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Zusammenfassung

In Subduktionszonen spielen Fluide eine wichtige Rolle fiir den Stofftransport, die glo-
balen Stoftkreisldufe und die Entstehung von Magmen. Wéhrend der Subduktion und
der Exhumierung ozeanischer Lithosphére werden aus der subduzierten Platte kontinu-
ierlich Fluide freigesetzt und interagieren mit den umliegenden Gesteinen. Fluide, die
in groflen Tiefen freigesetzt werden und mit dem iiberliegenden Mantel wechselwirken,
fithren zur Schmelzbildung und somit zu dem mit Subduktionszonen assoziierten Magma-
tismus. Eine wichtige Fluid-freisetzende Reaktion ist die Umwandlung eines wasserhal-
tigen Blauschiefers in einen trockenen Eklogit. Diese Entwésserungsreaktion éndert die
physikalischen Eigenschaften der Gesteine, welche auf Grund der h6heren Dichte des Eklo-
gits weiter abtauchen. Somit ist diese metamorphe Umwandlung eine Schliisselreaktion
fiir Subduktionszonen-Geodynamik und eine wichtige Fluidquelle. Dariiber hinaus sind
Fluide auch fiir die Exhumierung von subduzierter ozeanischer Kruste wichtig. Der durch
Fluide hydratisierte Teil des Mantelkeils bildet auf Grund des Viskositéts- und Dichte-
unterschieds einen ,,Subduktionskanal“ aus. In diesem Kanal, bestehend aus Serpentinit,
kénnen hochdruckmetamorphe Gesteine als Blocke im aufsteigenden Serpentinit mitge-
nommen und exhumiert werden. Aber auch andere Exhumierungsprozesse sind bekannt,
wie zum Beispiel die Exhumierung subduzierter kontinentaler Kruste, die auf Grund der
geringeren Dichte aufsteigt.

Die in dieser Arbeit behandelten Gesteine haben Fluid-Gesteins-Wechselwirkungsprozesse
archiviert, die wahrend der Subduktion und Exhumierung ozeanischer Kruste stattfan-
den. Diese Prozesse betreffen die Bildung von Jadeititen, die Entwésserung bei der Um-
wandlung von Blauschiefer in Eklogit und die Rehydrierung von Eklogit in Blauschiefer.
Uber die Fluid-Gesteins-Wechselwirkungsprozesse hinaus wird in dieser Arbeit auch auf
den Exhumierungsprozess von Hochdruckgesteinen der Paldosubduktionszone in Sulawesi
(Indonesien) eingegangen, da dieser Prozess von grofier Bedeutung ist, um das Gesamtsy-
stem einer Subduktionszone zu verstehen. Neben petrographischen Gefiigebeobachtungen
und petrologischen Druck- und Temperaturbestimmungen wurden die Gesteine, welche in
zwei Paleosubduktionszonen (Rio San Juan Komplex, Dominikanische Republik; Banti-
mala Komplex, Indonesien) beprobt wurden, auch im Hinblick auf ihre geochemischen Sig-

naturen untersucht. Anhand der petrographischen Beobachtungen konnten Mineralreak-
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tionen bestimmt werden, um somit Riickschliisse auf die pro- und retrograde Entwicklung
des Gesteins ziehen zu konnen. Es wurden neben der Mineralchemie mittels Elektronen-
strahlmikrosonde auch die Haupt- und Spurenelementkonzentrationen mittels RFA und
LA-ICP-MS von Gesamtgesteinsproben bestimmt. Anhand dieser Analysen konnten unter
anderem Druck- und Temperatur-Bedingungen mittels Mineralgleichgewichten und Pseu-
dosection Modellierungen (THERIAK-DOMINO) bestimmt werden. Mittels der Konzen-
trationen verschiedener Spurenelemente konnte auf mogliche Ausgangsgesteine und auf
den Grad der metasomatischen Uberprigung zuriickgeschlossen werden. Stabile (Sauer-
stoff) und radiogene (Strontium und Neodym) Isotope wurden genutzt, um Fluidquellen
und Fluid-Gesteins-Wechselwirkungsprozesse rekonstruieren zu koénnen. Es wurden fiir
beide Paldosubduktionszonen verschiedene Fluid-Gesteins-Wechselwirkungsprozesse un-
tersucht, die wiahrend Subduktion und Exhumierung abliefen. Im Folgenden werden die
Ergebnisse dieser verschiedenen Prozesse zusammengefasst.

