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Man setzt der Finsternis ein
Ende und durchforscht bis zur
auflersten Grenze das Gestein der
Dunkelheit und Finsternis.

Buch Hiob: 28,3

Und er dffnete den Schlund des
Abgrundes; und ein Rauch stieg
auf aus dem Schlund...und die
Luft wurden von dem Rauch des
Schlundes verfinstert.

Offenbarung: 9,2

Der tiefe Fluss ist ruhig — der wis-
sende Mensch ist bescheiden.

aus der Mongolei

In  Wirklichkeit erkennen wir
nichts; denn die Wahrheit liegt in
der Tiefe.
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Zusammenfassung

Wiéhrend der Subduktion ozeanischer Platten in den Erdmantel entstehen durch metamor-
phe Entwasserungsprozesse Fluide, die in den dariiber liegenden Mantelkeil gelangen und
den dort vorliegenden Peridotit teilweise serpentinisieren. Der direkt tiber der subduzierten
ozeanischen Lithosphéare liegende partiell serpentinisierte Teil des Mantelkeiles wird Sub-
duktionskanal (englisch: subduction channel) genannt. Er ist wegen der geénderten rhe-
ologischen Eigenschaften gegeniiber dem nicht hydratisierten Mantelperidotit mobil. So
ist der Serpentinit im subduction channel, aufgrund des groflen Dichteunterschiedes zwi-
schen diesen beiden Gesteinstypen in der Lage, Bruchstiicke der eklogitisierten ozeanis-
chen Kruste nach oben in oberflaichennahe Tiefen zu transportieren. Dabei werden die
aufsteigenden, weitgehend entwasserten Hochdruckgesteine partiell wieder hydratisiert.

Diese Arbeit liefert einen Beitrag iiber die Zusammensetzung und Wirkungsweise der
Fluide, die auf Eklogite einwirken, wenn sie retrograd in Blauschiefer umgewandelt werden.
Dabei wird untersucht, wie die Fluidinfiltrierung sich auf die petrophysikalischen Eigen-
schaften der Eklogite auswirkt und wie aus den chemischen Daten Riickschliisse auf die
Zusammensetzung und die Herkunft des Fluids gezogen werden konnen.

Zu diesem Zweck wurden partiell zu Blauschiefer umgewandelte Eklogite von Sifnos
in Griechenland und aus dem chinesischen Teil des stidlichen Tian Shan gesammelt. Drei
reprisentative Proben-Sequenzen mit lateralem Eklogit-Blauschiefer-Ubergang im dm- bis
m-Bereich wurden petrografisch, gesteins- und mineralchemisch untersucht. Die petro-
grafischen Gesteins-Diinnschliffe liefern Informationen iiber die Mineralreaktionen wiahrend
der Eklogit-Blauschiefer-Uberprigung. Die Gesamtgesteinsanalyse zur Bestimmung der
Haupt- und Spurenelemente erfolgte mit der RFA, ICP-MS oder ICP-OES. Die Analyse
der gleichen Elementgruppen wurden in situ an Mineralen durch die Kombination von
Mikrosonde und LA-ICP-MS durchgefiihrt. Von jedem Gestein wurde zudem die Gesamt-
gesteinsdichte mit Pyknometern nach dem Prinzip der Verdrangung bestimmt. Der pro-
grade und retrograde Druck- und Temperaturpfad der blauschieferiiberpriagten Eklogite
wurde mit Hilfe dieser Daten und dem thermodynamischen Kalkulationsprogramm Per-
ple_ X rekonstruiert. Aus den chemischen Daten der reliktisch erhaltenen Eklogite und
den assoziierten Blauschiefern lasst sich durch Massenbilanzierung auf die Zusammenset-
zung der eindringenden Fluide schlieflen. Strontium- und Neodymisotopie der Eklogit- und
Blauschiefer-Gesamtgesteinszusammensetzung dienen als Tracer, um die mogliche Quelle
der Fluide zu bestimmen oder diese unter den potentiellen lithologischen Einheiten einzu-
grenzen.



xii Zusammenfassung

Alle drei untersuchten Sequenzen zeigen einen Ubergang von Eklogit zu Blauschiefer.
Blauschieferfazieller Glaukophan, Hellglimmer und das Karbonat wachsen auf Kosten der
eklogitfaziellen Paragenese Granat und Omphazit. Der retrograde P-T Pfad ist durch
Abkiihlung bei gleichzeitigem Druckabfall gekennzeichnet. Diese Konstellation lasst auf
den Aufstieg dieser Gesteine im subduction channel schlieffen. Dabei konnen sowohl Ser-
pentinite als auch subduzierte Marmore oder Metapelite die Rolle des Transportmediums
im subduction channel ibernehmen. Die Sauerstoffisotopie der Minerale zeigen ein isoto-
pisches Gleichgewicht der eklogitfaziellen Minerale Granat und Omphazit (in Féllen auch
mit Phengit) und ebenso zwischen den blauschieferfaziellen Mineralen Glaukophan und
Hellglimmer. In der Sifnos-Sequenz ist zusatzlich eine griinschieferfazielle Uberpragung
erkennbar. Die Fluidinfiltrierung bewirkte eine Veranderung des Elementhaushaltes in den
Gesteinen. Vor allem Large Ion Lithophile Elements (LILE: Cs, Rb, Ba, K), CO,, Mg,
Ni und Co wurden den Blauschiefern hinzugefiigt, wahrend seltene Erdelemente, Si und
Ca mobilisiert und aus dem System entfernt wurden. Dabei verhielten sich die High Field
Strength Elements (HFSE: Zr, Hf, Ti, Nb, Ta) immobil. Dieser Elementaustausch lésst
auf eine Fluide schlieflen, die im Gleichgewicht mit Gesteinen peridotitischer Zusammenset-
zung stand. Die Serpentinite, Chlorit- und Talkschiefer aus der Zone des Ubergangs von der
abtauchenden Platte zum dariiber liegenden Mantel und im subduction channel werden als
die wahrscheinlichsten peridotitischen Gesteinsquellen der Fluide angesehen. Die erhéhte
Nd-Isotopen Signatur von Blauschiefer gegeniiber Eklogit in einer Eklogit-Blauschiefer-
Sequenz des Tian Shans zeigt deutlich eine Gleichgewichtseinstellung mit einer peridoti-
tischen Matrix. Erhohte Sr-Isotopenwerte in den Eklogit-Blauschiefer-Ubergéngen lassen
auf die Einwirkung von metamorphen Fluiden schliefen, die eine ererbte Sr-Isotopen Sig-
natur von Seewasser-alterierten und entwasserten ozeanischen Gesteinen aufweist. Die hier
dargestellten chemischen Charakteristika der Fluide entsprichen der letzten Gleichgewicht-
seinstellung, bevor diese die Eklogite infiltrierte und in Blauschiefer umwandelte. Uber die
Entwicklung und die Herkunft der Fluide lasst sich wie folgt spekulieren: Die Fluide wurde
aus der Entwasserung von subduzierten serpentinisierten Mantelperidotiten gebildet und
ist anschliefend durch die abtauchende ozeanische Kruste gestromt und wurde dort mit
LILE und CO, angereichert, die aus der Entwasserung der alterierten ozeanischen Kruste
oder den aufliegenden Sedimenten stammen.



Abstract

Fluids in subduction zones were formed by metamorphic devolatilisation processes, during
the subduction of the oceanic plate into the mantle. The fluids enter the mantle wedge and
cause the partial serpentinisation of the mantle peridotite above the descending oceanic
lithosphere. This part of the mantle wedge is called the subduction channel. The present
serpentinite in the subduction channel is capable to flow, due to its changed rheological
properties and compared to the non-hydrated mantle peridotite. The serpentinite is able
to transport fragments of the eclogitisised oceanic crust to shallower depths of the fore arc,
due to the large density difference of both rock types. The ascending nearly dehydrated
HP rocks may rehydrate partially.

This study gives a contribution to the composition and behaviour of the fluid that
affected eclogites, which were transformed retrogradly to blueschists. Hereby the effects to
the petrophysical properties induced by the fluid-infiltration will be analysed. Chemical
data should give insights to the composition, characteristic and possible source of the fluid.

For these purposes we sampled blueschist-facies overprinted eclogites from the island
Sifnos in Greece and from the Chinese part of the South Tian Shan. Three representative
eclogite-blueschist transformation sequences in dm- and m-size were investigated by petro-
graphy, whole rock and mineral chemistry. Thin sections provide petrographic information
about mineral reactions during the eclogite-blueschist transition. Major and trace elements
were analysed by XRF, ICP-MS and ICP-OES. In situ mineral analyses were determined
by electron-microprobe and LA-ICP-MS. The whole rock density was estimated by pyc-
nometer after the principle of displacement. Based on this data and under application of
the thermodynamical calculation program Perple X, the P-T path of the blueschist-facies
overprinted eclogites was reconstructed. The chemical composition of the infiltrating fluid
was estimated, based on mass-balance calculations from the element content of the partially
preserved eclogite and the associated blueschist. Whole rock Sr and Nd isotope signatures
of eclogites and blueschists were used as tracer to determine the possible source of the fluid
or to constrain it from the potential lithological units.

All three investigated sequences show retrogradly the transformation from eclogite to
blueschist. The blueschist-facies minerals glaucophane, white mica and carbonate growing
newly at the expense of the eclogite-facies assemblage omphacite and garnet. The cal-
culated P-T path is characterised by contemporaneous cooling and decompression, which
is crucial for the exhumation within the subduction channel. Serpentinite, but as well
subducted marbles or metapelite can take over the role of the transport matrix in the
subduction channel. The oxygen isotope composition of mineral separates shows an equi-
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librium in the eclogite-facies assemblage omphacite and garnet (in cases phengite) and
in the blueschist-facies assemblage glaucophane and white mica. In addition, the Sifnos-
sequence shows a greenschist-facies overprint. The fluid infiltration causes a change in the
element budget of the infiltrated HP rocks. Particularly a gain in Large Ion Lithophile
Elements (LILE: Cs, Rb, Ba, K), CO2, Mg, Ni and Co and a loss of REE, Si and Ca is
observed, while High Field Strength Elements (HFSE: Zr, Hf, Ti, Nb, Ta) behave immo-
bile. This element exchange during the eclogite-blueschist transformation implies a fluid
composition, which was in equilibrium with rocks of peridotitic composition. Serpentinite,
chlorite and talc schist are the most conceivable types of peridotitic rocks in the transition
between the descending slab and the mantle wedge and in the subduction channel. Ele-
vated Nd isotopic compositions of the blueschist compared to the eclogite in one sequence
of the Tian Shan, shows clearly the equilibration of the peridotitic rock-source. Elevated
St isotopic compositions of the eclogite-blueschist sequences in the Tian Shan may suggest
on the derivation of metamorphic fluids with inherited Sr signature caused by devolatili-
sation from seawater altered and subducted oceanic rocks. The here described chemical
characteristics of the fluid show the latest equilibration stage prior to the infiltration of the
eclogites and the transformation to blueschists. The development and the source of the
fluid is speculative to discuss as follows: The fluids derived from devolatisation processes
of the subducted lithospheric peridotite with subsequent flow through the subducting slab,
where it was enriched with LILE and CO, from the altered oceanic crust or the above lying
sediments.



Chapter 1

Introduction

1.1 The slab-mantle interface and subduction channel

Weak serpentinized mantle:
10'® Pa-s

Strong serpentinized mantle:
10 Pa's

Figure 1.1: Numerical model of the subduction
channel at A: low viscosity of the serpentinised mantle
peridotite and B: high viscosity, modified after Gerya
et al. (2002). Colours: red = sedimentary rocks; dark
green = basaltic upper oceanic crust; light green =
gabbroic lower oceanic crust; dark blue = unhydrated
mantle; light blue = serpentinized mantle; turquoise
= hydrated mantle beyond stability field of antigorite.

The slab-mantle interface in subduction
zones may be defined as the zone between
the upper crust of the down going oceanic
slab and the peridotite of the mantle wedge
above the slab (e.g. Bebout and Barton,
2002). During the descent of the slab in
the mantle, parts of the upper oceanic crust
split off and concentrate in the slab-mantle
interface. During subduction several de-
volatilisation reactions occur in the differ-
ent lithological parts of the slab, which are
from the upper to the lower crust: the ma-
rine sediment layer, the altered and unal-
tered oceanic basaltic crust and the unal-
tered or partially serpentinised lithospheric
slab mantle. At the prevailing pressures
and temperatures in the deep subduction
zone the released volatiles behave as fluids
and migrate upwards to the slab-mantle in-
terface and into the mantle wedge. Thus,
the separated rocks at the slab-mantle in-
terface are exposed to a fluid-rich environ-
ment. The slab-mantle interface was de-
scribed in detail e.g. by Bebout and Bar-
ton (2002) and is also labelled as subduc-
tion zone mélange (King et al., 2003, 2006).

Shreve and Cloos (1986) and Cloos and Shreve (1988) introduced the term subduction
channel for this mélange zone. Based on the hypothesis of the formation of the subduction
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channel Gerya et al. (2002) developed thermo-mechanical models, which supported the hy-
pothesis. Gerya et al. (2002) defined the subduction channel as the partially serpentinised
mantle peridotite above the subducting slab that has changed rheological characteristics,
mainly in viscosity and in buoyancy forces (Figure 1.1). Gerya et al. (2002) modelled in
addition P-T paths of sheared, cut and incorporated HP rocks during their ascent within
the subduction channel, in which the serpentinite is able to transport subduction zone
rocks to shallower levels (Schwartz et al., 2001; Gerya et al., 2002; Warren et al., 2008) of
the subduction zone. The retrograde P-T paths are characterised by cooling during uplift
(Figure 1.2) and thus verify the field and petrological observations made by Ernst (1979),
who summarised the P-T paths of uplifted HP rocks of paleo-subduction zones, worldwide.

s

100 200 300 400 500 600 700 800
T (°C)

Figure 1.2: Subduction channel model and calculated P-T paths of two different slab fragments, mod-
ified after Gerya et al. (2002). Left: Formation of the subduction channel in the mantle wedge above a
descending slab; same colour code as in Figure 1.1; right: P-T paths, white: anticlockwise path of an early
incorporated slab fragment; orange: clockwise path of mature subducted and incorporated slab fragment.

1.2 Aim of study

The Sonderforschungsbereich 574 (special collaborative research center) of the university
of Kiel, founded in 2001, investigates the fluid and volatile cycles in subduction zones.
Subproject C1, of which this thesis is a part, analyses the metamorphic devolatilisation
and volatilisation processes within the descending slab and within the subduction channel.
Details about the processes and the evolution of HP/UHP rocks that are incorporated in
the subduction channel are not well known until now. In addition, there are only few data
available about the fluids that react within the subduction channel with the incorporated
HP/UHP rocks, which are surrounded predominantly by a serpentinite matrix. This thesis
is aimed to give insights into the processes that HP/UHP rocks experience during their
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ascent within a subduction channel. Details about the chemical composition and the
reactivity of the fluids will be given that react with the ascending HP /UHP rocks. Chemical
tracer should help to constrain possible source-rocks of the infiltrating fluids. In this
study I investigated eclogites, which became overprinted by a blueschist-facies mineralogy.
Eclogites that are free of prograde hydrous minerals are ideal subjects for this study, as
all volatile-bearing phases had broken down during their subduction. In addition, many
eclogites display a MORB chemistry, which is well characterised, and therefore better
when chemical changes have to be discussed. Sampling areas were chosen on the island of
Sifnos as part of the Tertiary Cycladic archipelago in Greece and from the Chinese part of
the late Carboniferous Southern Tian Shan. Both areas are assumed to contain rocks of
paleo-subduction zones that are outcropping in tectonic mélanges.

1.3 Study approach and analytical techniques

The work for this Ph.D. thesis started with extensive field work in the Cyclades (Greece)
and in the Tian Shan (China). The sampling was focused on eclogites that show partial
overprinting by blueschist-facies metamorphism. In the Tian Shan the use of a rock driller
was preferred if outcrops showed detailed structures, which would have been destroyed
when slashed with a hammer. Thin sections of all rocks were examined by polarising
microscopy. Samples showing clear textures of the retrograde eclogite-blueschist trans-
formation were used for further studies. In total, three sequences of eclogite-blueschist
transformation (one from Sifnos in Greece and two from the South Tian Shan in China)
were analysed. Coexisting eclogite and blueschist domains in one sample or drilling core
were separated by hand with a preparation stone saw. Major and trace element contents of
all separated eclogite and blueschist domains were determined by X-ray fluorescence (XRF)
and Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The mineral chemistry of
selected samples was determined on polished thin sections using an electron microprobe
and a Laser Ablation ICP-MS. Whole rock densities were determined with pycnometers
that worked after the principle of displacement. These data were used in combination
with the petrographical observations to estimate the P-T history of the rocks, by using
thermobarometric calculations. P-T pseudosections, calculated with the thermodynamical
calculation program Perple X (Connolly, 1990), were dominantly used. These calculations
required an intensive practice in the use of the program in advance. Element concentra-
tions in eclogite and blueschist domains of the certain sample sequence were compared in
mass-balance calculations, following the method of Ague (2003). When the first results
had been obtained and some parts of the infiltration process had been understood, oxygen
isotope analyses of mineral separates of eclogite and blueschist domains and whole rock
Sr and Nd isotope analyses were performed to constrain the source of the fluids, which
infiltrated the eclogites and caused the blueschist-facies overprint.



4 1. Introduction

1.4 Outline of the thesis

The following main part of this thesis is subdivided into three chapters, which already have
been published (Chapter 2) or have been submitted for publication (Chapter 3) or will be
submitted soon (Chapter 4). The present study focused on a few keypoints:

Chapter 2 describes the processes and the implications of the fluid infiltration on pil-
low basalts of former eclogite-facies mineralogy of the Tian Shan, metamorphosed under
eclogite-facies conditions, where the pillow rims were partially transformed to blueschists.
Detailed geochemical whole rock and mineral analyses allow the investigation of element
mobility during the eclogite-blueschist transformation and the composition of the infiltrat-
ing fluid. P-T pseudosections were calculated, which support the hypothesis that these
pillow basalts were exhumed within a subduction channel, which requires a specific P-T
path. This chapter is already published as:

van der Straaten, F., Schenk, V., John, T., Gao, J. (2008): Blueschist-facies rehy-
dration of eclogites (Tian Shan, NW-China): implications for fluid-rock interaction
in the subduction channel. Chemical Geology, 255 (1-2): 195-219.

Chapter 3 describes in detail two sample sequences in which eclogites became increasingly
transformed to blueschists. The first sequence is from Sifnos and a second one is from
the Tian Shan (FTS 9-1 seq). From both sequences the P-T paths were deduced by
P-T pseudosection calculations. The mineral chemistry gives details about the element
mobility during the eclogite-blueschist transformation. The Tian Shan eclogite-blueschist
transformation is compared to the Sifnos sample sequence in their chemistry, P-T evolution
and exhumation. Finally, it is discussed whether the theoretical concept of uplift within
the serpentinite matrix of the subduction channel applies to the studied samples.

This chapter has been submitted to Contributions to Mineralogy and Petrology:

van der Straaten, F., Schenk, V., John, T.: Fluid-induced chemical and petrophysi-
cal changes associated with the retrograde eclogite-blueschist transformation: Con-
straints for metasomatism and exhumation within a subduction channel. Contribu-
tions to Mineralogy and Petrology.

Chapter 4 combines the results of the two previous chapters with stable and radiogenic
isotope analyses of three eclogite-blueschist transformation sequences from Sifnos and the
Tian Shan. The isotope analyses were made to evaluate the possible lithological source
of the infiltrating fluid. The chemical characteristics of the fluids were obtained by the
combining element chemistry with the results of the mineral oxygen isotope composition
and the whole rock Sr and Nd isotope composition.

This chapter will be submitted to Chemical Geology:
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van der Straaten, F., Schenk, V., John, T., Halama, R.: The chemical and Sr-Nd-
O isotopic compositions of subduction channel fluids: Constraints from eclogites
partially transformed to blueschists. Chemical Geology.

This thesis gives a detailed look at the geochemical signature of subduction channel fluids
and the element mobility during the eclogite-blueschist transformation induced by infil-
trating fluids, which were not much studied until now. The results show that the fluids
acting within the subduction channel have obtained their characteristics by interaction
with serpentinite or rocks of peridotitic composition prior to infiltration into eclogites. The
presented results enhance the understanding of fluid processes in subduction channels.
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Chapter 2

BLUESCHIST-FACIES REHYDRATION OF ECLOGITES
(T1AN SHAN, NW-CHINA): IMPLICATIONS FOR
FLUID-ROCK INTERACTION IN THE SUBDUCTION
CHANNEL

Abstract

Chemical changes associated with the rehydration of dry eclogites to form blueschists were
studied to obtain information about the chemistry of the fluids infiltrating during this
retrograde metamorphic overprint. The studied eclogites of the Tian Shan were formed
during Carboniferous subduction of pillow basalts that show typical ocean island basalt
geochemical signatures. The retrograde P-T path is characterised by decompression asso-
ciated with cooling, typical for fragments of a subducting slab that are ascending in the
cool and hydrated subduction channel. The fluids infiltrating the eclogites are interpreted
to represent dehydration fluids of the down going slab that ascended to the overlying
subduction channel. The rehydration of the eclogites proceeded from the pillow margins
producing two concentric shells consisting of glaucophane-dominated blueschists (inner
shell) and phengite-ankerite blueschists (outer shell) replacing omphacite and garnet of
the eclogite. Mass-balance calculations based on major and trace element compositions of
eclogites and blueschists point to high element mobility during fluid infiltration and asso-
ciated metamorphic reactions. Blueschists show lower contents of REE, Y, Sr, Pb, U, P,
Ca, Na, Al and Si compared to eclogites, indicating a loss of these elements, but they show
higher contents of volatiles, Mg, transition metals and LILE, indicating a gain of these
elements. The chemical changes point to a composition of the infiltrating fluid that has
an affinity to fluids derived from serpentinites, i.e. with low concentrations in Si, Al, Ca
and Na and high concentrations in Mg, Co and Ni. The gain of Cu, Mn, Zn and LILE in
the blueschists points to an addition of a sediment-derived component in the serpentinite-
derived fluid. The pronounced enrichment of K,O and of Ba at constant Ba/Th ratios in
the blueschists resembles those of island arc basalts derived from a fluid-enriched source.
The low element load of the fluid equilibrated with Mg-rich mélange zones induces the mo-
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bility of most of the elements during the eclogite-blueschist transformation to compensate
for disequilibrium between the mafic rock and the infiltrating fluid. The associated vol-
ume loss enhances the fluid infiltration into the eclogite interior. Increasing precipitation
rates and /or diminishing diffusion rates for element removal brought the eclogite-blueschist
transformation to an end, which resulted in the preservation of eclogite in the pillow cores.

2.1 Introduction

Slab-released volatiles in subduction zones are believed to undergo several pathways at
active continental margins. The fluids either expel from the down going plate by sediment
compaction or diagenetic processes and are released through the fore arc (e.g. Fisher, 1996;
Deyhle et al., 2004), or the chemically bound volatiles are successively released from the
down going slab at greater depths due to metamorphic dehydration reactions (Peacock,
1993; Schmidt and Poli, 1998; Riipke et al., 2002). In the latter case the volatiles pass in
part through the volcanic arc system into the atmosphere (e.g. Plank and Langmuir, 1993).
The amount of the mismatch between the volatile input into the subduction zone and the
fluxes through the fore arc and the volcanic arc is believed to be recycled back into the man-
tle (Schmidt and Poli, 1998; Hacker et al., 2003; Riipke et al., 2004; Savov et al., 2007).
However, besides these well established fluid pathways, a probably significant, although
not yet balanced amount of released fluids may flow back along the slab-wedge interface or
penetrate the mantle wedge above the slab and cause hydration reactions, leading to ser-
pentinisation of the mantle wedge peridotite (Peacock, 1996; Gerya et al., 2002; Hyndman
and Peacock, 2003; Scambelluri et al., 2004). The associated changes in the rheology of
the mantle wedge cause an upward movement within the newly formed subduction chan-
nel (Peacock, 1996; Gerya et al., 2002; Hyndman and Peacock, 2003; Scambelluri et al.,
2004). Gerya et al. (2002) showed that the subduction channel is the most likely uplift
pathway for subduction-related high-pressure rocks. Blocks of eclogites break off the slab
and are incorporated into the hydrous mobile regime of the subduction channel (Cloos
and Shreve, 1988; Gerya et al., 2002) and are transported upwards to the surface. The
subduction channel or slab-wedge interface represents a highly reactive mechanical mix-
ture of different lithologies that typically show metasomatised rinds around incorporated
blocks (Bebout and Barton, 2002; King et al., 2006). Basaltic rocks of the oceanic slab
typically experience a very tight P-T loop during their burial and uplift paths, crossing
the blueschist facies, entering the eclogite facies and going back to the blueschist facies.
In the highly hydrated environment of the subduction channel, dry eclogites may get in
contact to wet lithologies and are affected by infiltrating fluids. The eclogite assemblage
of omphacite and garnet may be transformed to the blueschist-facies assemblage of domi-
nantly glaucophane, white mica and carbonate. The newly formed mineral assemblage may
provide information about the composition of the infiltrating fluid and the characteristics
of the rehydration process. Here we describe eclogitic oceanic pillow lava basalts from the
Chinese Tian Shan high-pressure/low-temperature belt that experienced a blueschist-facies
overprint during the uplift. This paper is addressed to give insights into the processes that
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cause the rehydration of eclogites and the P-T-X conditions of the uplift path through
the subduction channel. We examine the process of fluid-rock interaction related to the
retrograde formation of hydrous minerals in eclogites.

2.2 Geology

The high mountains of the Tian Shan extend geographically with a total length of ca. 2500
km in WNW to ESE direction through the countries of Kyrgyzstan, Kazakhstan and the
P. R. of China. The orogeny of the Tian Shan is related to the formation of the Central
Asian Orogenic Belt (Ufimtsev, 1990), as a result of the complex Devonian to Carboniferous
amalgamation of several fragments in Central Asia between the cratons of Siberia, Baltica
and Tarim (Sobolev et al., 1986; Sengdr and Natal’In, 1996; Bykadorov et al., 2003). The
South Tian Shan Fold Belt was formed by the collision of the eastern part of the Kaza-
khstan Block (Yili Central Tian Shan Plate) and the Tarim Craton (Figure 2.1A) as a
result of the closure of the Turkestan Ocean at the northern rim of the Paleo-Tethys Ocean
(Bykadorov et al., 2003). During subduction of the South Tian Shan Ocean (marginal sea
of Turkestan Ocean) the island arc of the future South Tian Shan was formed and welded
with the Yili Central Tian Shan Plate (YCTP, Bykadorov et al., 2003). Relicts of the Paleo
South Tian Shan Ocean and the island arc can be found in the South Tian Shan Fold Belt
as a blueschist belt (first mentioned by Norin, 1941; Liou et al., 1989). This blueschist
belt represents in parts a tectonic mélange and is enclosed between the main thrusts of the
South Tian Shan Suture in the north and the Northern Haerkeshan Peak Fault in the south
(Figure 2.1B). Between the South Tian Shan Suture and the southern margin of the YCTP
a high-temperature/low-pressure zone of dominantly sillimanite-biotite gneisses, granulites
and amphibolites occur together with subduction-related granitoids, which represent the
relicts of a magmatic arc (Gao et al., 1995, 1998). The blueschist belt mainly consists of
metamorphic mafic rocks formed under greenschist-, blueschist- and eclogite-facies condi-
tions, together with minor Silurian marbles and peridotitic lenses. A zone of eclogite- and
blueschist-facies rocks occurs in the centre between greenschist-facies metasediments and
metabasalts (Figure 2.1B). Eclogite occurs in layers of variable thickness, as boudins or
large blocks within the blueschists. Prograde blueschists comprise intercalations of eclog-
ites that form massive blocks and prograde veins or reaction selvages (Gao and Klemd,
2001; Gao et al., 2007; John et al., 2008). Eclogites occur as relicts within retrograde
blueschists as well, which are the topic of this study. Peak metamorphic conditions during
eclogite-facies metamorphism were estimated, as well as the formation of a prograde dehy-
dration vein-network of eclogites within the blueschists by dehydration (Gao and Klemd,
2001; Gao et al., 2007; John et al., 2008) at about 500 to 600°C and up to 20 kbar (Gao
et al., 1999; Klemd et al., 2002). The occurrence of possible UHP metamorphic rocks was
controversially discussed by Zhang et al. (2003) and Klemd (2003). Sm—Nd isochron data
(omp-gln—grt-wr) of 3434+44 Ma and an “°Ar/3°Ar age of 34441 Ma of crossite indicate
peak metamorphism in the Carboniferous (Gao and Klemd, 2003). White mica cooling
ages (K-Ar, Ar-Ar, Rb-Sr) with a mean of 310-311 Ma (Klemd et al., 2005) and a lack of
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blueschist detritus in Carboniferous sediments (Gao et al., 1995) lead to the assumption
that the rocks were exhumed to the surface not earlier than during the Permian.
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Figure 2.1: Geological map of the Southern Tian Shan, modified after Gao et al. (1999). Figure 2.1B
shows the detailed part into the eastern part of the metabasic association. Sample location is indicated by
star.
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2.3 Analytical methods

Major elements were measured by X-ray fluorescence analysis (XRF, Philips PW 1480)
on fused glass discs at the Institut fiir Geowissenschaften, University of Kiel. Values of
BHVO_1 (Flanagan, 1976) was used for standardisation control. Accuracy and precision
are better than 1% (1) for the major oxides (Table A.1).

Trace elements were analysed by ICP-MS (Agilent 7500c) at the same institute. 100
mg pulverised and dried rock powder were digested by pure HF and HNOj in digestion
bombs for four days at 180°C and fumed off with HC1O,4. The final 1% HNOj solution was
diluted 20-fold and spiked with 2.5 ng/ml Beryllium (Be), Indium (In) and Rhenium (Re)
for internal standardisation. Five replicate measurements of each sample were conducted
with breaks for cleaning with a blank reagent. Further details of the procedure can be found
in Garbe-Schonberg (1993) or John et al. (2008). The analytical precision is estimated to
be <10% (1o) according to duplicate analysis of samples and standard (values of BHVO_2
(Wilson, 1997), see Table A.2).

In situ analysis by LA-ICP-MS (Agilent 7500i, quadrupole) were made at the Institut
fiir Mineralogie, University of Wiirzburg. A Nd-YAG laser with 266 nm wavelength is used
for ablation. Argon is used as carrier-gas. Apatite and ankerite were measured with 30%
of the laser activity and silicates with 45% of laser activity. Each sample was measured
15 sec on the background and 20 sec on the mineral. External calibration was carried out
with NIST 612 50 ppm glass disc with values of Pearce et al. (1997). NIST 610, 614 (Table

) and an in-house used standard GranatK23 were used for accuracy determination and
further ablation of NIST 612 was used to obtain the reproducibility. Si concentrations were
used for internal standardisation for silicate analyses and Ca concentrations were used for
phosphate and carbonate analyses. Si and Ca were measured with the electron microprobe
at the University of Kiel. The minimum detection limit equal to 99% confidence level is
defined by 2.3 % y/(2B), where B is the total counts on the background. The minimum
detection is usually at 0.02-0.18 ppm for REE, 0.03-0.10 ppm for HFSE (Zr, Nb, Hf, Ta),
0.27-0.44 ppm for Li and Be, <2.8 ppm B, 0.07—1.7 for transition metals (except <7.3 ppm
for Zn) and 0.02-0.30 ppm for LILE (Cs, Rb, Ba, Sr, Pb, Th). The REE concentrations
of omphacite, glaucophane and white mica are up to 0.01-0.10 ppm above the detection
limit, but usually below these values. LREE (La-Nd) concentrations of garnet are usually
below the detection limit.

Major elements of an ankerite-apatite vein were measured with ICP-OES at the Institut
fiir Geowissenschaften, University of Kiel, except for SiO5. The OES is equipped with the
Spectro Ciros CCD SOP. The pulverised and dried rock powder was separated in four
pieces, each of them 100 mg. Two separates were moistened with triple-distilled water and
diluted in 5ml HCI and after fuming of in 5 ml HNOj3. The other two separates and the
standards were digested two times by 5 ml pure HNO3 and fumed of at 190°C. Final 1%
HNOj solution was diluted 10-fold. For standardisation control, the following standards
were analysed: J-Do dolomite and JLs Limestone (Terashima et al., 1990), MAG_1 and
BHVO_1 basalt (Flanagan, 1976), BCS_CRM 393 limestone (Jochum et al., 2005) and
AC-E granite (Potts and Holbrook, 1987, Table A.1) and laboratory made HNOj3 with 100
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ppm Y. The precision of the analyses (n = 4) is ~5% (1o), except for K;O, NayO and
Aly,O3, which are <0.2 wt%, for which 1o is between 40 and 60%.

Mineral chemical data were obtained by electron microprobe (JEOL JXA 8900R) at
Institut fiir Geowissenschaften, University of Kiel. The microprobe is equipped with five
wavelengths-dispersive spectrometers (WDS). Depending on the analysed mineral phase,
the following acceleration voltages and beam currents were used: 10 kV and 15 nA for
apatite, 15 kV and 15 nA for garnet and phengite, 20 kV and 20 nA for amphibole,
pyroxene, epidote and carbonate. CITZAF corrections were used for matrix correction.

Total carbon measurements were made with a Carlo-Erba instrument in a routine
mode at [IFM-GEOMAR, Kiel. Each sample was measured twice. The analytical precision
is estimated to be <1.2% (1o) according to standards, blanks and duplicate analyses.

Density determinations are based on measurements with a Gay-Lussac pycnometer with
a calibrated volume of 2 ml. Each sample was measured three times and measurements
were repeated if precision of the analysis was >2% (10).

2.4 Field area

The study area is located in Zhaosu County (NW-China). Samples were taken on the
mountainsides at the upper part of the Atantayi River, which is a feeder river of the Akey-
hazhu River, ca 80 km south of the city of Zhaosu (Figure 2.1). The sampling was focused
on eclogitic rocks that were partially transformed to blueschist, which developed as veins
or metasomatic rims within and around peak-metamorphic eclogites. Samples were taken
as drilling cores from a meta-basaltic boulder of four to five meters in size. The boulder
contains rounded relicts of eclogitic pillow structures in dm size, which are surrounded
by blueschist (Figure 2.2A-D). Three main zones can be distinguished according to their
mineralogy: in the centre 1) a homogeneous eclogite surrounded by a rim of 2) light blue
homogeneous glaucophane-dominated blueschist and a wall rock of 3) carbonate and white
mica-bearing, greyish, coarse-grained blueschist. In one eclogitic part of a drilling core
a yellowish ankerite-dominated vein with a thickness of ~3 mm size was found, which is
called ankerite-apatite vein in the following sections.

2.5 Petrology

Sample description

The samples derive from pillow-lava structures in which the dm-sized cores are eclogitic
and the cm-sized rims are glaucophane-dominated blueschists. The overall wall rock
is a blueschist, mainly consisting of glaucophane, white mica (phengite) and carbonate
(ankerite). In total, 25 mechanically separated domains were analysed: 10 samples from
the eclogite core domain, 4 samples from the glaucophane-dominated blueschist, 10 sam-
ples from the phengite-ankerite blueschist domain and one sample from an ankerite-apatite
vein. The constituent minerals occur in different amounts, but the mineral assemblage of all
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Figure 2.2: (cont.) E: Photomicrograph of the eclogite domain (Grt = garnet, Omp = omphacite

, Czo = clinozoisite, Gln = glaucophane). F:

Photomicrograph of the glaucophane-dominated blueschist (Phe = phengite, Rt/Ttn = rutile/titanite). G: Photomicrograph of the phengite-
ankerite blueschist (Ank = ankerite, Bar =

within relict eclogite domain

(

A

p = apatite

barroisite

).

)

titanite is present but not shown

).

H: Photomicrograph of a ankerite

apatite vein found
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domains is the same (Figure 2.3): garnet, omphacite, glaucophane (partly replaced by bar-
roisite), clinozoisite, ankerite (minor calcite), phengite, albite, quartz, apatite, rutile, titan-
ite, zircon and opaque phases. Main phases in the eclogite domain are garnet, omphacite,
clinozoisite, rutile and apatite. Locally, the eclogite has higher abundances of phengite, am-
phibole and ankerite. Glaucophane is the dominant mineral in the glaucophane-dominated
schist, whereas phengite, ankerite and glaucophane are dominant in the phengite-ankerite
blueschist, which forms the main part of the rock boulder.

Eclogite (Ec):

Garnet occurs as euhedral mm-sized porphyroblast with straight grain boundaries (Figure

E and 2.41A) in a matrix of medium-grained omphacite and evenly distributed rutile. No
foliation or preferred orientation of the minerals is found. Sometimes the eclogite is per-
vaded by cracks, which are vanishing in the surrounding blueschist (Figure 2.1A). Quartz,
epidote minerals, sodic and sodic- calcic amphiboles, white mica and rutile are minor com-
ponents in the matrix and enclosed in garnet, too. Intergrowths of white mica with epidote
minerals, chlorite and quartz are found as inclusions in garnet and are interpreted as a re-
placement after lawsonite. They are similar to pseudomorphs after lawsonite described by
Fry and Fyfe (1971) and Okrusch et al. (1978). Omphacite is the main phase in the ma-
trix and also occurs as inclusion in garnet. Some fragments of omphacite in <0.1mm-size
are visible in phengite, glaucophane and ankerite, indicating a replacement or resorption
of omphacite by these minerals. Rutile, if not included in other phases, is partially or
totally replaced by poikiloblastic titanite. Glaucophane shows locally a chemical zonation
indicated by variations in the birefringence. It is marginally surrounded by sodic-calcic
amphibole, primarily barroisite. Epidote minerals form euhedral, inclusion-rich porphy-
roblasts and are irregularly arranged. Mineral inclusions are omphacite, glaucophane or
barroisite and rutile. Ankerite usually occurs in clusters with variable grain size (up to
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3 mm). Albite is very fine-grained and occurs interstitially, but is usually not visible un-
der the microscope but was often detected in back-scattered electron images. Quartz also
occurs as an interstitial phase.

Glaucophane-dominated blueschist (GDB):

Glaucophane is the dominant mineral in this blueschist domain followed by phengite (Fig-
ure 2.2F). Both minerals are fine- to medium-grained. Locally omphacite occurs as relict
inclusions in glaucophane, phengite and ankerite or in the matrix. Garnet forms por-
phyroblasts with uneven grain boundaries displaying a corroded shape. Some garnet is
partially replaced by amphibole, phengite or iron-rich chlorite. Epidote minerals are less
frequent than in the eclogite domain. Epidote minerals have minor inclusions of omphacite
and amphibole. Rutile in the matrix is replaced by poikiloblastic titanite.

