our samples (e.g. Manning,

2004).

CONCLUSIONS

TheWestern Alpine Sesia Zone is a segment of continental-

ly derived high-pressure rocks that were exhumed in the

hanging wall of a subducted oceanic plate. Fluid infiltra-

tion into the previously dehydrated rocks led to partial

retrogression during exhumation. Weakly deformed sam-

ples from the internal part of the SLZ well preserve relict

eclogite-facies mineral assemblages. Limited fluid influx

into relatively dry, high-pressure rocks led to complex and

characteristic compositional zonation patterns in phengite

and sodic amphibole that are best visible in high-contrast

BSE images. The effect of the fluid influx is reflected in a

complex network of modified amphibole and phengite

that appears brighter in BSE images and has sharp bound-

aries with the unaffected cores. Differences between over-

printed and shielded areas in both minerals are mainly in

the XMg value, with lower XMg in the overprinted rims.

The concentrations of fluid-mobile trace elements, such as

Ba and Sr, increase and decrease from core to rim, respect-

ively. Furthermore, fluid infiltration caused the formation

of unusual phengite^epidote^albitic plagioclase pseudo-

morphs after omphacite. A comparison of the observed

textural and compositional changes in our samples with

thermodynamic models yields insight into the amount

and major element composition of the infiltrated fluid.

Only c. 0·1^0·5 wt % fluid relative to the entire rock was

added during exhumation. Furthermore, the observation

of the fluid-induced retrogression features over map-scale

distances indicates open-system, pervasive fluid infiltration

and intense fluid^rock interaction at blueschist-facies con-

ditions above a subducted slab. Fluid infiltration caused

K-metasomatism and allowed intense Fe^Mg exchange

among coexisting minerals, but did not cause mobilization

of large amounts of Al. We propose that these samples

are extremely well suited for the investigation of fluid-

triggered high-pressure processes in a subduction zone

from (sub-)grain to regional scale, and that the
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compositional resetting of sodic amphibole and phengite

can be used as an excellent tracer of the fluid^rock

interaction.
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