Jadeitit besteht zum grofiten Teil aus Jadeit mit verschiedenen Anteilen anderer Mine-
ralphasen (z.B. Quarz, Lawsonit, Albit, Phengit). Dieses Gestein wird durch Fluidpro-
zesse unter blauschieferfaziellen Bedingungen gebildet. Die Besonderheit der hier bear-
beiteten Subduktionskanal-Mélange (Rio San Juan Komplex, Dominikanische Republik)
sind Jadeitit-Adern in Blauschiefern. In anderen Lokalitdten weltweit findet man Jadei-
tite nur in direktem Kontakt zu Serpentinit und nicht zu anderen metamorphen Gestei-
nen. Spurenelementkonzentrationen und Sauerstoff-Isotope wurden verwendet, um zwei
Jadeitit-bildende Prozesse abzuleiten, die geochemisch unterschiedliche Jadeitit-Typen
hervorbringen. Die P-Typ-Jadeitite kennzeichnen sich durch ein U-férmiges Seltene Er-
delementmuster mit einer starken positiven Eu-Anomalie aus. Dieser Typ kristallisierte
direkt aus einem Fluid. Auf der Basis der Sauerstoff-Isotopie dieser Jadeitite konnte die
Signatur des Fluides berechnet werden (6'%0r,q=13-14%0). Als Fluidquelle sind Ser-
pentinite sehr wahrscheinlich. Die R-Typ-Jadeitite kennzeichnen sich durch ein Seltene
Erdelementmuster aus, welches dhnlich ist zu dem von Metatrondhjemiten, die in der
gleichen Mélange als Blocke gefunden wurden. Als Bildungsprozess wird hier die meta-
somatische Uberprigung dieser Metatrondhjemite durch das P-Typ bildende Fluid abge-
leitet. Dariiber hinaus konnten Fluid-Gesteins-Wechselwirkungen zwischen dem Jadeitit-
bildenden Fluid und dem Blauschiefer studiert werden. In einem Profil senkrecht in Rich-
tung der Jadeitit-Ader zeigt sich eine Verarmung der Spurenelemente und eine Anderung
in der Sauerstoff-Isotopie.

In groBeren Tiefen im Vergleich zu den Entstehungsbedingungen der beschriebenen
Jadeitite findet die Umwandlung von Blauschiefer zu Eklogit statt. Dieser Prozess wurde

in der vorliegenden Arbeit anhand von Eklogit-Adern in Blauschiefern aus dem Bantimala
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Komplex (SW-Sulawesi, Indonesien) untersucht. Hierbei konnten petrologisch und geo-
chemisch zwei unterschiedliche Prozesse der Eklogitisierung erarbeitet werden. Zum einen
eine Fluid-induzierte Eklogitisierung in einem Blauschiefer, der nur im Bereich der Ader
die eklogitfaziellen Minerale Omphazit, Granat und Phengit aufweist. Die metamorphen
Bedingungen lagen bei 2.3-2.4 GPa und 470-500 °C. Sehr starke Anreicherungen (bis zu
1800-fach) in den Spurenelementen, besonders in den fluidmobilen Elementen (z.B. Large
Ton Lithophile Elements), und unterschiedliche Werte fiir die Sr- und Nd-Isotopie weisen
darauf hin, dass diese Ader durch die Infiltration eines externen Fluides entstanden ist.
Im zweiten Fall erkennt man die beginnende Umwandlung eines Blauschiefers in Eklogit.
Das resultierende Eklogit-Adernetzwerk beruht auf intern freigesetzten Fluiden. In die-
sem Fall lagen die metamorphen Bedingungen bei 2.6-2.7 GPa und 650-670 °C. Auch in
diesen Adern konnte eine Anreicherung in den fluidmobilen Elementen festgestellt wer-
den, welche aber um ein Vielfaches geringer (nur bis zu 700-fach) im Vergleich zum ersten
Ader-Typ ist. Radiogene Isotope zeigen keinen Unterschied zwischen Adern und Nebenge-
stein, was ebenfalls fiir intern entstandene Fluide spricht. Fiir alle Proben (Eklogit-Adern,
angrenzende Blauschiefer, Ader-freie Eklogite und Blauschiefer) konnte eine systematische
Anderung in der Sauerstoff-Isotopie gezeigt werden. So weisen alle Eklogite einen Trend
zu leichteren Sauerstoff-Isotopenwerten auf. Dies bedeutet, dass bei der Eklogitisierung
ein Fluid mit einer schwereren Sauerstoffsignatur freigesetzt wurde. Dies kann durch eine
Fraktionierung zwischen Gestein und Fluid bei erh6hten Temperaturen (>500 °C) erklart
werden.