Phengite-ankerite blueschist (PAB):

The phengite-ankerite blueschist looks similar to the glaucophane-dominated blueschist
with the exception that here phengite and ankerite are the dominant minerals. Ankerite
and garnet form the largest porphyroblasts in a matrix of glaucophane with barroisite rims,
barroisite, phengite and titanite (Figure 2.2G). The latter often contains relicts of rutile.
Garnet is highly resorbed compared to garnet in the eclogite domain. Epidote minerals
and omphacite are generally absent in the matrix. Several minerals, mostly omphacite,
glaucophane, rutile and opaque phases are enclosed in ankerite. Omphacite relicts are
found in amphiboles and phengite.

Ankerite-apatite vein (AAV):

The drilling core F'TS 4-2.5 shows a yellowish-greyish vein up to 3 mm in thickness cutting
the eclogite domain. It predominantly consists of ankerite (up to 95%) and some apatite
(see Figure 2.2H and Figure 2.3). Ankerite forms the granoblastic matrix with ~1 mm
grain sizes, shows a lot of twins and is often inclusion-rich. Apatite occurs interstitially as
tiny (<0.5 mm) grains.

2.5.1 Mineral chemistry

Major and trace element contents of minerals have been analysed to discuss possible mobili-
sations of these elements during the eclogite-blueschist transformation and the replacement
of eclogitic minerals by blueschist-facies assemblages. Concentrations of selected trace el-
ements will be described in each mineral subsection of this chapter.

Garnet

Garnet of the eclogite domain has an average core composition of almg;—prp7—grses—spss—
adrg with a Xp, [Fe?T/(Fe*™ + Mg)] = 0.90 and a rim average composition of almg—prpio—
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Figure 2.4: A: Photomicrograph of sample FTS 4-3.5. Eclogite domain surrounded by glaucophane-
dominated blueschist (same mineral abbreviations used as in Figure 2.2). Boundary is not sharp. Garnet
in the eclogite is euhedral, in the blueschist it is corroded and partially resorbed. Clinozoisite is euhedral
in eclogite, but increasingly resorbed towards the blueschist. Cracks through the eclogite vanish in the
blueschist. B: Photomicrograph of eclogite showing breakdown of garnet and omphacite to barroisite and
paragonite due to reactions 2.2—2.5. Paragonite is replaced by phengite, presumably during fluid infiltra-
tion. C: Thin section photograph of phengite-ankerite blueschist. Displayed assemblage is a result of the
eclogite-blueschist transformation. Garnet and omphacite are replaced by glaucophane, ankerite, phengite
and clinozoisite. Glaucophane and remaining omphacite reacting to barroisite surrounding glaucophane.
Rutile is replaced by titanite.
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grsgg—sps;—adrg with a Xp. = 0.84. Garnet of the glaucophane-dominated blueschist has
a similar composition of almg;—prps—grss;—spss—adry with a Xp, = 0.89 in the core and
almga—prp11—grses—sps;—adr; with a Xp, = 0.85 at the rim (Table 2.1). Xp., almandine
and spessartine components decrease whereas pyrope and grossular components increase
towards the rim. Semiquantitative element mappings for Mn show low-manganese rims in
garnet of the eclogite domain as well as in the blueschist domain. The eclogite garnet with
straight grain boundaries differs from the garnet in the glaucophane-dominated blueschist,
which shows embayments due to corrosion (Figure 2.5). The Cr content is constant at
~170 ppm, whereas contents of Y and Zr decrease towards the rim from ~900 to 10 ppm
and from ~220 to 10 ppm, respectively (Table 2.2). Chondrite-normalised (Boynton, 1984)
REE patterns of garnet cores show large enrichments in Th-Lu and decreasing normalised
ratios towards the La—Nd (<1 times chondrite, Figure 2.0A). HREE are 70-400 times (Dy)
and 35-700 times (Lu) enriched compared to chondrite composition. Lu concentrations in
garnet rims are similar to the cores, whereas Yb to Gd contents are lower and decrease
towards the MREE, i.e. the (Tb/Yb)y changes from ~0.5 to ~0.1. The REE garnet rim
patterns do not occur in garnet of the blueschist domains, as the rims are absent in the
analysed samples, due to corrosion.

Figure 2.5: Semiquantitative microprobe mappings of Mn in garnet: A in eclogite domain, B in glauco-
phane schist domain of sample FTS 4-3.5 (yellow colours indicate higher Mn concentrations than green
or blue colours). Eclogitic garnet is characterised by euhedral grains and distinct low Mn-rim. Blueschist-
facies garnet has same composition as eclogite garnet, but has corroded grain boundaries, indicating
resorption by metamorphic reactions.
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Clinopyroxene

Nearly all pyroxenes of the eclogite and blueschist domains can be classified as omphacite
according to the nomenclature of Morimoto (1988), Figure 2.7A. Omphacite in the eclogite
domain is characterised by slightly higher calcium and higher acmite [Ae = (Na- A1Y?)/(Na
+ Ca)] contents, compared to omphacite in the blueschist domains. Omphacite enclosed
in garnet from both domains shows increasing jadeite [Jd = (A1Y!/(Na + Ca)] component
from mean 25 mol.% in the core to mean 37 mol.% (max. 41 mol.%) in the rim of garnet,
both with a mean acmite component of 13 to 16 mol.%. Matrix-omphacite and fragments
enclosed in epidote minerals have mean jadeite and acmite contents of 37 mol.% and 814
mol.%, respectively, which is similar to omphacite enclosed in garnet rims. Omphacite
relicts enclosed in glaucophane, phengite and ankerite have very similar jadeite (average
34 mol.%) and acmite components (10-15 mol.%) as the matrix grains (Table 2.1). LA-
ICP-MS measurements show Li and B contents up to 130 and 27 ppm, respectively. Cr,
Mn and Ni contents are about 200 and 300 ppm and Sr, Rb, Co and Cu contents are
around 20 ppm.

Amphibole

The analysed amphiboles are either glaucophane or barroisite (Figure 2.7B) according
to the classification of Leake et al. (1997). Glaucophane in the matrix and grains that
are enclosed by other minerals show no significant difference. The Xpg+ [Fe?t/(Fe?"
+ AIV1)] values are between 0.07 and 0.25 with no visible zonation in the grains. Xp,
[Fe?t /(Fe*™ + Mg)] values are relatively constant and range from 0.24 to 0.32. There
are two types of barroisite: the first type was formed earlier and is enclosed in garnet of
the eclogites and blueschists and occasionally occurs as inclusion in epidote minerals; the
second type was formed late and forms rims around matrix-glaucophane. The first type
has a higher Xp. of 0.4-0.5 and A1’V of 0.85-1.3 pfu (per formula unit) whereas the second
type has lower X, of 0.25-0.35 and Al'Y of 0.5-1.0 pfu (Table 2.1). The chemical variation
found in barroisite surrounding glaucophane can be explained by a reaction involving
the plagioclase-substitution expressed as NaS iC’a_lAl[fY] together with the Ca-tschermak
component of adjacent omphacite to form barroisite and jadeite (Reaction 2.1).

NayM g3 Aly[SisO20](OH )s + CaAlV DAV S04 — (2.1)
CaNaM g3 Aly[AlSiz09](OH)y + NaAlSi;Og '

glaucophane + ca-tschermak — barroisite + jadeite

According to this reaction the A position of the newly formed amphibole should not contain
Na. This is in agreement with the mineral chemical data (Table 2.1). The reaction of
glaucophane with omphacite forming barroisite produces also a jadeite component, which
can explain the higher jadeite content in omphacite of the blueschist domains (Figure 2.7A).
Chondrite-normalised REE concentrations of glaucophane and omphacite show slightly
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Figure 2.6: Chondrite-normalised (Boynton, 1984) REE concentrations of A garnet, B omphacite and
glaucophane, C clinozoisite, D titanite, E apatite in eclogite domain and F in ankerite-apatite vein. A:
Filled circles show core composition of garnets in eclogite as well as in blueschist. Concentrations of Gd to
Yb decrease toward the rims composition. Rim composition is absent in resorbed garnet of blueschist. B:
Omphacite and glaucophane show nearly identical concave pattern. C: clinozoisite enclosed in garnet show
distinct Eu anomaly, clinozoisite in eclogite and in blueschist do not differ significantly in composition. D:
Titanite newly formed in blueschist at the expense of rutile shows slightly enriched concentrations. E & F:
Newly precipitated apatite differs from apatite in eclogite by lower HREE concentrations. Both apatites
are important carrier for LREE.



21

2.5 Petrology

([pAllV+4g0d)/ 1o 167X ‘posheue jou

¢ - {poJe[MO[Ed JOU :'O°U {JIWI[ UOIFORI0P IopUn :())°() ‘AI1}OWOIYDI0)S SUIUNSSE POJRINO(ed 4 (o

¥Z°0 vE0 0€°0 82°0 €70 060 780 68°0 G680 2y
91°0 TC 0 91°0 81°0 070 6£°0 he?dy 200 10°0 PV
010 44l PVY ¥2°0 920 12°0 SZ0 S4OY
o 92°0 Pry 2070 Zro 80°0 110 didy
200 10°0 z0'0 10°0 sdsy
290 19°0 290 29°0 vy
9 9 €1 €1 €1 €z €T €z g1I qTI Q1T g 1T O jo siseq
000'F 000'% £€0'8 990'8 100°8 ST6TT TLT'GT T€€°CT 7862 G66'L 0008 0008 Tesor,
100°0 100°0 - - - 000°0 %00°0 0000 - - - - IN
- - - - - 0000 0000 To0'0 - - - - eg
- - 900°0 120°0 $00°0 €00°0 0000 ¥00°0 - - - - g
1000 0000 0000 000°0 100°0 £00°0 €€0°0 Tro0 - - - - M
€670 89%°0 z00'0 0000 2000 08L'T ge0'T ¥eTT - - - - eN
870 6670 9%6'T 8G6'T 986'T z9T'0 Z0T'T 620'T L0470 ¥6L°0 069°0 18L°0 Lle)
0000 2000 700°0 2000 2000 000°0 600°0 8100 9500 120°0 0L0°0 620°0 uy
TIv0 8L£°0 020°0 z10°0 z10°0 ¥ITC 0£9°C 186'T 122°0 6%€°0 €720 9€€°0 SIN
100°0 100°0 700°0 0000 000 20070 0000 20070 1000 0000 0000 000°0 D
8210 86T°0 £50°0 €20°0 0000 G68°0 0€0°T SLY'T 966'T £es'T ¥00°C 698°'T +zod
080°0 9810 0870 799°0 8870 84€°0 Te80 16970 0000 0000 0€0°0 L1070 Lo
66£°0 720 09T 0veC 06¥%'C TTo'1 78L°0 0260 GL6'T £86'T 9G6'T 7L6'T AV
0000 0000 000°0 20070 1000 80T'0 629°0 ge6'0 0000 0000 0000 0000 v
0000 2000 600°0 5000 8000 700°0 L10°0 £20°0 1100 7000 0000 000°0 187
00T z10e zoo'e £66'C 666'C T68'L 1LE°L G90'L L10°€ 010°'¢ L00°€ S00°'¢ 1S
¥£°66 9%°66 89°L6 16'96 60°L6 88°96 a8'26 19°'26 1S°66 €1°66 90°00T 98°001 [esor,
€0°0 z0'0 - - - - €0°0 - - - - - OIN
- - - - - 10°0 - 700 - - - - oed
- - ¥1°0 SH'0 010 70°0 - 700 - - - - 018
10°0 000 000 000 10°0 200 8T°0 €20 - - - - 0%
Y0°L £g'9 10°0 000 10°0 £9'9 9.°¢ iaad - - - - O%eN
¥4t 84°CT 12°€2 06°2¢ 16°€T 60'T vT'L 699 ¥T'8 LE°6 01’8 €6 o®D
10°0 €00 20°0 ¥0°0 ¥0°0 000 20°0 ¥1°0 780 1€°0 Y0'1 0 OUuN
992, eg'9 L1°0 010 01’0 izal)! TyeT 106 a8'T 96°'C c0'g 88°C OSIN
200 €00 L0°0 000 1T°0 200 000 90°0 200 000 000 000 €01
¥6°C 0.9 i) 18°6 €78 er'e 86'F e 000 000 00°0 000 €0%
9z 4] cL0 66°0 000 €L 198 e1°el 7862 1L°L2 v1°0€ 1%'8¢ 0°d
06'9 el 1€'8 1601 €T'8 z801 qr'el €0°LT 7862 1L°2T 65°0€ 89°8% [303]a1
6£°6 78'¢g 8T°LT 9672 18'92 09°0T €78 08°0T ¥6°0T LT°1T 88°0T 0¥’ 12 €OV
000 L0°0 cT'0 60°0 €10 70°0 91°0 12°0 8T°0 L0°0 000 000 TOLL
09°G¢ 687¢ 9¢'8¢ 1928 70°8¢ 66°99 06'1S 87'8F 0L°LE 70°8¢ T8LE 07'8¢ (Jo)S
X1IjRW 118 ut 118 ur 9100 wiLx X1Ijyeut XLIyeut 118 ur 910D wiLx 9100 wILx JUOWIUIO))
912 961 002 18 99 18¢ 15¢ LLT 191 0€T G61 £TT “ON-sIsA[euy
99180100  93180[00  93180[00  9SIYOSeN[q  ISIYOseN[q  9SIYOsen[q  IsIyosenyq  IsIiyosen|q  93180[00  93180[00  IsIydsen[q  ISIYdsen[q  Urewo(]
dur dur 0z)) 0z 0z urn) Ieq Teq hReS) 10 1D 115 [eIouIN

"STRISUINI SOTORJ-ISIYISON[( PUR -93180[09 Jo sasATeue 9qo1doIdTll U0IYOR[H :T°Z O[qelL



hannel

10n C

the subduct

ion in

2. Fluid-rock interact

22

Table 2.1: (cont.) Electron microprobe analyses of eclogite- and blueschist-facies minerals.

Mineral Omp Omp Omp Omp Omp Phe Phe Phe Phe Pg Pg Ank
Domain  blueschist  blueschist  eclogite eclogite eclogite blueschist  blueschist  blueschist  blueschist  blueschist  blueschist  eclogite
Analysis-No. 15 33 35 40 52 19 21 196 201 98 117 52
Comment in phe in gln in gln in ep in ank rim core core rim in grt in grt core
SiOg 55.62 55.77 55.68 56.08 55.52 51.83 51.85 49.75 49.60 45.63 46.15 -
TiO2 0.02 0.03 0.05 0.04 0.00 0.24 0.28 0.38 0.25 0.03 0.01 -
Al2O3 9.17 8.04 9.13 9.22 8.69 26.52 26.65 28.17 29.06 40.84 39.93 -
Fe[tot] 8.41 8.62 9.52 7.79 7.85 3.19 3.12 3.07 3.47 0.59 0.62 10.15
FeO 3.81 5.48 4.80 4.31 4.11 n.c. n.c. n.c. n.c. n.c. n.c. n.c.
Fe2 O3 5.11 3.49 5.25 3.87 4.15 n.c. n.c. n.c. n.c. n.c. n.c. n.c.
Cra03 0.02 0.03 0.04 0.08 0.02 0.09 0.03 0.11 0.01 0.04 0.02 -
MgO 7.12 7.56 6.75 7.26 7.42 3.49 3.50 2.98 2.66 0.09 0.13 15.15
MnO 0.02 0.06 0.03 0.00 0.00 0.00 0.01 0.02 0.02 0.02 0.01 0.13
CaO 11.55 14.09 11.29 12.38 12.95 0.05 0.02 0.08 0.05 1.30 0.86 27.82
NasO 7.35 6.40 7.61 7.32 7.00 0.45 0.52 0.63 0.77 6.52 6.79 -
K20 0.37 0.00 0.00 0.02 0.00 10.18 10.40 10.10 10.10 0.01 0.31 -
SrO 0.02 0.01 0.04 0.00 0.01 0.37 0.32 0.36 0.35 0.18 0.18 0.07
BaO 0.03 0.04 0.02 0.01 0.02 0.05 0.00 0.02 0.00 0.00 0.00 0.02
NiO 0.00 0.00 0.00 0.00 0.00 0.13 0.12 0.14 0.12 0.01 0.00 -
Zn0O - - - - - - - - - - - 0.05
CuO - - - - - - - - - - - 0.03
Total 100.22 100.99 100.68 100.58 99.90 96.59 96.82 95.81 96.47 95.25 94.95 53.42
Si 2.000 2.004 1.999 2.005 2.003 3.430 3.425 3.327 3.299 2.918 2.961 -
Ti 0.001 0.001 0.001 0.001 0.000 0.012 0.014 0.019 0.013 0.001 0.000 -
AllIV] 0.000 0.000 0.001 0.000 0.000 2.069 2.075 2.220 2.278 3.078 3.020 -
AlVI] 0.389 0.340 0.385 0.389 0.370 - - - - - - -
Fe3+ 0.138 0.094 0.142 0.104 0.113 - - - - - - -
Fe2t 0.256 0.261 0.144 0.129 0.124 0.177 0.172 0.172 0.193 0.031 0.033 3.334
Cr 0.001 0.001 0.001 0.002 0.001 0.005 0.002 0.006 0.000 0.002 0.001 -
Mg 0.382 0.405 0.361 0.387 0.399 0.344 0.345 0.297 0.264 0.009 0.012 8.873
Mn 0.001 0.002 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.044
Ca 0.445 0.542 0.434 0.474 0.501 0.004 0.001 0.005 0.004 0.089 0.059 11.707
Na 0.512 0.446 0.530 0.508 0.490 0.058 0.067 0.082 0.099 0.808 0.845 -
K 0.017 0.000 0.000 0.001 0.000 0.860 0.876 0.862 0.857 0.001 0.025 -
Sr - - - - - 0.014 0.012 0.014 0.013 0.007 0.005 0.016
Ba - - - - - 0.001 0.000 0.001 0.000 0.000 0.000 0.003
Ni 0.000 0.000 0.000 0.000 0.000 0.007 0.006 0.008 0.007 0.000 0.001 -
Zn - - - - - - - - - - - 0.014
Cu - - - - - - - - - - - 0.010
Total 3.999 4.000 3.999 4.000 4.000 6.980 6.995 7.013 7.027 6.946 6.962 24.000
Basis of O 6 6 6 6 6 11 11 11 11 11 11 24
XFe 0.23 0.29 0.29 0.25 0.24 0.34 0.33 0.37 0.42 0.78 0.78 0.27
X4 0.41 0.34 0.40 0.40 0.37
XAe 0.13 0.11 0.15 0.12 0.12
XNa 0.06 0.07 0.09 0.10 0.90 0.91

Fe3¥T: calculated assuming stoichiometry; 0.00: under detection limit; n.c.: not calculated; - :

not analysed; X n,: Na/(Nat+K+Ca)
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Figure 2.7: Mineral compositions of eclogite and blueschist domains. A: Triangle for clinopyroxene
classification after Morimoto (1988). Eclogitic omphacite differ from omphacite in blueschist in slightly
higher jadeite and lower aegerine component; Quad = Ca-Mg-Fe pyroxene. B: Amphibole classification
after Leake et al. (1997), dark filled dots: Inclusions in garnet, light filled dots: matrix amphibole. C:
Clinozoisite of matrix differs from clinozoisite enclosed in garnet in higher Fe* and Sr contents. D: White
mica composition, phengite inclusions correspond to garnet in eclogite and blueschist domains.

enriched (1-10 times) concave pattern (Figure 2.0B). LREE and HREE are more enriched
than Nd-Dy with (Ce/Tb)y of ~3. Mean concentrations of Cr, Ni, V and Co are about
230, 300, 290 and 40 ppm, respectively, and Zn contents range between 100 and 145 ppm.
These values are similar to those of clinopyroxene. Cu is very low in glaucophane.

Epidote minerals

All analysed epidote minerals can be classified as clinozoisite according to the nomenclature
of Armbruster et al. (2006). Two different types of clinozoisite can be distinguished based
on texture and chemical characteristics: type 1) clinozoisite forms inclusions in garnet. The
Xpes+ [FeT/(Fe3t and A1V7)] varies from 0.09 to 0.16 and the Sr content is low with values
of up to 0.007 pfu (11.5 O basis), type 2) clinozoisite in the matrix differs from inclusions in
garnet in Xpe+ (0.16 to 0.22) and a distinctly higher Sr content of up to 0.022 pfu (Figure
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C). Clinozoisite of the matrix shows a zonation with decreasing Xp.3+ + and Sr from
core to rim and increasing Cr content (Table 2.1). Clinozoisite inclusions in garnet have
lower contents of Pb (mean 10 ppm) and Y (mean 70 ppm) compared to clinozoisite in
the matrix (Pb <40 ppm, Y <220 ppm) and higher Mn contents of about 500-1000 ppm
compared to 100-150 ppm in clinozoisite enclosed in garnet. Chondrite-normalised REE
patterns of clinozoisite in garnet (Figure 2.6C) show a clear positive Eu-anomaly possibly
inherited from plagioclase. It has slightly lower REE concentrations (20-400 times of
LREE and 1-20 times HREE) compared to those of the clinozoisite in the matrix (80-1900
times LREE, 3-16 times HREE). The fractionation between LREE and HREE expressed
as (Ce/Yb)y changes from ~10 in inclusions to ~20 in matrix grains.

White mica

White mica occurs as paragonite and phengite. Paragonite generally occurs as isolated
inclusions in garnet. In contrast phengite rarely occurs as isolated inclusion in garnet
but is often intergrown with chlorite, quartz and clinozoisite forming inclusions in garnet.
Phengite also occurs in the matrix, particularly of the blueschist domains. Xy, [Na/(Na
+ Ca + K)] varies in paragonite between 0.80 and 0.97 whereas Xy, in phengite varies
between 0.04 and 0.10. Two textural settings of phengite can be distinguished: 1) inclusions
in garnet with Si contents of 3.38 to 3.50 pfu and 2) phengite in the matrix with Si contents
of 3.30 to 3.43 pfu (Figure 2.7D). Some LILE are enriched in phengite as it contains 2000
to 3200 ppm Ba and on average, 200 ppm Rb, 7 ppm Cs and 40 ppm Li and B each.

Carbonate

Carbonate is ankerite (nomenclature of Deer et al., 1992) and has Xpg, [Fe*™/(Fe*™ + Mg)]
values of around 0.25. Calcite occurs interstitially between ankerite grains. Cr, Cu, Sr, Ba
and Mn concentrations are higher in calcite than in ankerite. Mn concentrations are up
to 2400 ppm. LA-ICP-MS data show high contents of transition metals (Co and Ni mean
50 ppm, Zn <90 ppm, Cu <140 ppm) and of Sr (400-700 ppm) and Pb (2.5-5.5 ppm).
Ankerite in the ankerite-apatite vein has approximately the same composition as ankerite
in the matrix of the eclogite and blueschist domains.

Rutile/titanite

Rutile occurs in the matrix and is enclosed in every other rock-forming phase of the eclogites
and blueschists. In back-scattered electron images, rutile can show exsolutions of ilmenite
as very fine (<1mm) lamellae. Rutile inclusions in garnet having itself a titanite inclusion
may indicate the prograde growth of rutile at the expense of titanite. Titanite shows
slightly enriched chondrite-normalised REE pattern with a maximum between Sm and Tb,
(12-18 times chondrite) with (Ce/Yb)y of about 2 (Figure 2.6D). Titanite shows high
contents of transition metals (e.g. 260 ppm V, 150 ppm Cr), and of Nb (~160 ppm), Ta
(~17 ppm) and Li (~24 ppm, Table 2.1).
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Apatite

Apatite is common in the eclogite domain and almost absent in the blueschist domains.
Apatite shows a slightly curved REE pattern with highest concentrations in the MREE (up
to 100 times chondrite) (Figure 2.0E). The REE enrichment varies between 30-100 times
with the maximum in Gd. HREE decrease towards Lu with (Ce/Yb)y of ~2. Mn and Y
contents reach maximum values of 90 and 135 ppm, respectively, and maximum Sr and Pb
contents are 780 and 3.5 ppm, respectively. The apatite in the ankerite-apatite vein differs
in its REE pattern from those of the eclogite domain. LREE and MREE are strongly
enriched in apatite of the vein (max. 140 times chondrite for Ce to Gd) with decreasing
pattern towards Lu (4-18 times) with a (Ce/Yb)y of 20 (Figure 2.6F). Contents of mean
Mn, Y, Sr and Pb are similar to contents in apatite of the eclogite domain (140, 72, 700
and 2 ppm, respectively; Table 2.2).

2.5.2 Metamorphic reaction history

A prograde metamorphic evolution of the eclogites through the blueschist facies is indi-
cated by inclusions in garnet, consisting of sodic-calcic amphibole, clinozoisite, white mica
(paragonite) and pseudomorphs after lawsonite consisting of white mica (phengite with
paragonite lamellae), clinozoisite and quartz. Inclusions of omphacite in garnet indicate
the stable coexistence of both minerals under eclogite-facies conditions. During rehydra-
tion of the rock, glaucophane, white mica and ankerite were growing at the expense of
the eclogitic assemblage garnet and omphacite. Relicts of the latter mineral are found as
fragments in glaucophane, phengite, ankerite and clinozoisite. These textures occur in all
three petrographically distinguished domains. The retrograde eclogite-blueschist transfor-
mation can be described by several reactions. For simplicity, all reactions are expressed
for Mg-endmember compositions in a K-free system although white mica in eclogites and
blueschists is dominantly phengite. The transformation from eclogite to blueschist can
be deduced best from mineral reaction textures seen in the preserved eclogite domain, as
this domain was affected least by the fluid infiltration. Reactions 2.2-2.5 (Evans, 1990;
Gao and Klemd, 2001) and Figure 2.1B and 2.1C show the breakdown of omphacite and
garnet to hydrous minerals as glaucophane and paragonite/phengite and to carbonate as
dolomite/ankerite.

3Jd+ Prp+2 Qtz+ 3 H,O — Gin+ Pg
4 Jd+2 Di+2 Prp+4 Qtz+4H,0 — Gin+Tr +2 Pg
3Jd+ Di+ Prp+ 2 HyO +2 COy — Gln+ Pg+ Dol

(2.
(2.
(2.
8 Jd+3 Prp+ Grs+6 HO+6 COy — 4 Pg+ 2 Gln+ 3 Dol (2.

T = W N
= D =

Reaction 2.3 describes the often observed late-stage formation of sodic-calcic amphibole
intermediate between glaucophane and tremolite. Clinozoisite is rare in the glaucophane-
dominated blueschist and is absent in the phengite-ankerite blueschist, which may indicate
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that clinozoisite was stable in the eclogite and became successively replaced towards the
blueschist domains. The consumption of clinozoisite can be related to reaction (Evans,
1990). This reaction can only take place where water and glaucophane are present in
sufficient amounts, which is the case in the GDB and in the PAB but not in the eclogite
domain.

10 Gln+6 Czo+ 10 Qtz +2 H,O — 11 Ab+9 Pg+6 Tr (2.6)

Titanite usually contains relicts of rutile as inclusions indicating the replacement of the
latter. Titanite may be formed during the eclogite-blueschist transformation according to
the reaction 2.7. Rutile occurs as inclusion in all other phases but most of the rutile in the
matrix is replaced by titanite.

3 Di+2 Jd+3 Rt + Qtz + H,0 — Gln+ 3 Ttn (2.7)

2.5.3 P-T evolution

The burial and uplift paths of high pressure rocks related to subduction channel processes,
i.e. processes in the partially serpentinised mantle wedge, should describe a rather tight
P-T loop either clockwise or anti-clockwise, where the uplift path is characterised by con-
temporaneous decompression and cooling (Gerya et al., 2002). In order to reconstruct
the P-T evolution of the investigated samples several Fe-Mg exchange thermometers and
the phengite-clinopyroxene-garnet barometer were applied and linked with P-T pseudosec-
tions generated with Perple X (Connolly, 1990, Table A.5). Peak-metamorphic conditions
were calculated for a nearly unaltered eclogite composition in the KCNMnFMASH system
(Figure 2.8). Information about P-T conditions during the prograde burial can be ob-
tained from pseudomorphs after lawsonite included in garnet. The assemblage chlorite +
omphacite + white mica + sodic-calcic amphibole + garnet + lawsonite + quartz (Stage
A) was stable below 470°C (Figure 2.8E). Highest Si contents of 3.50 pfu in white mica
(shown as isopleths in Figure 2.8C) restrict the pressure to <15.5 kbar at 450°C. Three
textural different omphacite-garnet pairs give temperatures of three different eclogite-facies
stages. Stage B (Figure 2.8E) can be obtained from omphacite inclusions in the core of
garnet resulting in temperatures of 540+£25°C (calibration of Powell, 1985) and 5604+20°C
(calibration of Ellis and Green, 1979).

The mineral assemblage chlorite + omphacite + white mica + sodic-calcic amphibole
+ garnet + lawsonite + quartz was replaced during prograde heating after passing inter-
mediate stability fields, by the assemblage omphacite + white mica 4+ garnet + zoisite +
quartz (Figure 2.8A). Because kyanite is absent, but paragonite and omphacite are com-
mon as inclusions in garnet, an upper limit for the pressure during stage B and C can
be obtained from the equilibrium pg=ky+jdso+H2O (Holland, 1979). This restricts the
maximum pressure to <20 kbar in the range 500 to 650°C. Temperatures of 605+30°C
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Figure 2.8: A: P-T pseudosection (Perple_X; Connolly, 1990) for eclogite calculated in the KCNMnFMASH system, using the bulk rock
composition given in the white box. HO is in excess. Light to dark grey fields correspond to di-, tri-, quadri-, five- and six-variant fields,
respectively. Narrow or small field labels are not mentioned for clarity (g = garnet, om = omphacite, wm = white mica, nam = sodic-calcic
amphibole, zo = zoisite, chl = chorite, law = lawsonite, ab = albite, ¢ = quartz). White mica composition is phengite (above 16 kbar, <1 Vol%)
and paragonite under 16 kbar. B: Xy, [Na/ (Na + Ca)] isopleths of omphacite. C: Si pfu in white mica isopleths. D: Xy, [Na/ (Na + K)]
isopleths of white mica. E: Results from Fe-Mg exchange thermometry and phengite-garnet-pyroxene barometry. Stage A corresponds to the
eclogitic assemblage with stable lawsonite related from pseudomorphs after lawsonite enclosed in garnet. Stage B corresponds to grteore—0mp;ne;
pairs (in vertical dashed lines calibration after Powell (1985), in vertical drawn through lines calibration after (Ellis and Green, 1979) for the
stage C and D, too). Stage C corresponds to grt,.;,—omp;, pairs. Horizontal dotted lines represent the pressure of phe;,e—grtim—0mpiyc
in the range between Si pfu of 3.42 and 3.46 (calibration after Watson et al., 2006). Thick dotted line shows the paragonite breakdown after
(Holland, 1979). F: Stage D corresponds to grt,;;—0mpmatriz Pairs and phepatriz—gtrim—O0MpPmatriz 0 the range of Si pfu of 3.42 and 3.32.
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Figure 2.9: A: P-T pseudosection (Perple_X; Connolly, 1990) for phengite-ankerite blueschist calculated
in the KCNMnFMASHC system, using the bulk rock composition given in the white box. HyO and CO,
are in excess with Xcp, = 0.07. Light to dark grey fields correspond to tri-, quadri-, five- and six-variant
fields, respectively (g = garnet, om = omphacite, nam = sodic-calcic amphibole, chl = chlorite, wm =
white mica, ank = ankerite, ¢ = quartz). B: in dashed lines: density isopleths; in dotted lines: Nag pfu
in amphibole isopleths. The circle in D marks the possible P-T condition in agreement with the estimated
mineral amounts and the pyknometer measurements. Arrow in D shows the retrograde P-T path from
Figure 2.9B for comparision.

(Powell, 1985) and 640+15°C (Ellis and Green, 1979) were calculated with omphacite in-
clusions and garnet rims and are attributed to peak metamorphism (Stage C, Figure 2.8E
and 2.8F). The associated pressure deduced from Xy, [Na/ (Na + Ca)] isopleths of 0.41
in omphacite (highest observed jadeite content), and from phengite-clinopyroxene-garnet
barometry (Waters and Martin, 1993) is at 19.5+1 kbar due to Si contents between 3.42
and 3.46 pfu in phengite. At peak-metamorphic temperatures of 650°C the isopleth of 3.40
Si pfu in white mica indicates a pressure of 21 kbar (Figure 2.8C). The stability field of
the zoisite-free eclogite assemblage omphacite + white mica + garnet + quartz at P >22
kbar was not reached during peak metamorphism. The retrograde stage D, which is still in
the omphacite + white mica + garnet + quartz stability field, shows lower conditions with
temperatures of 560+30°C (Powell, 1985) and 590+30°C (Ellis and Green, 1979) derived
from matrix-omphacite and garnet rim composition and pressures between 15 and 19.5
kbar derived from phengite-garnet-pyroxene barometry (Waters and Martin, 1993, garnet
rim, matrix omphacite rim and matrix phengite with Si between 3.29 and 3.43 pfu, Figure
2.8F). The isopleth of 3.30 Si pfu in matrix white mica indicates a pressure of 14 kbar
(Figure 2.8C) whereas the Xy, = [Na/ (Na + K)] isopleth of 0.10 in matrix white mica
gives a pressure of 16 kbar (Figure 2.8D). The Xy, = [Na/ (Na + Ca)] isopleth of 0.37
in matrix pyroxene indicates a pressure of about 15 kbar (Figure 2.8B). In summary, the
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latest preserved retrograde P-T conditions can be estimated at 1541 kbar and 580+50°C.
Conditions of the phengite-ankerite blueschist were calculated in the KCNMnFMASHC
system. Xcp, of the fluid phase was assumed at 0.07. With this X¢p, value the calculated
ankerite content of the ankerite-phengite blueschist during the metamorphic stage D cor-
responds to the modal proportion observed in the rock. The retrograde P-T path cannot
be derived from P-T pseudosections alone, as the stability field of the assemblage chlorite
+ white mica + sodic-calcic amphibole + ankerite + garnet + quartz is very large (Figure

A). Additional information is given by the measured density of 3.09 g/cm?® (Table 2.3)
and the Na contents between 1.70 and 1.80 in the B position (Nag) of the coexisting sodic
amphibole (Table 2.1). The calculated isopleths (Perple_X) of the density and of the Nag
contents of amphibole (Figure 2.9B), are crossing the P-T conditions of 1541 kbar and
580+£10°C. In conclusion, the density, the Nag content of sodic amphibole and the mineral
assemblage of the phengite-ankerite blueschist are in agreement with the retrograde P-T
conditions (Stage D) deduced from the eclogite (Figure 2.8B-F). Subsequent to this stage
the retrograde overprinting stopped and no new minerals were formed.

2.6 Bulk rock geochemistry

2.6.1 Eclogite domain

Eclogite domains (n = 10) contain on average ~47 wt% SiOq, 3.3 wt% Na,O and 0.9
wt% K,0O. This corresponds to a basaltic to trachybasaltic composition according to the
Si0y vs. KoO + NayO relation. The Co vs. Th ratios, which might be more useful for
altered rocks (Hastie et al., 2007), point to the same type of protholiths. The mean LOI
is 3.83 wt% and the analysed CO, content is 3.14 wt%. This results in a calculated H,O
content of 0.69 wt% (Table 2.3). The chondrite-normalised REE pattern shows a steep
negative slope with (Ce/Yb)y of ~4, with LREE of about 52 times and HREE of about
11 times the chondritic values (Figure A). MORB-normalised trace element patterns
show decreasing enrichments with decreasing incompatibility. Zr/Hf and Nb/Ta ratios
are around 42 and 16 and are similar to those of OIB (ocean island basalt; Pfander et al.
(2007)). Gd-Lu concentrations are lower than those of MORB, whereas the concentrations
of LILE are higher (e.g. Cs ~50 times and Ba ~10 times, Figure A). The MORB-
normalised trace element pattern of an OIB (Wilson, 1997; Naumann et al., 2002) is very
similar to the eclogite pattern (Figure B) except for highly fluid-mobile LILE (Cs, Rb,
Ba and K). In conclusion, the MORB-normalised and chondrite-normalised trace element
contents make it likely that OIB were the precursor rocks of the eclogites of the Tian Shan.

2.6.2 Blueschist domains

Compared to the composition of the eclogites the SiO; and NayO concentrations in
the glaucophane-dominated blueschist domains (N = 4) do not differ significantly,
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but the K;O content increases from 0.87 to 1.88 wt%. In addition, the concentra-
tions of all other major elements, with the exception of CaO and P50j5, increase.
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Figure 2.10: A: Chondrite-normalised (Boynton,
1984) REE patterns of all eclogite and blueschist do-
mains, average composition are used. B: MORB-
normalised multielement diagram. MORB composi-
tion is that of Hart et al. (1999), OIB is represented
by basalts from Hawaii (standard BHVO-2, USGS
(Wilson, 1997)) and basalts from Galapagos (Nau-
mann et al., 2002), and the average oceanic island
arc is after Kelemen et al. (2003). Eclogite composi-
tion shows in both diagrams a strong affinity to OIB
assumed to be the precursor rock of the eclogite.