Neben den beschriebenen Fluid-Gesteins-Wechselwirkungen wurde auch die Exhumie-
rung von Gesteinen, welche Hochdruck-Bedingungen erfahren haben, in der vorliegenden
Arbeit untersucht. Auch hier spielen Fluide eine wichtige Rolle, wie man anhand von
Rehydratationsreaktionen und hydraulischem Brechen des Gesteins aus dem Bantimala
Komplex (SW-Sulawesi) erkennen kann. Um den Prozess zu verstehen, der fiir die Exhu-
mierung dieser metamorphen Gesteine verantwortlich war, wurden Brekzien verschiedener
Metamorphosegrade und ein foliierter Phengit-fiihrender Eklogit, der sprode Deformation
erfahren hat, untersucht. Diese Gesteine zeigen, dass die subduzierte ozeanische Kruste
wihrend der Exhumierung mehrmals sprode Deformation erfahren hat. Auf der Basis
petrologischer und struktureller Beobachtungen und Ergebnisse wurde, ergénzend zu den
in der Literatur beschriebenen Exhumierungsprozessen, ein alternativer Exhumierungs-
prozess fiir den Bantimala Komplex erarbeitet. Es handelt sich in diesem Fall nicht um
Exhumierung in einer Serpentinitmatrix, vielmehr wurde beim Aufstieg die subduzierte
ozeanische Platte intern geschert und in einzelne Schuppen zerlegt. Diese wurden wahr-

scheinlich durch ein subduziertes kontinentales Fragment nach oben gedriickt und mit den
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Sedimenten des Akkretionskeils verschuppt.



Abstract

Fluids in subduction zones play an important role for chemical recycling processes, the
global mass transport and the formation of the arc magmas. During the subduction and
exhumation of oceanic crust, fluids are continuously released from the subducted slab
and interact with the surrounding rocks. Fluids released at greater depth lead to par-
tial melting in the overlying mantle, resulting in arc magmatism. An important fluid
releasing reaction at greater depth (70-90 km) within subduction zones is the transition
of a wet blueschist into a dry eclogite. This reaction has a huge effect on the physical
properties of the rocks, as the eclogite gets a higher density and starts to sink into the
mantle. Hence, the blueschist-eclogite transition is important for subduction zone geo-
dynamics and works as a fluid source. Fluids also play a major role in the exhumation
of subducted material, because within the hydrated mantle wedge a serpentinite matrix
subduction channel will be formed. Because of the lower density and the lower viscosity
compared to the surrounding mantle, the serpentinites start to flow upwards. Within this
buoyant serpentinite matrix high-pressure metamorphic rocks can be exhumed, even if
they would not ascent due to their own physical characteristics. Exhumation can also be
accomplished if continental material gets subducted, as it will ascent because of its lower
density.