The LOI increases for 0.9 wt% to 4.72
wt%, with a slight increase of CO, and
H,0 to 3.40 wt% and 1.32 wt%, respec-
tively. The phengite-ankerite blueschist (N
= 10) has, on average, 42.6 wt% SiOa,
which is much lower than in the eclo-
gite domain. TiOy, Al O3, Fe[tot], MgO,
P,05 and H,O values are similar to those
of the glaucophane-dominated blueschist,
but are still higher than those of the ec-
logite domain, except for P,Os;. Com-
pared to the eclogite domain, MnO, K,O
and CO, contents are higher. The LOI
increases from 3.8 to 7.5 wt% with 6.3
wt% COg and 1.2 wt% HyO (Table 2.3).
Chondrite-normalised REE patterns are
similar to those of the eclogites but dis-
play lower concentrations (HREE ~9 times
and LREE ~40-43 times chondrite; Figure
2.10A). Both blueschist domains have al-
most identical Dy—Lu concentrations, but
La—Tb concentrations are slightly higher
in the glaucophane-dominated blueschist.
MORB-normalised trace element patterns
(Figure 2.10B) show a progressive in-
crease of LILE (Cs, Rb, Ba and K) from
the eclogite towards the phengite-ankerite
blueschist domain (e.g. Cs up to 157
times enriched MORB) and a continuous
decrease for Sr and P. HFSE contents in-
crease slightly in the blueschist domains
compared to the eclogite domains, but the

HFSE ratios do not change (Figure 2.12A). Ratios of Zr/Hf and Nb/Ta of ~42 and ~16
of all three domains are in accordance with those ratios in OIB (Pfénder et al., 2007).
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Table 2.3: Major and trace element analyses of mechanically separated eclogite and blueschist domains
(E 81°15’38.3”, N 42°28’59.17).

sample FTS FTS FTS FTS FTS FTS FTS FTS FTS FTS
4-1.1 4-1.2 4-1.3 4-1.3 4-1.4 4-1.4 4-1.5 4-1.5 4-2.1 4-2.2
domain PAB PAB Ec Ec Ec PAB GDB Ec PAB PAB
SiOg 42.32 47.11 49.67 49.48 44.64 36.46 51.56 49.75 44.65 42.35
TiO2 2.03 1.68 0.80 1.65 1.95 1.83 2.41 1.65 2.21 1.69
Al2O3 14.58 13.11 10.24 12.89 12.81 13.97 15.17 13.31 15.39 13.52
Fe[tot] 10.64 12.61 11.01 10.29 10.54 13.69 10.36 9.29 12.37 13.43
FeO [calc.] 9.57 11.35 9.91 9.26 9.48 12.32 9.32 8.36 11.13 12.08
MnO 0.11 0.13 0.10 0.09 0.12 0.25 0.07 0.06 0.12 0.14
MgO 8.40 8.82 5.33 4.51 6.13 7.22 7.30 5.23 7.52 8.35
CaO 6.83 4.90 15.29 14.45 13.97 13.11 3.06 12.70 5.27 6.82
Nag O 2.70 4.04 4.49 3.19 3.08 1.76 3.98 2.82 2.93 3.06
K20 3.37 1.67 0.04 0.31 1.11 1.71 2.85 1.51 3.00 2.22
P20s5 0.02 0.04 1.93 0.52 0.23 0.12 0.11 0.58 0.09 0.07
CO2 7.73 4.35 1.24 1.70 4.95 10.05 0.57 2.29 4.67 7.12
H20 [calc.] 1.67 1.22 0.38 0.43 0.77 0.47 1.98 1.08 1.25 1.23
LOI 9.40 5.57 1.62 2.13 5.72 10.52 2.55 3.37 5.92 8.35
Density! 3.10 3.03 3.22 3.18 3.06 3.08 3.02 3.09 3.06 3.09
sum 100.40 99.68 100.52 99.51 100.30 100.64 99.42 100.27 99.47 100.00
Li 43.8 52.0 50.5 37.2 37.8 20.2 53.0 37.8 44.8 40.2
Sc 24.9 26.6 20.6 26.2 27.8 23.0 28.5 30.7 33.5 26.0
A% 204 179 200 247 225 181 208 274 239 174
Cr* 290 244 131 236 289 256 336 248 312 242
Co 41.9 55.6 33.8 31.6 30.7 42.7 50.1 23.7 42.7 53.8
Ni 224 289 162 134 181 200 335 115 224 226
Cu 66.8 65.1 41.1 40.6 47.9 75.9 23.0 64.9 50.5 60.4
Zn 102 130 71.0 55.3 68.7 74.5 121.8 59.7 99.1 111
Ga 19.6 15.8 15.7 19.5 18.6 15.4 19.4 22.8 20.9 16.1
Rb 69.2 32.3 0.948 6.22 22.0 33.2 57.2 29.8 62.2 45.7
Sr 138 75.5 222 361 254 251 44.0 356 79.1 104
Y 10.4 9.84 30.0 33.2 20.1 20.1 14.1 28.8 21.3 13.9
Zr 157 135 64.7 131 155 141 197 134 175 130
Nb 14.4 13.0 6.2 12.5 14.0 12.4 19.1 12.2 16.9 11.7
Mo 0.32 0.34 0.29 0.18 0.29 0.47 0.18 0.19 0.23 0.36
Cd 0.09 0.07 0.12 0.12 0.14 0.12 n.a. n.a. 0.09 0.09
Sn 1.37 0.96 1.12 1.40 1.50 1.22 1.48 1.91 1.46 1.13
Sb 0.12 0.10 0.12 0.17 0.12 0.11 0.12 0.11 0.16 0.11
Cs 2.66 1.33 0.07 0.36 0.87 1.35 2.41 1.24 2.49 2.03
Ba 1160 570 16.2 112 370 543 942 481 999 726
La 6.72 9.40 12.1 17.6 15.7 15.4 15.6 20.5 14.4 6.57
Ce 19.2 25.6 26.7 39.9 36.8 35.3 40.7 48.0 36.0 18.3
Pr 2.60 3.38 3.79 5.51 4.91 4.70 5.39 6.35 4.57 2.54
Nd 11.2 14.5 17.6 24.6 21.6 20.8 23.5 28.4 19.3 11.3
Sm 2.61 3.28 4.35 5.83 5.07 4.94 5.52 6.88 4.51 2.80
Eu 0.80 0.93 1.63 1.97 1.76 1.74 1.66 2.35 1.85 0.78
Gd 2.52 2.79 5.08 6.22 5.04 5.00 4.60 7.23 4.63 3.02
Tb 0.43 0.43 0.79 0.94 0.70 0.69 0.56 0.98 0.75 0.52
Dy 2.62 2.56 5.07 5.83 3.97 3.83 2.98 5.40 4.71 3.31
Ho 0.50 0.50 1.08 1.21 0.80 0.76 0.61 1.11 0.93 0.65
Er 1.36 1.36 2.95 3.29 2.15 2.04 1.79 2.97 2.51 1.74
Tm 0.21 0.21 0.43 0.48 0.32 0.29 0.27 0.43 0.38 0.27
Yb 1.42 1.40 2.62 2.99 2.09 1.92 1.86 2.75 2.47 1.75
Lu 0.21 0.22 0.38 0.43 0.31 0.30 0.29 0.40 0.35 0.25
Hf 3.64 3.27 1.58 3.08 3.83 3.38 4.65 3.13 4.19 3.18
Ta 0.89 0.81 0.37 0.77 0.93 0.84 1.20 0.79 1.05 0.76
W% 0.57 0.53 0.63 0.34 0.72 0.77 0.24 0.16 0.94 0.71
Tl 0.23 0.11 0.01 0.03 0.07 0.18 0.19 0.11 0.21 0.16
Pb 1.35 0.66 1.54 2.35 1.92 1.85 0.69 2.97 0.82 0.86
Th 1.20 1.22 0.51 1.02 1.27 1.15 1.88 1.27 1.38 1.09
U 0.21 0.23 0.51 0.46 0.38 0.39 0.45 0.41 0.31 0.21

Major elements and LOI in % , Li to U in ppm , lin g/cm?, n.a. = not analysed, *from XRF analyses, CO2 calculated of
TC, H2O difference between CO2 and LOI, sum includes Fe[tot] and LOI. Domains: PAB = phengite-ankerite-blueschist;
GDB = glaucophane-dominated blueschist; Ec = eclogite; AAV = ankerite-apatite-vein.
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Table 2.3: (cont.) Major and trace element analyses of mechanically separated eclogite and blueschist
domains (E 81°15’38.3”, N 42°28’59.17).

sample FTS FTS FTS FTS FTS FTS FTS FTS FTS FTS
4-2.3 4-2.3 4-2.4 4-2.4 4-2.5 4-2.5 4-3.1 4-3.1 4-3.1 4-3.2
domain PAB PAB PAB Ec Ec AAV PAB GDB Ec Ec
SiO2 40.97 50.86 45.00 49.07 43.10 n.a. 39.58 47.16 52.33 47.67
TiO2 1.89 2.40 1.92 1.97 2.16 0.01 2.00 1.95 1.57 1.53
Al2O3 14.32 16.09 15.79 14.45 15.40 0.15 15.30 14.12 12.18 12.01
Fe[tot] 13.74 9.49 12.62 10.18 12.41 12.60 14.75 13.69 7.83 11.23
FeO [calc.] 12.36 8.54 11.36 9.16 11.17 11.33 13.27 12.32 7.05 10.10
MnO 0.17 0.05 0.13 0.06 0.14 0.25 0.19 0.12 0.02 0.10
MgO 7.84 6.58 6.24 4.97 4.31 15.11 6.96 7.88 5.99 6.87
CaO 7.31 3.48 6.83 10.78 14.65 29.29 8.16 5.40 12.37 12.10
Na2O 2.53 3.61 2.67 3.50 2.78 0.03 2.06 3.94 4.74 3.88
K20 2.65 3.68 3.15 2.34 0.85 0.01 2.60 1.46 1.12 0.48
P20Os 0.03 0.20 0.34 0.29 0.25 1.53 0.08 0.14 0.37 0.34
COq 7.85 0.58 3.78 1.13 3.26 41.31 7.41 3.07 0.61 3.61
H2O [calc.] 0.86 2.32 1.58 1.20 0.60 n.a. 0.76 1.20 1.22 0.68
LOI 8.71 2.90 5.36 2.33 3.86 n.a. 8.17 4.27 1.83 4.29
Density" 3.14 2.94 3.04 3.15 3.24 n.a. 3.15 3.15 n.a. n.a.
sum 100.16 99.34 100.05 99.94 99.91 100.29 99.85 100.13 100.35 100.50
Li 34.0 44.9 26.1 41.6 29.7 n.a. 29.8 40.5 57.5 43.5
Sc 25.3 33.6 29.9 28.4 32.3 n.a. 27.5 n.a. n.a. n.a.
\% 184 245 232 287 297 n.a. 181 150 283 204
Cr* 264 338 269 280 317 n.a. 272 278 247 223
Co 46.0 44.1 38.0 32.2 44.5 39.0 42.6 50.8 21.5 32.4
Ni 229 255 228 156 205 61 221 217 89 167
Cu 55.4 27.1 40.2 30.1 43.8 18.5 83.7 33.6 27.9 41.7
Zn 102 114 95.9 65.5 66.4 74.0 89.1 126 69.1 83.5
Ga 16.3 20.6 17.0 19.8 20.3 0.28 16.1 15.6 21.9 17.1
Rb 54.9 77.2 63.7 46.4 17.7 0.06 55.4 31.7 24.8 10.3
Sr 113 41.0 98.2 251 412 707 126 73.4 183 195
Y 9.92 15.5 31.7 22.6 31.1 5.49 21.1 22.6 13.3 28.1
Zr 146 190 157 160 174 0.20 156 156 121 123
Nb 13.8 18.6 14.2 15.2 16.0 0.02 14.2 16.0 12.6 11.9
Mo 0.25 0.19 0.21 0.18 0.25 0.09 0.45 0.21 0.17 0.25
Cd 0.10 0.09 n.a. n.a. 0.13 n.a. 0.11 n.a. n.a. n.a.
Sn 1.22 1.70 1.38 1.77 1.54 0.07 1.21 0.85 1.59 0.94
Sb 0.13 0.12 0.10 0.15 0.17 0.01 0.13 0.12 0.13 0.11
Cs 2.20 3.24 2.56 1.81 0.73 0.01 2.07 1.07 0.83 0.38
Ba 861 1197 923 681 268 3.67 874 482 356 150
La 6.58 15.5 28.3 20.7 17.7 0.97 10.5 12.9 13.3 14.6
Ce 17.5 39.1 64.9 45.0 39.0 3.31 26.9 32.9 32.0 33.4
Pr 2.34 5.29 8.82 6.19 5.73 0.60 3.61 4.43 4.26 4.61
Nd 10.1 23.7 38.3 27.3 25.6 3.67 15.5 19.3 18.7 20.4
Sm 2.41 5.82 8.68 6.55 6.21 1.43 3.68 4.67 4.45 4.87
Eu 0.69 1.86 2.30 2.06 1.98 0.56 1.38 1.57 1.45 1.62
Gd 2.63 5.30 7.57 6.42 6.59 1.86 4.36 4.68 4.35 5.12
Th 0.43 0.67 1.03 0.85 1.00 0.23 0.74 0.72 0.56 0.79
Dy 2.41 3.59 6.23 4.65 5.84 1.11 4.46 4.33 2.84 4.93
Ho 0.46 0.71 1.29 0.89 1.17 0.20 0.86 0.86 0.51 1.00
Er 1.27 1.95 3.45 2.37 3.08 0.46 2.23 2.18 1.17 2.53
Tm 0.20 0.29 0.48 0.34 0.44 0.06 0.32 0.33 0.16 0.38
Yb 1.39 1.92 2.94 2.19 2.77 0.33 2.04 2.16 1.00 2.43
Lu 0.22 0.29 0.42 0.32 0.41 0.05 0.30 0.33 0.15 0.36
Hf 3.55 4.60 3.55 3.71 4.09 0.01 3.74 3.75 2.88 2.95
Ta 0.87 1.17 0.91 0.94 1.02 - 0.90 0.94 0.73 0.73
A\ 0.78 0.46 0.28 0.30 0.63 0.04 0.69 n.a. n.a. n.a.
T1 0.19 0.26 0.27 0.19 0.06 - 0.18 0.13 0.08 0.04
Pb 0.90 0.90 1.09 2.42 3.20 4.59 1.00 0.71 1.52 1.63
Th 1.13 1.51 1.60 1.27 1.34 0.02 1.21 1.34 1.13 1.03
U 0.22 0.43 0.52 0.49 0.41 0.01 0.21 0.26 0.24 0.21

Major elements and LOI in % , Li to U in ppm , lin g/cm?, n.a. = not analysed, *from XRF analyses, CO2 calculated of
TC, H2O difference between CO2 and LOI, sum includes Fe[tot] and LOI. Domains: PAB = phengite-ankerite-blueschist;
GDB = glaucophane-dominated blueschist; Ec = eclogite; AAV = ankerite-apatite-vein.
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Table 2.3: (cont.) Major and trace element analyses of mechanically separated eclogite and blueschist
domains (E 81°15’38.3”, N 42°28’59.17).

sample FTS FTS FTS FTS FTS FTS PAB GDB Ec av.
4-3.2 4-3.3 4-3.3 4-3.4 4-3.5 4-3.5 av. av.
domain GDB PAB Ec Ec Ec GDB
SiOg 41.55 36.98 43.87 40.56 49.82 49.11 42.63 47.35 47.03
TiO2 1.98 1.89 1.96 1.79 1.49 1.91 1.95 2.06 1.77
Al2O3 14.26 14.84 14.36 13.12 11.83 13.03 14.69 14.15 13.24
Fe[tot] 13.77 14.13 11.84 12.20 10.26 10.50 12.75 12.08 10.61
FeO [calc.] 12.39 12.71 10.65 10.98 9.23 9.45 11.47 10.87 9.54
MnO 0.17 0.21 0.13 0.19 0.06 0.07 0.15 0.11 0.10
MgO 7.45 7.23 5.44 5.20 5.96 7.61 7.52 7.56 5.46
CaO 8.40 10.08 15.17 17.02 14.07 8.37 7.28 6.31 13.73
Nas O 2.70 1.71 3.14 1.58 4.64 4.30 2.71 3.73 3.34
K20 1.93 2.66 0.35 0.43 0.24 1.28 2.67 1.88 0.87
P20Os 0.13 0.05 0.25 0.35 0.39 0.07 0.10 0.11 0.36
CO2 7.07 9.67 3.82 8.56 1.43 2.89 6.32 3.40 3.14
H20 [calc.] 0.44 0.84 0.40 0.01 0.51 1.65 1.22 1.32 0.69
LOI 7.51 10.51 4.22 8.57 1.94 4.54 7.54 4.72 3.83
Density! 3.12 3.14 3.17 3.19 3.14 3.03 3.08 3.08 3.15
sum 99.85 100.29 100.73 101.01 100.70 100.79 99.99 100.05 100.32
Li 32.6 41.2 37.6 18.7 56.7 45.7 37.7 42.9 39.8
Sc 28.5 23.4 30.3 n.a. 24.6 23.9 27.4 27.0 28.6
A% 169 176 272 194 241 193 199 180 252
Cr* 279 259 266 257 218 260 275 288 258
Co 48.4 44.3 36.1 28.8 28.8 40.9 45.2 47.6 31.0
Ni 272 210 195 104 113 265 231 272 146
Cu 73.8 89.4 43.6 31.2 34.5 33.9 61.5 41.1 40.6
Zn 98.8 83.3 66.1 49.6 74.7 112 100 115 65.9
Ga 14.9 15.6 19.9 18.4 18.1 16.6 17.4 16.6 19.6
Rb 37.8 56.9 7.23 9.09 4.97 25.8 55.1 38.1 17.8
Sr 128 180 402 514 246 170 121 104 318
Y 22.6 25.9 29.8 29.6 23.5 13.8 18.0 18.2 26.0
Zr 151 145 154 140 123 156 153 165 142
Nb 15.3 14.2 14.5 12.7 11.7 13.1 14.3 15.9 13.3
Mo 0.36 0.54 0.25 0.20 0.22 0.25 0.33 0.25 0.22
Cd 0.11 0.11 0.13 n.a. n.a. n.a. 0.09 0.04 0.10
Sn 1.16 1.21 1.64 0.99 1.72 1.49 1.28 1.24 1.50
Sb 0.11 0.11 0.14 0.12 0.12 0.17 0.12 0.13 0.13
Cs 1.38 2.16 0.27 0.32 0.23 0.94 2.21 1.45 0.70
Ba 627 878 109 132 75.2 392 873 611 273
La 11.6 11.5 14.7 14.4 13.4 13.5 12.5 13.4 16.3
Ce 28.9 28.9 34.9 33.0 30.5 32.5 31.2 33.8 37.3
Pr 3.98 3.83 4.87 4.51 4.23 4.47 4.17 4.57 5.12
Nd 17.7 16.9 21.6 19.8 18.7 19.9 18.2 20.1 22.7
Sm 4.25 4.17 5.24 4.66 4.58 4.94 4.29 4.85 5.43
Eu 1.52 1.53 1.80 1.57 1.53 1.77 1.38 1.63 1.81
Gd 4.70 4.94 5.73 5.09 4.76 4.70 4.27 4.67 5.65
Tb 0.78 0.84 0.93 0.81 0.73 0.62 0.65 0.67 0.83
Dy 4.78 5.27 5.74 4.99 4.52 3.26 3.90 3.84 4.87
Ho 0.95 1.04 1.16 1.03 0.92 0.58 0.77 0.75 0.98
Er 2.49 2.72 3.12 2.69 2.43 1.44 2.06 1.98 2.58
Tm 0.36 0.39 0.46 0.42 0.35 0.20 0.30 0.29 0.38
Yb 2.32 2.46 2.93 2.75 2.18 1.32 1.97 1.91 2.41
Lu 0.35 0.36 0.42 0.41 0.30 0.20 0.29 0.29 0.35
Hf 3.88 3.47 3.78 3.35 2.82 3.59 3.66 3.97 3.36
Ta 0.97 0.86 0.93 0.80 0.72 0.89 0.91 1.00 0.84
W% 0.51 0.69 0.39 n.a. 0.17 0.20 0.64 0.24 0.39
Tl 0.13 0.19 0.03 0.03 0.03 0.12 0.20 0.14 0.07
Pb 1.09 1.43 3.34 4.67 2.53 2.28 1.09 1.19 2.66
Th 1.34 1.15 1.29 1.17 1.11 1.33 1.26 1.47 1.19
U 0.24 0.24 0.33 0.26 0.27 0.29 0.30 0.31 0.35

Major elements and LOT in % , Li to U in ppm , lin g/cm?, n.a. = not analysed, *from RFA analyses, COz calculated
of TC, H2O difference between CO2 and LOI, sum includes Fe[tot] and LOI. Domains: PAB = phengite-ankerite-
blueschist; GDB = glaucophane-dominated blueschist; Ec = eclogite; AAV = ankerite-apatite-vein.
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Figure 2.11: Ba/Rb vs. K and Ba/Th vs. K/Th diagrams to differentiate between enrichments by sea-
water alteration and those by HP/UHP metasomatism after Bebout (2007). A: Eclogites and blueschists
of the Tian Shan are enriched in K at constant Ba/Rb ratios indicating enrichment due to HP/UHP meta-
somatism. B: Similar enrichments of Ba and K normalised to Th (fluid-immobile), follows the HP /UHP
metasomatism trend, in contrast to the seafloor alteration trend, in which K is more enriched than Ba.

2.7 Discussion

2.7.1 Evidence for pre-metamorphic seafloor alteration?

The petrological observations as described before, indicate that the blueschist replaced
the eclogite under retrograde blueschist-facies conditions. Chemical differences between
the eclogite-facies cores and the blueschist-facies pillow-rims might not be a metamor-
phic feature, but could also refer to early, pre-metamorphic, seawater alteration. Sea-
water alteration is associated in many cases with a decrease of Si and Ca and an in-
crease of Mg, K, Cs, Rb, Pb, U and CO (e.g. Bednarz and Schmincke, 1989; Alt and
Teagle, 2003; Staudigel et al., 1996; Staudigel, 2003). The enrichment of Rb and K in
the blueschist rim compared to the eclogite core seems to be in agreement with sea-
water alteration. However, it is expected that Ba enrichment by seafloor alteration is
much smaller than that for Rb and K (Bebout, 2007). Barium is strongly enriched in
the blueschists relative to the eclogites. This enrichment is similar to that of Rb and K
and supports the contention that these enrichments occurred during HP metasomatism
(Figure ). COq enrichment during seafloor alteration is related to carbonate forma-
tion and should therefore correlate with a distinct increase in Ca (Alt and Teagle, 1999).
This is in contrast to the observed strong Ca decrease in the blueschists compared to
the eclogites. Moreover, the Rb-Ba—K carrying mica (Zack et al., 2001) has been formed



36

2. Fluid-rock interaction in the subduction channel

during late stages of metamorphism, show-
ing clearly their growth at the expense of
garnet and omphacite (Figure 2.4), which
indicates a late-stage addition of these el-
ements. Seawater alteration would also
not explain the depletions of LREE and
the HREE in the blueschists compared to
the eclogites. Even though many geochem-
ical and petrological features indicate a
HP metasomatic event during the eclogite-
blueschist transformation, minor chemical
changes during pre-metamorphic seafloor
alteration cannot be excluded.  These
changes have been widely obliterated dur-
ing subsequent metamorphism. For the fol-
lowing discussion we assume a homogenous
composition of the pillow basalts prior to
metamorphism.

2.7.2 Mass-balance calculation

The eclogite-facies pillow lavas of the Tian
Shan developed a blueschist-facies mineral
assemblage prior to the eclogite facies and
were partially transformed to blueschists
during retrogression. A ~2 cm thick shell of
a glaucophane-dominated blueschist marks
the interface between the eclogite relict and
the phengite-ankerite blueschist represent-
ing the overall wall rock. As the blueschist
contains more volatile-rich minerals, re-
hydration reactions during the eclogite-
blueschist transformation were induced by
fluid infiltration. Glaucophane, phengite
and ankerite could not have grown if not at
least volatiles (HyO, CO,y) and K had been
added to the system. Hence, the rocks ex-
perienced prograde eclogite-facies dehydra-
tion reactions and a rehydration after peak-
metamorphism under blueschist-facies con-
ditions.

A mass-balance calculation is required to
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Figure 2.12: Various trace and volatile element

ratios in eclogite domains compared to those ratios
in adjoining glaucophane-dominated blueschist and
phengite-ankerite blueschist domains. Differences in
these ratios point to contrasting element mobilities
during the retrograde eclogite-blueschist transforma-
tion due to fluid infiltration.

proof whether the change of element concentrations is a consequence of the mobility or
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immobility of specific elements. It gives information about the mass and volume changes
due to fluid-rock interaction and whether some pretended gain or loss of elements is ac-
tually controlled by overall mass gain or loss. The mass-balance calculation that follows
below is based on the method described by Ague (2003). The calculation is based on the
element concentration ratio r or r;,, of an immobile reference element group of the altered
rock and the precursor rock:

ce. o
r=Gooand vy = ok
7 K

where C;- is the concentration of the immobile reference element 7° in the altered rock
(superscript /) and in the precursor rock (superscript ©). It is favourable to use more than
one element to define the immobile reference frame (Ague and van Haren, 1996; Ague,
2003). In this study the concentrations of HFSE and Th were chosen as the immobile
reference because the ratios between HFSE (Zr/Hf, Nb/Ta, Ti/Zr, Nb/Th) did not change
in the investigated samples (Figure A), although their concentrations are higher in
both types of blueschist domains compared to the precursor eclogite. This increase of
HFSE concentrations at constant ratios is explained by an overall mass loss, resulting in
a relative enrichment of the HFSE. As Zr and Hf are dominantly incorporated in zircon,
but Nb, Ta and Ti in rutile, a fractionation between the HFSE would occur if one of
these two minerals became resorbed or grew newly. In fact, rutile is partially replaced
by titanite but the Nb, Ta and Ti contents were locally redistributed. We discard the
possibility of immobile behaviour of REE. The depletion of all REE in both blueschist
domains is heterogeneous (Figure B) and the r;,, would be much below 1 indicating
an overall mass gain of ~25% and a calculated volume increase of ~30%, implying also a
~40% gain of the HFSE. This cannot be verified by petrographic observations, e.g. by new
growth of zircon and titanite. LA-ICP-MS analyses show that clinozoisite and apatite are
important trace element carrier as most of the REE are highly enriched in these minerals
(Figure 2.6). There is a clear petrographic evidence that clinozoisite and apatite have been
partially resorbed during the blueschist-facies overprint. This implies some loss of the REE
if they are not redistributed into the newly grown blueschist minerals. However, according
to the mineral chemical data and petrographic observations it is most likely that the REE
were mobile and the HFSE immobile during the eclogite-blueschist transformation. Our
observation of mobility of the REE is in accordance with data from other studies working
on HP rocks (John et al., 2004; Gao et al., 2007; Martin et al., 2007; René, 2008; Zack
and John, 2007; John et al., 2008). On the other hand, at shallower, fore arc depths, the
REE seem to be usually immobile (Savov et al., 2007). This contrasting behaviour of the
REE may indicate that there is a mobility transition in the subduction zone, which is
possibly dependent on temperature, pH, pressure or fluid composition. First we look at
the element mobility in the glaucophane-dominated blueschist forming the ~2 cm thick
inner shell around the eclogite pillow. For the eclogite-GDB transformation r;,, is given

by:

CS?EE-‘-T}L
Piny = GESEHh = 1,19
HFSE+Th
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As this 1y, is 1.19 (i.e. >1) an overall mass loss of 16% during the eclogite-GDB transfor-
mation is indicated (Figure ). This means that 3-9% of the mass of Al, Fe, Na, Mn,
CO3 and Li were mobilised and removed from the system. All REE and Y were mobilised
in significant amounts: about 25% of La-Gd and U, 32% of the Th-Lu and even 40% of
Y. 60-70% of Sr, Pb, P and Ca were lost. On the other hand, 16% Mg, 60% H,O and
80% LILE (Cs, Rb, Ba and K) were gained. For the eclogite-PAB transformation, r;,, is
defined as:

Cfl?‘}SBE-ﬁ-Th
Tinv — OB =1.08
HFSE+Th

The result of r;,, = 1.08 points to an overall mass loss of 8%. This transformation shows
higher gains in LILE (about 180%) than the eclogite-GDB transformation. H,O, Si, P,
Sr, Pb, U and LREE were also efficiently mobilised. Approximately 25% of REE were
released. 50 to 100% of Mn and CO, were gained. Mass changes in open systems are
usually associated with volume changes, especially when rocks are in interaction with an
external fluid (Ague and van Haren, 1996). The volume change ¢, is given by:

in which p, is the rock density (Ague, 2003). Calculated volume changes are about
€pm = —6% for the eclogite-PAB transformation and ¢,,, = —13% for eclogite-GDB trans-
formation related to the decrease of the measured rock density from average 3.15 g/cm3
in eclogite to 3.08 g/cm® in PAB and GDB. The overall mass and volume loss is higher
in the GDB than in the PAB. This feature is related to different kinds of fluid infiltration
and associated mineral reactions and will be discussed further on.

2.7.3 Mineral reactions and element mobility

Element mobility is dependent on metamorphic reactions and on the associated interac-
tion with an infiltrating fluid. For this reason, trace element contents of minerals that are
involved in reactions characterising the eclogite-blueschist transformation were analysed
texturally controlled in thin sections (Table 2.1 and Table 2.2). The mineral chemical data
will be correlated with the whole rock mass loss and the mobility of the specific elements as
shown in Figure . First we will discuss the loss and mobility of some major elements,
REE, Y, Sr, Pb, Ca, P, Na, Li and V correlated with the results of the bulk rock and the
mineral chemistry (Table 2.1-2.3) and than we will discuss the gain of elements.

Phases with considerable amounts of REE and Y are clinozoisite, garnet and apatite in
the samples. The Tb to Lu enriched garnet rim composition of eclogite was not found
in garnet of the blueschist due to retrograde resorption. The amount of HREE and Y
that were lost during the eclogite-blueschist transformation correlates well with the esti-
mated amount of garnet that has been resorbed. The same is true for Ca, which becomes
only partially incorporated, in the newly formed ankerite. Apatite has more or less flat
chondrite-normalised REE patterns, with highest enrichments from La to Er. Apatite, the
only phosphor-bearing phase, is nearly absent in the blueschist domains and its breakdown
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Figure 2.13: A: Major and trace element contents of average glaucophane-dominated blueschist and
phengite-ankerite blueschist domains normalised to average eclogite composition demonstrating element
mobility during the eclogite-blueschist transformation. For calculating r;,, after Ague (2003), the HFSE
and Th have been assumed to be immobile. B: Gain and loss of elements during the eclogite-blueschist
transformation given in percent of their contents in A.



40 2. Fluid-rock interaction in the subduction channel

may be responsible for the loss of 70% of phosphor. The loss of U and REE and of some Ca,
Sr, Pb can also be associated with the breakdown of apatite. Up to 3000 ppm Sr were mea-
sured in a clinozoisite of an eclogite domain, which is higher than in any other phase. This
is in agreement with the observation that clinozoisite is an important Sr carrier (Frei et al.,
2004) and that up to 70% of the Sr of a whole rock can be attributed to epidote minerals of
HP/ UHP metamorphic rocks (Enami et al., 2004). Chondrite-normalised REE patterns
of clinozoisite have a decreasing slope from LREE towards the HREE (Figure 2.6C). Most
of the mobility of LREE, Sr, Pb and Th seems to be associated with the resorption of
clinozoisite, which is common in eclogite but absent in the phengite-ankerite blueschist
(Figure 2.3). The loss of most LREE through the breakdown of clinozoisite and the loss of
HREE mainly through the breakdown of garnet together with the general loss of all REE
through resorption of apatite can explain the overall loss of ~30% of all REE during the
formation of both types of blueschist domains. The incorporation of REE in newly formed
minerals of the blueschist domains cannot be tracked by in-situ analyses and microscopical
observations. Newly formed minerals are amphibole, ankerite, white mica and titanite.
The latter is replacing rutile and could represent a possible HREE carrier. However, it
shows only 10 times enrichment of REE compared to chondrite in the blueschist domain
and has obviously not incorporated significant amounts of the mobilised REE.

An overall mobility of Li and V is evident from the mass-balance calculation. Li is mainly
incorporated in omphacite (<130 ppm Li) and is partly lost due to the omphacite break-
down during retrogression. Sodic amphibole, phengite and titanite as newly formed miner-
als incorporate some of the mobilised Li (2040 ppm). Vanadium is present in clinozoisite,
omphacite, amphibole and phengite. Due to the formation of sodic amphibole and white
mica at the expense of omphacite, most of the V is presumably redistributed into these
newly formed minerals during the blueschist-facies transformation. However, a loss of cal-
culated ~40% V presumably happened during the mobilisation of the V stored in dissolving
clinozoisite, which disappeared during the blueschist transformation.

Besides these element losses, the blueschist domains gained some elements. Gain of COs
was apparently associated with the growth of ankerite, which allows the incorporation and
possible gain of Mg, Fe and Mn. Co and Ni can be found in higher concentrations in
sodic amphibole and in ankerite. The Cu content is high in ankerite and Zn is dominantly
concentrated in sodic amphibole and also present in ankerite. All these transition metals
occur in higher concentrations in the newly formed minerals than in their educt phases,
which indicates that these elements were gained during the blueschist formation. Among
the blueschist-facies minerals, phengite shows the highest concentrations of Ba, Rb and Cs,
usual for white mica (Zack et al., 2001). In addition, phengite incorporates some amounts
of Cr, Zn, B (<40 ppm) and Li (<40 ppm). The latter contents are in accordance to
those in phengites (B ~35 ppm, Li ~80 ppm) from blueschist fragments exposed in the
Izu-Bonin Mariana fore arc deriving from a depth of 20-40 km (Pabst et al., 2007).

The ankerite-apatite vein, crosscutting the relict eclogite in one drill-core, could represent
the direct precipitation of some of the earlier dissolved elements. The vein is composed of
ankerite incorporating Ca, Mg, Fe, Mn, CO, as major elements and V, Co, Ni, Zn, Sr and
Pb as trace elements. Apatite is composed of P, Ca, REE and Y, some Mn, Sr, Pb and
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Th. The elements incorporated in the newly formed apatite correspond to the elements
that were lost and mobilised during the eclogite-blueschist transformation. The chondrite-
normalised REE patterns (Figure 2.0F) of the vein apatite is slightly different from that
of apatite in the eclogite domain (Figure 2.0E). The newly formed apatite has lower con-
centrations of the HREE, suggesting that the vein-forming fluid carried lower amounts of
HREE or that the remaining HREE might have been removed from the system. However,
the chemistry of the vein indicates that Mg, Fe, Mn, CO4 and some transition metals (Co,
Ni, Cu, Zn, Mo) were regular constituents of the fluid that infiltrated the eclogite and
formed the ankerite-apatite vein; these elements were gained in both types of blueschists
as well as in the ankerite-apatite vein. In addition, it indicates that some amounts of the
REE were mobilised from the eclogites and were presumably precipitated directly in ap-
atite in vein-like structures as the ankerite-apatite vein shows it. The REE would remain
in solution until conditions are suitable for the precipitation of REE-carrying minerals, like
apatite. Neither LILE (Rb, Ba, Cs, K, Li, B) nor HFSE could be found in the ankerite-
apatite vein. The low HFSE contents in both ankerite and apatite of the vein indicate that
these minerals did not incorporate large amounts of HFSE and that is in agreement with
the assumption that the HFSE behaved immobile. The LILE could not be incorporated in
the two phases of the ankerite-apatite vein and probably remained in the passing fluid.

2.7.4 Characteristics of the infiltrating fluid

Fluids infiltrating the subduction channel may be enriched with elements and volatiles
released by metamorphic dehydration reactions or partial melting of at least four different
sources: 1) subducted sediments, 2) altered or unaltered subducted oceanic crust, 3) ser-
pentinised parts of the upper mantle peridotite in the down going slab and 4) serpentinised
mantle peridotite in the subduction channel. The incoming fluid is dominantly enriched in
LILE, volatiles (Figure C) and transition metals. CO; release can be related to meta-
morphism of subducted carbonate-rich sediments, as limestones or other marine sediments,
from organic material in the sediments, from carbonates in the altered mantle (Shaw et al.,
2003; Gorman et al., 2006) or in the basaltic oceanic crust (Gao et al., 2007; John et al.,
2008; Shaw et al., 2003).

During the eclogite-blueschist transformation in the Tian Shan, Cs, Rb, Ba and K behaved
similarly and their concentrations increased at constant element ratios (Figure A). In-
creasing Ba and K,O contents and increasing Ba/Th ratios at constant low Th concen-
trations from the eclogite domain towards the phengite-ankerite blueschist are similar to
trends found in island arc basalts interpreted to derive from a mantle wedge that has been
enriched by aqueous fluids (Miinker et al., 2004, Figure B). On the other hand, similar
enrichments of Cs, Ba and K in the Kurile arc have been interpreted by Ryan et al. (1995)
to result from mixing of hydrous fluids (Cs source) and sediment melts (Ba and K source).
Possible LILE enrichment can be caused by the release of LILE from subducted sediments
(Plank and Langmuir, 1993; Ryan et al., 1995; Domanik and Holloway, 1996), from sub-
ducted serpentinites (Scambelluri et al., 2001, 2004; Tenthorey and Hermann, 2004) or
from subducted altered basaltic crust (Philippot, 1993; Ryan et al., 1995; Becker et al.,
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Figure 2.14: Trace element contents of relict eclogites and associated newly formed blueschists showing
element mobility during the retrograde eclogite-blueschist transformation. A: Ba vs K5O enrichments in
blueschists follows trend for island arc basalts worldwide (GEOROC, http://georoc.mpch-mainz.gwdg.
de); B: Ba/Th ratio vs Th after (Miinker et al., 2004), Ba increase in blueschists correlates with fluid
induced Ba enrichments of island arc basalts at constant Ba/Th ratios; C: Cu and MnO enrichments can
be explained by adding components derived from GLOSS (Plank and Langmuir, 1993) or altered oceanic
crust (Kelemen et al., 2003); D: Ni and Co increase in blueschists compared to eclogite is explicable by
adding a serpentinite component. Average serpentinite composition after Hattori and Guillot (2003); Savov
et al. (2005); Paulick et al. (2006).
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2000; John et al., 2004, 2008). In the case of fluid release from the partially serpentinised
slab mantle it is conceivable that during the passing of the fluids through the oceanic
crust and the above lying sediment layer, elements like LILE and COs were leached and
transported by the fluid into the mantle wedge (Malaspina et al., 2006; Zack and John,
2007). Becker et al. (2000) modelled, based on element flux calculations of N-MORB and
altered oceanic crust of samples worldwide, that LILE are preferentially released from the
altered or unaltered crust below 600°C except for U, Pb, Nd and Sr, which were released at
temperatures above 600°C. John et al. (2008) show Sr, Nd and U mobility during prograde
dehydration under eclogite-facies conditions below 600°C at 19-21 kbar. They assume a
high concentration of LILE and Pb in the initial fluid composition. Gao et al. (2007) re-
ported mobility of LILE and REE, among other elements, during a prograde dehydration
that led to eclogite formation. Our investigations show clearly no gain of U, Pb, Nd and Sr
during the retrograde eclogite-blueschist overprint. Instead these elements were mobilised
and lost. This indicates that these elements were either simply not enriched in the fluid or
if they were enriched, they were not incorporated into the newly formed minerals.

The higher Mn and Cu contents in blueschists compared to those in eclogites of the Tian
Shan may indicate that the infiltrated fluids derived from subducted sediments (GLOSS
in Figure C). The gain of Cr, Co and Ni in the blueschists shows a trend from eclogite
composition towards the composition of serpentinite (Figure D). As serpentinite is the
assumed transport matrix in subduction channels and partial mantle serpentinisation could
also be present underneath the down going oceanic crust, enrichments of Co and Ni found
in the blueschists of the Tian Shan suggests the interaction between serpentinite fluids and
the eclogitic oceanic crust during uplift. In conclusion, the amounts of transition metals
in the blueschist-facies fluid can be related to 1) a fluid release from subducted sediments
and 2) from serpentinite either below the down going slab or directly from the eclogite-
embedding serpentinite matrix in the subduction channel.