The rocks studied in the present thesis display fluid-rock interaction processes that took
place during subduction and exhumation of oceanic crust. These processes include the
formation of jadeitites, the transition from blueschist into eclogite and the rehydration of
eclogites forming blueschists. Besides the fluid-rock interaction processes, the exhuma-
tion of high-pressure metamorphic rocks of the paleo-subduction zone of Sulawesi (In-
donesia) is part of the thesis, because the exhumation process is important for the un-
derstanding of the whole subduction factory. High-pressure rocks sampled in different
paleo-subduction zones (Rio San Juan Complex, Dominican Republic; Bantimala Com-
plex, Indonesia) were analysed regarding their mineral chemistry (EMP) and bulk rock
chemistry (XRF, LA-ICP-MS). Mineral reactions and microstructures were used to un-
derstand the formation history of the rocks. Pressure and temperature calculations were
performed based on conventional geothermobarometer and pseudosection modeling (using
the THERIAK-DOMINO software). Trace element concentrations were used to identify
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a possible protolith for the metamorphic rocks and to understand metasomatic changes
of the host-rocks and veins. Stable (oxygen) and radiogenic (strontium and neodymium)
isotopes were used to unravel possible fluid sources and fluid-rock interactions. In this
thesis different fluid-rock interaction processes were studied, which occurred during sub-
duction and exhumation. A short summary of the results will be presented below.

The studied jadeitite samples (Rio San Juan Complex, Dominican Republic) consist
mainly of jadeite with various modal amounts of other mineral phases (e.g. quartz, law-
sonite, albite, phengite). These rocks were formed by fluid-rock interaction processes
under blueschist-facies conditions. The unique feature of the subduction channel mélange
of the Rio San Juan Complex is that in this locality jadeitites can also be found as veins
within blueschists. Such relationships between jadeitite and other metamorphic rocks
has not been described so far, as in most localities jadeitites occur as blocks and veins
within serpentinite. Using trace element concentrations and oxygen isotopic compositions
it has been shown that two types of jadeitites were formed during different processes. The
P-type jadeitites have an U-shaped rare earth element (REE) pattern and a pronounced
positive Eu-anomaly. The jadeitites of this type precipitated from an aqueous fluid, which
most likely derived from serpentinites. The oxygen isotopic composition of the fluid was
calculated to confirm the fluid source (6'®Opyig=13-14%0). The R-type jadeitites show a
REE pattern similar to metatrondhjemites found in the same mélange and represent a
product of metasomatism of these rocks and the P-type forming fluid. Additionally, the
fluid-rock interactions between the jadeitite-forming fluid and the adjoining blueschist
host rock were studied, showing a gain and loss of some major and trace elements and a
slight change in the oxygen isotopic composition towards the vein contact.

To greater depth, compared to those in which the jadeitites were formed, the transi-
tion from blueschist into eclogite takes place. To understand this process, eclogite veins
within blueschists were studied. These samples originate from the Bantimala Complex
(SW-Sulawesi, Indonesia). Petrological and geochemical observations were used to dis-
tinguish between two different processes leading to eclogitisation. One group of eclogite
veins were formed by fluid infiltration. In this case eclogite-facies minerals (omphacite,
garnet and phengite) are observed only within the vein. Peak metamorphic conditions of
about 2.3-2.4 GPa at 470-500 °C. Huge enrichment (up to 1800 times) in trace element
concentrations, especially in the fluid mobile elements (e.g. Large Ion Lithophile Ele-
ments), and different values in Sr and Nd isotopic concentration compared to the hosting
blueschist indicate the infiltration of an external fluid. The second group of eclogite vein-
lets derived from internal released fluids, the pressure-temperature conditions are 2.5-2.7
GPa at 650-670 °C. The fluid mobile elements are also enriched in these veinlets, but
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are by several times lower (up to 700 times) compared to the previous type. Radiogenic
isotopes do not show any differences between vein and host rock, which indicates that the
fluids derived internally from the dehydration of the blueschist host rock. An overall trend
in the oxygen isotopic composition of all samples (eclogite veins, adjoining blueschists,
vein-free eclogites and blueschists) could be observed, blueschists have higher values than
eclogites. Therefore the released fluid should have a higher oxygen isotope value, which
can be explained by fractionation of the oxygen isotopes between rock and fluid at higher
temperatures (>500 °C).

Besides these fluid-rock interactions, the exhumation of high-pressure metamorphic rocks
is another important topic that was studied in this thesis. Metamorphic rocks from the
Bantimala Complex (SW-Sulawesi) show that rehydration reactions and hydraulic frac-
turing indicate that fluids played an important role during the exhumation of subducted
oceanic crust. To understand the exhumation process of the metamorphic rocks of the
Bantimala Complex, breccias of various metamorphic degrees and a foliated phengite-
bearing eclogite were studied. These rocks show that the oceanic crust underwent repeated
brittle deformation during their exhumation. Based on these petrological and structural
observations in combination with field observations an alternative exhumation process
could be deduced, compared to that proposed in the literature. In this case exhumation
is not achieved within a serpentinite matrix, but by intra-slab shearing and dismembering
of the subducted slab. The rise of a subducted continental fragment is assumed to be the
driving force for exhumation and the intercalation of the slices within the sediments of

the accretionary wedge occurred at a late-stage of exhumation.






1. Introduction

1.1. The nature of jadeitites

The formation of jadeitites is directly related to fluid processes in subduction zones. World
wide 19 jadeitite localities are known, in most cases they occur in high-pressure and low-
temperature mélanges (Tsujimori and Harlow, 2012). Jadeitites are nearly monominer-
alic rocks, composed of about 90 vol% of clinopyroxene with a jadeite content of more
than 90 mol%. Their formation history has been debated over decades. It is not clear,
whether they are formed during metasomatic replacement of a plagiogranitic protolith
(e.g. [Yoder, |1950; Compagnoni et al. 2012), or by direct precipitation from an infiltrat-
ing aqueous fluid (e.g. [Johnson and Harlow, |1999; [Yui et al.,[2010). As both processes are
observed worldwide, it is most likely that they represent end-member processes. Apart
from jadeitites located in the Dominican Republic, most jadeitites are found as veins or
blocks within a serpentinite matrix. Well studied outcrops, for example in Guatemala
or Japan, reveal a complex fluid history. In case of the Guatemalan jadeitites even dif-
ferent fluid influxes of jadeitite-forming fluids have been identified (e.g. |Sorensen et al.
2006). The study of jadeitites gives insight in fluid formation during subduction as well as
the interaction between fluids and the serpentinite matrix of the subduction channel and
metamorphic blocks within the channel. The major questions to understand the nature
of jadeitites are: What is the formation history of jadeitites and what is the source rock
of the jadeitite-forming fluid? The recently discovered jadeitite locality in the Rio San
Juan Complex (Dominican Republic; [Schertl et al., [2012)) is a good opportunity to study
these processes. Within this locality different types of jadeitites and jadeite-lawsonite
rocks were found as veins within blueschists and also as loose blocks within the serpen-
tinite matrix. Thus, based on the jadeitites and jadeite-lawsonite rocks of this locality,
formation processes and metasomatic reactions between the jadeitite-forming fluid and

the adjoining blueschist can be studied.
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1.2. The blueschist to eclogite transition

Jadeitites and jadeite-lawsonite rocks presented in the previous section resulted from fluid-
rock interaction processes within the subduction channel at blueschist-facies conditions.
To get a better understanding of fluid processes in subduction zones at greater depths, the
blueschist to eclogite transition has to be considered. This process is of great importance
for the geodynamics of subduction zones, as the density changes from wet blueschist to
dry eclogite, which leads to slab pull (e.g. [Turcotte and Schubert, 2002)). Thus the eclogi-
tisation is a crucial process, not only for recycling processes within a subduction zone,
but also for plate tectonics. The dehydration reaction releases up to 4-5 vol% of fluids
(Schmidt and Poli, |1998), which can in turn interact with the surrounding mantle wedge.
Besides dehydrating subducted serpentinites this reaction is a major fluid contributor in
greater depth (70-90 km) and an overall process in nearly all subduction zones. Recent
studies indicate that temperature and pressure are not the only catalysts for eclogitisa-
tion. Fluids play also an important role to initialize the dehydration reaction (e.g. Gao
et al., 2000). It has been shown that the blueschist-eclogite transformation starts along
fluid veins. The different fluid-rock interactions may change the chemical characteristics of
fluids released during eclogitisation. This clearly displays the complexity of fluid reactions
within the subducted slab and the possibility for fluids to interact with different litholo-
gies (e.g. Bebout) 2007). Additionally, fluid-release during eclogitisation is not limited
to a certain depth, as different reactions (glaucophane-out, lawsonite-out) can occur at
different pressure and temperature conditions. The Bantimala Complex in SW-Sulawesi
provides a good opportunity to study the different processes of eclogitisation, as different

kinds of eclogite veins and veinlets can be sampled in this locality.