From the foregoing discussion on the chemical changes during the retrograde eclogite-
blueschist transformation we develop the following scenario that is compatible with all
observations: The fluids that interacted with the eclogite were dominantly related to fluid
release from the hydrated and potentially serpentinised mantle peridotite below the sub-
ducting oceanic plate. This fluid infiltrated and penetrated the oceanic slab with its over-
lying marine sediments. This led to a strong leaching of transition metals and LILE, which
were preferentially partitioned into the fluid. From whichever sources the fluid evolved,
the element loss of Si, Al, Ca and Na, and the enrichment of Mg associated with the
eclogite-blueschist transformation points to a composition of the infiltrated fluid that was
in equilibrium with an ultramafic chemistry prior to infiltration into the eclogite-facies pil-
low lavas. These ultramafic rocks were presumably serpentinites or related rocks with low
SiOs and high MgO contents like chlorite- or talc-rich schists, which likely represent the
matrix in the subduction channel. These rocks imply a low load of the infiltrating fluid in
many major and trace elements and strong chemical gradients between the fluid and the
eclogite. To obtain equilibrium between the fluid and the eclogite, elements of the eclogite
had to be mobilised.
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2.7.5 Fluid infiltration & eclogite-blueschist transformation

According to the field observations the glaucophane-dominated blueschist domain forms
a kind of reaction front between the relict eclogite and the phengite-ankerite blueschist
domain. This reaction front is always about two cm thick (Figure 2.2A-D). Mass-balance
calculations indicate an overall mass loss, implying also a volume loss during the eclogite-
blueschist transformation. The volume loss is highest in the GDB and excludes pure
rehydration reactions, which would lead to a volume increase. The mass loss indicates
that the flux of elements out of the system was higher than the volume increase associated
with a positive AV of a hydration reaction. The reaction in progress and the volume loss
created the permeability that enhanced the fluid infiltration into the interior of the eclo-
gite pillow. The element flux had to be sufficiently high to guaranteed continuously open
pathways for infiltrating fluids. Otherwise the pathways would have closed by swelling
due to volume increasing reactions. The main fluid pathways presumably were developing
along the former pillow boundaries. The infiltrating fluid was enriched in LILE, transition
metals, but was also conditioned to the chemistry of the matrix serpentinite, which implies
a low load with the major elements Si, Ca, Na and Al (Barnes et al., 2004). During up-
lift the eclogite reached P-T conditions where blue amphibole was stable, but rehydration
reactions did not take place due to the absence of volatiles. When the fluid infiltration
occurred it induced the formation of hydrous minerals and dissolved minerals that were
not stable under the changed physical and chemical conditions. If the infiltrating fluids
formed an interconnected system, element flux by diffusion within the fluid was possible.
The outward flux of elements was driven by the chemical gradient between the composition
of the incoming fluid along the pillow boundaries and the composition of the fluid at the
reaction front, which always tried to reach equilibrium with the eclogite composition (Fig-
ure ). However, the diffusion rate for elements leaving the system must have been more
effective than the reaction rate controlling the formation of new minerals. This resulted
in an overall volume loss, which provided space and triggered further fluid infiltration into
the pillow. Infiltration of a fluid and the element diffusion within this fluid controlled
the gain (LILE, transition metals) and loss (REE, Sr, Pb, U, Ca, Na, Si, P) of elements
during metasomatism. High fluid-rock ratios allow for establishing a constant fluid com-
position (low element load) and fluid reservoir during the time of the fluid-infiltration.
The element mobility (loss and gain) associated with the fluid-rock interaction during the
eclogite-blueschist transformation, which resulted in the formation of two different concen-
tric blueschist shells around eclogitic pillows is schematically summarised in Figure

Released Si, Al and Ca from eclogitic clinozoisite and garnet are partly consumed by newly
formed silicates and carbonates in both blueschist domains or are lost from the system:
~15% of the Si and ~50% of the Ca were removed. Most of the Al is used to form phengite
in the PAB but not in the GDB, which is poor in phengite. This results in a loss of 10% Al
in the GDB compared to the eclogite. Na released due to the breakdown of omphacite is
taken by the newly formed glaucophane, which is very abundant in the GDB (~60 Vol.%,
Figure 2.3) but less abundant in the PAB with ~25 Vol.% glaucophane. Low phosphor
concentrations in the generally cation poor fluid might explain the dissolution of eclogitic
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apatite and the loss of ~73% of the phosphor. In addition, the loss of ~30% of the REE,
~65% of the Sr, Pb and ~20% of the U can be explained by the resorption of apatite and
clinozoisite that are the carrier of these elements. These elements were mobilised but not
used for the formation of the newly formed minerals glaucophane, ankerite and phengite
in the blueschist shells. The penetrating fluid removed them. Newly formed apatite in
the ankerite-apatite vein represents a possible sink for REE, Sr, Pb, and U, as discussed
before. The serpentinite-derived components (Mg, Ni, Co) and the sediment-derived com-
ponents (Mn, Fe and Zn) were added to the system to form glaucophane and ankerite.
Sediment-derived LILE (K, Ba, Cs, Rb) were incorporated in phengite, dominantly in the
outer phengite-ankerite blueschist shell.

2.7.6 Influence of the eclogite-blueschist transformation on fluid-
rock interaction in the subduction channel

The chemical processes associated with the retrograde eclogite-blueschist transformation
illustrate that the composition and the reactivity of the infiltrating fluids in the hydrated
mantle wedge above a subducting plate are most likely controlled by the interaction of
metamorphic fluids with a lithological mixture of sediment, altered basaltic crust and
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serpentinite. As we have shown, the infiltrating fluids are Si, Ca, Al and Na poor, but
relatively Mg- and LILE-rich slab derived fluids with a flavour of transition metals. The
subduction channel is that part of the subduction zone system where all lithologies of a
subducting slab were mechanically mixed and combined with a matrix of partially serpen-
tinised mantle peridotite. The latter derives from the mantle wedge above the slab. In such
a reactive environment almost all elements can be mobilised. This demonstrates that for
any subduction zone fluid and trace element budget, the material stored and trapped in the
hydrated mantle wedge cannot be neglected. It represents a transient reservoir for fluids
and elements that might contribute to the arc signature of fluid induced arc volcanism, if
parts of the hydrated wedge would be dragged further down and dehydrate (McCulloch and
Gamble, 1991; King et al., 2007). The hydrated mantle wedge provides high element and
fluid contents not only in mélange zones formed in shallower depths (e.g. King et al., 2003)
but is also important at deeper levels, namely where the blueschist-eclogite transition oc-
curs. High element mobility due to metamorphic processes do not only occur in the oceanic
crust of the descending slab but also during ascent and retrograde rehydration of deeply
subducted dry rocks, as shown in this study. The subduction channel represents therefore
an important environment rich in fluids, which allows the mobilisation, transportation and
even the storage of major and trace elements.

2.8 Summary and conclusion

Pillow-lava basalts with a chemical affinity to ocean-island basalts, assumed to represents
the protholiths of the eclogites of the Tian Shan, were subducted with a down going
oceanic slab to eclogite-facies conditions. The release of fluids from the slab into the over-
lying mantle wedge or subduction channel caused an interaction of highly reactive fluids
with ascending eclogite bodies. The eclogites were metamorphically and metasomatically
overprinted under blueschist-facies conditions. Indicative for this overprint is the growth
of glaucophane, ankerite and the LILE-incorporation into newly formed phengite of the
blueschists. REE, Y, Sr, Pb, U and P were mobilised and removed due to the breakdown of
garnet and omphacite during the eclogite-blueschist transformation. Parts of the mobilised
elements were most likely instantaneously precipitated in apatite of apatite-ankerite bear-
ing fluid-veins crosscutting relict eclogite domains. Transition metals were incorporated in
vein-ankerite as they were ubiquitous components of the fluid.

Conclusions:

1. Mass-balance calculations point to an overall mass and volume loss during the re-
trograde eclogite-blueschist transformation, although the AV of hydration reactions
suggests a volume increase during the transformation. Enhanced fluid infiltration
and associated metasomatism of the eclogite pillows was characterized by element
loss that was more effective than the competitive precipitation of elements in newly
formed minerals.
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2. Element mobility due to mass-transfer during the fluid-rock interaction points to
the likely source of the fluid, suggesting that it was in equilibrium with serpentinite
and had a low element load of Si, Ca, Al and Na, but a relatively high Mg content.
When passing the subducted altered basaltic crust and the overlying metasediments
this fluid was able to liberate fluid mobile elements present in large amounts in the
infiltrated rocks.

3. The subduction channel contains a mixture of fluids and lithologies deriving from the
subducted sediments, the altered or unaltered basaltic crust and the partially ser-
pentinised peridotite. Rehydration reactions taking place in the subduction channel
induce high element mobility.

4. The LILE enrichment found in the newly formed blueschists is similar to that of island
arc volcanic rocks for which wedge melting due to fluid influx is generally accepted.
The trace element enrichments of subduction channel rocks may thus represent an
additional source for element enrichments characterising arc volcanism.
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Chapter 3

FLUID-INDUCED CHEMICAL AND PETROPHYSICAL
CHANGES ASSOCIATED WITH THE RETROGRADE
ECLOGITE-BLUESCHIST TRANSFORMATION:
CONSTRAINTS FOR METASOMATISM AND
EXHUMATION PROCESSES WITHIN A SUBDUCTION
CHANNEL

3.1 Abstract

Eclogites from Sifnos (Greece) and the Chinese Tian Shan showing a blueschist-facies
overprint induced by infiltrating fluids were investigated to decipher their petrophysical,
geochemical and metamorphic evolution. Both suites of rocks have in common a distinct
fluid-induced chemical change that point to a fluid that was equilibrated with a Mg-rich
rock of peridotitic composition prior to the infiltration. The density of the eclogites in
both areas is reduced by the overprinting for 0.2 to 0.4 g¢/cm?®. The density contrast of the
HP rocks to an assumed serpentinite matrix in the subduction channel is high enough to
allow for buoyancy-driven exhumation. Marble on Sifnos and metapelite in the Tian Shan
are discussed as alternative buoyancy-driven transport matrix during the final exhumation
to shallower levels (<40 km).

3.2 Introduction

Almost all oceanic basalts that enter subduction zones and convert to high-pressure meta-
morphic rocks will eventually be buried deep into the mantle, but in rare and special cases,
some of these HP /UHP rocks become exhumed back to the surface. Concepts of exhuma-
tion processes of HP /UHP rocks were brought up from several authors. These are based
either on petrological observations from ophiolitic/high-pressure occurrences (e.g. Cloos
and Shreve, 1988a,b; Avigad et al., 1992; Hill and Baldwin, 1993; Hacker et al., 1995;
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Mattauer and Ritz, 1996; Federico et al., 2004; Keiter et al., 2004; Willner et al., 2004) or
on numerical or analogue modelling (Chemenda et al., 1996; Gerya et al., 2002; Warren
et al., 2008). Recent studies focus on exhumation triggered by changed petrophysical prop-
erties of the rocks in subduction zones (Warren et al., 2008). Those changes are caused
by infiltrating fluids released from the down going slab during dehydration reactions (e.g.
Peacock, 1993; Poli and Schmidt, 1995), which allow for the formation of a subduction
channel and associated rehydration of former dry high-pressure rocks (Cloos, 1982; Gerya
et al., 2002; van der Straaten et al., 2008). The subduction channel describes the hydrated
interface between the down going slab and the dry and hot mantle wedge. Outcrops of
subduction channel rocks may be described as tectonic or subduction mélanges that are
characterised by a mixture of subduction related rocks, like HP/UHP mafic rocks, meta-
sediments, marbles and peridotites or their altered or transformed products, like serpen-
tinites, talc or chlorite schists (e.g. Cloos, 1983; Fergusson, 1984; Shreve and Cloos, 1986;
Bebout and Barton, 2002; Federico et al., 2007). Most of the rocks that are associated
with a subduction channel provide geochemical information about fluid-rock interaction
during exhumation, preserved in the constituent hydrous minerals or in fluid inclusions.
Some rocks provide in addition geochemical information about the whole burial and ex-
humation process. Partially rehydrated eclogites are especially well suited for fluid-rock
interaction studies as these rocks experienced “dry” peak-conditions and became eventu-
ally rehydrated under retrograde conditions. This rehydration in the subduction channel
results in a partial or total overprint of the eclogites under blueschist- or greenschist-facies
conditions (e.g. Burg and Philippot, 1991; Ganor et al., 1996; Lister and Raouzaios, 1996;
van der Straaten et al., 2008). A decreased density and associated decreased viscosity of
the incorporated rocks and of the partially serpentinised mantle peridotite that acts as
transport matrix during uplift is decisive for movements and even circulations in the sub-
duction channel (Schwartz et al., 2001; Gerya et al., 2002; Gorezyk et al., 2006) and results
in the exhumation of the subduction mélange. Hence, buoyancy is a very crucial factor for
uplift in subduction zones (Platt, 1993; Ernst et al., 1997; Hermann et al., 2000; Schwartz
et al., 2001; Pilchin, 2005). In this study we compare partially blueschist-facies overprinted
eclogite suites from two paleo-subduction zones: 1) The Cenozoic tectonic mélange of north
Sifnos (Cyclades, Greece) and II) the late Palaeozoic subduction mélange of the Chinese
South Tian Shan. The aim is to constrain the causes of subduction related exhumation
processes and the element mobility during fluid-rock interaction in subduction channels
by analysing the P-T history, the geochemistry and density changes associated with the
eclogite-blueschist transformation.
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Figure 3.1: A) Geological map of the Chinese South Tian Shan modified after Gao et al. (1999). B)
Detail of ophiolitic mélange with sample locality (star).

The fold belt of the Chinese South Tian Shan developed as a result of the ocean closure and
folding of Palaeozoic deposits and Precambrian basement between the Tarim craton and
the Yili Central Tian Shan plate during the Variscan orogeny (Sobolev et al., 1986; Yang
et al., 1986; Gao et al., 1995; Sengor and Natal’In, 1996; Bykadorov et al., 2003; Zhang
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et al., 2005). A ~250 km long ESE-WNW striking ophiolitic mélange (Figure 3.1A) re-
sults from the subduction and fragmental exhumation of the South Tian Shan Ocean, a
marginal basin of the Turkestan Ocean, which is assigned to the northern branch of the
Paleo-Tethys (Sengor and Natal'In, 1996; Bykadorov et al., 2003). Mainly metamafic rocks
with greenschist-, blueschist- and eclogite-facies mineralogy, together with Silurian marbles
and meta-ultramafic slices occur south of the Akeyhazhu River (Figure 3.1B; Gao et al.,
1995, 1998). Peak-metamorphic conditions in eclogites and in eclogite-facies fluid veins
within blueschist-facies host rocks were estimated at <20 kbar and between 500-650°C
(Gao et al., 1998; Klemd et al., 2002; Gao et al., 2007; John et al., 2008; van der Straaten
et al., 2008). Peak-metamorphic conditions in eclogites and blueschists occurred during
early Carboniferous at 343444 Ma (Gao and Klemd, 2003). Cooling and the retrograde
metamorphic evolution due to uplift began during the late Carboniferous at around 310-
311 Ma. The latter age is based on white mica cooling ages (K—Ar, Ar—Ar, Rb—Sr; Klemd
et al., 2005). Drill cores of an eclogite-blueschist sequence (in the following labelled as FTS
9-1 sequence) were taken from a m-sized boulder (Figure 3.2A) in the upper reaches of
the Akanzayi River valley, which is located within the blueschist zone, close to the main
eclogite-dominated occurrence of HP rocks (Figure 3.1B). Sample FTS 9-1.6 and 9-1.5A
represent the best preserved eclogites of the whole eclogite-blueschist transition series (Fig-
ure 3.2A). A blueschist-facies overprint, i.e. increasing amounts of blueschist-facies minerals
like glaucophane and white mica, increases up to sample FTS 9-1.1 (Figure 3.2A), which
represents a pure blueschist with resorbed garnet and nearly complete replaced omphacite.
The eclogite is composed of a fine-grained matrix of omphacite and accessory rutile; por-
phyroblasts are formed by garnet, blue amphibole and white mica (Figure 3.3A). Titanite
grows poikiloblastically around matrix omphacite, a feature that is only visible with high
magnification (Figure 3.1A). Omphacite, amphibole, rutile, quartz and minor amounts of
white mica (phengite) and clinozoisite occur as inclusions in garnet. Clinozoisite is absent
in the matrix. Calcite forms distinct aggregates in the matrix. The modal amounts of
glaucophane, white mica and calcite increase significantly with increasing blueschist-facies
overprint, whereas that of omphacite decreases. With increasing overprinting, garnet is
resorbed and mostly replaced by Fe-rich chlorite and calcite and occurs only fragmental.
Omphacite remains relictic in glaucophane and paragonite (Figure 3.3B). Fuchsite forms
porphyroblasts in the glaucophane-dominated matrix. Titanite marginally replaces rutile.

3.3.2 Sifnos

The island Sifnos belongs to the eastern part of the Cyclades in the Attic-Cycladic Crys-
talline Complex (Diirr, 1986) as part of the Hellenic nappe stack in Greece (Aubouin,
1957). The orogen is divided into five N to NE dipping main nappes, which are from
East to West: the Apulian, Ionian, Gavrovo-Tripolitza, Pindos-Olonos (including Cycladic
blueschist) and the Pelagonian zone (Bornovas and Rontogianni-Tsiabaou, 1983, Figure

A).
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Figure 3.2: A) Photograph of eclogite boulder with increased blueschist overprint, Tian Shan (left); and
schematic view of drilling holes (right). B) Photograph of eclogite with partial overprinted blueschist (left)
and analysed sample (right); Bay of Vroulidia, Sifnos.

The main central and southern part of Sifnos represents the Basal Unit (Figure 3.5B;
Diirr, 1986) and is composed of layered gneisses, schists and amphibolites together with
Triassic to late Cretaceous thick-banked marbles and dolomite-marbles (Diirr, 1986). The
sequence experienced an overprint during the Eocene (~42 Ma) under HP metamorphic
conditions and subsequently in Miocene (25-20 Ma) under greenschist-facies conditions
(Altherr et al., 1979, 1982; Maluski et al., 1987; Wijbrans et al., 1990). The northwestern
and southwestern parts of Sifnos belong to the intermediate “blueschist unit” (Diirr, 1986).
It is composed of Eocene HP metamorphosed (~42 Ma, Altherr et al., 1979) mafic to felsic
volcano-sedimentary strata occurring as eclogite, blueschist, jadeite-gneiss and quartzite,
which are over- and underlain by marbles (Diirr, 1986). The HP unit underwent peak-
metamorphic conditions between 500-600°C and <20kbar, whereas the LP greenschist-
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Figure 3.3: A-C) Microphotographs of eclogite (sample FTS 9-1.5). D-F) Microphotographs of eclogite
to blueschist of Sifnos (sample Si 4-2). A) Eclogite-facies assemblage: garnet, omphacite, phengite (here
fuchsite), sodic amphibole and rutile; B & C) retrograde blueschist-facies overprint, replacement of rutile
by titanite and formation of glaucophane, paragonite and calcite at the expense of omphacite and garnet.
D-F) Eclogite-facies mineral composition: garnet, omphacite, phengite and glaucophane with actinolite in
core. Chlorite, clinozoisite, calcite and glaucophane in matrix are replacing retrogradely omphacite and
garnet. Rutile is replaced by titanite but both are not indicated, also albite and quartz as they are too
small.
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facies overprint occurred at 360-380°C and 542 kbar (Schliestedt, 1980; Schliestedt and
Okruch, 1988; Trotet et al., 2001; Schmédicke and Will, 2003; Spear et al., 2006). This late-
stage metamorphic overprint was accompanied by infiltration of COs-, Ca?"- and HyO-rich
fluids, presumably derived from plutons underlying Sifnos. The latter assumption is based
on studies of the island Serifos (Diirr, 1986). At the northern shoreline of the Vroulidia Bay
in north Sifnos (Figure 3.5B) well-preserved
high-pressure rocks are outcropping, strik-
ing SW-NE and dipping about 40° omphacite
to NW (Avigad et al., 1988). The ] :
rock-sequence contains blueschist, eclogite, titanite
chlorite-actinolite-fels, jadeite-gneiss and = '
metasediment with changing silicate, cal-
cite and dolomite contents (Mocek, 1994).
Sample Si 4-2 is taken from the eclogite-
blueschist unit and shows very clearly
the late-stage transformation from eclo-
gite to blueschist in hand-specimen (Fig-
ure 3.2B). The mineralogical composition
of the eclogite as well as of the blueschist
is Grt-Omp-Gln/Win/Act-Czo-Phe-Chl-
Ab-Rt-Ttn—Cc—Qtz—Ap-opaque phase. Gar-
net and omphacite are the dominant miner-
als in the eclogite. Porphyroblasts of garnet
are shaded with inclusions of omphacite, ru-
tile, quartz, amphibole, chlorite and white
mica. Fine-grained omphacite, porphyrob-
lastic amphibole, clinozoisite, white mica
and calcite are the main components in
the matrix. Rutile is partially replaced by 5
titanite. The porphyroblastic amphibole 00004943  — 30um  Geowissenschatten
has a green-bluish pleochroitic core with a

bluish pleochroitic rim (Figure 3.3D). Am- Figure 3.4: Backscattered-electron-image (BSE) of
phibole, omphacite, white mica, clinozoisite eclogite FT'S 9-1.5A, Tian Shan showing fine-grained

. . . poikiloblastic growths of titanite overgrowing fine-
and rutile/titanite are also enclosed by cal- grained omphacite in matrix. B) BSE-image of clino-

cite. Chlorite and albite are usually associ- yoisite with allanitic core composition and omphacite
ated with garnet, white mica and blue am- and apatite inclusions, Sifnos blueschist Si 4-2.4.
phibole. Quartz is rare and occurs mainly

as inclusion. The amount of omphacite decreases with progressive blueschist-facies over-
print and is replaced in part or in total by fine-grained and irregular arranged blue am-
phibole and white mica (Figure 3.3E). The amount of calcite increases strongly towards
the blueschist. Calcite is either forming inclusion-rich porphyroblast, or is arranged in
aggregates to elongated striae. Garnet shows minor to excessive replacement, in particu-
lar by chlorite but also by glaucophane, white mica and calcite (Figure 3.3F). The modal
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amounts of sodic amphibole, chlorite, albite and titanite increase at the expense of garnet,
omphacite and rutile. Apatite is partly enclosed in newly formed clinozoisite, which shows
cores of allanitic composition (Figure 3.4B). Modal amounts of clinozoisite and white mica
are approximately similar in the blueschist and in the eclogite. Matrix glaucophane in
contact with calcite or with omphacite is marginally replaced by calcic amphibole.

3.4 Analytical methods

Major elements of whole rocks were measured by X-ray fluorescence spectrometry (XRF,
Philips PW 1480) on fused glass discs at the Institut fiir Geowissenschaften, University of
Kiel. Values of BHVO_1 (Flanagan, 1976) were used for internal standardisation (Table

). Accuracy and precision are better than 1% (1) for the major oxides.

Trace elements were analysed by ICP-MS (Agilent 7500c) at the same institute. 100
mg pulverised and dried rock powder were digested by pure HF and HNOj3 in digestion
bombs for four days at 180°C and fumed off with HC1O,4. The final 1% HNOj solution was
diluted 20-fold and spiked with 2.5 ng/ml Beryllium (Be), Indium (In) and Rhenium (Re)
for internal standardisation. Five replicate measurements of each sample were conducted
with breaks for cleaning with a blank reagent. Further details of the procedure can be found
in Garbe-Schénberg (1993) and John et al. (2008). The analytical precision is estimated
to be <10% (1o) according to duplicate analysis of samples and standard (see Table A.2).

In situ analysis by LA-ICP-MS (Agilent 7500i, quadrupole) were made at the Institut
fiir Mineralogie, University of Wiirzburg. A Nd-YAG laser with 266 nm wavelength is
used for ablation. Argon is used as carrier-gas. Calcite was measured with 30% of the
laser activity and silicates with 45% of laser activity. Each sample was measured 15 sec
on the background and 20 sec on the mineral. External calibration was carried out with
NIST 612 50 ppm glass disc with values of Pearce et al. (1997). For accuracy NIST 610
and 614 were used and further ablation of NIST 612 was used for reproducibility (Table

). Internal standardisation was carried out by Si concentration for analysing silicates
and Ca concentrations for carbonates, both determined with the electron microprobe at
Kiel University. The minimum detection limit equal to 99% confidence level is defined
by 2.3 % \/(2B), where B is the total counts on the background. The minimum detection
is usually at 0.02-0.18 ppm for REE, 0.03-0.10 ppm for HFSE (Zr, Nb, Hf, Ta), 0.27-
0.44 ppm for Li and Be, <2.8 ppm B, 0.07-1.7 for transition metals (except <7.3 ppm
for Zn) and 0.02-0.30 ppm for LILE (Cs, Rb, Ba, Sr, Pb, Th). The REE concentrations
of omphacite, glaucophane, calcite and white mica are up to 0.01-0.10 ppm above the
detection limit, but usually below these values. LREE (La-Nd) concentrations of garnet
are usually below the detection limit.

Mineral chemical data were obtained by electron microprobe (JEOL JXA 8900R) at
Institut fiir Geowissenschaften, University of Kiel. The microprobe is equipped with five
wavelengths-dispersive spectrometers (WDS). Depending on the analysed mineral phase,
the following acceleration voltages and beam currents were used: 15 kV and 15 nA for
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100

H-K & SHO Sifnos
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Figure 3.6: Co vs. Th concentrations to esti- Tian Shan

mate protholiths prior metamorphism for eclogite- 0.1+ @

blueschist samples of Sifnos and Tian Shan af- T

ter Hastie et al. (2007). H-K: high-potassium, B D/R
SHO: shoshonite, CA: calc-alkaline, T: tholeiite, 0.01 ; ; ; ; ; i

B: basalt, BA/A: basalt-andesite/ andesite, D/R: 70 60 50 40 30 20 10 0
dacite/ rhyolite. Co ppm

garnet, phengite and feldspar and 20 kV and 20 nA for amphibole, pyroxene, epidote and
carbonate. CITZAF corrections were used for matrix correction.

Total carbon measurements were made with a Carlo-Erba instrument in a routine
mode at [IFM-GEOMAR, Kiel. Each sample was measured twice. The analytical precision
is estimated to be <1.2% (1o) according to standards, blanks and duplicate analyses.

Density determinations are based on measurements with a Gay-Lussac pycnometer with
a calibrated volume of 2 ml. Each sample was measured three times and measurements
were repeated if precision of the analysis was >2% (10). The density calculation is based on
the weighting and calculation of the displaced water by the powdered sample. Temperature
measurements were made to obtain the specific water density at a given temperature.

3.5 (Geochemistry

The field and the petrographical observations clearly indicate that the blueschists are
the products of hydration and metasomatism of eclogites at both localities. Hence, the
eclogite is interpreted to represent the precursor rock of the blueschist. For a better
understanding of the effects of metasomatism and their petrophysical consequences, we first
try to decipher the nature of the magmatic precursor prior to its subduction and then we
will evaluate the chemical changes that occurred during the blueschist-facies overprint. The
generally immobile behaviour of the HFSE (Winchester and Floyd, 1977; Corfu and Davis,
1991) and occasionally also of the REE (e.g. Savov et al., 2005) may provide information
about the magmatic protholith, as their concentrations may not have been changed during
metamorphism. In addition, in situ mineral chemical trace element analyses by LA-ICP-
MS (Table 3.1) were done for the most pristine eclogite of the Tian Shan (sample FTS
9-1.5B) on garnet, omphacite, glaucophane, white mica, calcite and titanite. Probable
changes in concentrations and mobility of REE or transition metals could be predicted by
combining petrographical observations with the trace element content in minerals. LA-
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ICP-MS data from Sifnos were not considered because of the very fine-grained texture and
inclusion-rich porphyroblasts of these rocks, which did not allow to obtain precise data.

Major and trace element data of both eclogite-blueschist sequences are listed in Table

Table 3.1: Selected mineral analyses by LA-ICP-MS of sample FTS 9-1.5 (Tian Shan).

No. 22 27 16 21 1 50 38 4 9 45
Mineral ttn ttn grt grt omp omp omp gln fuc pg
Comment at grt matrix core rim ingln inpg matrix matrix matrix matrix
Li 2 16.4 d.l. d.l 44.5 8.99 53.1 39.5 17.7 12.3
Be d.l. d.l. d.l. d.l. d.l. 5.02 1.71 d.l. 2.19 2.41
B d.l. d.l. d.l. d.l. d.l 30.2 1.63 d.l. 15.2 14.1
\% 121 119 33 417 200 86.9 192 153 264 87.5
Cr 403 444 462 638 1264 1110 921 887 38679 839
Mn 3172 349 11273 9947 271 40.3 528 207 202 346
Co 12.7 13.4 36.9  3.09 43.7 1.04 22.3 80 17.5 12.5
Ni 82.3 138 d.l 7.5 297 5.25 149 823 68.6 39.4
Cu 11.7 6.91 d.l. 1.8 3.4 6.24 5.51 6.37 d.l. 5.39
Zn d.l. d.l. dl. 424 77.8 d.l 51.9 144 392 31.8
Rb 0.225 0.16 d.l. d.l. 0.08 7.49 0.33 d.l. 174 1.85
Sr 178 35.3 d.l 0.09 10.5 1658 29.6 1 205 792
Y 84.5 6.98 204 543 0.36 d.l 2.06 0.035 0.10 2.78
Zr 9.31 3.23 6.69  0.94 0.57 0.26 0.70 0.193 d.l. 1.1
Nb 61 11.1 d.l d.L d.l d.l d.L d.l 0.08 d.l
Mo 0.649 d.l. d.l. d.l. d.l. d.L d.l. d.l. d.l. d.L
Cs d.l d.l d.l d.l d.l d.l d.l d.l 5.29 0.09
Ba 2.66 0.94 d.l. d.l 0.50 285 1.43 d.l 5750 81.8
La 3.3 1.37 d.l d.l d.l d.L d.l d.l. d.L. d.L
Ce 15.2 4.36 d.l. d.l. d.l. d.l d.l d.l. d.l. d.l
Pr 2.32 0.74 d.l. d.l d.l. d.L d.l d.l. d.l. d.L
Nd 14.8 3.32 d.l. d.L d.L d.lL d.L d.l. d.l. d.l
Sm 4.81 0.77 d.l. 1.25 d.l. d.L d.l. d.l. d.l. d.L
Eu 3.69 0.43 1.41 1.2 d.l 0.12 0.07 d.l d.l 0.09
Gd 17.9 1.27 11.1 9.32 d.l. d.L d.l. d.l. d.l. 0.69
Tb 3.25 0.28 3.98 2.01 d.L d.l 0.05 d.l. d.l. 0.12
Dy 16.9 1.07 37.5 12.2 d.l d.l 0.25 d.l. d.l. 0.58
Ho 3.17 0.18 7.38  2.13 d.L d.L 0.07 d.l. d.l. 0.14
Er 9.62 0.69 229  6.53 d.l. d.l 0.27 d.l. d.l. 0.48
Tm 1.27 0.09 3.33 0.78 d.l. d.L d.l d.l. d.l. 0.07
Yb 10.1 0.85 19.3  5.67 d.l d.L 0.2 d.l d.l 0.32
Lu 1.27 0.13 2.08 0.72 d.l d.L 0.07 d.l. d.l. 0.05
Hf 0.84 0.35 d.l d.l d.L d.l 0.09 d.l. d.L. d.L
Ta 1.6 0.38 d.l. d.l d.l. d.l d.l d.l. d.l. d.l
Pb 4.8 1.46 d.l. d.l d.l 13.4 0.30 d.l 5.13 10.8
Th d.l d.l. d.l. d.l. d.l d.l d.l. d.l d.L. d.l

elements in ppm, d.l. = under detection limit.
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3.5.1 Whole rock major and trace elements

The most pristine eclogite from the Tian
Shan (sample FTS 9-1.5A) has a basaltic
composition with 49.8 wt.% SiOs, 5.9 wt.%
Nay,O and 0.1 wt.% K5O. The SiO, con-
tent decreases to values of 41.2 wt.% with
increasing intensity of the blueschist-facies
overprint, but SiO, loss is not correlated
with the distance from the relict eclogite
as the one that is farthest away from the
pristine eclogite contains still 47.2 wt.%
SiOy (sample FTS 9-1.1, Table 3.2). As
SiO, and the alkali concentrations are quite
ambiguous in metamorphic rocks, the Co
and Th concentrations of the undisturbed
eclogite (samples FTS 9-1.5 A and B)
show more convincingly that the precursor
rocks developed in the tholeiitic basalt se-
rie (Hastie et al., 2007, Figure 3.6). Al,Os3,
TiO., Fe[tot], P05, and NayO concentra-
tions are relatively constant in all samples,
whereas those of MgO and KO increase
with increasing blueschist-facies overprint
and those of CaO and MnO decrease (Table
). The LOI increases strongly from 1.8
in eclogites up to 12.8 wt.% in blueschists.
The Tian Shan eclogite shows a flat
chondrite-normalised (Boynton, 1984) REE
pattern with (Ce/Yb)y = 1 and a slightly
positive Eu-anomaly (Figure 3.7). REE
and HFSE are slightly depleted compared
to N-MORB composition (Hart et al.,
1999). The Nb/Ta and Zr/Hf ratios are
25 and 30, respectively, and the HFSE are
highly depleted and form distinct troughs
in the MORB-normalised multi-element di-
agram (Figure 3.8A). N-MORB normalised
LILE (Cs, Rb, Ba, Sr and Pb) are slightly
enriched compared to REE with (Ba/La)x
= 4 and HFSE with (Pb/Zr)y = 12; Figure
A).

1000

—— Si4-2.1, eclogite (Sifnos)

—o- FTS 9-1.5A, eclogite (Tian Shan)
Q
g— 100
] average continental island arc basalt
3
S N-MORB
S
e 10
o
£
o

MLM?7, rear arc basalt, Vanuatu
1

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 3.7: Chondrite-normalised (Boynton, 1984)
eclogite of Sifnos and Tian Shan. For comparison
composition of boninite, average continental island
arc basalt (Kelemen et al., 2003) and rear-arc basalt
of Vanuatu (Peate et al., 1997).

100
A -o 9.1-5A (eclogite)
- average oceanic island arc basalt
= MLM?7, Vanuatu, rear arc basalt
10+

—
!

m
o
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» 1000 - -
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Figure 3.8: N-MORB normalised (Hart et al., 1999)
eclogite compositions from Sifnos and the Tian Shan.
A) Tian Shan eclogite shows correlations to REE-
depleted rear-arc basalt of Vanuatu (Peate et al.,
1997) indicating back-arc basalt affinity. B) Sifnos
eclogite correlates to continental island arc basalts,
which can be assumed as protholith.