1.3. Exhumation of (ultra)high-pressure metamorphic rocks

As exhumation processes cannot easily be studied in recent subduction zones, the study
of fossil subduction zones and (ultra)high-pressure metamorphic rocks is essential to un-
derstand the geodynamics of exhumation. Especially in the case of subducted oceanic
crust an exhumation process is required that is able to compensate the higher density
of the slab and hold it back from sinking deeper into the mantle. Some authors suggest
that exhumation of subducted oceanic crust is restricted to a certain depth (70-75 km;
Agard et al., 2009). However, a few examples show that also oceanic crust that under-
went ultrahigh-pressure metamorphic conditions was exhumed as well (Reinecke;, 1998),
depending on the exhumation mechanism that was active. One exhumation process is via

a subduction channel (Gerya and Stockhert, 2002)). This process is based on the phys-
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ical and rheological characteristics of the hydrated mantle wedge, as serpentinite has a
lower density and viscosity than the surrounding mantle. Within this serpentinite ma-
trix, blocks of metamorphic rocks can ascent to shallower crustal levels. These rocks are
cropping out nowadays in serpentinite mélanges with boulders of different metamorphic
rocks. Restricted to shallower depth, is the exhumation via the accretionary wedge, where
sediments are constantly underplated and underthrusted (Agard et al., |2009). Exhuma-
tion can also be achieved by the subduction of continental crust, which will ascent due
to its lower density. In most cases subduction ceased after a continent-collision. During
the upward directed motion of the ascending continental crust, the overlying rocks can be
incorporated and pushed to shallower crustal levels. The exhumation process, responsible
for the exhumation of the (ultra)high-pressure rocks of the Bantimala Complex is still
discussed. Some authors suggest that the metabasites are incorporated in a serpentinite
matrix (Parkinson et al., 1998} [Miyazaki et al.,|1996), however, other authors assume that
an underthrusted continental fragment (Wakita et al., [1996) uplifted the rocks. However,
the exhumation process of the (ultra)high-pressure metamorphic rocks of the Bantimala
Complex has to be reinterpreted, because of the occurrence of different metamorphic

breccias and eclogites that show evidences for repeated brittle deformation.

1.4. Study approach and analytical techniques

For the study of the above-mentioned fluid-rock interaction and exhumation processes,
extensive fieldwork was the starting point. During a short time fieldwork (1 week) in
the Dominican Republic (Rio San Juan Complex) and a long time fieldwork (6 weeks) in
Indonesia (Bantimala Complex), we sampled different rock types, which show evidence
for metasomatism or fluid infiltration. Main focus in the Dominican Republic was on the
jadeitites, jadeite-lawsonite rocks and blueschists hosting jadeite-lawsonite veins. In In-
donesia we sampled high-pressure metabasites, which showed evidences for prograde over-
printing (blueschist-eclogite) or for retrograde transformation (eclogite-blueschist, brec-
cias). From all these samples thin sections were made and studied using a polarizing
microscope. First optical observations regarding the mineral assemblage, appearance of
the contact zones between veins and adjoining host rocks and textural relationships could
be made. Mineral chemistry of selected samples were measured with the electron micro-
probe (EMP). These data were used to recognize possible chemical zonation within the
minerals as well as for pressure and temperature calculations. The pressure and temper-
ature calculations were done based on two different methods. The first method is based

on mineral equilibrium between certain minerals, obtained from a conventional geother-
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mobarometer. The second method is the pseudosection modeling using the THERIAK-
DOMINO software (de Capitani C. and Petrakakis, 2010, in which total free Gibb’s
Energy is minimised using the bulk rock chemistry. For this purpose also major element
analyses of whole rock samples were obtained by X-ray fluorescence (XRF), these data
were also used for geochemical interpretations. Additionally, trace element concentrations
as well as stable and radiogenic isotopic compositions were determined. For trace element
analysis the samples were fused and measured by Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (LA-ICP-MS) at the ACME Laboratory, Canada. The trace
elements were used to identify a proper protolith for the metabasites and calculate mass
balances to understand the degree of metasomatism. The oxygen isotopic compositions
were analysed at the Institute for Isotopegeology at University of Gottingen and the Sr
and Nd isotopic compositions at GEOMAR in Kiel. The oxygen, Sr and Nd isotope data

were used to reveal the fluid source and possible chemical changes during fluid release.