65

‘juowainseawr IajowoudAd Aq

wo /8 ur Ay1susp QD pue [QT UsOMmIaq

@ouaIayIp OCH ‘jusweinsesawr uoqaed [B303 £q ¢ ‘uoryrusi jo 3so] = 10T ‘SIN-dDI 49 sjuewe[e 10yjo [[e ‘qYX woij , 1) pue sepixo ‘wudd zm SjULWA[® 201} ‘O43M UI sjuawale Ioley
0L'T 8V'T 87T 69T G9'T 0L'T €0°0 S0°0 700 200 80°0 90°0 n
S9'9 T1'9 P19 099 €8'9 00°L €0°0 S0°0 700 80°0 ST'0 z1'0 qr,
PR 21T 8T g1T 90T 0TI 9T'g gs'e [aad 89°'¢ v9°C 40 ad
TT'T £6°0 760 66°0 66°0 16°0 L8°0 970 970 [ 220 8€°0 M
€L°0 89°0 790 99°0 69°0 0L°0 €0°0 €00 200 200 200 £0°0 'L,
£V'C gT'T AN 12T 62°C 6£°C 98°0 G6°0 GL°0 180 LL°0 180 JH
£€°0 02°0 v2'0 61°0 12°0 gg'0 L1°0 790 8T°0 (4400} 210 02°0 ng
gT'T 8€'T 29’1 €e'1 06'T 0L'T 8T'T 9z'Y 0Z'1 09'T €21 9v'1 qx
<300} (440} gz'0 12°0 0€'0 12°0 6T°0 €9°0 6T°0 22°0 02'0 ve'0 g,
veT 09'T z8'1 Va1 20T g6'T 0e'T 16°€ ze'1 00'C T 89'T Eic
98°0 290 0.0 19°0 8L°0 gL'0 Lv0 €61 0g°0 8L°0 0] £9°0 oH
127 ze'e v9'e 9g'¢ 16°€ ¥6°€ 90'C ov'g 6€°C 6L°€ 6L°T 00'€ £q
0L°0 09°0 v9°0 €9°0 0L°0 1.0 ¥2'0 6S°0 £€°0 ¥S0 970 0 qL
L6°F 687 897 LLY ¥0'g ¥e'S 8L°0 16T 161 ¥9'C vLT €€°C PO
19'T €71 18T 69T G9'1T eL'T L1°0 £7°0 1€°0 L0 86°0 TL0 ng
19'¢ 96°% 8T°¢ 4l 89'g €8'¢ T€0 €6°0 790 €LT 20 28T wg
118 0'8% 062 ¥0g 118 978 120 jas4 [ 8% gT'9 gLV PN
£9'8 89°L 68°L gT'8 z9'8 78'8 zT0 9€°0 ¥Z'0 8L°0 61T T6°0 1d
8'LL 1°89 8°0L LEL 6'9L €08 ¥9°0 98'T 8Z'T L¥'¥ 8T'L ¥9°G 20
0Ty 028 7'8€ 0°0% 6TV gy 020 820 70 TL'T 98°C AN i
G6L 60L 702 0.8 TL8 €78 20T 0gT 826 167 T7E g0g eq
20T 260 66°0 8T'T 8T'T PIT 9z°0 0€°0 8€°0 91°0 LT°0 ¥1°0 sD
60°0 60°0 010 01°0 110 z1°0 90°0 ¥0°0 90°0 700 700 500 qs
0L°0 S9°0 89°0 69°0 VL0 LLO 07°0 6€°0 z€°0 170 <0} 18°0 ug
81°0 81°0 gT’o 61°0 44l €20 v1°0 ) 40 £1°0 v1°0 S1'0 o
L'9T 86T PRA €e1 zo1 791 08°0 290 qv'0 87°0 62°0 GL0 aN
00T T'€6 g8 26 6'€6 996 L'92 9'8¢ 12T L'92 S'€T z'92 1z
872 191 g'8T €91 112 z02 TEel 98¢ 8¢l (444 0'91 7’81 X
206 098 TL8 8L €29 LL9 10€ 487 8T¥ (487 91€ 6S1T 18
1y vLe vLg a4 9FY 8TV 0L qz'9 8% 1€°C 29T G9'1 Qy
geT 62T €€l el 8'€T 0vT 16T €l 0°€T €€l €'el 6'GT eD
0'99 2’89 T9 029 6'6S €79 €00T T°GL €98 129 079 9'1g uz
N 8'TS 8'8% 8'9 798 0'09 g'6T 9'99 7'L9 1°€9 6'€9 67V no
9%e a5 $2¢ £6¢ 20¢ €1c 69¢ 96¢ 0c¥ i) 67¢ €T IN
£'6e vTy 7'8¢ £ev VeV L'eY T6v 609 9°9¢ 78y 1LY v'ze le}
i) 189 192 9€L 122 769 6TTT [4k4s 9L0T LPTT £66 88TT o)
622 et 44 (444 62T geT vET 8LT eLT eLT S0T 9LT S0T A
z'98 et Lazs 8'€€ 9'7¢ gve LT g'€9 0°0¢g 8TV 8'7€ 9'8¢ os
692 9.2 0L VLT g0g 6°1€ a7 T8 L€t ggg 9'€8 1728 T
L0°00T 0€°00T 0%°00T £6°66 15°66 €L°66 9z°101 18°66 1€°101 197001 96°00T Ty 00T 17°66 TejoL,
G6'C L6°T G6°C 10°€ £0°€ go's or'e ere vo'e 61°¢ 91'€ ve'e 9z'e Aysueqg
LT°8 v’ 6€'8 VoL z9°'g 00°g 20'6 €221 z8'el rIIT v1'6 v 781 101
12'¢ 62°¢C 122 6£'C ¥0'C €0'¢ [o1e0] O%H
96°S L1°9 8T'9 q1'g 8¢'¢ 16T (dele)
81°0 £2°0 44l £2°0 12°0 430} 10°0 10°0 50°0 10°0 10°0 10°0 S0°0 f0%q
gg'T 8e'T 8€'T ¥9'1 19'1 9g'1 82°0 1€°0 ¥2'0 s1°0 01°0 80°0 20'0 [e}a"
ov'e e 61°€ vz [4:%d 4N L' 01T'% 687 8LV 11°¢ ¥6°S S0'9 0%eN
gl 0T°€T €0°7T gg'eT L0°FT L8'ET 299 68°6 19'8 TI' 1T 0L TT 82T 08'TT oD
T9'L 96°L 18°L €LL 1872 87°L Te0T 62°0T 8T'1T 69'6 126 6S°L 889 OSIN
Sz°0 12°0 ¥2'0 12°0 12°0 6T°0 1T°0 gg'0 110 T20 ¥2°0 02°0 v1°0 OUN
68'L S9°L T9'L £C°L £g'L LT°L 8€L TL'6 6L°L £6°L 2€'8 PIL 099 [ored] Ood
L8 0g'8 678 £0'8 70'8 L6°L 0z'8 08°0T 99'8 18°8 0€°6 ¥6°L £€°L €0%oyq
62°€T szl 18°CT LLTT 18°CT 6.°CT 9z'€T 08°CT (AN A" 09°2T 88'TT zg'eT 99°0T €0Cy
T80 LL°0 TL0 gL'0 9270 8L°0 99°0 9.0 8¢°0 89°0 6570 790 €20 COLL
L8°€V LLEY 98°¢¥ vy 62°gY Al 2T LY gE°6€ 66°T¥ LTTH z9°€V GL6Y jagey Zo1s
9°¢¥ 1S SZFIS  FTVIS €TFIS  TEHIS 1TV IS 116 SLA 216 SLA  ®eT'6SLA P T6SLA 9916 STA  ©®ST-6 STA 916 SLA odureg
Jstyosang s€/od sg/ou s€/>d sd/°d 99180[9 | Isiyosen|q  gsiyosen|q  sg/oH sg/od sd/°d 99180[0H 99180(9H

3.5 Geochemistry

(«6'78.100L8 N “0°0T.6€.G ) SOWLS pue
(F'6G.080CF N ‘.9°67.8ToI8 ) URYS UeLT, YINOS O} WOIJ 9ousnbas JSIdson|q-03180[09 o1} JO sosA[eure JuUomoP 90vI) pue Io(e]N :Z'€ 9[qeL



66 3. Chemical and petrophysical changes during exhumation

Eclogite and blueschist of the Si 4-2 sequence from Sifnos are SiOs-depleted mafic rocks.
The SiO, content decreases from eclogite to blueschist from 46.3 to 43.6 wt.%, whereas
concentrations of TiOg, AlyO3, Fe[tot], MgO, CaO, NayO and K50 remain constant during
the blueschist-facies overprint. The MnO content increases and the P,O5 content decreases.
The LOI increases strongly from 5 to 8.2 wt.%, which is mainly the result of increasing
COs contents (Table 3.2). Co and Th concentrations suggest that the basaltic protholith
prior to eclogite formation derived from a high-potassium or shoshonitic serie (Figure

). The Chondrite-normalised (Boynton, 1984) pattern of the eclogite shows a steep
enrichment in LREE (120-140 times chondrite) and moderate enrichments in HREE (~10
times chondrite) with (Ce/Yb)x of 47 (Figure 3.7). The eclogite is enriched in LILE (Cs,
Rb, Ba, K) compared to N-MORB-normalised (Hart et al., 1999) HFSE and REE values,
e.g. (Ba/La)y =5 and (Ba/Zr)y = 66 (Figure 3.8B). The eclogite shows extended Nb-Ta
and Zr—Hf troughs in the N-MORB-normalised multi-element diagram and has Nb/Ta =
23 and Zr/Hf = 40 ratios.

3.6 Mineral chemistry

3.6.1 Garnet

Generally garnet of the Tian Shan eclogite 1000
and blueschist is slightly zoned from core
to rim with 60-65 mol.% almandine, 13-15
mol.% pyrope, 17-23 mol.% grossular and
3-4 mol.% spessartine compositions (Fig-
ure 3.9A, B). The mean core composition
is almg g5—Prpo.13—&rso.18—spso.os With Xpe
[Fe*™ /(Fe*™ + Mg)] = 0.83 and the mean
rim composition is almg g —prpo.15—Erso.20— e
SPSo.04 with Xp. = 0.80 (Tab]e ) Oc- La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
casionally, garnet core compositions show 100
high spessartine contents (Figure 3.9A, B)
up to 20 mol.% together with high alman-
dine (~70 mol.%) and low grossular (<1
mol.%) and pyrope contents (~9 mol.%).
The Xp. decreases from core to rim from
0.89 to 0.80. The decrease of X,,s and
Xre indicates a preserved prograde growth
zonation.  Chondrite-normalised (Boyn- -
ton, 1984) REE patterns (Figure A) La Ce Pr Nd SmEu Gd Tb Dy Ho Er TmYb Lu
show the highest enrichment at Dy (25-116 Figure 3.10: Chondrite-normalised REE concentra-
times) slightly decreasing towards Lu (9-65 tions of garnet (A) and titanite (B) of Tian Shan ec-
times). The patterns decrease steeply from logite, analysed by in-situ LA-ICP-MS.

100

10

sample /chondrite
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10 Lg

sample /chondrite

titanite
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Figure 3.9: A + B) Mineral chemical composition of garnet in eclogite (top) and blueschist (bottom) of
Tian Shan (sample FTS 9-1.5 and 9-1.1); C + D) Composition of garnet in eclogite (top) and blueschist
(bottom) of Sifnos (sample Si 4-2.1 and 4-2.4).

Tb to Sm (3-6 times chondrite). LREE are usually slightly above the detection limit.
Most of the incorporated transition metals (Co = ~35, Ni = ~7, Cu = ~2, Zn = ~40
ppm) are moderate in concentrations and are homogeneously distributed, whereas V and
Y concentrations decrease from core to rim (~100-33 ppm V and ~200-50 Y, Table 3.1).

Garnets in the Sifnos eclogite and blueschist sequence have similar compositions and
zonation pattern with 55-65 mol.% almandine, 4-6 mol.% spessartine, 7-12 mol.% pyrope
and 22-29 mol.% grossular (Table 3.3, Figure 3.9C, D). All garnets have a mean core
composition of almg g5—SpPsg.o5—Prpo.os—grsp.ce with Xz, = 0.89 and a mean rim composition
of almg 55-SpSo.06—PrPo.10-Lrso.29 of Xpe = 0.84. The garnets are flatly zoned and show no
typical spessartine enrichment in the core.
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Table 3.3: Electron-microprobe analyses of garnet from Tian Shan and Sifnos samples.

Sample FTS 9-1.5 garnet D | FTS 9-1.1 garnet B | Si4-2.1 garnet A | Si4-24 garnet K
No. 341 367 501 522 24 48 3 23
Comment core rim core rim core rim rim core
SiO2 37.58 38.04 37.90 38.42 37.86 38.36 39.04 38.24
TiO2 0.16 0.01 0.21 0.06 0.07 0.04 0.02 0.05
Al O3 20.80 21.50 21.10 21.51 21.13 21.42 21.51 21.29
Fe[tot] 26.81 28.09 26.43 27.64 28.74 27.56 24.59 29.35
Feo O3 0.03 0.04 0.00 0.02 0.01 0.03 0.00 0.01
FeO 26.47 27.52 26.43 27.39 28.57 27.20 24.59 29.27
Cr203 0.28 0.05 0.00 0.15 0.08 0.06 0.25 0.07
MgO 1.81 3.77 2.40 3.62 1.90 3.09 2.84 2.05
MnO 6.90 1.28 5.87 0.95 2.23 1.75 3.51 2.73
CaO 6.37 7.65 6.71 8.50 8.68 8.92 10.10 7.87
Na2O 0.05 0.04 0.04 0.06 0.00 0.00 0.00 0.00
Total 100.46 99.90 100.66 100.68 100.54 100.87 101.86 101.58
Si 2.997 2.987 3.006 2.999 3.001 2.997 3.022 3.006
Ti 0.010 0.001 0.013 0.003 0.004 0.002 0.001 0.003
Al [1IV] 0.003 0.013 0.000 0.001 0.000 0.003 0.000 0.000
Al [VI] 1.951 1.976 1.972 1.978 1.974 1.970 1.962 1.972
Fe3+ 0.023 0.037 0.000 0.016 0.011 0.024 0.000 0.005
Fe2t 1.765 1.807 1.753 1.788 1.894 1.777 1.592 1.924
Cr 0.018 0.003 0.000 0.009 0.005 0.004 0.015 0.004
Mg 0.215 0.441 0.284 0.421 0.224 0.360 0.328 0.240
Ca 0.544 0.644 0.570 0.711 0.737 0.747 0.838 0.663
Na 0.008 0.005 0.006 0.010 0.000 0.000 0.000 0.000
Mn 0.466 0.085 0.394 0.063 0.150 0.116 0.230 0.182
Sum 8.00 8.00 8.00 8.00 8.00 8.00 7.99 8.00
Xprp 0.07 0.15 0.09 0.14 0.07 0.12 0.11 0.08
XAim 0.59 0.61 0.58 0.60 0.63 0.59 0.53 0.64
Xsps 0.16 0.03 0.13 0.02 0.05 0.04 0.08 0.06
Xars 0.16 0.20 0.19 0.23 0.24 0.24 0.27 0.22
X Adr 0.01 0.02 0.00 0.01 0.01 0.01 0.00 0.00
Xvva 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00
XFe 0.89 0.80 0.86 0.81 0.89 0.83 0.83 0.89

Fe3T calculated assuming stoichiometry. Number of ions on the basis of 12 O.

3.6.2 Clinopyroxene

All clinopyroxenes from Sifnos and the Tian Shan are classified as omphacite (Figure A,
Morimoto, 1988). In the Tian Shan the omphacite inclusions in garnet have 45-48 mol.%
jadeite [Jd = A1V!/(Na + Ca)], 3-6 mol.% acmite [Ae = (Na - A1) /Na + Ca)] and Xp, =
Fe?* /(Fe?t + Mg) of 0.22-0.28 (Table 3.4). Matrix omphacite has slightly higher jadeite
contents of 46-52 mol.% and lower acmite contents of 0-3 mol.% than inclusions. The Xp,
values are similar at 0.21-0.25. The ratio of the jadeite componant to the quadrilateral
(Ca-Fe-Mg) pyroxene component (Jd/Q) increases from 0.70 in omphacite inclusions in
garnet to 1.00 in matrix omphacite (Figure ). This means there is a slightly higher
jadeite content in the matrix omphacite compared to the omphacite included in garnet.
Omphacite inclusions and matrix omphacite show moderate Cr concentrations of ~900
ppm but sometimes up to 3.1 wt.% (Table 3.1).
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Table 3.4: Electron-microprobe analyses of omphacite from Tian Shan and Sifnos samples.

Sample FTS 9-1.5 Si 4-2.1 Si4-2.2  Si4-2.3  Si4-24  Si4-24
No. 108 45 423 462 566 107 244 326 269 300
Comment in Grt in Grt matrix matrix matrix in Grt in Grt matrix matrix matrix
SiOg 55.94 55.68 55.44 56.84 55.91 54.98 54.80 55.44 55.39 53.96
TiO9 0.06 0.00 0.08 0.06 0.06 0.04 0.12 0.05 0.06 0.01
Al2O3 10.65 8.89 10.49 12.91 12.45 8.00 6.92 9.93 9.08 9.64
Fe [tot] 5.39 5.90 3.31 3.43 3.47 7.18 8.22 4.67 5.44 7.35
FeoOg 1.30 1.91 0.25 0.39 0.00 4.87 4.94 3.89 4.24 5.25
FeO 4.22 4.18 3.09 3.08 3.47 2.80 3.77 1.17 1.62 2.62
Cr203 0.14 0.10 3.10 0.49 0.72 0.03 0.00 0.14 0.12 0.12
MgO 7.73 8.37 6.96 6.92 6.91 8.51 8.48 8.32 8.31 7.29
MnO 0.12 0.13 0.01 0.01 0.00 0.10 0.14 0.08 0.09 0.10
CaO 12.67 13.73 11.42 11.08 11.31 13.83 14.16 13.47 13.76 14.47
Na2O 7.01 6.42 7.81 8.28 7.79 5.86 5.78 6.35 5.95 5.06
K20 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01
SrO 0.10 0.02 0.05 0.00 0.03 0.07 0.07 0.08 0.10 0.10
BaO 0.02 0.04 0.03 0.00 0.01 0.00 0.02 0.01 0.04 0.00
NiO 0.03 0.00 0.00 0.00 0.02 0.04 0.02 0.02 0.03 0.02
Total 99.99 99.47 98.72  100.06 98.70 99.12 99.24 98.94 98.79 98.65
Si 1.997 2.008 2.000 2.001 2.000 2.009 2.009 2.007 2.018 1.990
Ti 0.002 0.000 0.002 0.002 0.002 0.001 0.003 0.001 0.002 0.000
Al [IV] 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010
Al [VI] 0.445 0.378 0.446 0.536 0.525 0.344 0.299 0.424 0.390 0.409
Fezy 0.035 0.052 0.007 0.010 0.000 0.050 0.088 0.001 0.000 0.000
Feoyt 0.126 0.126 0.093 0.091 0.104 0.169 0.164 0.141 0.166 0.227
Cr 0.004 0.003 0.088 0.014 0.020 0.001 0.000 0.004 0.003 0.003
Mg 0.411 0.450 0.374 0.363 0.369 0.464 0.463 0.449 0.451 0.401
Mn 0.004 0.004 0.000 0.000 0.000 0.003 0.004 0.002 0.003 0.003
Ca 0.485 0.530 0.441 0.418 0.434 0.541 0.556 0.523 0.537 0.572
Na 0.485 0.449 0.546 0.565 0.540 0.415 0.411 0.446 0.420 0.362
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sr 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.002 0.002 0.002
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Ni 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.001
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 3.99 3.98
X Ae 0.46 0.39 0.45 0.54 0.54 0.36 0.31 0.44 0.41 0.44
X jd 0.04 0.07 0.10 0.03 0.02 0.07 0.12 0.02 0.03 0.00
Xpe 0.23 0.22 0.20 0.20 0.22 0.27 0.26 0.24 0.27 0.36

Fe3 ¥ calculated assuming stoichiometry. X 4. = (Na - A1V!)/(Na + Ca); X ;4 = A1V /(Na + Ca). Number of ions
on the basis of 6 O.

Omphacite with these high Cr concentrations usually occurs close to Cr-muscovite (fuch-
site). Concentrations of MnO, Ni and V are moderate with <0.22 wt.%, ~300 ppm and
200-300 ppm, respectively. Locally, matrix omphacite has HREE concentrations near
chondritic values (1-2 times chondrite) but most of the REE concentrations are below the
detection limit (Table 3.1).

In the samples of Sifnos, omphacite inclusions in garnet have a jadeite content of mean
33 mol.% with a range between 25 and 40 mol.% and a acmite content of up to 13 mol.%
(Figure B). The Jd/Q ratio is ~0.58. Matrix omphacite as well as omphacite grains
occurring as inclusions in glaucophane, phengite or clinozoisite have jadeite contents of
29-46 mol.% (mean 39 mol.%) and acmite contents of up to 13 mol.% (mean 5 mol.%).
The Jd/Q ratio increases to 0.71. The SrO (0.07-0.10), NiO (~0.02) and MnO (~0.10)
concentrations in both omphacite types are very similar, whereas the CroO3 concentration
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Figure 3.11: Clinopyroxene classification after (Morimoto, 1988). A) Clinopyroxene in Tian Shan samples
is omphacite. Matrix omphacite tends to jadeite-rich composition in contrast to omphacite inclusions in
garnet. B) Clinopyroxene composition of Sifnos samples is omphacite. Matrix omphacite and inclusions
in garnet are similar.

increases from mean 0.05 to 0.12 wt.% and the NiO decreases from mean 0.035 to 0.024
wt.% in the matrix omphacite. The Xp, value is around 0.20 to 0.30 in both omphacite
types (Table 3.1).

3.6.3 Amphibole

Amphibole classification follows Leake et al. (1997), Figure . Glaucophane is the
dominant amphibole in the Tian Shan rocks. It forms porphyroblasts in the matrix of the
eclogite and blueschist, with Xz, = 0.18-0.30 and Xpes+ [Fe?t/(Fe?T + A1V7)] = 0.07-0.12
(Table 3.5). Na on the B position ranges between 1.665 and 1.824 (based on 23 O, Figure

A). Some porphyroblasts show a zonation with higher NiO (0.10 wt.%) and Xpes+ =
0.13 contents in the core that are decreasing towards the rim (NiO > 0.01, Xpe+ = 0.04),
whereas the MnO concentration of 0.07 wt.% in the core increases towards the rim to 0.22
wt.%. Sodic-calcic amphibole with composition between barroisite, katophorite and edenite
(Figure B) replaces glaucophane marginally or completely. This replacement is obvious
where amphibole is in contact with garnet and omphacite. The sodic-calcic amphibole has
lower NiO contents (<0.02 wt.%) but higher Cry03, MnO and Xpes+ contents (0.16 wt.%,
0.28 wt.% and 0.24, respectively). Glaucophane and barroisite contain both up to 100-200
ppm V, 3-6 ppm Cu and ~100 ppm Zn (Table 3.1). REE concentrations are usually below
the detection limit.

The amphibole composition of the Sifnos sample varies between glaucophane, winchite
and actinolite (Figure C, D; Leake et al., 1997). Isolated porphyroblastic amphibole
grains are glaucophane with occasionally occurring cores of winchite and actinolite (type
1) or glaucophane cores have a rim of glaucophane of slightly different composition (type
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Figure 3.12: Amphibole classification and composition diagrams. A + B) Primary amphibole in Tian
Shan samples is glaucophane. Amphibole formed during retrogression grains in contact with omphacite

and garnet are sodic-calcic amphibole.

(B). C 4+ D) Amphibole in Sifnos samples ranges between glaucophane, winchite and actinolite.

Its composition is between barroisite, edenite and kataphorite

E)

Prograde metamorphed formed glaucophane and actinolite with high NiO and low MnO contents differ
from retrograde glaucophane, winchite and actinolite with low NiO but high MnO contents.



72 3. Chemical and petrophysical changes during exhumation

1). Fine-grained matrix amphibole is also glaucophane (type 2). Locally, glaucophane rims
are replaced by actinolite (type 2), particularly if the glaucophane is in contact with either
calcite or with the relic omphacite. Glaucophane of type 1 has Xz, of 0.15-0.25 and X3+
of 0.17-0.4. The MnO content is around 0.1 wt.% and the NiO concentrations are between
0.07 and 0.20 wt.% (Figure E). The Nag varies between 1.5 and 1.77 pfu (based on
23 O). Actinolite/winchite of type 1 has Xp, of 0.17-0.22 and Xpes+ of 0.22-0.43. MnO
and NiO contents are similar in all amphiboles with values of about 0.07-0.20 wt.% and
0.14-0.20 wt.%, respectively.

Table 3.5: Electron-microprobe analyses of amphibole from Tian Shan and Sifnos samples.

Sample FTS 9-1.5 Si4-2.4 Si4-2.3

No. 96 187 192 290 271 214 222 289 290 294
Comment Bar Bar Bar Glncore Glnrim | Act (II) Gln (II) Gln (I) Win (I)  Act (I)
SiO2 46.58  46.41  50.40 58.96 57.48 56.40 57.79 57.99 55.76 54.51
TiO2 0.33 0.19 0.19 0.00 0.07 0.06 0.00 0.04 0.03 0.09
Al>O3 13.44 1391 10.06 11.12 11.67 1.45 10.51 11.20 6.29 4.36
Fe [tot] 14.53 15.36  12.85 7.90 7.13 7.20 8.43 7.88 8.40 8.56
FexO3 2.85 3.46 2.77 2.15 0.73 2.74 2.50 1.91 0.37 1.93
FeO 11.96 12.25 10.36 5.97 6.47 4.73 6.18 6.16 8.07 6.82
Cr203 0.18 0.20 0.16 0.05 0.21 0.03 0.02 0.01 0.04 0.05
MgO 9.85 9.13 11.86 11.47 11.20 18.56 11.47 11.03 14.75 16.43
MnO 0.12 0.03 0.07 0.03 0.01 0.69 0.08 0.07 0.17 0.16
CaO 8.24 8.00 8.10 0.83 0.81 10.57 1.54 0.78 7.38 9.74
NagO 4.14 4.11 3.65 6.54 6.96 1.40 5.96 6.35 3.42 1.92
K20 0.25 0.30 0.19 0.01 0.00 0.03 0.09 0.01 0.08 0.10
SrO 0.12 0.06 0.13 0.16 0.02 0.10 0.19 0.15 0.16 0.12
BaO 0.03 0.00 0.00 0.00 0.03 0.02 0.00 0.02 0.00 0.00
NiO 0.08 0.00 0.02 0.07 0.00 0.01 0.12 0.14 0.07 0.12
Total 98.17 98.04 97.96 97.35 95.65 96.79 96.45 95.86 96.57 96.35
Si 6.747  6.735 7.199 7.998 7.940 7.931 7.957 7.993 7.847 7.741
Al [1IV] 1.253 1.265 0.801 0.002 0.060 0.069 0.043 0.007 0.153 0.259
Al [VI] 1.041 1.114 0.893 1.775 1.839 0.171 1.663 1.812 0.890 0.471
Ti 0.036  0.020 0.021 0.000 0.007 0.006 0.000 0.004 0.003 0.010
Fe3+ 0.311  0.378  0.298 0.219 0.076 0.290 0.259 0.198 0.039 0.206
Fe?t 1.449 1486 1.237 0.677 0.747 0.556 0.712 0.710 0.949 0.810
Cr 0.020 0.023 0.018 0.005 0.023 0.003 0.002 0.001 0.004 0.006
Mg 2.127 1975 2.525 2.319 2.306 3.891 2.354 2.266 3.094 3.478
Mn 0.015 0.003  0.009 0.004 0.001 0.082 0.009 0.008 0.020 0.019
Ni 0.010  0.000 0.003 0.007 0.000 0.001 0.013 0.016 0.008 0.013
Cap 1.279 1.244 1.240 0.121 0.119 1.593 0.227 0.116 1.113 1.482
Nagp 0.721  0.756  0.760 1.720 1.864 0.382 1.591 1.697 0.887 0.518
Nag 0.441 0.400 0.251 0.000 0.000 0.000 0.000 0.000 0.046 0.011
K 0.046  0.055 0.035 0.001 0.000 0.005 0.016 0.002 0.015 0.019
Sr 0.010 0.005 0.010 0.013 0.001 0.008 0.015 0.012 0.013 0.029
Ba 0.002  0.000 0.000 0.000 0.002 0.001 0.000 0.001 0.000 0.010
Sum 15.51 15.46 15.30 14.86 14.99 14.99 14.86 14.84 15.08 15.08
XFe 0.41 0.43 0.33 0.23 0.24 0.13 0.23 0.24 0.23 0.19
X pes+ 0.23 0.25 0.25 0.11 0.04 0.63 0.13 0.10 0.04 0.30

Fe3t calculated assuming stoichiometry. X s+ = Fe3t/(Fe3t + AIVT). Number of ions on the basis of 23 O.

Glaucophane of type 2 differs from type 1 in slightly higher Xz, but lower Xp.3+ contents
of 0.20-0.28 and 0.04-0.18, respectively. The NiO content decreases to maximum con-
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centrations of 0.05 wt.%, whereas the MnO content is higher with 0.2-0.4 wt.% (Figure

E). The actinolite/winchite of type 2 has similar X, values as the actinolite/winchite
of type 1 but the Xg.s+ value and the MnO concentrations are higher with 0.29-0.71 and
0.27-0.74 wt.%, respectively, whereas the NiO content reaches maximum values of up to
0.05 wt.%, similar to the glaucophane of type 2.

3.6.4 White mica

Table 3.6: Electron-microprobe analyses of white mica from Tian Shan and Sifnos samples.

Sample FTS 9-1.5 (Tian Shan) Si4-2.2  (Sifnos)

No. 62 63 69 140 160 74 75 76 7 78
Comment Fuc rim Fuc core  Fuc core Pgcore Pgrim | Phe rim Phe Phe Phe Phe core
SiO2 49.69 48.28 48.66 46.80 46.94 51.68 53.88 53.98 53.41 53.90
TiO2 0.18 0.18 0.17 0.09 0.12 0.24 0.29 0.22 0.21 0.17
Al>O3 26.61 25.29 24.84 39.96 38.44 26.21 27.33  26.67 26.46 26.13
Fe [tot] 1.48 1.55 1.55 0.18 0.49 4.37 2.37 3.35 3.22 3.01
Cr203 2.98 6.20 7.03 0.16 0.36 0.25 0.27 0.27 0.39 0.25
MgO 3.16 2.73 2.80 0.15 0.41 3.65 3.65 3.59 3.59 3.78
MnO 0.01 0.03 0.05 0.02 0.01 0.10 0.01 0.00 0.04 0.00
CaO 0.00 0.00 0.00 0.19 0.11 0.10 0.03 0.13 0.07 0.05
NasO 0.81 0.85 0.77 7.42 7.10 0.49 0.51 0.38 0.39 0.27
K20 9.96 9.84 9.75 0.48 0.95 10.42 10.66  10.10 9.97 10.71
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.01 0.00
Total 94.89 94.94 95.62 95.45 94.93 97.53 99.01 98.69 97.76 98.27
Si 3.347 3.291 3.298 2.981 3.018 3.409 3.454  3.475 3.471 3.491
Ti 0.009 0.009 0.009 0.004 0.006 0.012 0.014 0.010 0.010 0.008
Al [IV] 0.644 0.700 0.693 1.015 0.976 0.579 0.532 0.515 0.519 0.501
Al [V]] 1.468 1.332 1.291 1.986 1.937 1.458 1.533 1.509 1.508 1.494
Fe 0.083 0.088 0.088 0.009 0.026 0.242 0.127  0.181  0.175 0.163
Cr 0.159 0.334 0.377 0.008 0.018 0.013 0.014 0.014 0.020 0.013
Mg 0.317 0.278 0.283 0.014 0.039 0.359 0.349 0.345 0.348 0.365
Mn 0.000 0.002 0.003 0.001 0.001 0.005 0.001  0.000 0.002 0.000
Ca 0.000 0.000 0.000 0.013 0.007 0.007 0.002 0.009 0.005 0.004
Na 0.106 0.113 0.101 0.917 0.885 0.063 0.064 0.047 0.049 0.034
K 0.856 0.855 0.843 0.039 0.078 0.877 0.872 0.830 0.827 0.885
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cl 0.001 0.000 0.000 0.000 0.000 0.002 0.000 0.001 0.001 0.000
Sum 6.99 7.00 6.99 6.99 6.99 7.03 6.96 6.94 6.93 6.96
XFe 0.21 0.24 0.24 0.40 0.40 0.40 0.27 0.34 0.33 0.31
XNa 0.11 0.12 0.11 0.95 0.91 0.07 0.07 0.05 0.06 0.04

Fe3T calculated assuming stoichiometry. Xy, = Na/(Na + Ca + K). Number of ions on the basis of 11 O.

White mica in the Tian Shan occurs as I) inclusion in garnet, which is phengite with
Si ~3.40 pfu (based on 11 O), II) as light greenish porphyroblast in the matrix, which
is fuchsite with up to 7 wt.% CryO3, and III) as colourless porphyroblast in the matrix,
which is paragonite with Xy, [Na/(Na + Ca + K)] = 0.86-0.96 (Figure A B, Table 3.0).
White mica contains up to 50 ppm B. Fuchsite contains high concentrations of Ba (~6000
ppm), Cs (~5 ppm) and Rb (~200 ppm). The values for those elements are much lower in
paragonite (Table 3.1). Sr and Pb concentrations are in paragonite and fuchsite about 800
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Figure 3.13: White mica composition of Sifnos and Tian Shan samples. White mica of Tian Shan samples
is phengite (with compositions to fuchsite) and paragonite. White mica of Sifnos samples is phengite.

and 10 ppm, respectively. The Cr concentration in paragonite is ~800-1000 ppm and that
of V and Ni are ~50 ppm and ~5 ppm, respectively. They are higher in fuchsite component
with 300 ppm V and 60 ppm Ni. REE are usually below the detection limit (Table 3.1).
White mica in Sifnos sample is phengite
(Figure 3.13A,B) with X, [Na/(Na + Ca)]

between 0.03 and 0.09. The Si content de- 0.30
creases from core to rim from 3.57-3.45 pfu )
together with increasing Xpg. of 0.23-0.40 0.25 '
(Table 3.0). = ©
< 0.20
+
L 0.15
=
3.6.5 Epidote mineral L5 10
Clinozoisite in the Sifnos samples (nomen- 0.05 In garnet
clature after Armbruster et al., 2006) can Sifnos
be divided into two texturell types. Type 1 0.00 . .
occurs as inclusion in garnet and has Xpges+ 0.00 0.02 0.04 0.06

[Fet /(Fe3t + A1VT)] of 0.09-0.28 and Sr
of 0.008-0.014 pfu (Figure ). Type 2
represents matrix clinozoisite with Xggs+ of

0.14-0.20 and higher Sr contents of 0.014— Figure 3.14: Clinozoisite of Sifnos eclogite and
0.04 pfu (Table ) blueschist. Clinozoisite in garnet has lower SrO con-
' ’ tents than clinozoisite in matrix.

Sr pfu
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3.6.6 Other minerals

Tian Shan: Carbonate is calcite with mean X, [Ca/(Ca + Mg + Fe + Mn)] = 0.94 (Table

). The remaining 6 mol.% of calcite are composed of 3.8-4 mol.% siderite and 2-2.2
mol.% magnesite. Calcite contains ~2000-4000 ppm Mn, 1500-2500 ppm Sr and in minor
amounts Co (~35 ppm), Ni (~100 ppm), Zn (80-100 ppm) and Pb (12-16 ppm, Table

). Feldspar is nearly pure albite with Xy, [Na/(Na + Ca + K)] = 0.97-0.99 (Table

). Titanite contains some amounts of transition metals (~140 ppm V, ~400 ppm Cr,
~20 ppm Co, <240 ppm Ni, <40 ppm Cu) and 200-500 ppm Mn, which increase to
4000 ppm in contact with garnet. Chondrite-normalised REE patterns show enrichments
from Gd to Lu and decreasing slope towards La (Figure B, Table 3.1). The highest
enrichments are in Gd (33-77 times chondrite, ~17 ppm) till Lu (15-39 times chondrite,
~1.27 ppm). La (~3 ppm) is 6-11 times enriched to chondrite.

Table 3.7: Electron-microprobe analyses of feldspar, calcite, chlorite and clinozoisite from Tian Shan and
Sifnos samples.

Sample FTS 9-1.5 Si 4-2.4 Si4-2.2 FTS9-1.5 | Si4-2.1 Si 4-2.5

No. 63 164 59 60 194 34 203 207 126 319
Comment Ab Ab Ab Ab Cc Cc Chl Chl Czo Czo
SiO9 69.59 67.70 67.94 67.87 0.03 0.07 29.71  32.13 37.86  39.03
TiOg 0.00 0.03 0.04 0.01 0.03 0.00 0.00 0.00 0.05 0.04
Al2O3 19.18 21.55 19.41 19.18 0.02 0.02 19.15 18.94 26.24 28.37
FeOltot] 0.40 0.15 0.33 0.39 0.31 2.54 13.19 13.22 8.60 6.78
Cr203 0.03 0.03 0.02 0.00 0.00 0.65 0.05 0.00 0.24 0.22
MgO 0.26 0.03 0.03 0.03 0.26 1.12 23.91  22.09 0.09 0.04
MnO 0.01 0.06 0.04 0.01 0.16 0.00 0.80 0.67 0.13 0.24
CaO 0.54 0.37 0.23 0.17 62.61 57.22 0.08 0.27 22.56  23.74
Na2O 11.37 10.75 11.03  10.96 0.02 0.01 0.00 0.64 0.01 0.01
K20 0.01 0.04 0.03 0.02 0.00 0.01 0.01 0.02 0.00 0.01
SrO 0.03 0.06 0.26 0.28 0.00 0.00 0.00 0.00 0.71 0.17
Total 101.50 100.83 99.03 98.52 63.13 59.11 86.91  87.98 96.49  98.64
Si 3.002 2.933 2.991  3.000 0.001 0.002 5.955  6.391 3.013  3.010
Ti 0.000 0.001 0.001  0.000 0.001 0.000 0.000  0.000 0.003  0.002
Al [IV] 0.000 0.067 0.009  0.000 0.000 0.000 2.045 1.609 0.000  0.000
Al [VI] 0.975 1.033 0.998  0.999 0.001 0.001 2.480  2.830 2.461 2.579
Fe* 0.015 0.005 0.012 0.014 0.023 0.096 2.821  2.779 0.515  0.393
Cr* 0.001 0.001 0.001  0.000 0.000 0.016 0.008  0.000 0.015  0.013
Mg 0.017 0.002 0.002  0.002 0.012 0.051 7.145  6.550 0.010  0.004
Mn 0.000 0.002 0.002  0.000 0.004 0.000 0.136  0.113 0.008 0.014
Ca 0.025 0.017 0.011 0.008 1.974 1.865 0.018 0.057 1.924 1.962
Na 0.951 0.903 0.941  0.939 0.001 0.000 0.000 0.245 0.002  0.002
K 0.001 0.002 0.001  0.001 0.000 0.000 0.003  0.006 0.000  0.001
Sr 0.001 0.001 0.007  0.007 0.000 0.000 0.000  0.000 0.033  0.008
Sum 4.986 4.968 4.976  4.971 1.992 1.935 20.61  20.58 7.977  7.975
XNa 0.97 0.98 0.99 0.99

Xca 0.98 0.93

Xpe2+ 0.66 0.66 0.28 0.30 0.98 0.99
X pest 0.17 0.13

Fe3T calculated assuming stoichiometry. X, = Na/(Na + Ca + K); X¢, = Ca/(Ca + Mg + Fe?T + Mn); X 3+
= Fe?t/(Fe?t 4+ A1VT). Number of ions on the basis of 8 O (feldspar), 6 O (carbonate), 36 O (chlorite) and 11.5
O (clinozoisite).
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Sifnos: Carbonate is calcite with minor siderite, magnesite and rhodochrosite compo-

nents. The X, is around 0.94-1.00 (Table

), whereas the remaining 0-6 mol.% is com-

posed of 3.2-5.2 mol.% siderite, followed by 0.4-1.9 mol.% magnesite and 0.3-1.1 mol.%
rhodochrosite component. Calcite rims in contact with glaucophane show higher amounts
of (1.4-2.9 mol.%) of rhodochrosite, siderite (2.5-3.7 mol.%) and magnesite (1-1.3 mol.%)
component. Chlorite is a Mg-dominated Fe-Mg-chlorite with Xz, of 0.27 to 0.30. Feldspar
is nearly pure albite with Xy, of 0.96-1.00 (Table 3.7).

3.7 Discussion

3.7.1 Nature of the eclogite protholiths
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Figure 3.15: Chondite-normalised (Boynton, 1984)
La/Sm vs. Nb/La diagram modified after John et al.
(2003). Eclogites of Sifnos plot in the continental
island arc field, whereas the eclogites of the Tian
Shan indicate back-arc basalt affinities. B) Nb/Yb
vs. Th/YD plot, modified after (Pearce, 2008), indi-
cate deep-crustal recycling in the island arc array for
eclogites of Sifnos and magma-crust interaction for
eclogites from South Tian Shan.

The Tian Shan and Sifnos eclogites are
formed from basaltic precursors. Both
eclogites differ in their trace element
chemistries. Their chemical characteris-
tics allow for suggestions in which geo-
dynamic setting their basaltic precursor
melts have been generated. The chondrite-
normalised (Boynton, 1984) REE pattern
of the Tian Shan eclogite shows similari-
ties in MREE and HREE to the pattern
of average oceanic island arc basalt (Kele-
men et al., 2003), whereas the LREE are
better resembling those of average boninites
(Kelemen et al., 2003, Figure 3.7). The N-
MORB-normalised (Hart et al., 1999) REE
of the eclogite differs from the average is-
land arc basalt, as it is too flat and the
Nb-Ta anomaly is very pronounced. In-
stead, the N-MORB-normalised trace ele-
ment pattern of the eclogite is similar to
depleted oceanic basalts from the rear-arc
in the pacific Vanuatu archipelago (Peate
et al., 1997), with which they coincide in
most of the trace elements (Figure 3.8A).
Low (La/Sm)y and Nb/La point on an
oceanic island arc and back-arc basalt affin-
ity (Figure A). Hence, the eclogite pro-
tholiths likely derive from magma gener-
ated in the back-arc area. Low Nb/Yb and
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Th/Yb ratios of the eclogites, which plot at the transition of N-MORB and the island arc
array, a feature that may be caused by magma-crust interaction are also in agreement with
a back-arc setting (Figure B, Pearce, 2008).