1.5. Outline of this thesis

Subduction zone geodynamics and the involved recycling processes is a broad field of re-
search with different topics of concern. Especially the fluid-rock interaction processes in
subduction zones is a topic of several studies, because the nature and origin of the fluids
is important for the understanding of recycling processes. This thesis focuses on the three
above-mentioned fluid-rock interaction processes, taking place during subduction and ex-
humation of oceanic crust.

Chapter 2 is a petrographical and geochemical study of jadeitites and jadeite-lawsonite
rocks from the Rio San Juan Complex (Dominican Republic). This occurrence is unique,
because jadeitites can be studied in direct contact to blueschists. Trace element data and
oxygen isotope values were used to determine two different types of jadeitite formation
processes (precipitation vs. replacement) and a possible fluid source. Also the metaso-
matic impact of the jadeitite-forming fluid to the hosting blueschist was studied.

Chapter 2 will be submitted to International Journal of Earth Science:

Baese, R., Schenk, V., Schertl, H.-P., Maresch, W.: Jadeitites and jadeite-
lawsonite rocks of the Rio San Juan Complex (Dominican Republic): indica-

tors of metasomatic processes in a subduction channel environment.

Chapter 3 focuses on eclogite veins and veinlets within blueschists, to understand the
different kinds of eclogitisation processes and their geochemical consequences. For this
purpose pressure and temperature calculations were obtained and combined with infor-

mation from stable (oxygen) and radiogenic (strontium and neodymium) isotopes, as well
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as major and trace element concentrations. Internally derived fluids and fluids infiltrating
the rock, deriving from an external source could be distinguished based on the geochem-
ical and petrological data. A decreasing oxygen isotopic composition from blueschist to
eclogite could be identified.

Chapter 3 will be submitted to European Journal of Mineralogy:

Baese, R., Schenk, V., Hauff, F., Soesilo, J.: Eclogitisation and fluid-rock
interaction processes in a subducting slab: Geochemistry and petrology of

eclogite veins and blueschists of the Bantimala Complex (Sulawesi), Indonesia.

Chapter 4 deals with the exhumation process of the (ultra)high-pressure rocks of the
Bantimala Complex. The focus is on breccias of various metamorphic degrees and a
foliated phengite-bearing eclogite. The rocks were formed in different depths during ex-
humation. Detailed petrological and structural observations in combination with pressure
and temperature estimates enable to unravel the formation and exhumation process of
the high-pressure rocks. We deduced an exhumation process driven by intra-slab shearing
and underthrusting of a buoyant continental fragment. In shallower crustal levels the
high-pressure rocks were intercalated with sediments of the accretionary wedge.

Chapter 4 will be submitted to Earth and Planetary Science Letters:

Baese, R. & Schenk, V.: Repeated brittle deformation and fluid infiltration at
eclogite- to subgreenschist-facies conditions during exhumation of subducted

oceanic crust, Bantimala Complex (Indonesia).