The N-MORB-normalised trace element pattern of the Sifnos eclogite is more enriched
than the pattern of average oceanic island arc basalt, except for the HREE. A better
correlation is given in the HFSE contents (Zr-Hf, TiO, and Nb-Ta) of the eclogites with
those of the average continental island arc basalt (CIAB Kelemen et al., 2003), but the
LREE and LILE are still more enriched compared to CIAB. High LREE concentrations
result in high (La/Sm)y = 4.8 at low La/Nb ~0.4 indicating magma-crust interaction
(John et al., 2003). The Sifnos eclogite plots at higher (La/Sm)y ratios outside of the
continental island arc field in Figure A, but might nevertheless be attributed to the
continental arc setting. The high Nb/Yb at high Th/YDb values support the interpretation
of strong crustal assimilation (Pearce, 2008, Figure B). In summary, a continental
island arc basalt can be assumed as the precursor of the Sifnos eclogite.

3.7.2 P-T path and metamorphic evolution

Tian Shan: The most pristine eclogite (sample FTS 9-1.5A) is best suitable for estimating
the prograde P-T conditions and to reconstruct the P-T path of the Tian Shan eclogite-
blueschist sequence, as the mineral assemblage of FTS 9-1.5A shows only minor features
for metasomatism. The P-T path has been reconstructed on the basis of P-T pseudo-
sections calculated with Perple X (Table , Connolly, 1990) in the TIKCNMnFMASH
system with a water activity of 1 (Figure A). Prograde metamorphic conditions can be
estimated from inclusions of white mica, amphibole, omphacite, minor clinozoisite, rutile,
titanite and quartz in garnet. Lawsonite or pseudomorphs after lawsonite were found nei-
ther as inclusion nor in the matrix. Thus a metamorphic evolution through the lawsonite
stability field (<400°C at 11 kbar and <600°C at 22 kbar) seems to be unlikely. The Fe-
Mg exchange thermometer calibration of Powell (1985) applied to omphacite inclusions in
garnet and garnet cores, results in prograde temperatures of 560+20°C at 10 kbar (Figure

F). Phengite inclusions are present in garnet but paragonite inclusions are lacking. The
stability field of white mica 4+ amphibole 4+ garnet + zoisite + titanite + albite restricts
the burial from 500-575°C at 10 to 14 kbar (Figure A). Burial at higher temperatures
than 525°C at 8kbar and 800°C at 16kbar can be excluded, as at these conditions biotite
would be a stable phase (Figure A); however, biotite was not found in the investi-
gated samples. Omphacite growth indicates conditions of P >14 kbar and T <700°C, at
which the jadeite content increases immediately to values above 40 mol.%, corresponding
to Xy, [Na/(Na + Ca)| isopleths in omphacite of 0.40 (Figure C). Jadeite contents
of matrix omphacite reach values of up to 54 mol.% (Table 3.1). This corresponds to a
condition of >650°C and 16kbar in the P-T pseudosections. Prograde burial is documented
by decreasing X g, values of 0.90 to 0.80 in garnet cores corresponding to decreasing Xp,
[Fe?t /(Fe*™ + Mg)] isopleths (Figure 3.9, B) up to peak-metamorphic temperatures
<700°C. Peak-metamorphic pressures are difficult to estimate, as Si isopleths in white mica
(Figure D) and calculated whole rock density isopleths (Figure E) are the only pa-
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Figure 3.16: P-T pseudosection for the Tian Shan eclogite FTS 9-1.5 A calculated with the given whole
rock composition in the TIKCNMnFMASH system (ab = albite, am = amphibole, bi = biotite, chl =
chlorite, g = garnet, law = lawsonite, om = omphacite, pa = paragonite, ru = rutile, sph = titanite, wm
= white mica of phengite and muscovite composition, zo = zoisite). Increasing grey-scale corresponds to
higher variance (quadri-, five-, six- and seven-variance); white arrow indicates the deduced P-T path. B)
X, isopleths of garnet, C) Xy, isopleths of clinopyroxene, nearly identical to jadeite content, D) Si pfu
isopleths of white mica.
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Figure 3.16: (cont.) P-T pseudosection for the Tian Shan eclogite FTS 9-1.5 A calculated with the
given whole rock composition in the TIKCNMnFMASH system. Increasing grey-scale corresponds to
higher variance (quadri-, five-, six-and seven-variance); white arrow indicates the deduced P-T path. E)
density isopleths, F) Comparison of published P-T paths from the Tian Shan. Thin dashed lines are
temperature calibration by Fe-Mg exchange thermometry (Powell, 1985) from omphacite inclusions and
garnet compositions.

rameters for pressure estimates. Phengite in matrix and phengite inclusions in garnet show
maximum Si contents of 3.40 pfu (based on 11 O), which would imply 22 kbar at 650°C in
the P-T pseudosections. The measured density of 3.34 g/cm?® of sample FTS 9-1.5A would
imply 21 kbar at 600°C at the corresponding density isopleth in the P-T pseudosection.
In summary, peak-metamorphic conditions of ~20 kbar and ~650°C can be assumed in
the stability field of the assemblage omphacite + white mica + amphibole + garnet +
rutile (Figure A). Titanite and paragonite in the matrix of sample FT'S 9-1.5A imply
retrograde cooling and decompression to conditions <16 kbar and <600°C (Figure A),
which is in the stability field of the assemblage omphacite + white mica + amphibole +
garnet -+ titanite + paragonite. A very rapid isothermal decompression might explain the
formation of poikiloblastic titanite that includes the fine-grained omphacite matrix (Fig-
ure 3.1A). The breakdown of the eclogite-facies assemblage omphacite and garnet (Figure

B) can be described e.g. with the following simplified reaction after Bucher and Frey
(2002):

3Jd + Prp + 2Qtz + 3H,0 — Gin + Pg (3.1)

This reaction is poorly developed in the eclogite but distinctly in the blueschist. Albite
grows due to the breakdown of the jadeite component in omphacite (Figure 3.3C). The
retrograde uplift path can be assumed to have taken place within the stability field of the
assemblage white mica 4+ amphibole + garnet + titanite + paragonite + albite at <550°C
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and 14 kbar (Figure ).

Sifnos: The bulk composition of the eclogite sample Si 4-2.1 together with the min-
eral chemical data have been used to reconstruct the P-T path for the eclogite-blueschist
sequence. Fe-Mg exchange thermometers, the garnet-pyroxene-phengite barometer and
the jadeite-albite-quartz barometers were applied and combined with P-T pseudosections
and isopleth diagrams (calculated with Perple_X Connolly, 1990, in the TIKCNMnFMASH
system with ag,o = 1) to obtain the P-T path shown in Figure A. Calcite as the only
carbonate is not considered in the calculation. Hence, the bulk rock CaO content was
reduced for about 3.70 wt.%, related to the measured 2.97 wt.% COs content. Temper-
atures were estimated by the omphacite-garnet thermometer calibration (Powell, 1985)
at 610+15°C and by the garnet-phengite thermometry calibration (Green and Hellman,
1982) at 550+£15°C (Figure B). Application of the jadeite-albite-quartz barometer cal-
ibrations (Gasparik and Lindsley, 1980; Holland, 1980), point to minimum pressures of
13-14.5 kbar at 600°C and ca 11 kbar at 450°C. The garnet-pyroxene-phengite barome-
ter calibration (Waters and Martin, 1993) gives pressures of around 20.5£2 kbar for the
omphacite;,qusion—garnet,.—matrix phengite.,.. composition at Si contents of 3.50-3.59
pfu (based on 11 O), and 16.5+1 kbar for omphacite,qriz—garnet,;,—matrix phengite,;,
compositions at Si contents of 3.40-3.46 pfu. Peak-metamorphic conditions can be esti-
mated at 600°C and <20 kbar, related to the observed mineral assemblage omphacite +
garnet + amphibole + white mica + rutile and the applied thermometers and barometers
(Figure B). Within the stability field of the latter assemblage the Xy, [Na/(Na +
Ca)] isopleth of 0.42 in omphacite correlates with the highest measured jadeite content in
omphacite indicating a metamorphic pressure at 20 kbar (Figure C). A prograde tem-
perature increase from 400 to 600°C is indicated by the garnet core to rim X, [Fe?t /(Fe?"
+ Mg)] values of 0.89 to 0.80 and indicated by the corresponding X, isopleths in Figure

D. Decreasing Si contents from core to rim in phengite (3.50 to 3.40 Si pfu based on
11 O) at a constant Xy, [(Na/(Na + K)] value of 0.02 in phengite constrain the burial
path to peak-metamorphic conditions (Figure E, F). The prograde low-temperature
assemblage chlorite + white mica + amphibole 4+ garnet + lawsonite + titanite obtained
in the P-T pseudosection calculation is in accordance with the petrographically observed
mineral inclusions in garnet. However, lawsonite occurs only as pseudomorphs consisting
of chlorite, clinozoisite and white mica described already by former workers (Okrusch et al.,
1978; Schmédicke and Will, 2003). The lawsonite breakdown can occur through several
reactions (Evans, 1990), three of which are listed in order of increasing pressure conditions:

5GIn 4 52Lws — 10Pg + 3Chl + 26Cz0 + 27Qtz + T4H,0O < 16kbar  (3.2)

Gin + 12Lws — 2Pg+ Prp + 6Czo + 5Qtz + 20H,0 < 19kbar (3.3)

4GIn + 3Lws — 8Jd + 3Prp+ 3Di + 7Qtz + 10H,0 > 19kbar (3.4)



3.7 Discussion 81

Since lawsonite occurs only as pseudomorphs in garnet and not as relics in the matrix,
we assume an early prograde breakdown of lawsonite below 17 kbar. Thus, the rock has
left the lawsonite stability field at around 500°C (Figure A) during burial. At the
same conditions rutile becomes stable. Prograde rutile crystallisation temperatures of 445-
505°C were determined by (Spear et al., 2006) on Sifnos samples from the same area, which
correlates with our P-T pseudosection calculations (Figure A). Retrograde conditions
can be constrained by Nag pfu isopleths in amphibole, X, isopleths in white mica and by
density isopleths. Napg contents of amphibole porphyroblasts, having a calcic amphibole
core and a sodic amphibole rim, correlate with Nag isopleths in amphibole core of 0.90
pfu (based on 23 O) at peak metamorphic conditions, and increasing Nap contents (1.80
pfu at rim) during uplift (Figure G). Measured Xy, in phengite (core to rim) are in
accordance to increasing Xy, isopleths of 0.02 to 0.04 in phengite. The bulk rock density
calculated in the P-T pseudosection would decrease from >3.30 g/cm® to <3.20 g/cm?
during retrogression (Figure H). These calculated densities cannot be correlated with
the measured densities, as calcite has not been included in the calculation, which would
reduce the density. The retrograde P-T path can be constructed until the stability field of
chlorite + white mica + amphibole 4+ garnet + zoisite + titanite is reached, which is the
observed mineral assemblage in the blueschist. The retrograde P-T path is characterised
by cooling and decompression. Isothermal decompression can be excluded for the Sifnos
samples as biotite and amphibole with Mg-hornblende or tschermakite composition would
become stable, minerals that do not occur. During uplift, the eclogite-facies assemblage
omphacite and garnet broke down to the blueschist-facies minerals glaucophane, phengite
and clinozoisite described by the following reaction (e.g., Evans, 1990):

26.Jd + 9Prp + 12Di + 19Qtz + 16 HO — 13GIn + 6Czo0 (3.5)

Late-stage glaucophane and clinozoisite growth is verified in the Sifnos sample, whereas the
new growth of phengite, as it is described by Reaction can be excluded here, because
the amount of phengite is similar in the eclogite and the blueschist. During progressive
uplift, at <550°C and <16 kbar, as indicated by the P-T pseudosection and petrographic
evidence, rutile becomes unstable and will be consumed by titanite formation:

3Grs + 5Rt + 2Qtz + 2H,0 — 2Czo + 5T'tn (3.6)

3Di + 2Jd + 3Rt + Qtz + HyO — Gln + 3Ttn (3.7)

Released Ca?*, e.g. due to the breakdown of omphacite or garnet, may react with COy-rich
fluids to form calcite. A possible calcite forming reaction can be expressed stoichiometri-
cally:

2Jd+ 3Di + HyO + 3C0; — Gln + 2Qtz 4 3Cal, (3.8)

or by unbalanced equation, in which Ca and Si ions are assumed to be removed from the

system:
Omp + Grt + HyO + COy — Gin + Cal + SiOq(aq) + C’a?;;) (3.9)
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Figure 3.17: A) P-T pseudosection of Sifnos eclogite Si 4-2.1 calculated with the given whole rock
composition in the TIKCNMnFMASH system (same mineral abbreviations than in Figure 3.16). The
CaO content is recalculated concerning 2.97 wt% COs in Calcite. Increasing grey-scale corresponds to
higher variance (quadri-, five-, six-and seven-variance); white arrow indicates the deduced P-T path. B)
results of applied geothermometer and -barometer (see text for used calibrations) and selected P-T paths
of Sifnos from literature for comparison, C) Xy, isopleths of clinopyroxene, similar to jadeite content, D)

X isopleths of garnet.
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Figure 3.17: (cont.) P-T pseudosection of Sifnos eclogite Si 4-2.1 calculated with the given whole rock
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white arrow indicates the deduced P-T path. E) Si pfu isopleths of white mica, F) Xy, isopleths of white
mica, G) Nap pfu isopleths of amphibole, H) density isopleths.
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The formation of chlorite and albite is
an indication for the blueschist-greenschist
transformation. It can be expressed by re-
actions after Bucher and Frey (2002) and
Evans (1990):

3Pg +5GIn + AH,0 — 3Chl + 13Ab+ Qt»
(3.10)

6Cz0+ 25GIn + TQtz + 14H,0 —

(3.11)
50Ab + 9Chl + 6T'r

The calculated P-T path (Figure B) of
the Sifnos sample is in agreement with sim-
ilar published P-T reconstructions (Trotet
et al., 2001; Schmédicke and Will, 2003).
All P-T path calculations for HP rocks of
Sifnos show narrow P-T loops with contem-
poraneous cooling and decompression dur-
ing uplift. Published P-T paths for the sub-
duction mélange in the Chinese South Tian
Shan vary slightly (Figure F). This re-
sults from the fact that different lithologies
have been analysed that are spacially sep-
arated from each other on a large scale. In
addition, it correlates with the nature of
subduction mélanges, which represent mix-
tures of different lithologies deriving from
different parts of a disintegrated subduction
slab (e.g. Bebout and Barton, 2002). Most
of the published P-T paths are clockwise
with retrograde cooling and decompression.
The here calculated P-T path of the back-
arc basalt (FTS 9-1 sequence) has an an-
ticlockwise sense, but it is also similar as
retrograde cooling and decompression after
distinct higher peak-metamorphic tempera-
tures is indicated. The numerical modelling
of Gerya et al. (2002) shows that oceanic
rocks subducted in young and hot subduc-
tion zones undergo anticlockwise P-T paths
and experience isobaric cooling after peak-
metamorphism, whereas rocks, which were
buried in mature and cooler subduction
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Figure 3.18: Comparison of published and modelled
P-T paths in subduction channel. A: numerical mod-
elling after Gerya et al. (2002). Basaltic rock in young
and hot subduction zone describes anticlockwise P-T
path at higher temperatures with isobaric cooling af-
ter peak-temperature. Rocks subducted in mature
subduction zones describe a clockwise P-T path at
lower temperature conditions. Uplift is characterised
by cooling and decompression. B: P-T paths from
HP-rocks of the tectonic mélange in the Dominican
Republic, after (Krebs et al., 2008). C: Clockwise P-
T path from van der Straaten et al. (in press) from
Tian Shan; anticlockwise P-T path is the FTS 9-1
sequence from the Tian Shan of this study.
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zones, show clockwise P-T loops at lower temperatures (Figure A). This numerical
modelling is supported by field observations of Krebs et al. (2008), who analysed jadeite-
gneiss, blueschist and eclogite from the tectonic mélange of the Dominican Republic (Figure

B). Anti-clockwise P-T paths with retrograde cooling and decompression are also re-
ported by Willner et al. (2004) from the Andean and Garcia-Casco et al. (2008) from
Cuba. The anticlockwise P-T path of the eclogite from Tian Shan described here, reflect
the burial and exhumation history in a young and hot oceanic subduction setting, whereas
most of the basaltic rocks in the Tian Shan subduction mélange describe clockwise, cooler
P-T paths (Gao et al., 1999; Klemd et al., 2002; Lin and Enami, 2006; van der Straaten
et al., 2008). However, most of the retrograde paths of the described tectonic unit are
similar and describe more or less the same retrograde cooling and decompression as it is
modelled for uplift in a subduction channel (Figure A, Gerya et al., 2002).

3.7.3 Element mobility, mass-balance and metasomatism during
the eclogite-blueschist transformation

The bulk rock data of the Sifnos and Tian Shan samples show that chemical changes were
associated with the transformation of eclogites into blueschists (Table 3.2). Due to the ele-
ment mobility in such open systems, the decrease and /or increase of element concentrations
finally results either in an overall mass loss or gain. Mass-balance calculations based on the
assumption of immobility of certain elements or element groups (Gresens, 1967; Ague and
van Haren, 1996) provide informations about element mobility during the studied eclogite-
blueschist transformation processes. The proper choice of the immobile reference elements
is crucial and should be selected carefully in accordance to the petrographical observations.
For details of the mass-balance calculations and its use for blueschist-overprinted eclogites
see Ague (2003) and van der Straaten et al. (2008). We discuss for every eclogite-blueschist
sequence of Sifnos and the Tian Shan, three possible immobile reference frames (Figure

A, B), which are: HFSE (Zr, Ti, Nb), HREE, and Al-O. HFSE are predominantly
incorporated into accessory phases like zircon, titanite, and rutile and are usually rather
immobile with regard to fluid processes in most metamorphic settings (e.g. Floyd and
Winchester, 1978; Corfu and Davis, 1991; John et al., 2004). HREE are usually incorpo-
rated in garnet (e. Stalder et al., 1998) or in accessory phases such as titanite (e.g. Gao
et al., 2007) and can be assumed to behave fluid-immobile if their carrier mineral keeps
stable or is just slightly affected by a metasomatic process (John et al., 2008). The P-T
estimates discussed in the previous sections indicate peak-metamorphic conditions (~21
kbar) and subsequent growth of hydrous minerals at pressures <20 kbar and provide some
constrains for the kind of mass and volume changes that might be reasonable in the studied
samples. At those high pressures an overall mass and volume loss or moderate volume gain
can be expected, but a significant volume increase seems unlikely. On these considerations
we evaluate among the suggested immobile element groups the most reasonable one. By
considering the HREE as the immobile reference frame, the calculated mass and volume
change would be +23 and +26 (Sifnos) and +27 and +36 (Tian Shan), respectively, which
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Figure 3.19: Element mobility estimated by mass-balance calculations for blueschist samples compared to their precursor eclogite sample from
Sifnos and Tian Shan. A+B): Comparison of three different immobility references. purple: HFSE, green: Al-O, orange: HREE. Calculated
associated overall volume and mass loss is given in legend. C+D): Element mobility for all major and trace elements based on HFSE and Al-O
immobility (gain in white, loss in blue).
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would have been accompanied by a gain of ~30% in HFSE. The calculated volume change
is by far too high to be realistic, as we cannot verify a gain of HFSE by petrographic
observations. HFSE and Al-O as immobile references result in minor changes of mass and
volume during the eclogite-blueschist transformation. On the basis of Al-O immobility
the obtained mass loss for the Tian Shan eclogite-blueschist transformation is -0.8% and
the volume change is +6.9%:; in the case of HFSE immobility the mass loss is -6.4% and
the volume change is +0.9%. The mass gain for the Sifnos blueschist /eclogite is -0.5% and
the volume change is +2.2% on the basis of Al-O (HFSE: mass change = +1.1%, volume
change = +3.8%). Associated minor changes in the HFSE at Al-O immobility is negli-
gible considering the analytical error of 1 %. Minor changes in major elements, that are
important on a quantity basis, result in higher mass changes compared to changes of trace
element concentrations. Immobility of Al is in accordance to petrological observations. For
instance, Al in garnet and jadeite is released by breakdown reactions or by dissolution of
these phases and is directly incorporated into alumina-rich minerals like white mica and
albite. Based on these considerations we regard AlI-O and HFSE as immobile during the
Sifnos and Tian Shan eclogite-blueschist transformations. Figure C and D show the
results of the mass-balance calculations. The Sifnos blueschist shows only minor element
gains (~20%) compared to the eclogite, except for the distinct gain of ~115% CO,. About
4% of Si and Ca and ~15-20% of REE, Y, Th, U, Ba, Cs, Rb, K, Cu, Mo and P seem to
be mobilised and removed from the system, in contrast to a gain of 15-25% of Mg, H,O,
Mn, Fe, Ni, Zn, Sr and Pb. The Tian Shan blueschist shows a calculated significant gain
of around 50-100% of Mg, Ni, Co, Zn, Cs, Sr and Pb and a 150-250% gain of LOI, Ba,
Rb and K. Contrary, there is distinct losses of around 50-100% of REE, Th, U, Cu, Mn
and Ca compared to its precursor eclogite. On Sifnos the loss of REE and P is probably
related to some dissolution of apatite and garnet. Incorporation of Cs, Rb, Ba and K is
usually associated with the formation of white mica (Zack et al., 2001) and the loss of
these LILE might be related to the mica breakdown reaction (Reaction ), indicating
the blueschist-greenschist facies transition. Gain of CO, is indicated by the growth of
calcite. Sr and Pb are distinct trace elements in clinozoisite (Enami et al., 2004; Feineman
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et al., 2007) and also occur in significant concentrations in carbonates (Gao et al., 2007).
Hence, the gain of Sr and Pb can be related to the growth of clinozoisite and carbonates
in the blueschist. Mg, Mn, Fe, and Zn gains are probably associated with the formation of
sodic amphibole. Late-stage amphibole formed during the blueschist-facies overprint shows
higher Mn contents (Figure E). The eclogite to blueschist transformation in the Tian
Shan sample indicates an increasing release of LREE from the pristine eclogite towards
the blueschist and an increasing gain of Cs, Rb, Ba and K (Figure ). Sample FTS
9-1.1 shows the strongest blueschist-facies overprint and according to the chemical data
it experienced the most intensive fluid influx. This fits well with the field observation, as
this part of the blueschist has the greatest distance from the relict eclogite. We assume
that dissolution of omphacite is the main reason for the very high LREE loss, as other
typical LREE-bearing phases like apatite or clinozoisite are absent (e.g. John et al., 2004).
If omphacite serves as the main carrier of LREE, although contents of LREE in omphacite
are rather low (Table 3.1), a significant loss of LREE would occur if this phase would be
replaced by a sodic-amphibole during alteration. 20-50% loss of HREE is probably related
to the partial breakdown of garnet, which can be assumed as the dominant HREE carrier.
Increasing gain of CO,, Cs, Rb, Ba and K correlates with increasing formation of white
mica (paragonite) and calcite. Both eclogite-blueschist sequences show similarities in the
loss of REE, U, Th, Ca and Si, and in the gain of CO,, H,O, Mg and some transition
metals, particularly of Ni. This indicates in both cases an infiltration of a COs-rich aque-
ous fluid characterised by relatively high Mg and transition metal concentrations at low
concentrations of Si, Ca and REE. In addition, the Tian Shan samples indicate a significant
LILE infiltration.

3.7.4 Exhumation processes in the subduction channel

The chemical changes associated with the eclogite-blueschist transformation suggest that
the infiltrating fluids during this transformation were low in Si, Ca and REE but high in
Mg, Co and Ni concentrations. Such fluid compositions suggest that they have been in
equilibrium with peridotitic rocks prior to infiltration (Barnes et al., 2004; Miller et al.,
2008; van der Straaten et al., 2008). Altered and unaltered peridotite is present within the
subducting slabs below the oceanic crust and in the mantle wedge above the slab. High gain
of COy is likely related to a carbonate source. This could be the marble sequence above
and below the eclogites and blueschists in Sifnos (Davis, 1966) and possibly the Silurian
marbles in the Tian Shan (Gao et al., 1999). According to the model of the presence of
subduction channels the different petrophysical properties of the partially serpentinised
mantle peridotite, compared to the unaltered peridotite, are responsible for movement
and uplift of the serpentinite itself and of the incorporated rocks (Hermann et al., 2000;
Schwartz et al., 2001; Gerya et al., 2002). According to Schwartz et al. (2001) 10-50%
serpentinisation in the subduction channel is suitable to carry eclogites from depths of
around 100 km up to a depth of 40 km, if the density contrast ranges between 0.1 and 0.4
g/cm®. The density calculation for depleted mantle peridotite (composition of Salters and
Stracke, 2004) in the CFMASH system (az,0 = 1), indicates a density of <2.9 g/cm? at P-
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Figure 3.21: P-T pseudosection of water-saturated depleted mantle composition (Salters and Stracke,
2004) calculated with the given whole rock composition in the CFMASH system (am = calcic amphibole,
an = anorthite, atg = antigorite, brc = brucite, chl = chlorite, cpx = clinopyroxene, g = garnet, ol =
olivine, opx = orthopyroxene, sp = spinel, tlc = talc).Increasing grey-scale corresponds to higher variance
(di- and tri-variance) B: Dotted lines are calculated density isopleths, given in g/cm3.

T conditions below 600°C and 18 kbar, and of <2.8 g/cm? below 400°C (Figure ). The
resulting density contrast among the blueschist-facies overprinted eclogite from Sifnos and
the calculated serpentinite is max 0.4 g/cm® at peak-metamorphic conditions of <600°C
and <20 kbar. This results from the calculated 3.30 g/cm? in eclogite and <2.85 g/cm? in
serpentinite (Figure ). The density contrast decreases to <0.30 g/cm? during late-stage
metamorphic conditions of <550°C and 16 kbar. The density contrast will increase up to
~0.5 g/cm? if marble with 2.6 to 2.8 g/cm?® is taken as the carrier rock. The estimated
density contrast of the Tian Shan sequence is ~0.20 g/cm?® corresponding to 3.34 g/cm3
of the eclogite and 3.15 g/cm? in serpentinite at peak-metamorphic conditions of around
650°C and 21 kbar. Retrograde density contrasts are similar to those of the Sifnos samples
(Figure ). HP rocks that were uplifted in a subduction channel and are displaying a
lower density contrast of 0.10-0.40 g/cm?® with its matrix point to the existence of a wide
subduction channel of up to 40 km (Schwartz et al., 2001). This correlates with the open
subduction channel theory due to a slab-roll back and extension, as it was proposed for the
Cyclades (e.g. Trotet et al., 2001; Jolivet et al., 2003). In contrast, a closed and narrow
subduction channel is supposed to be related to contraction tectonics (Jolivet et al., 2003),
as it is proposed for the Alps or the Himalayas. Higher density contrasts between HP
rocks and their matrix with values of up to >0.70 g/cm? are supposed to be associated
with narrow subduction channels (Schwartz et al., 2001). Serpentinites as transport matrix
in the subduction channel have been present in the Alps (Hermann et al., 2000; Schwartz
et al., 2000; Barnes et al., 2004) and in the Himalayas (Guillot et al., 2000), but serpentinite
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is only locally present in outcrops of Sifnos and the Tian Shan. Consequently, it has to be
assumed that the HP rocks have been tectonically separated from the serpentinite matrix
during the final stages of the uplift if serpentinites were the transporting matrix as it
was proposed by Dixon and Ridley (1987) for the tectonic mélange on Syros (Cyclades).
However, rocks with petrophysical proper-

ties similar to those of serpentinite may 3.40 w y w y w y x
have facilitated the uplift of HP rocks in- 335) =
stead. Possible low density and viscosity 330 ]
rocks that are occurring beside serpentinite 305 _ ]
. . L Tian Shan i
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(Gerya e.t al., 2002; Schwartz et al., 2091)' Shan eclogite-blueschist samples and the calculated
Alternatively, the presence of metapelites hydrated depleted mantle composition following the
(shale: 2.4-2.8 g/cm?, slate: 2.7-2.8 g/cm?, retrograde P-T conditions.

www.mininglife.com) and metasediments

(sandstone: 2.2-2.8 g/cm?® and mica schist: 2.5-2.9 g/cm?®, www.mininglife.com) can have
taken over the role of serpentinite in a subduction channel (Jolivet et al., 2003). These
are associated to the eclogites in adequate amounts in the Tian Shan. Also chlorite and
talc schist (talc: 2.6-2.8 g/cm?®, www.mininglife.com) satisfy the requested low density and

viscosity and are abundantly present in the tectonic mélange of the Tian Shan (Gao et al.,
1995, 1998; Klemd et al., 2002).

3.7.5 Conclusions

The minerals that formed in the blueschist-facies overprinted eclogites from Sifnos and
from the South Tian Shan have similar compositions. Garnet of eclogites and associated
blueschists are flatly zoned and almandine-rich. Clinopyroxene is zoned omphacite with
a prograde increase of the jadeite component during burial. Peak-metamorphic garnet,
omphacite and rutile are replaced by glaucophane, titanite, calcite and white mica, which
is paragonite in the Tian Shan and phengite in the Sifnos case. Clinozoisite is only present
in the Sifnos samples and shows higher Sr concentrations in the retrograde clinozoisite
compared to the prograde one.
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The chemical bulk composition of the Sifnos eclogite and blueschist point to oceanic
island basalt as protholith, whereas that of the Tian Shan eclogite-blueschist sequence
points to a back-arc derived oceanic basalt. The Sifnos eclogite experienced a clockwise
P-T path and the Tian Shan sample an anticlockwise P-T path at distinct higher tem-
peratures. Both samples are characterised by a retrograde contemporaneous cooling and
decompression, which typically results from uplift and exhumation in a subduction channel.

During retrograde fluid infiltration and associated metamorphism and metasomatism
Mg, transition metals, and LILE (Tian Shan) were gained in the blueschist compared
to the eclogite, while HFSE and Al behaved immobile. Si, Ca and REE were mobilised
and removed from the rock during this transformation process. These chemical changes
together with the nearly complete loss of LREE in the Tian Shan sample indicate that
the fluid prior to infiltration has been in equilibrium with a peridotitic composition, most
likely with rocks of the partially serpentinised mantle wedge, i.e. with the rocks of the
subduction channel.

The fluid induced element loss and a slight volume increase during the blueschist for-
mation result in a decreased density of the overprinted eclogite. Compared to the assumed
serpentinite matrix in the subduction channel, the calculated density contrast to the HP
rocks of Sifnos and the Tian Shan is high enough to carry HP rocks in a serpentinite
matrix to shallower depths. Serpentinite with incorporated low-density rocks in a matrix
of unaltered and thus denser mantle peridotite is able to rise up, driven by buoyancy forces.

The metasomatism associated with the eclogite-blueschist transformation points to in-
filtration of a fluid that was in equilibrium with a peridotitic composition. However,
occurrences of outcropping serpentinite on Sifnos and in the Tian Shan are very rare. Al-
ternative to serpentinite, the marble stratification of Sifnos and the metasediments of the
Tian Shan are suitable to overtake the role of the serpentinite as the carrier matrix during
exhumation near the surface.
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Chapter 4

THE CHEMICAL AND Sr-Nd-O ISOTOPIC
COMPOSITIONS OF SUBDUCTION CHANNEL
FLUIDS: CONSTRAINTS FROM ECLOGITES
PARTIALLY TRANSFORMED TO BLUESCHISTS

4.1 Abstract

Eclogites from Sifnos (Greece) and the Tian Shan (China) have been uplifted as tectonic
blocks in a serpentinite matrix interpreted to represent a paleo-subduction channel. They
show a partial, fluid-induced blueschist-facies overprint, where predominantly glaucophane
and white mica replace omphacite and garnet. Chemical changes associated with this
overprint were calculated by mass-balance. These show a gain of Mg, Ni and Co and the
loss of Si, Ca and REE in the blueschists compared to the eclogites. This points to a
fluid source that was in equilibrium with peridotites or rocks with similar bulk chemistry,
and that had added a sediment-derived flavour. For a better determination of the possible
source(s) of this infiltrating fluid and to characterise the effect of this fluid on the rocks,
mineral oxygen isotope analyses and whole rock Sr and Nd isotope analyses were performed
from three small scale (dm-m) sequences, where a gradual transition from eclogite to
retrograde blueschist is observed. In all three sequences the peak-metamorphic mineral
assemblage omphacite and garnet (plus phengite in two sequences) are in oxygen isotope
equilibrium (Aomp—grt = 0.89-1.20%0). Retrograde glaucophane (6'*0 = +8.8 to +9.8%o),
paragonite and phengite (6'*0 = +9.2 to +11.6%¢) are in oxygen isotope equilibrium as
well. The values for glaucophane and white mica are about 1.8%o higher than expected for
equilibration with garnet and omphacite at eclogite-facies conditions and indicate the late-
stage incorporation of a heavy O isotope signature that derived from the infiltrating fluid
during the blueschist-facies overprint. Higher whole rock initial Nd isotopic compositions
of the newly formed blueschist (éNd = +10) compared to the eclogite (eNd = +7.3) of
one Tian Shan sequence supports the hypothesis that the fluids derived from a source of
peridotitic composition. It is most likely that major elements control the characteristics
of the subduction channel fluids. This feature mainly derives from the intense fluid-rock
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interaction of slab-derived fluids with the peridotitic matrix within the subduction channel.
The elevated Sr isotope composition points to a fluid-source signature either derive from
the seawater-induced formation of serpentinite in the lithospheric slab mantle or from the
altered oceanic crust. The sediment-derived LILE addition and the CO, component of
these fluids may derive from the fluid-flow through the oceanic slab and the overlying
sediment layer.

4.2 Introduction

Oceanic lithosphere, which has been subducted to great depths and metamorphosed under
high-pressure conditions, is occasionally transported in fragments back to the surface by
uplift in the subduction channel. The subduction channel is the partially serpentinised
mantle peridotite between the down going slab and the dry mantle wedge in the fore arc
(Cloos and Shreve, 1988a,b). It develops by reaction of slab fluids with the mantle wedge
peridotite (Peacock, 1993; Bebout, 1995; Poli and Schmidt, 1995; Fisher, 1996; Gerya et al.,
2002). The fluid-induced changes in rheology, viscosity and buoyancy of the serpentinite
compared to the unaltered mantle peridotite affect migration and transportation of incor-
porated slab-rocks to shallower levels (Gerya et al., 2002; Schwartz et al., 2001; Warren
et al., 2008). The slab fluids are not only affecting the mantle peridotite, resulting in
serpentinisation and the formation of the subduction channel, but they also react with
high-pressure rocks, which are transported within the serpentinised matrix (Gerya et al.,
2002; van der Straaten et al., 2008). This is of particular importance as recent research
centres on the debate which subduction reservoir releases fluids that contribute most to
the chemical budget of arc signatures (e.g., Scambelluri et al., 2001; Hermann et al., 2006;
King et al., 2006; Bebout, 2007; Feineman et al., 2007; Zack and John, 2007). The sub-
duction channel fluids may originate from different reservoirs: (I) the partly serpentinised,
subducted mantle peridotite underneath the oceanic crust (Hyndman and Peacock, 2003;
Ranero et al., 2003; Ivandic et al., 2008), (II) the altered oceanic crust (e.g., Becker et al.,
2000; Staudigel, 2003; Kelley et al., 2005; John et al., 2008), (III) marine subducted sed-
iments (Plank and Langmuir, 1993; Riipke et al., 2002), (IV) the mélange zone of the
slab-wedge interface (King et al., 2006), which is similar to the mélange of the subduction
channel above the slab. The partially serpentinised subducted mantle peridotite is consid-
ered to represent the largest reservoir of fluids that can be released into the wedge, followed
by the altered basaltic crust and the overlying sediments (Schmidt and Poli, 1998; Riipke
et al., 2002, 2004). In the subduction channel, fluids might inherit the chemical and isotopic
signatures of these three reservoirs and might get overprinted by the signature of the partly
serpentinised peridotites of the mantle wedge as a forth component. Eclogites ideally have a
rather dry mineral assemblage and a well-defined basaltic composition. Thus, details about
the fluid composition and fluid related metasomatic and metamorphic processes that are
taking place in the fluid-rich environment of the subduction channel can be obtained from
dry eclogites that have been transformed in this setting to wet blueschists (van der Straaten
et al., 2008, in review). Radiogenic isotope ratios are a particularly useful tracer for the
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identification of the fluid sources, since they, in contrast to trace element abundances, are
not affected by chemical processes (e.g., mineral dissolution and precipitation), but reflect
the signature of their source (Baxter and DePaolo, 2000). Oxygen isotope studies can place
constraints on the nature and extent of pre- and post-metamorphic fluid-rock interactions
(Baker et al., 1997; Zheng et al., 1999; Yui et al., 1997) and are of fundamental impor-
tance in understanding geochemical processes in metamorphic rocks (e.g. Chamberlain and
Conrad, 1991; Zheng et al., 2003). Oxygen isotope compositions of minerals might indi-
cate fluid-induced changes in the isotopic composition between late-stage blueschist-facies
minerals and early eclogite-facies minerals, whereas the Sr and Nd isotopic signatures of
fluids differ if they originate either from peridotites, oceanic or continental fragments or
marine sediments. Relics of paleo-subduction zones and paleo-subduction channels are
represented by subduction mélanges, which occur at the surface today. From such subduc-
tion mélanges on the island of Sifnos in Greece and in the Chinese part of the South Tian
Shan, we investigated three dm to m scale sequences displaying gradual transitions from
eclogite to retrograde blueschist. Newly formed minerals like glaucophane and white mica
are formed at the expense of the eclogite-facies mineral assemblage omphacite and garnet
(£ phengite) during retrograde blueschist-facies metamorphism (van der Straaten et al.,
2008, in review). Investigations about the fluid composition, based on major and trace
elements, mass-balance calculations in combination with petrographical observations, were
made in previous studies (van der Straaten et al., 2008, in review). Here we combine and
enhance these results with O, Sr and Nd isotopic analyses to put additional constraints on
the possible sources of the fluids acting at the slab-wedge interface and in the subduction
channel. Although some information about the chemical budget for rocks in the hybridised
mélange zone in the slab-wedge interface (e.g. Bebout, 2003; King et al., 2006; Spandler
et al., 2008) or for HP rocks in the subduction channel (van der Straaten et al., 2008, in
review) exists, we discuss isotopic data here, to constrain relevant fluid sources and the
evolution of the fluid composition during the rehydration process of the eclogites.

4.3 Eclogite-blueschist transformation on Sifnos (Greece)

Exhumed and retrograde metasomatised mafic and ultramafic HP rocks juxtaposed in
subduction mélanges occur in the Cyclades, e.g. on the island of Syros and in the north-
ern part of Sifnos (Dixon, 1968; Schliestedt, 1980; Okrusch and Broecker, 1990; Keiter
et al., 2004). The ophiolites are related to the Jurassic Pindos Ocean, which was di-
vided in many deep basins and became subducted during several tectonic impulses (Bon-
neau, 1982). Exhumation of the HP units resulted from slab roll back and the for-
mation of extensional faults in the Aegaen arc (Jolivet et al., 2003; van Hinsbergen,
2004). The roll back of the slab induced the opening of the “Cycladic window” and
thus the exposure of the Cycladic islands (van Hinsbergen, 2004) within the Pindos zone
(Jacobshagen, 1986) associated with the formation of an open subduction channel (Jo-
livet et al., 2003). The crustal thinning by extensional faulting caused the rapid and
cool uplift of subducted high-pressure rocks (Schliestedt, 1990; van Hinsbergen, 2004).
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The island of Sifnos is composed of a meta- 24440
morphosed volcano-sedimentary sequence Cheronisos
interlayered with marbles (Davis, 1966;
Schliestedt, 1980, Figure ). After a Bay
HP metamorphism in the FEocene, pre-
served in the northern part of the is- Sample location
land, a greenschist-facies metamorphism
followed in the Miocene, now dominantly
occurring in the central and the southern
units (Altherr et al., 1979; Schliestedt and
Matthews, 1987; Okrusch and Broecker,
1990; Wijbrans et al., 1990). HP mafic
rocks of Sifnos describe a burial P-T path
under prograde lawsonite-blueschist-facies
conditions, preserved by lawsonite pseudo-
morphs in the matrix of blueschists (Syros,
e.g. Brady et al., 2001; van der Straaten o
et al., in review) or enclosed in garnet of i ,@ '
blueschists and eclogites (Fry and Fyfe, rpiann

1971; Okrusch et al., 1978; Schmadicke and Figure 4.1: Simplified geological map of Sifnos mod-
Will, 2003). Peak-metamorphic conditions ified after (Davis, 1966). The sample area is the
reached temperatures of 600°C and pres- northern branch of the Bay of Vroulidia as indicated.
sures of 20 kbar and were followed along

a retrograde uplift path nearly opposite to the prograde burial path, characterised by
contemporaneous cooling and decompression (Schliestedt and Okruch, 1988; Trotet et al.,
2001; Schmédicke and Will, 2003; Spear et al., 2006; van der Straaten et al., in review).
The lawsonite pseudomorphs and undeformed needles of calcite forming pseudomorphs
after aragonite on Syros are interpreted as hints for rapid (0.15 cm/a Schliestedt, 1990)
and undisturbed uplift (Brady et al., 2004; Keiter et al., 2004). The HP rocks in north-
Sifnos (blueschist, eclogite, chlorite-actinolite gneiss, glaucophane-jadeite gneiss) comprise
metamorphosed calc-alkaline basalts, andesites and Fe-rich tholeiitic basalts with protolith
characteristics related to MORB, island arc basalt, back-arc basalt or even boninite basalt
(Mocek, 1994). In the bay of Vroulidia of northern Sifnos (Figure 1.1, eclogites display a
blueschist-facies overprint. Sample Si 4-2 is a partly well preserved eclogite that passes lat-
erally into a retrograde blueschist-facies rock (Figure 1.2A). The whole sequence contains
garnet 4+ omphacite + sodic, sodic-calcic and calcic amphibole + clinozoisite + phengite +
rutile 4+ quartz =+ apatite + chlorite 4 albite &+ calcite 4 titanite + opaque phases. Garnet
and omphacite are the dominant minerals in the eclogite. Sodic amphibole, phengite and
albite replace partly the matrix omphacite, which may become complete with increasing
degree of blueschist-facies overprint. Garnet breaks down to amphibole, phengite and Fe-
rich chlorite. Rutile in the matrix is partially replaced by titanite. Fluid-derived CO5 has
facilitated calcite growth during the breakdown of garnet and omphacite.
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Figure 4.2: Blueschist-facies overprinted eclogite samples of A) Sifnos (Greece): photograph of sample
Si 4-2 in the Bay of Vroulidia (left) and detail of the sample (right); B) Eclogite and blueschist sequence
of sample FTS 9-1 in the Akanzayi River valley of the Chinese South Tian Shan (left) and schematic
illustration of token drill holes (right); C) Photograph of an example of the pillow-meta basalts in the
Atantayi River valley of the Tian Shan (left) and schematic differentiation between eclogite and two

blueschist shells (right). Used samples are not displayed in Figure.
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The whole rock composition of the ec-
logite and the associated blueschist indi-
cates an oceanic mafic rock as precursor.
REE and HFSE concentrations of the eclo-
gite indicate an affinity to continental is-
land arc basalt (van der Straaten et al.,
in review). Mass-balance calculations (fol-
lowing Gresens, 1967; Ague, 2003), based
on fluid-immobility of HFSE, Al and O
suggest overall volume increase of 2-4%
and significant element mobility during the
eclogite-blueschist transformation (van der
Straaten et al., in review, Figure A).
Loss of REE, Y, U, Th, Cs, Rb, Ba, K,

i, P, Ca and Si is related to the break-
down of garnet, omphacite, phengite and
apatite, whereas the gain of Mg, Mn, Fe,
Ni, Zn, Sr, Pb, CO5 and H5O is related to
the growth of newly formed glaucophane,
clinozoisite, chlorite and calcite (van der
Straaten et al., in review). A pervasive
fluid infiltration on a large scale is not
known for the eclogite-blueschist transi-
tion on Sifnos (Putlitz et al., 2000; Ganor
et al., 1996; Schliestedt and Matthews,
1987), but the presence of a grain bound-
ary film of fluids was postulated to fa-
cilitate isotopic and element equilibration
between minerals (Putlitz et al., 2000).
Hints for infiltration of 680 enriched chan-
nelised fluids, probably in exchange with
the associated marbles are described for the
blueschist-greenschist transition in the cen-
tral and southern units of Sifnos (Schliest-
edt and Matthews, 1987) and is also rel-
evant for the eclogite-blueschist transfor-
mation in the northern part. Higher §80
isotope compositions than that of the av-
erage oceanic crust is interpreted as low-
temperature seawater alteration that typ-
ically occurs within the oceanic crust at
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Figure 4.3: Element mobility of Tian Shan and
Sifnos eclogite and blueschist sequences based on
mass-balance calculation in percent. A) Element
mobility of the eclogite-blueschist transformation of
the Sifnos sample calculated based on immobility of
HFSE (Zr, Hf, Ti, Nb and Ta), Al and O (van der
Straaten et al., in review). B) Eclogite-blueschist
transformation of the FTS 9-1 sequence of the Tian
Shan calculated based on the immobility of HFSE,
Al and O (van der Straaten et al., in review). C)
Eclogite-blueschist transformation of the pillow meta-
basalts from Tian Shan calculated based on the im-
mobility of HFSE and Th (van der Straaten et al.,
2008).

modern spreading centres (Putlitz et al., 2000).
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4.4 Blueschist-facies overprint of eclogites in Tian
Shan (China)

Fluid-induced prograde and retrograde metamorphic and metasomatic features in HP-rocks
can be studied at the well-preserved subduction mélange of the South Tian Shan Fold
Belt. The high-pressure metamafic, -ultramafic and -sedimentary rocks are interpreted
as relics of the Palaeozoic South Tian Shan Ocean, a marginal basin of the Turkestan
Ocean, subducted and incorporated into the South Tian Shan orogen during Silurian and
Carboniferous time (Ren et al., 1987; Bykadorov et al., 2003; Sobolev et al., 1986; Sengor
and Natal’In, 1996). The predominantly metamafic rocks occur as greenschist-, blueschist-
or eclogite-facies rocks, and, together with Silurian marbles, meta-sediments and peridotitic
lenses, form the mélange zone (Figure , Gao et al., 1995, 1998). Peak metamorphic
conditions in eclogites reached pressures of about 20 kbar and temperatures of about 600°C,
locally up to 700°C (Gao et al., 1998; Klemd, 2003; Lin and Enami, 2006; van der Straaten
et al., 2008, in review). Some of the eclogites describe a P-T path with retrograde cooling
and decompression (Gao et al., 1998; van der Straaten et al., 2008, in review), which
is characteristic for uplift in a subduction channel (Cloos and Shreve, 1988a,b; Gerya
et al.,, 2002). The Tian Shan high-pressure belt exhibits prograde dehydration related
to fluid-induced eclogitisation, which is associated with vein and selvage formation (Gao
and Klemd, 2001; Gao et al., 2007; John et al., 2008), as well as retrograde fluid-induced
transformation of eclogites to blueschists (van der Straaten et al., 2008, in review). Peak
metamorphism was reached at around 3434+44 Ma (Gao and Klemd, 2003) and retrograde
cooling, metamorphism and uplift are interpreted to have lasted until Late Carboniferous
times, between 320 and 300 Ma (dominantly 310-311Ma, Klemd et al., 2005) based on
white mica cooling ages (K-Ar, Ar-Ar, Rb-Sr).

Two different sequences comprising a gradual transition from eclogite to blueschist were
investigated in this study: I) A lithologically layered sequence of eclogite that is laterally
transformed to blueschist (Samples FTS 9-1.1 to 9-1.6, Figure 1.2B, in the following la-
belled as “FTS 9-1 sequence”, van der Straaten et al., in review) II) Meta-basalts with
pillow structure (in the following labelled as “pillow meta-basalt”) with eclogite-facies min-
eralogy preserved in the pillow cores showing marginal transformation to blueschist (sam-
ples FTS 4-3.5, 4-3.3, 4-2.4, 4-1.1, Figure 1.2C, van der Straaten et al., 2008). Eclogite of
the F'TS 9-1 sequence contains omphacite + garnet + rutile + Cr-rich phengite + glauco-
phane + titanite + calcite. In the blueschist-facies overprinted parts, omphacite and garnet
are replaced by newly formed glaucophane and paragonite. Glaucophane in the matrix and
in contact with the relict garnet and omphacite is transformed into sodic-calcic amphibole.
With increasing blueschist-facies alteration the garnet is more and more replaced by chlo-
rite and calcite and may even be totally consumed. Trace element concentrations of the
eclogite show affinities to boninites or REE- and HFSE-depleted oceanic back arc basalts.
The precursor rock of the eclogite presumably derived from a back-arc related regime
(van der Straaten et al., in review). Distinct loss of up to 99 % of the LREE were obtained
in mass-balance calculations (based on the assumption of immobility of HFSE and Al-O,



104 4. Isotope variations: constraints on fluid source

%X Sample location

Alluvium

Precambrian amphibolite-
facies rocks

Marble
Granite

Greenschist-facies rocks,
undifferentiated

==
o

T ! T : 1 . T T 1 4 . .
SEERamaSS N IZ I Blueschist-facies rocks,
chan Ped Fault undifferentiated
Northern Haerke s B Eclogite
\‘\V‘\[{!{!{!{[{[{!{!InllIIIIIl/\\:\\\\\\\\‘\‘\‘\‘:\‘{{
| I 1 1 1T = 1 1 T1 T T 1 I I I I I I T I

Figure 4.4: Simplified geological and metamorphic map of the Chinese South Tian Shan modified after
Gao et al. (1999). Stars indicate sample areas.

following Gresens (1967); Ague and van Haren (1996); Ague (2003), Figure 1.3B) This loss
is most likely related to the complete replacement of omphacite. Minor loss of HREE is
related to resorption of garnet during the eclogite-blueschist transformation. The mineral
assemblage of the pillow meta-basalts is garnet + omphacite + clinozoisite + rutile + ap-
atite in the eclogite, which is transformed by fluid-induced retrograde metamorphism to a
mainly phengite-glaucophane-ankerite-titanite-bearing blueschist. The eclogites of the pil-
low meta-basalts show an affinity to ocean island basalt (OIB). Based on the mass-balance
calculations (Figure 1.3C) an overall volume and mass loss accompanied the blueschist-
facies transformation. The eclogite-blueschist transformation is characterised by the loss of
REE and Y due to dissolution and breakdown of apatite, clinozoisite (mainly LREE) and
garnet (mainly HREE) as well as by the loss of P, Ca, U (breakdown of apatite) and Sr and
Pb (breakdown of clinozoisite). Si, Ca and Na losses are associated with the replacement of
omphacite and garnet. Gain of Mg, transition metals (Mn, Fe, Co, Ni, Zn), CO, and H,0O
is related to in the formation of glaucophane and ankerite. Cs, Rb, Ba and K gains (Figure
1.3C) were accompanied with the formation of white mica. The loss of REE and Si as well
as the gain of Mg, Ni, Co and Zn in both sequences indicates that the fluid inducing the
blueschist formation has been in equilibrium with a rock of peridotitic composition prior
to infiltration. Strong enrichments of Cs, Rb, Ba, K and CO, in the blueschist compared
to the eclogite are related to newly grown paragonite and calcite (van der Straaten et al.,
2008, in review). The fluids are either derived from the partially serpentinised lithospheric



4.5 Analytical methods 105

slab mantel or equilibrated with the mantle peridotite in the subduction channel above
the slab. Because of the observed LILE enrichments (Cs, Rb, Ba and K) the fluids must
have contained a sediment component, which is most likely derived from the subducted
sediments (van der Straaten et al., 2008, in review).

4.5 Analytical methods

O isotope measurements of separated, hand picked, minerals were made at the Geowis-
senschaftliches Zentrum, University of Gottingen. Details of the analytical process are
described by (Pack et al., 2007): 1-2 mg of the separated minerals are loaded in a Ni sam-
ple holder and evacuated overnight. Samples are melted with 50 W CO, laser (A = 10.6
pum) and fluorinated with purified Fy gas (~20 mbar). Excess Fy reacts with heated NaCl
(~150°C) to NaF and Cls is trapped with liquid nitrogen at -196°C. Oy is trapped for 6-10
min on a 5A molecular sieve at 196°C before being transferred into the sample bellows of
the spectrometer by heating up the molecular sieve to + 80°C. Isotopic analyses are carried
out using a Finnigan Delta plus mass spectrometer, which is equipped with three Faraday
cups with 3 x 108, 3 x 10! and 1 x 10! Q feedback resistors for simultaneous measurement
of oxygen with m/z 32, 33 and 34. Samples are analysed by the conventional dual inlet
system using bottled reference Oy of known §'®Ov-sprow (+ 12.5%0). Garnet (UWG-2, N
= 9) was used as reference material and was measured wih +5.66 £+ 0.08%o (+5.7440.1%o,
Valley et al., 1995).

Bulk rock Sr-Nd isotope analyses were carried out at the IFM-GEOMAR, University
of Kiel on sample dissolutions previously analyzed by ICP-MS for trace element concen-
trations. Details of the sample dissolution procedure are given by van der Straaten et al.
(2008). Ion chromatography followed established standard procedures (Hoernle et al.,
2008). Isotopic ratios were determined by thermal ionization mass spectrometry (TIMS) on
a MAT262 RPQ+ (Sr) and TRITON TIMS (Nd). Both instruments operate in static multi-
collection mode. Sr and Nd isotopic ratios are normalized within each run to ®Sr/®Sr
= 0.1194 and 6Nd /" Nd = 0.7219, respectively, and all errors are reported as 2 sigma
of the mean. Reference material measured along with the samples were normalized and
gave 87Sr/86Sr = 0.710250 + 0.000016 (N = 4) for NBS987 and 43Nd/4Nd = 0.511850
+ 0.000003 (N = 5) for La Jolla. Total chemistry blanks are <50 pg for Sr and Nd and
are considered negligible.

4.6 Isotope geochemistry results

The 5O, ninerar Values measured in garnet, omphacite, amphibole, white mica and clino-
zoisite of Sifnos (Si 4.2 sequence) and Tian Shan (FTS 9.1 sequence and pillow meta-
basalts) are presented in Figure and Table 4.1. All minerals from the three analysed
eclogite-blueschist sequences have 60 values that are higher than typical mantle values
(5.3-6.2%0, e.g. Hart et al., 1999; Eiler et al., 2000). The §'®0 values of garnet, om-
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Figure 4.5: Mineral oxygen isotope composition of the three eclogite-blueschist sequences: (left to right)
Si 4-2 (Sifnos), FTS 9-1 sequence and pillow meta-basalts (Tian Shan). Oxygen isotopic data from the
pillow meta-basalts are measured from four different drill cores, each showing the direct eclogite-blueschist
transformation, except FTS 4-1.1, which is pure blueschist. Grey lines show calculated equilibrium at
shown temperatures of Aomp—minerat following the calculation of Zheng (1993a,b), see Table and text
for details.

phacite, clinozoisite and glaucophane (8-10%o) from the Sifnos sequence are in accordance
to those values, presented by Putlitz et al. (2000) for minerals from meta-basalts from
Sifnos (9-13%0). The §'¥0 of glaucophane, tremolite and phengite (9.6-9.9%0) are higher
than those of garnet, clinozoisite and omphacite (8.1-9.3%o) in the Sifnos sequence. The
FTS 9-1 sequence in the Tian Shan shows slightly lower 680 of omphacite and garnet
(7.3-8.2%0) compared to the Sifnos values. The 6'®0O of the blueschist-facies glaucophane
is slightly higher (8.8%o) than those of garnet and omphacite, whereas the eclogite-facies
phengite has a lower 60 (8.5%0) than the blueschist-facies paragonite (9.2%0). The pil-
low meta-basalts have 680 values of eclogite-facies omphacite and garnet between 8.2
and 9.7%o and high values of blueschist-facies glaucophane (9.1-9.7%0) and highest values
in blueschist-facies phengite (10.2-11.6%0¢). The only analysed clinozoisite from sample
FTS 4-3.5 (pillow meta-basalts) has %0 = 9.1%c. Sr and Nd isotopic compositions of
whole rocks from the Sifnos and the Tian Shan are listed in Table and shown in Fig-
ure 4.6, Initial isotopic compositions of (87Sr/%6Sr); and (3Nd/4Nd); were calculated
for 42 Ma for the Sifnos samples (Altherr et al., 1979; Wijbrans et al., 1990). Eclogite
and blueschist of the Sifnos sequence show no significant difference in (37Sr/*Sr)ys and
eNdys, with both ratios plotting close to the composition of the Bulk Silicate Earth (BSE)
at that time. Cooling ages based on white mica Ar-Ar and K-Ar dating and on Rb-Sr
isochrons cluster mostly around 310+10Ma for blueschists in the Tian Shan (Klemd et al.,
2005). Figure 1.7A, B show two Rb—Sr whole-rock isochrons for eclogites and blueschists
of the pillow meta-basalts of the Tian Shan (calculated with Isoplot v3.0; Ludwig, 2003).
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Figure 4.7: A) 3"Rb/86Sr isochron from whole rock
blueschists of the pillow meta-basalts, (Tian Shan).
B) 8"Rb/%Sr isochron from whole rock blueschists
and eclogites of the pillow meta-basalts (Tian Shan).
Eclogites and blueschists show the same isochron age
(input errors for both: 87Sr/%6Sr = 5%, 87Sr/86Sr =

0.716

data-point error crosses are 20
Tian Shan (pillow meta-basalts)
m WR blueschist

e Age =320+11 Ma
Initial *Sr/*Sr =0.70635£0.00014
MSWD =0.97

1 2 3 4
8’Rb/®Sr

0.714

data-point error crosses are 20
Tian Shan (pillow meta-basalts) *

B WR eclogite
m WR blueschist

1| Age =322+11 Ma

Initial *"Sr/*Sr =0.70627+9.8e-05
MSWD =5.8

1 2 3 4
8’Rb/*eSr

0.0024%).

The blueschist samples are plotting on
a well-defined isochron (MSWD = 0.97)
and show an initial 87Sr/®6Sr value of
0.7063540.00014 with an age of 320+11
Ma (20; Figure A). This age over-
laps with errors with the predominant
cooling ages of 310-311 Ma and is in
good agreement with the provided overall
age range of 323-303 Ma (Klemd et al.,
2005). The pillow meta-basalt eclogites
have lower 8"Rb/®¢Sr ratios than the as-
sociated blueschists (Figure B). To-
gether, eclogite and blueschists provide
an isochron age of 322411 Ma (MSWD
= 5.8) with a similar initial 37Sr/%Sr of
0.70627-+0.000098 (Figure 1.7B). Based on
320Ma values the eclogites and blueschists
of the pillow meta-basalts do not show sig-
nificant differences in the (37Sr/%Sr)s00n14
and (eNd)sgon, values. Calculation of an
isochron age for the FTS 9.1 sequence of
Tian Shan failed as the 8"Rb/¢Sr val-
ues of this sequence are very low (<0.05)
and a reliable age is not provided. The
(87Sr/®0Sr); and the eNd values for the FTS
9-1 sequence are also calculated for 320
Ma. The eclogite-blueschist transforma-
tion of the FTS 9-1 sequence shows in-
creasing eNd values of +7.3 to +10 at rel-
atively constant (87Sr/®6Sr)sp0nse values of
about 0.70712+0.00005. Both Tian Shan
sequences have Sr isotopic compositions
that are displaced from the mantle array
towards higher values, whereas Nd isotopic
compositions overlap with those of typical
mantle-derived rocks (Figure 1.0A).
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4.7 Discussion

4.7.1 Stable oxygen isotopes: constraints on metamorphic equi-
librium and metamorphic temperatures

The oxygen isotopic composition of a certain mineral is dependent on the isotopic com-
position of the bulk rock, the minerals that are equilibrium with the mineral of interest
and temperature of formation (Zheng, 1993a,b). To test oxygen isotopic equilibrium con-
ditions between minerals of the investigated eclogites and blueschists and to determine
metamorphic temperatures, the temperature dependent theoretical isotope fractionation
between all isotopically analysed mineral pairs have been calculated after the method of
Zheng (1993a,b) in the temperature range 300-800°C (Table 1.1). For solid solution min-
erals omphacite, garnet and sodic amphibole, fractionations were calculated for the known
endmember proportions based on the microprobe mineral chemical data (van der Straaten
et al., 2008, in review). The average core composition of matrix glaucophane, the core
composition of matrix omphacite and the rim composition of garnet were used in the cal-
culations (Table 1.1). In the Sifnos Si 4-2 sequence, the green amphibole, which is a calcic
amphibole of winchite to tremolite composition, was measured beside the blue sodic am-
phibole, which is glaucophane. These results of these calculations will be discussed and
compared with the measured isotopic mineral data and the petrological observations and
P-T estimates. The results are given in Figure and Table

Garnet and omphacite as major phases in eclogites should have the O-isotope composi-
tion of the peak metamorphic stage. The calculated fractionation of Ap,—cre = 1.21%0 at
600°C of sample Si 4-2 from Sifnos agrees with the measured fractionation (1.20%c, Table

) and the peak-metamorphic temperature estimate of 600°C calculated with the P-T
pseudosections (van der Straaten et al., in review). In addition, the measured Apyp—phe = -
0.53%o is similar to the calculated Appp—pre = -0.47 to -0.57%0 at 500 and 600°C, indicating
equilibrium of phengite, omphacite and garnet during eclogite-facies conditions. However,
equilibrium between the eclogite-facies mineral assemblage and the blueschist-facies glau-
cophane or epidote cannot be verified (Figure 1.5). Moreover, glaucophane and epidote are
not in isotopic equilibrium. The calculated Apyp—gin = -0.04%0 at 600°C differ from the
measured Aopy,—gin = -0.37 to -0.52 (Table 4.1). The measured Ao,y g, differs for about
0.6%o from the calculated Aoy gy, = 0.05%0 (600°C). However, the measured Ag,_r, = -
0.91%o is in fair agreement with the calculated Ag,_7, = -0.74 to -0.95%0 at 300 and 400°C,
which might indicate a late-stage equilibrium between epidote and Ca-amphibole during
a greenschist-facies overprint. A retrograde greenschist-facies metamorphism has been de-
scribed for most lithologies on Sifnos (Altherr et al., 1979; Schliestedt and Matthews, 1987;
Okrusch and Broecker, 1990; Wijbrans et al., 1990).

The FTS 9-1 sequence in the Tian Shan displays a measured Appp—cre = 0.89%0,
which is similar to the calculated fractionation of 0.89%0 at 800°C. In this case the temper-
ature estimate based on the oxygen isotope fractionation is around 100°C higher than the
peak-metamorphic temperature calculated with Perple X in P-T pseudosections (van der
Straaten et al., in review). An oxygen isotope fractionation of Apmp—cre = 1.06%0 is



110 4. Isotope variations: constraints on fluid source

Table 4.1: Measured mineral oxygen isotope composition in eclogites and blueschists of Sifnos and Tian
Shan and calculated temperatures.

Sample 580 (%) Pair A0 (%) T(°C)*

Sifnos

Si4-2.1

Eclogite Omp +9.31 Omp-Grt 1.2 611 + 43
Grt +8.11 Phe-Omp 0.53 549 + 94
Gln +9.83 Omp-Gln -0.52 -

Si4-2.6

Blueschist Phe +9.84
Gln +9.68 Tr—Czo 0.91 322 £+ 42
Tr +9.57
Czo +8.66

Tian Shan

FTS9-15 A

Eclogite Omp +8.2 Omp-Grt 0.89 803 + 64
Grt +7.31 Phe-Omp 0.32 752 4+ 180
Phe +8.52 Phe-Grt 1.21 780 + 47

FTS9-15B

Blueschist Gln +8.81 Pg-Gln 0.39 643 £+ 139
Pg +9.2

FTS 4-3.5

Eclogite and Omp +9.68 Omp-Grt 0.97 729 + 57

Bueschist Grt +8.71 Omp-Ep 0.55 -
Czo +9.13 Omp—Gln 0.07 -
Gln +9.61
Phe +10.54

FTS 4-2.4

Eclogite and Omp +9.63 Omp-Grt 0.97 729 £+ 57

Blueschist Grt +8.66 Omp—Gln 0.55 -
Gln +9.08
Phe +11.55

FTS 4-3.3

Eclogite and Omp +9.12 Omp-Gln -1.13 -

Blueschist Gln +10.25

FTS 4-1.1

Blueschist Phe +10.25 Gln—-Grt 1.52 479 £+ 30
Gln +9.72 Phe-Grt 2.05 504 £+ 23
Grt +8.2 Phe-Gln 0.53 587 + 99

Minerals:  Omp, omphacite (Si 4-2.X, JdggAcosDizggHdi17; FTS 9-1.X, JdsoDisgHdi2; FTS 4-X.X|
Jd37AC08Di39Hd16); Grt, garnet (Sl 4-2.X, AlmssSpsos GrssoPrpio; FTS 9-1.X, AlmgoSpsos GrseoPrpis; FTS
4-X.X, Almg2Spso1 GrsasPrpi2); Gln, glaucophane (Si 4-2.X, GlnzsRbkos; FTS 4-X.X, Gln7sRbkas); Tr, tremo-
lite; Phe, phengite; Pg, paragonite; Czo, clinozoisite. * Calculated in terms of the calibration of Zheng (1993a,b),
error used = 0.1%0(10).
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Table 4.1: (cont.) Comparison of measured and calculated mineral oxygen isotopic compositions depen-
dent on temperature. Calculations for certain isotopic mineral pair compositions follows the description
of Zheng (1993a,b).

Sifnos (Si 4-2 sequence)

Pair* Omp—-Grt Omp—-Gln  Omp—Tr Omp—Phe Omp-Ep Ep-Tr Phe—Tr
T (°C) A0 (%)
300 2.40 -0.06 0.62 -0.92 0.10 -0.95 -1.71
400 1.86 -0.05 0.49 -0.71 0.08 -0.74 -1.33
500 1.49 -0.04 0.39 -0.57 0.06 -0.59 -1.07
600 1.21 -0.04 0.32 -0.47 0.05 -0.48 -0.87
700 1.00 -0.03 0.27 -0.39 0.04 -0.40 -0.72
800 0.84 -0.21 0.42 -0.32 0.03 -0.33 -0.61
observed:
1.20 -0.37 -0.26 -0.53 0.65 -0.91 0.27
-0.52

Tian Shan (FTS 9-1 sequence)

Pair* Omp-Grt Omp-Gln  Omp-Pg Omp—Phe Pg—Gln
T (°C) A0 (%)
300 2.54 0.25 -0.54 -0.78 0.79
400 1.97 0.20 -0.42 -0.61 0.62
500 1.58 0.16 -0.33 -0.49 0.49
600 1.28 0.13 -0.27 -0.40 0.40
700 1.06 0.11 -0.22 -0.33 0.34
800 0.89 0.09 -0.19 -0.28 0.28
observed:
0.89 -0.61 -1.00 -0.32 0.39

Tian Shan (Pillow meta-basalts)

Pair* Omp-Grt Omp-Gln  Omp-Phe Omp-Ep Gln-Ep Phe-Gln  Phe-Ep
T (°C) A0 (%)

300 2.43 0.09 -0.89 0.08 0.16 0.98 0.81
400 1.88 0.07 -0.69 0.06 0.13 0.76 0.64
500 1.50 0.06 -0.56 0.05 0.11 0.62 0.51
600 1.23 0.05 -0.45 0.04 0.09 0.50 0.42
700 1.01 0.04 -0.38 0.03 0.07 0.42 0.35
800 0.85 0.04 -0.31 0.02 0.06 0.35 0.29

observed:

FTS 4-3.5 0.97 0.07 -0.86 0.55 0.48 0.93 1.37

FTS 4-2.4 0.97 0.55 -1.92 2.47

FTS 4-3.3 -1.13

FTS 4-1.1 0.53

* Mineral composition as above, magenta: similarity in calculated and measured oxygen isotopic fractionation.




Table 4.2: Sr and Nd isotope data.
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Sample Si4-2.1 Si4-2.6 FTS9-1.6 FTS 9-1.5A+B  FTS 9-1.1 FTS 4-1.1 FTS 4-1.5 FTS 4-1.5
rock type eclogite blueschist eclogite eclogite blueschist blueschist blueschist eclogite
Rb (ppm) 30.6 39.2 0.64 1.65 5.7 69.2 57.2 29.8

Sr (ppm) 917 738 84.5 159 301 138 44.0 356
(3"Rb/868r) 0.10 0.15 0.02 0.03 0.05 1.45 3.77 0.24
(37Sr/868r)m, 0.705065+06  0.7051044+05  0.707266+06 0.707268+-06 0.707315+06  0.7128694+07  0.723093+05 0.7072264-06
(®7Sr/868r), . 0.705010 0.705016 0.707166 0.707131 0.707065 0.706244 0.705925 0.706123
Sm (ppm) 5.86 4.89 0.67 1.57 0.32 2.61 5.52 6.88

Nd (ppm) 32.2 27.7 2.23 4.73 0.71 11.2 23.5 28.4
(*47Sm/144Nd) 0.1095 0.1064 0.1808 0.1998 0.2717 0.1403 0.1414 0.1458
(143Nd/144Nd),,,  0.512623402  0.512624+01  0.512980+04 0.5130394-03 0.513297403  0.512654402  0.512647+03 0.512662403
(143Nd/144Nd) 0.512594 0.512596 0.512601 0.512621 0.512728 0.512361 0.512351 0.512357
e(Nd) 0.15 0.18 7.33 7.70 9.79 2.62 2.43 2.55
Sample FTS 424 FTS 4-2.4 FTS 4-3.1 FTS 4-3.1 FTS 4-3.3 FTS 4-3.3 FTS 4-3.5 FTS 4-3.5
rock type eclogite blueschist blueschist eclogite blueschist eclogite eclogite blueschist
Rb (ppm) 46.4 63.7 55.4 24.8 56.9 7.23 4.97 25.8

Sr (ppm) 251 98.2 126 183 180 402 246 170
(3"Rb/863r) 0.54 1.88 1.27 0.39 0.91 0.05 0.06 0.44
(37Sr/868r),, 0.708644405  0.714895405  0.712275+06 0.7080844-06 0.710629406  0.706567+05  0.706563+05 0.7083184-05
(37Sr/868r) . 0.706207 0.706335 0.706474 0.706305 0.706474 0.706330 0.706396 0.706321
Sm (ppm) 6.55 8.68 3.68 4.45 4.17 5.24 4.58 4.94

Nd (ppm) 27.3 38.3 15.5 18.7 16.9 21.6 18.7 19.9
(147Sm/144Nd) 0.1444 0.1364 0.1429 0.1434 0.1485 0.1460 0.1474 0.1494
(143Nd/4Nd),,  0.512654403  0.512642403  0.512661403 0.5126534-02 0.512665402  0.512668402  0.512663+02 0.5126724-03
(143Nd/144Nd) 0.512351 0.512356 0.512361 0.512352 0.512353 0.512362 0.512354 0.512359
e(Nd) . 2.45 2.55 2.64 2.47 2.48 2.66 2.49 2.59

112

m = measured; i* initial age recalculated to 42Ma (Altherr et al., 1979; Wijbrans et al., 1990) for Si 4-2.1 and Si 4-2.6; for FTS samples (Tian Shan) 320Ma,
this study, see text for detail. Recalculation based on Sr, Rb, Sm and Nd concentrations (van der Straaten et al., 2008, in review); eNd calculated using
AEwZQ\EuZ&QIQN\SﬁE@Ho.mwmmwm and Aiﬂms\E%Z&QIQN\S&E&HO.Gm@ (Goldstein et al., 1984); (87.Sr/86Sr); calculated based on Faure (1986).
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calculated assuming peak-metamorphic temperatures of around 700°C as obtained from
pseudosections (van der Straaten et al., 2008). Taking into account the errors in tempera-
ture estimates for oxygen isotope thermometry (803 4 64°C) and pseudosections (4 50°C),
near equilibrium between omphacite and garnet can be assumed during the eclogite-facies
stage. In addition, the calculated fractionation of Apyup—pre = -0.33%0 at 700 °C is similar
to the measured Apy,p—pre (-0.32%0), indicating equilibrium between omphacite and phen-
gite at these temperatures. Equilibrium between omphacite, garnet and phengite during
eclogite-facies conditions is in agreement with petrographical observations and with the
results of P-T pseudosections (van der Straaten et al., in review). Measured Apmp—cin
= -0.61%0 and Appp—py = -1.00%0 differ significantly from the calculated fractionations
of these pairs (Aomp—gin = 0.11-0.16%0 and Appmp—py; = -0.22 to -0.33%0 at 500-700°C),
suggesting that glaucophane and paragonite have not been in equilibrium with omphacite
and garnet. The measured Apy g, = 0.39%0 is similar to the calculated fractionation
of 0.40%0 at 600°C, indicating that paragonite and glaucophane have been in equilibrium
at 600°C, which is consistent with the stability of the assemblage glaucophane-paragonite
calculated in the P-T pseudosection (van der Straaten et al., in review).

Samples of the pillow meta-basalts of the Tian Shan contain of pure blueschist (Sam-
ple FTS 4-1.1) and three drill cores contain of relict eclogite with domains of blueschist
overprinting the eclogite (Samples FTS 4-2.4, FTS 4-3.3 and FTS 4-3.5). Two mea-
sured oxygen isotope fractionations between omphacite and garnet (Aopmp—crt = 0.97%0)
point to an equilibration temperature of 728 + 57°C (FTS 4-3.5 and 4-2.4, Table 1.1),
which is somewhat higher, but within errors identical to the peak-metamorphic tempera-
ture of omphacite and garnet of around 650°C obtained with P—T pseudosections (van der
Straaten et al., 2008). The measured Ap,,—gin shows high variations, which is in sam-
ple FTS 4-2.4 around 0.50%0¢ lower and in sample FTS 4-3.3 around 1.10%o higher than
the calculated equilibrium values (Table 1.1, Figure 1.5C). The measured Aoyp—cin value
of sample FTS 4-3.5 is similar to the calculated Apmp—crn = 0.04-0.07%0 at 400-700°C.
This suggests equilibrium for sample FTS 4-3.5 between glaucophane and omphacite even
though the glaucophane derives from the blueschist and the omphacite derives from the
enclosed eclogite domain (Figure 4.5C) and thus we do not consider equilibrium and ig-
nore the coincident and apparent oxygen isotope equilibrium. Agy,,—ppe of samples FTS
4-3.5 and 4-2.4 differ for about 0.5%¢ and 1.5%0, respectively, compared to the calculated
Aomp—prhe =-0.45 at 600°C. Moreover, the measured Apy,p—pgp, = 0.55 in Sample FTS 4-
3.5 is about 0.50%0¢ lower than the calculated equilibrium fractionation at 600°C. Hence,
glaucophane, phengite and epidote were probably not in equilibrium with omphacite dur-
ing the peak-metamorphic eclogite facies stage. Equilibrium has been achieved between
phengite and glaucophane in the phengite-ankerite blueschist (sample FTS 4-1.1), as the
measured Appe_cim = 0.53%0 is similar to the calculated Appe_cin = 0.50-0.62%0 at 500
600°C. Clinozoisite in sample FTS 4-3.5 shows no oxygen isotope equilibrium with none
of the associated minerals, which may derive from the fact that it was not possible to
obtain a clean mineral separate of the inclusion rich clinozoisite. In summary, equilib-
rium is preserved between omphacite and garnet during peak-metamorphic conditions in
the eclogite domains of the pillow meta-basalts and between glaucophane and phengite of
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the blueschist domain, which are the dominant and stable minerals in the blueschist un-
der retrograde conditions. The FTS 9-1 sequence and the pillow meta-basalts of the Tian
Shan show therefore similarities in oxygen equilibrium under peak-metamorphic conditions
between omphacite and garnet, and under retrograde blueschist-facies conditions between
glaucophane and white mica, which is phengite in the pillow meta-basalts and paragonite
in the FTS 9-1 sequence.

4.7.2 Evidence for inherited seawater alteration?

All eclogites that are partially overprinted by a blueschist-facies metasomatism and meta-
morphism derive from oceanic basalts. It has to be evaluated if and to which extent they
have been affected by seawater alteration prior to this overprint. Especially pillow-basalts
are susceptible for alteration, since the space between the pillows serves as fluid pathways
and alleviate seawater access. Mobility and enrichment of K and Rb are distinct features of
seawater alteration in oceanic basalts (Becker et al., 2000; Staudigel, 2003). Bebout (2003)
used changes in trace element concentrations and trace element ratios to distinguish bet-
ween seawater alteration and mobility during metamorphic fluid/rock interaction. The
eclogites of all studied sequences do not show characteristic enrichments that follow the
seawater alteration trend, as they plot near their precursor composition of N-MORB or
OIB on various discrimination diagrams. Thus a significant chemical alteration prior to
metamorphism can be excluded. The Tian Shan blueschists are highly enriched in Rb, K,
Cs and Ba, whereas the Sifnos blueschist are only slightly enriched. Cs and Ba are usually
not enriched due to seawater alteration (e.g. Bebout, 2003). Figure 1.8A shows that K and
Rb enrichment of blueschists and eclogites follows the seawater alteration trend, but this
enrichment is also typical for additions during HP/UHP metamorphism (Bebout, 2007).
However, the enrichment of Ba and K cannot be related to seawater alteration, since the
relevant trace element ratios (K/Th vs. Ba/Th) follow the HP /UHP-metamorphic addi-
tion trend (Figure 1.8B, C). A further strong indication for seawater alteration would be
the gain of Uranium (Bebout, 2007; Staudigel, 2003), but the here described blueschists
show a loss of U compared to the precursor eclogite (Figure 1.8D). Therefore an alteration
of LILE concentrations by seawater is unlikely.

It is well established that seawater alteration on the ocean floor increases the 620 val-
ues at low temperatures (<150°C). Only at greater depth and higher temperatures (100-
400°C) 6'80 values decrease to values lower than that of the typical mantle composition
(Miihlenbachs and Clayton, 1976; Gregory and Taylor, 1981). An oxygen isotope signature
indicative for seawater alteration was proposed for HP metamorphic rocks from Sifnos by
Putlitz et al. (2000), because of higher whole rock 480 values (11-14%0) in the HP rocks
compared to that of fresh MORB. The §'80 of an eclogitic whole rock can be derived from
the omphacite and garnet compositions, as these minerals are the main components in the
rock. Putlitz et al. (2000) assumed that 51800mphacz~te reflects the whole rock 680 compo-
sition and calculated a whole rock §**O value of +5.8%0 at 500°C for a model eclogite with
60% omphacite, 20% garnet and 20% glaucophane. In case of the eclogites from the Tian
Shan and from Sifnos omphacite is always the dominant mineral (>60 vol.%) and thus the
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Figure 4.8: A) Rb and K gain in blueschists compared to the eclogites from the sequences of Sifnos and
the Tian Shan. The Rb-K addition follows the seawater alteration as well the HP/UHP metamorphic
fluid trend. B) High concentrations of Ba and K correlated to immobile Th in blueschists compared to the
eclogites indicate gain of K and Ba due to HP/UHP metamorphic fluid rather than by seafloor alteration.
C) HP/UHP metamorphic fluid addition is also true for increasing K concentrations at constant Ba/Rb
D) U concentrations correlated to immobile Nb show that U was not added during seawater
alteration in blueschists prior to the eclogite facies of the Sifnos and Tian Shan sequences. Note that all
sequences are derived from basalts of different oceanic settings and plot therefore inconsistent (FTS 9-1:
back-arc, pillow meta-basalts: ocean island, Sifnos 4-2: island arc).

ratios.
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whole rock §'80 composition can be estimated to range between 8 and 9%c based on the
isotopic composition of omphacite in these rocks (Figure 4.5, Table 4.1). Compared to the
average 680 = 5.71%0 of the oceanic crust (Hart et al., 1999) and mantle-derived basaltic
rocks (5.2-6.3%o; Eiler et al., 1997, 2000), the eclogites of all sequences show higher §'¥0
values, which might be related to inherited low-temperature seawater alteration (reported
for Sifnos by Gregory and Taylor, 1981; Putlitz et al., 2000). Alternatively, elevated 680
values can result from fluid-rock interaction during burial and prograde metamorphism
(Chamberlain and Conrad, 1991). Chamberlain and Conrad (1991) concluded that in-
creasing 60 values in zoned garnet of metamorphic rocks from Vermont, are related to
prograde breakdown of chlorite and the release of an isotopically light fluid, since chlo-
rite has formed during seawater alteration in basaltic rocks and was consumed by garnet
forming reactions during burial to greater depth. Consequently, the higher 580 values in
omphacite and garnet of the Tian Shan and Sifnos might reflect either seawater alteration
or devolatisation during burial and metamorphic equilibration of the oxygen isotopic com-
position. To constrain further the possibility of seawater alteration, the radiogenic isotope
chemistry has to be considered. The Nd isotope composition will not be affected by seawa-
ter alteration (Staudigel et al., 1995; Hoernle, 1998), whereas the Sr isotopic composition
reacts very sensitive to seawater alteration by increasing ratios (e.g. Staudigel, 2003). The
eclogites and blueschists of Sifnos are only slightly higher in (37Sr/®6Sr) 4217, than the Bulk
Silicate Earth (BSE)sn, (Figure 1.0), indicating a lack of a strong seawater alteration.
However, seawater alteration might be a reasonable explanation for the Tian Shan sam-
ples. Eclogites and blueschists from the Tian Shan are shifted to higher Sr isotopic values
compared to the mantle array in the (37Sr/%0Sr) 32017, and (eNd)s20n74 diagram (Figure 4.0).
But, at least the eclogites and associated blueschists of the pillow meta-basalts from Tian
Shan show similar values in 37Sr/8¢Sr (Figure 1.7B) composition and thus suggest that
they have been in equilibrium with the same fluid during blueschist-facies conditions. The
blueschists show higher 8"Rb/®6Sr values than the eclogites, which is related to the ob-
served phengite growth in the blueschists. As discussed before, the oxygen isotopes of the
eclogite-facies minerals indicate a preserved peak-metamorphic equilibrium, but the initial
87Sr /%65Sr value of the eclogites seems to be overprinted by a metamorphic fluid infiltration
event, since the eclogites have the same initial "Sr/%6Sr value as the blueschists. The Sr
isotopic signature of the eclogites was reset by this fluid in contrast to the O isotope com-
position. The breakdown of the Sr bearing minerals clinozoisite and apatite and the new
formation of carbonate could be responsible for the change of the bulk Sr isotopic compo-
sition of the eclogites. Garnet and omphacite were unaffected by the re-equilibration of the
Sr isotopes as both minerals still show their %0 peak equilibrium. In summary, meta-
morphic fluids, which infiltrated and metasomatised the eclogites subsequently to peak
metamorphism seems to have increased the Sr isotope composition in the Tian Shan rocks.
The 8"Rb/%0Sr isochron of the blueschists may reflect the time of resetting of the isotopic
equilibrium of eclogites and blueschists during the fluid infiltration event, before the rock
became closed against further infiltration and metasomatism. Early seawater alteration of
the rocks prior to burial seems unlikely, as the mobility of the LILE (K, Rb, Ba) clearly
indicates their enrichment by HP/UHP metamorphic fluids (Figure 1.8A, B). As these
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LILE had not been mobilised by seawater alteration it seems implausible that Sr has been
exchanged with seawater prior to subduction. The Sr concentration is relatively low in the
bulk rock and very sensitive to seawater alteration compared to the isotopic composition,
as oxygen makes approximately half of the bulk rock atoms. If it is correct that seawater
alteration did not affect the Sr isotopic composition, we would not expect alteration of
the oxygen isotope composition as well. This is at least valid in the case of the two Tian
Shan sequences. The few samples of the Sifnos sequence are not representative enough, to
allow the conclusion that seawater alteration has effected the oxygen isotope composition.
However, this has been well documented by Putlitz et al. (2000), although the Sr isotope
composition has only changed to a minor degree. If seawater alteration has occurred,
the Sr isotope composition that has to be expected in the case of complete equilibration
with Tertiary seawater (37Sr/%¢Sr = 0.7077; Veizer, 1989) was not reached in the Sifnos
sequence, which has a value of only (*”Sr/%0Sr)s2r, = 0.705 (Figure 1.6). Summing up, we
suggest that HP metamorphic fluids affected the Sr and the O isotope compositions and
the element budget in the two sequences of the Tian Shan. It is reasonable to assume that
the stable and radiogenic compositions of the eclogites and the blueschists reflect also the
signature of the fluid composition and its source. Before we discuss their isotopic features,
we will first look at the fluid source composition given by the elemental signature.

4.7.3 Evidence for serpentinite-derived fluids

A fluid that was in equilibrium with a rock of a specific composition might adopt the
chemical characteristic of the rock in its major and trace element composition: e.g. a fluid
that was in equilibrium with peridotites may also obtain a composition that is dominated
by those elements that are typical for peridotites. On the other hand, in a fluid-dominated
system, a fluid saturated with certain elements could react with a rock, whose chemical
composition would shift towards the composition of the fluid and thus the rock would
inherit a fingerprint of the infiltrating fluid (Zack and John, 2007). The here described
blueschists, both from Sifnos and from the Tian Shan, show gains of Mg, CO,, H,O, Ni,
Co, Zn and LILE (Cs, Ba, Rb, K), locally also of Sr and Pb, whereas REE, Si, Ca, and in
cases also of P, Na, V, U and Th, were partly lost (Figure 4.3). In respect to the element
concentrations and mobility it is obvious that the dominating major elements show a high
effect on the total mass change of the system. The loss of Si and Ca and the contemporane-
ous gain of Mg and volatiles imply a fluid that was in equilibrium with a rock of peridotitic
composition, since peridotites are relatively poor in Si and Ca but highly enriched in Mg,
compared to basaltic or granitic compositions. It can be assumed that the initial chemical
composition of the infiltrating fluid was in equilibrium with the altered mantle wedge peri-
dotite or the subducted altered mantle peridotite of the slab (van der Straaten et al., 2008).
In addition, two distinct features point to peridotitic fluid sources: (I) the gain of Mg and
transition metals Ni and Co and (II) the overall loss of the REE (Figure 1.9). The gain
of Ni and Co is always distinct in all three investigated eclogite-blueschist transformation
sequences. The enrichment of Ni and Co in blueschists follows a trend towards the com-
position of the depleted mantle (Salters and Stracke, 2004) and of the average serpentinite
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Figure 4.9: Composition diagrams of all three eclogites to blueschist sequences from Sifnos and the Tian
Shan, same symbol signs than in Figure 4.5, 4.6, 4.8. A: Co ppm vs. Ni ppm: blueschist-facies overprinted
eclogites are enriched in both elements and show a tendency to the average serpentinite (Hattori and
Guillot, 2003; Savov et al., 2005; Paulick et al., 2006) or depleted mantle composition (Salters and Stracke,
2004). B: ¥REE in ppm vs. MgO wt%: Blueschist are enriched in Mg but concordantly depleted in REE
and tend to the composition of serpentinites or the depleted mantle.

(Hattori and Guillot, 2003; Savov et al., 2005; Paulick et al., 2006). Although some marine
sediments may show high concentrations in transition metals (e.g. recent Tonga sediments
clay cherts, GEOROC database, http://georoc.mpch-mainz.gwdg.de), the composition
of the global oceanic subducted sediments (GLOSS, Plank and Langmuir, 1993) and most
of the modern marine sediments (GEOROC database) are too low to induce such high en-
richments of Ni and Co, as it is observed in the blueschists (Figure 1.9A). Additionally, the
loss of REE (XREE) in combination with the gain of MgO in the blueschists follows also
the trend towards peridotitic compositions. Blueschists from Sifnos and from the pillow
meta-basalts in Tian Shan trend to the depleted mantle composition whereas the FTS 9-1
sequence of the Tian Shan trends to the average serpentinite composition, which has simi-
lar MgO contents to the depleted mantle but lower REE contents (Figure 1.9B) indicating
that the fluid infiltrating the eclogite-blueschists was in equilibrium with an altered mantle
peridotite (serpentinite).

Moreover, a contamination of the peridotite-derived fluid with LILE and CO; is indi-
cated by mass balance calculations (van der Straaten et al., 2008). The LILE is assumed
to partition into the fluid phase during dehydration processes and reactive fluid flow within
the altered oceanic crust and sediments (Kessel et al., 2005; Scambelluri et al., 2007; Zack
and John, 2007). LILE have been gained during the eclogite-blueschist transformation
and were incorporated into white mica (van der Straaten et al., 2008, in review). In addi-
tion, the very high gain of CO, in all three sequences cannot be explained with a simple
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peridotite-derived fluid. Several sources for CO, are possible: (I) subducted carbonate-rich
sediments or limestones: some marbles are present in the south of the ophiolitic mélange
in the South Tian Shan (Figure 1.1) and marbles are dominant on Sifnos (Figure 1.1), (II)
carbonate-bearing altered oceanic crust (Rosner et al., 2007): John et al. (2008) reported
that up to 95% of the total CO, was released from carbonate-bearing blueschist during the
prograde formation of eclogite veins within the blueschists, (III) carbonates in the serpen-
tinised slab mantle peridotite (Schroeder et al., 2002; Alt and Shanks, 2006; Nasir et al.,
2007; Da Costa et al., 2008). In the case of Sifnos, the occurrence of marble in association
with the blueschist- and greenschist-facies rocks (Davis, 1966) suggests that the marble
may have acted as a carbon source. Altered oceanic crust and sediments might be the
COg sources in the Tian Shan, but carbonate-bearing slab serpentinite could have acted
as source as well.

4.7.4 Fluid-rock interaction and isotope constraints on fluid
source

The measured 680 of glaucophane in all three blueschist domains is up to 1.2%¢ higher
than it is expected if it were in equilibrium with omphacite at T = 600°C. Paragonite in the
FTS 9-1 sequence, is about 0.8%o higher and phengite in the pillow meta-basalts of the Tian
Shan is about 0.4-1.5%o higher than the calculated equilibrium values at 600°C (Figure 4.5,
Table 41.1). The oxygen isotope compositions of the newly formed glaucophane and of the
white micas point to a fluid infiltration, in which the oxygen isotopic composition of the
fluid was higher than that of the eclogites, resulting in an increase of §**O in glaucophane
and white micas. Seawater (§'®0 = 0%¢) and meteoric water (6'*0 < 0%0) are unlikely fluid
sources because they are relatively light. However, fluids produced by dehydration during
metamorphism have an adequate O isotopic signature (10%c) (e.g. Baker et al., 1997).
Possible sources of high §'®O fluids could be carbonate rocks, sediment components or
crustal rocks within the downgoing slab. High gains of CO5 in all three eclogite-blueschist
sequences suggests 1) an addition from devolatising marbles, carbonate-bearing sediments
or calcareous gneisses (Cartwright and Barnicoat, 1999) in the rehydration fluids, or 2)
devolatisation of calcareous serpentinites or ophicarbonates within the downgoing slab.
Carbonate phases in serpentinite increase significantly the §'%0 (10-25%0) of the whole
rock due to the high §'%0 (16-24%0) of carbonate (mostly aragonite) in the rocks (e.g.
Burkhard and O’Neil, 1988; Schandl and Naldrett, 1992; Alt and Shanks, 2006; Da Costa
et al., 2008). Carbonate-bearing serpentinites with high §'80 would explain both, heavy
180 contents in the infiltrating fluid and the high CO, concentrations. Marble derived CO,
increased the §'80 value in the serpentinite-derived fluid is most likely the case for the
Sifnos sequence, as marbles are in tectonic contact with the HP rocks (Figure 1.1). A one-
source model for the Tian Shan seems unrealistic, since CO, mobilisation during prograde
eclogitisation of the blueschists was found (John et al., 2008) and a lot of sediments occur
in close proximity to the sample localities (Figure 4.1).
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It is possible that the seawater altered lithospheric slab peridotite represented the source
for the Sr that led to the elevated isotopic composition in the two Tian Shan sequences.
The maximum 37Sr /®¢Sr-value of this metasomatic Sr can be estimate from the Sr isotopic
composition of seawater in the Carboniferous, which was between 0.7075 and 0.7082 (Figure

, Veizer, 1989) and may have determined the Sr isotopic composition of the seawater al-
tered serpentinised oceanic mantle prior to subduction. Both Tian Shan eclogite-blueschist
sequences plot in the range of Sr and Nd isotopic composition that are associated to altered
oceanic peridotites and overlap with talc- and chlorite-rich schists, regarded as represen-
tative for the mélange zone at the slab-wedge interface (Figure 4.6B, Bebout, 2003; King
et al., 2006). Sediment-derived fluids are also likely to provide high 37Sr/®6Sr ratios, but
marine sediments show usually negative eNd values (Figure 1.6B). Sediment-derived fluids
would therefore change the Nd isotope composition of the infiltrated rocks to lower eNd
values. From all three sequences only the F'TS 9-1 sequence of the Tian Shan shows dis-
tinct changes in the Nd isotopic composition during the eclogite-blueschist transformation
(Figure 1.6). The pillow meta-basalt and the Sifnos sequence do not show any changes.
The FTS 9-1 sequence is used to discuss a simple mixing model between the eclogite and
a hypothetical fluid source, which affected the blueschist isotopic composition of this se-
quence. To determine the possible fluid source composition the mobility of Sr and Nd
during the fluid infiltration has to be considered too. Figure 4.6B shows the hypothetical
fluid source and the mixing curve from this possible source with the eclogite of the FTS
9-1 sequence. A mixing of this fluid composition with the eclogite of the FT'S 9-1 sequence
requires a low Nd load but a relatively high Sr load in the fluid, as Nd was lost and Sr
was gained during the eclogite-blueschist transformation (Figure 1.3B, van der Straaten
et al., 2008). We assume a fluid that is close to the element and isotopic composition of
peridotites, as the blueschist shows a strong affinity to peridotites in the Co and Ni gain
and nearly complete loss of LREE (van der Straaten et al., 2008, in review, Figures /1.3,

). Unaltered peridotites have usually low 87Sr/®6Sr values (today 0.702-0.704, Salters
and Stracke, 2004) and low Nd (0.7 ppm) and Sr (9.8 ppm) concentrations. In this case
a possible fluid source requires a higher eNd value and higher Sr (> 300 ppm) and lower
Nd concentrations (<1 ppm) than the eclogite (¢Nd = 7.3, Sr = 159 ppm Nd = 4.7 ppm)
to induce the increase of the Sr and the decrease of the Nd concentrations at a contem-
poraneous increase of the Nd isotopic composition. These chemical features are present
in modern seawater-altered peridotites, which have elevated Sr isotopic compositions and
occasionally higher Sr contents (up to 311 ppm) as well (www.petdb.org; Snow et al.,
1994; Snow and Reisberg, 1995; Senda et al., 2006, Figure 1.0B). The occurrence of the
seawater-altered peridotites occurs dominantly in the range of high 37Sr/%¢Sr values (>
BSE) and high eNd values (> 0, Figure 1.6B). The eNd values are similar to those of the
mantle array, as the Nd isotope composition is mostly unchanged by seawater alteration
(Staudigel, 2003; Hoernle et al., 2008). Sediments, the altered oceanic crust and the mantle
provide possible sources for COy and Sr. In addition, the Sr and Nd isotopic composition
of talc- and chlorite-rich schists, formed either from basaltic or peridotitic protholiths, rep-
resents a similar source and provides also high Sr (<328 ppm) concentrations but variable
Nd concentrations (0.08-35 ppm) (Catalina Schists, California; King et al., 2006, Figure
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B). All subduction related rock types separately, like marine or continental sediments,
crustal gneisses, the altered oceanic crust or the mantle peridotite, would not provide all
the chemical requirements as mentioned, but a mixture of fluids from all these different
sources would do. The high eNd value of +10 and the chemical trend of the blueschists
towards a peridotitic chemistry imply that the altered peridotites from either the slab
mantle or the hydrated mantle of the subduction channel are the most important source
for the fluids that infiltrated during the eclogite-blueschist transformation.

4.7.5 Implications for element budget of subduction zones

From the above discussion it seems most likely, that the metamorphic fluids infiltrating
during blueschist formation were equilibrated with a peridotitic composition. Elevated Sr
isotope compositions in the eclogite-blueschist sequences and the high §'80 values in the
blueschist-facies minerals may be related to inherited signatures of the infiltrating fluid,
which was probably derived from the subducted and dehydrating, seawater-altered oceanic
crust and/or the mantle peridotite. The enrichment of LILE indicates the addition of a
sediment-derived component, whereas the CO, may derive either from the subducted al-
tered oceanic crust or from the subducted marine sediments. All sediment-derived features
might have been incorporated during a reactive fluid-flow through the dehydrating oceanic
slab (Gorman et al., 2006; Zack and John, 2007; John et al., 2008). Thus, it is obvious that
the fluids at the slab-wedge interface are mixtures of components derived from different
sources. The occurrence of highly metasomatised rocks, like talc and chlorite schists in
the mélange zone from Catalina Island (Bebout and Barton, 2002; King et al., 2006) or
blueschist-facies overprinted eclogites from Sifnos or the Tian Shan are the proof of the
highly reactive behaviour of the subduction channel fluids. In that respect, it is interesting
to note that, although the major element composition of the subduction channel fluids
seems to be dominated by intense fluid-rock interaction with the serpentinite-dominated
subduction channel matrix, information about the evolution of the fluid before it enters
the slab-wedge interface are still possible to track. Whatever chemical composition the
incoming slab fluids have, in the subduction channel environment, most major and trace
element concentrations in the fluid, apart from LILE, are finally controlled by the equili-
bration with the ultramafic matrix. Malaspina et al. (2006) showed that in a high-pressure
metasomatic sequence of eclogites from the Dabie Shan, hosted by a lherzolithe matrix,
mainly LILE and light elements have been transported. Most likely, all other trace ele-
ments of the fluid precipitated in the serpentinite matrix during fluid rock interaction so
that the more pervasive flow in the subduction channel produce a kind of filter system for
the elements that are less mobile.

4.8 Conclusions

The isotopic composition of oxygen in minerals of three eclogite-blueschist associations
that show laterally (dm to m scale) a retrograde blueschist-facies overprint on pre-existing
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eclogites indicate isotopic equilibrium between omphacite and garnet (plus phengite in
Sifnos and FTS 9-1, Tian Shan) during HP peak-metamorphic condition. During the re-
trograde blueschist-facies overprint, equilibrium has been attained between glaucophane
and white mica (paragonite: FTS 9-1; phengite: pillow meta-basalts). Heavier §'%0 val-
ues in glaucophane and white mica of the blueschists support the petrological observation
that the eclogite-blueschist transformation was caused by infiltration of external fluids. In
addition, the Sifnos sequence indicates an even late-stage, greenschist-facies equilibrium
between newly grown epidote and calcic amphibole.

Elevated 6'80 values in the peak-metamorphic mineral assemblage compared to unmod-
ified mantle values are interpreted to derive from the prograde reaction history involving
dewatering of chlorite during garnet formation, whereas the elevated whole rock Sr isotope
composition seems to derive from seawater-altered peridotites and infiltrated metasomatic
processes in the subduction channel fluid.

The major element composition of the metasomatic fluids entering the eclogites during
uplift mainly derives from an intense fluid-rock interaction with a peridotite supposed to
form the matrix of the uplifting HP rocks. The combined Sr-Nd isotope data suggest,
that the elevated Sr isotopic composition is likely a fluid source signature of either the
serpentinised lithospheric slab mantle or the altered oceanic crust. The sediment-derived
flavour (gain of LILE) and the added COs-component (formation of carbonates) of the
subduction channel fluids may derive from a reactive fluid-flow through the oceanic slab
and the overlying sediment layer.

The fluid-rock interaction at the slab-wedge interface or within the subduction channel
causes that only the most fluid mobile elements and the isotopic composition of the entering
slab fluids remain preserved as a flavour, whereas the bulk composition of the subduction
channel fluid is controlled by the ultramafic rocks building up the mantle wedge.
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Appendix A

Geochemical analyses of international rock

standards and used parameters for Perple_X
(Chapter 2 and 3).

Table A.1: Analyses of international rock standard by XREF.

BHVO_1

n=12 1o RSD % Ref.

SiOq 49.9 0.11 0.22 49.8

Al,O3 13.6 0.04 0.26 13.7
TiO9 2.78 0.01 0.27 2.75

MgO 701 006 091 7.22

Fey O3 12.2 0.04 0.30 12.4
CaO 11.5 0.03 0.25 114

P>0s5 0.28 0.00 1.32 0.27
NayO 2.5 0.03 1.06 2.3
K5O 0.53 0.00 0.82 0.53

MnO 0.17 0.00 0.00 0.17

Concentrations given in wt%, RSD = relative stan-
dard deviation in %, Ref. = published analytical
data: BHVO_1 (Flanagan, 1976).
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A. Appendix related to Chapter

and

Li
Sc

Cr
Co
Ni

Cu
Zn
Ga
Rb
Sr

Zr
Nb
Mo
Cd
Sn
Sb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
w
T1
Pb
Th
U

Table A.2: Analyses of blank, standard and duplicate by ICP-MS.

blank
N=3

0.001
0.000
0.097
0.045
0.000
0.013
-0.014
0.127
0.000
0.001
0.007
0.000
0.005
0.004
0.009
0.000
0.003
0.000
0.000
0.009
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.006
0.000
0.017
0.000
0.000

BHVO_2
N=3

4.51
31.6

316

193
43.8

117

124

102
21.0
8.88

392
24.5

161
16.9
4.23
0.15
1.55
0.10
0.10

138
15.4
38.1
5.55
25.6
6.35
2.14
6.46
0.97
5.53
1.02
2.51
0.34
2.06
0.29
4.47
1.08
0.44
0.02
1.56
1.10
0.42

lo

0.038
0.190
2.083
15.32
0.357
1.028
0.518
0.588
0.023
0.085
2.494
0.109
1.533
0.080
0.368
0.008
0.345
0.010
0.000
0.528
0.099
0.250
0.050
0.279
0.066
0.011
0.053
0.012
0.053
0.007
0.026
0.002
0.013
0.002
0.042
0.013
0.014
0.001
0.210
0.008
0.005

RSD %

0.84
0.60
0.66
7.92
0.82
0.88
0.42
0.58
0.11
0.96
0.64
0.44
0.95
0.47
8.70
5.30
22.2
10.0
0.03
0.38
0.64
0.65
0.90
1.09
1.04
0.53
0.82
1.25
0.96
0.68
1.02
0.73
0.64
0.87
0.95
1.16
3.15
4.56
13.4
0.69
1.21

Ref.

4.80
32.0

317

280
45.0

119

127

103
22.0
9.11

396
26.0

172
18.1
4.00
0.06
1.70
0.13
0.10

131
15.2
37.5
5.35
24.5
6.07
2.07
6.24
0.92
5.31
0.98
2.54
0.33
2.00
0.27
4.36
1.14
0.21
0.06
1.60
1.22
0.40

FTS 4-1.1
N=5

43.8
24.9
204
235
41.9
224
66.8
102
19.6
69.2
138
10.4
157
14.4
0.32
0.09
1.37
0.12
2.66
1160
6.72
19.2
2.60
11.22
2.61
0.80
2.52
0.43
2.62
0.50
1.36
0.21
1.42
0.21
3.64
0.89
0.57
0.23
1.35
1.20
0.20

lo

0.183
0.915
7.629
8.439
1.322
6.100
2.046
2.440
0.469
1.445
3.906
0.174
5.287
0.257
0.005
0.004
0.007
0.004
0.019
15.74
0.019
0.037
0.005
0.047
0.017
0.003
0.010
0.002
0.012
0.004
0.006
0.001
0.003
0.002
0.017
0.005
0.002
0.002
0.007
0.008
0.002

RSD %

0.38
3.35
3.41
3.27
2.88
2.49
2.80
2.19
2.19
1.91
2.59
1.53
3.08
1.63
1.40
4.45
0.44
2.87
0.65
1.24
0.26
0.18
0.19
0.38
0.58
0.31
0.36
0.50
0.43
0.70
0.37
0.55
0.21
0.89
0.42
0.50
0.39
0.94
0.49
0.64
0.92

Concentrations in ppm, RSD = relative standard deviation, Ref. = published analytical

data: BHVO_2 (Wilson, 1997).
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Table A.3: Analyses of standards by LA-ICP-MS.

NIST NIST NIST
612 614 610
Element N=13 1o RSD Ref. N=4 lo RSD Ref. N=4 lo RSD Ref.
% % %

Li 41.50 1.71 4.12 41.54 1.95 0.25 12.9 1.74 521 10.1 1.95 485
Be 37.41 1.75 4.67 37.74 0.79 0.05 6.02 0.76 489 19.5 3.99 466
B 33.74 2.26 6.69 34.73 1.79 0.09 5.04 1.13 384 18.3 4.76 356
A\ 39.32 1.98 5.03 41.05 0.88 0.06 7.13 0.95 455 24.8 5.44 442
Cr 40.05 2.29 5.72 39.88 1.03 430 20.7 4.81 405
Mn 38.72 2.15 5.55 38.43 1.44 0.21 14.6 1.37 426 19.4 4.56 433
Co 34.75 2.05 5.88 35.26 0.78 0.08 9.79 0.74 385 8.27 2.15 405
Ni 37.88 1.74 4.59 38.44 1.04 0.06 5.30 447 20.0 4.49 444
Cu 35.33 2.36 6.69 36.71 2.12 0.36 16.9 1.40 358 37.0 10.3 430
Zn 37.49 3.03 8.09 37.92 <9 420 15.6 3.72 456
Rb 30.58 2.18 7.11 31.63 0.81 0.02 2.68 0.82 424 28.6 6.75 431
Sr 75.92 3.97 5.23 76.15 43.63 1.70 3.90 45.5 470 18.4 3.91 497
Y 39.08 2.21 5.67 38.25 0.76 0.04 4.66 0.79 460 14.4 3.14 450
Zr 37.16 2.27 6.10 35.99 0.82 0.06 6.85 0.81 427 21.1 4.96 440
Nb 38.80 2.34 6.04 38.06 0.84 0.05 6.53 0.85 456 18.4 4.02 419
Mo 37.13 2.30 6.19 38.30 0.85 0.05 6.35 0.73 431 29.7 6.89 377
Cs 40.72 2.92 7.18 41.64 0.63 0.03 4.23 0.65 351 33.5 9.53 361
Ba 38.44 2.20 5.72 37.74 3.00 0.18 6.01 3.29 426 11.5 2.70 424
La 37.27 2.08 5.58 35.77 0.75 0.05 6.98 0.74 440 6.95 1.58 457
Ce 38.94 2.02 5.18 38.35 0.81 0.04 4.33 0.79 454 24.4 5.37 448
Pr 38.68 1.97 5.09 37.16 0.74 0.09 12.3 0.78 447 11.0 2.47 430
Nd 37.19 2.47 6.63 35.24 0.73 0.06 8.06 0.75 451 174 3.87 431
Sm 37.90 2.61 6.88 36.72 0.73 0.07 9.59 0.77 463 25.8 5.57 451
Eu 35.65 2.44 6.83 34.44 0.74 0.07 9.15 0.77 438 13.1 3.00 461
Gd 37.41 1.83 4.88 36.95 0.74 0.08 10.3 0.73 447 27.1 6.06 420
Tb 36.54 2.09 5.71 35.92 0.70 0.04 5.30 0.77 427 17.1 4.01 443
Dy 36.83 2.01 5.45 35.97 0.71 0.04 6.12 0.76 452 23.4 5.19 427
Ho 38.52 2.42 6.28 37.87 0.74 0.04 6.07 0.78 460 24.2 5.26 449
Er 37.51 1.72 4.60 37.43 0.75 0.06 7.90 0.78 464 21.0 4.53 426
Tm 38.03 2.12 5.58 37.55 0.77 0.05 6.75 0.77 450 20.3 4.51 420
Yb 39.62 2.22 5.61 39.95 0.85 0.08 9.41 0.76 472 23.3 4.95 462
Lu 38.17 2.30 6.03 37.71 0.70 0.03 3.72 0.78 475 16.3 3.42 435
Hf 35.60 2.28 6.40 34.77 0.75 0.06 8.05 0.66 432 20.6 4.77 418
Ta 40.55 2.32 5.72 39.77 0.80 0.07 8.82 0.79 492 14.4 2.93 377
Pb 38.54 3.68 9.54 38.96 2.40 0.17 7.14 2.30 421 33.5 7.94 413
Th 37.95 2.26 5.95 37.23 0.73 0.05 7.08 0.78 469 154 3.30 451
Concentrations given in ppm, RSD = relative standard deviation in %, Ref. = published analytical

data: NIST 610,612 (Pearce et al., 1997), NIST 614 (Horn et al., 1997).
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Table A.4: Analyses of international rock standards by ICP-OES.
AC_E granite BHVO_1 basalt JDo_-1 dolomite
Meas. Ref. Dev. Meas. Ref. Dev. Meas. Ref. Dev.
TiO2 0.10 0.11 0.01 2.74 2.75 -0.03 0.01 0.01 0.01
Al>O3 14.85 14.70 -0.15 14.52 13.70 -0.72 0.01 0.02 0.01
Feltot] 2.45 2.53 0.08 12.30 12.40 -0.07 0.02 0.02 0.00
MnO 0.06 0.06 0.00 0.18 0.17 -0.01 0.01 0.01 0.00
MgO 0.03 0.03 0.00 7.55 7.22 -0.32 17.82 18.47 0.65
CaO 0.31 0.34 0.03 10.71 11.40 0.69 30.42 33.96 3.54
Na2O  6.58 6.54 -0.04 2.28 2.30 -0.02 0.01 0.01 0.00
KO  4.55 4.49 -0.06 0.56 0.53 -0.04 0.01 0.00 -0.01
P2Os5 0.02 0.01 0.00 0.26 0.27 0.01 0.04 0.03 -0.01
MAG_1 marine sediment JLs_1 limestone BCS_ limestone
CRM393
Meas. Ref. Dev. Meas. Ref. Dev. Meas. Ref. Dev.
TiO2  0.66 0.75 0.09 0.00 0.02 0.02 0.00 0.01 0.01
Al2O3 15.66 16.40 0.74 0.01 0.02 0.01 0.13 0.12 -0.01
Feltot] 6.42 6.80 0.38 0.02 0.02 0.00 0.05 0.05 0.00
MnO 0.09 0.10 0.01 0.00 0.00 0.00 0.01 0.01 0.00
MgO 2.98 3.00 0.02 0.70 0.61 -0.09 0.18 0.15 -0.03
CaO 1.25 1.37 0.12 56.49 55.09 -1.40 56.32 55.40 -0.92
NasO 3.74 3.83 0.09 0.00 0.00 0.00 0.01
K20 3.47 3.55 0.08 0.01 0.00 0.00 0.02 0.02 0.00
P20Os5 0.18 0.16 -0.02 0.04 0.03 -0.01 0.01
Meas. = analysed concentrations in wt%, Ref. = published analytical data: AC_E (Potts and Holbrook, 1987),

BHVO_.1 and Mag-1 (Flanagan, 1976), BCS_CRM393 (Jochum et al., 2005), JLs_1 and JDo_1 (Terashima et al., 1990),
Dev. = deviation between Ref. and Meas.

Table A.5: Solid solution models and endmember parameters of mineral phases used in Perple_X.

solution name [abbr. in Figure] endmember
Gt(HP) [g] garnet alm Fe3zAl2SizO12
FO3ZC3,3yMg3ZMn3(l_x_y_z>AIQSi3012, x+y+z<1 grs CagAlSizO12
Py Mg3Al2Siz012
sps Mn3Al2SizO12
Omph(HP) [om] omphacite jd NaAlSi2Og
Nal_yCayMgzyFe(l_z)yAlySiQOS di CaMgSizOg
hed CaFeSisOg
Cpx(HP) [cpx] clinopyroxene jd NaAlSi2O¢
Na1,yCayMgwyFe(1,x)yAlySigOg di CaMgSizOg
hed CaFeSisOg
cats CaAlAlSiOg
Opx(HP) [opx] orthopyroxene en Mg2Si2Og
Mgy Fe1_z]2—yAlaySiz_yOg fs FesSiaOg
mgts MgAlSizOg
fets FeAlSioOg
Sp(HP) [sp] spinel Sp MgAlaOy4
Mgg,Fei_Al2Oy4 hc FeAlsOy4
O(HP) [o]] olivine fo Mg2SiO4
Mg—2xFezyMr12(1,I,wSiO47 x+y<1 fa FesSiOy
teph Mn2SiO4
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Amph(DPW) [(c,n)am] amphibole
Cag_2wNa, 12w [MgzFe1_g|312y+2Al3_3y—wSir4wtyO22(OH)2, why+2z<1

GITrTs [nam] sodic-calcic amphibole
Cag_gwNagy [MgzFe1 2342y Al3_3y—wSiz4w+yO22(OH)2, wHy<1

Bio(HP) [bi] biotite
K[ngFeyMnlfzfy]37wA11+2wSi37w010(OH)Q, X-‘,—ySl

Pheng(HP) [wm] phengite
KINal,zngFezAlg,z(y+Z)Sig+y+2010(OH)2

Chl(HP) [chl] chlorine
[ngFeanlfsz]57y+zA12(1+y7z)Si37y+2010(oH)8, x+w<1

T [tlc] talc
[MgazFe1—g]3—yAlaySia—yO10(OH)2

Atg [atg] serpentine
Mgasa Feqg(1—)Siza Oss(OH)e2

B [brc] brucite
Mg, Fei_z(OH)2

Do(HP) (ank)
CaMg,Fei_;(CO3)2

law [law] lawsonite

pa [pa] paragonite

70 [z0] zoisite/clinozoisite
ru [ru] rutile

sph [sph] titanite

a [ quartz

tr
ftr
gl
fgl
ts
fts
parg
fparg

tr
ftr

fgl
ts
fts

phl
ann
east
sdph
mnbi
mnts

pa
cel
fcel

daph
clin
ames
afchl
mnchl

ta

fta
tats
ftat

atg
fatg

br
fbr

dol
ank

law
pa
Z0
ru

sph

a

CagaMgsSigO22(OH)
CagFesSigO22(OH)
NasMgzAlaSigO22 (OH)
NagFezAl2SigO22(OH)2
CaNaMgsAlaSigAl2O22(OH)
CaNaFe3AlsSigAl2O22(OH)
NaCasMggAlSigAl2O22(OH)
NaCagFeq AlSig Al2O22(OH)

CaaMgsSigO22(OH)2
CasFesSigO22 (OH)2
NagMgzAlaSigO22 (OH)2
NagFez Al2SigO22(OH)2
CaNaMgsAlaSigAl2O22(OH)2
CaNaFe3AlySigAl2O22(OH)2

KMgﬁ SigAlQ 020 (OH)
KFegSigAlyOg0(OH)
KMg4 AIQ Si4 A14020 (OH)4
KFeqAlySisAlyO20(OH)
KMngSigAlzO20(OH)
KMnyAlySig AlOg0(OH)

NaAlzSizAlO10(OH)s
KMgAlSis010(OH)2
KFeAlSis010(OH)2
KAl2SizAlO10(OH)2

FesAl2Siz010(OH)s
MgsAl2SizO10(OH)s
MgqAlySizO010(OH)sg

Mggsi4010(OH)8
MnjsAl2SisO10(OH)s

MggSi4010(OH)2
Fe3Si4O10(OH)2
MggAleigOlo(OH)z
tats + 2 fta- 2 ta

Mg3zSiaO5(OH)2

1 atg - 16 ta + 16 fta
Mg(OH)2
1br—%ta+ é fta
CaMg(CO3)2
CaFe(CO3)2
CaAlzSiaO7(OH)2H2 O
NaAlzSizAlO10(OH)2
CagAlzSiz012(0OH)
TiO2

CaTiSiOs5

SiO9

see solut_07.dat and ”Perple_X Solution Model Glossary” at http://www.perplex.ethz.ch/ for details and citations of solid

solution models.
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