The findings presented in this thesis will help to understand the complicity of fluid-rock
interaction processes during subduction and exhumation of oceanic crust. The jadeitites
studied were formed by precipitation from a fluid derived from serpentinite and by metaso-
matic replacement of metatrondhjemites. The eclogite veins and veinlets of the Bantimala
Complex show that two different processes lead to eclogitisation. During infiltration of an
external fluid, which show characteristics of a mixed source (mantle and crustal rocks).
Resulting in an eclogite vein, which is highly enriched in LILE, REE and Cr. The other
eclogitisation process took place during dehydration of the blueschist host rock and the
formation of a drainage system. The element enrichment along this network of eclogite
veinlets is moderate. The exhumation process of the (ultra)high-pressure metamorphic
rocks of the Banitmala Complex proposed in this thesis, is in contrast to models made
by former workers (Wakita et al., [1996; Parkinson et al. [1998; Miyazaki et al., |1996).
The deduced exhumation process was driven by repeated intra-slab shearing, hydraulic

fracturing and the upward directed motion of a subducted continental fragment.
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2. Jadeitites and jadeite-lawsonite rocks of the Rio
San Juan Complex (Dominican Republic):
indicators of metasomatic processes in a

subduction channel environment

Abstract

As the formation of jadeitites occuring in serpentinite mélanges is directly linked to fluid
processes within subduction zones, we studied the major and trace element chemistry of
jadeitites and jadeite-lawsonite rocks from a serpentinite mélange of the Dominican Re-
public containing also other high-pressure rocks to get a better insight into the processes
of their formation. Two chemical types of jadeitites and jadeite-lawsonite rocks have
been identified. The first type is found as loose blocks in a serpentinite matrix as well
as veins within blueschists blocks of the mélange and has a U-shaped REE-pattern with
a pronounced positive Eu-anomaly that is similar to those of other jadeitite localities.
The REE pattern is similar in shape but at higher concentrations compared to those of
oceanic serpentinites that formed during hydrothermal serpentinization. Based on chemi-
cal composition (Garlick-Index), oxygen isotopic composition and modeled oxygen isotope
isopleths for coexisting fluids, we deduced that the fluid that formed this jadeitite-type
had a 40 value between 13%0 and 14%o. In combination with the REE pattern, this
indicates that serpentinites are a likely source rock for the jadeitite-forming fluid and that
these jadeitites precipitated directly from such an aqueous fluid (P-type jadeitites).

The second type is a product of a metasomatic replacement (R-type jadeitite) induced
by such fluids on metatrondhjemitic rocks that occur in the same mélange. The meta-
trondhjemitic rocks and the R-type jadeitites and jadeite-lawsonite rocks have similar
REE-patterns and the oxygen isotope signature of the R-type jadeitites can be explained
by mixing of metatrondhjemites with fluids that formed the P-type jadeitites. We con-
clude that during the evolution of the Rio San Juan Complex fluid-rock interaction pro-
cesses took place that resulted in the formation of two different types of jadeitites and

jadeite-lawsonite rocks with two different trace element signatures.
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2.1. Introduction

The transport of fluids in subduction zones play an important role in chemical recycling
processes and for arc volcanism. The interface between the downgoing slab and the over-
lying mantle wedge is a highly reactive zone where very different lithologies are mixing
and interacting with ascending fluids (Bebout, [2007). During these processes the mantle
wedge gets hydrated and serpentinite is formed. This is the onset of building up a sub-
duction channel by fluids that are derived from the subducting slab (Gerya et al., 2002).
There are different possible sources of the ascending fluids: dehydration of the different
subducted lithologies (e.g. sediments, altered oceanic crust and serpentinites) each with
specific dehydration reactions (e.g. blueschist-eclogite transition, de-serpentinization re-
action) is contributing contributes to the composition of the fluids. Many recent studies of
dehydration and fluid-rock interaction processes in rocks from different subduction depths
are aimed to give insights into the chemical recycling processes that are taking place dur-
ing subduction zone devolatilization (e.g. [Peacock, [1993; [Schmidt and Poli, [1998; |Deyhle
et al., 2004; Spandler et al., 2008; |Herms et al.| 2012).

Of special interest for fluid processes in subduction zones are jadeitites and jadeite-
lawsonite rocks forming blocks within serpentinite mélanges, as most of them are thought
to form through direct precipitation from a fluid (Harlow and Sorensen, 2005). Such
jadeitites and jadeite-lawsonite rocks are found at different localities (ca. 19) around
the world (Harlow and Sorensen, [2005; [Morishita et al., 2007)). The original estimates of
the pressure-temperature conditions during their formation are mostly ranging between
0.5 and 1.3 GPa at 100 to 450 °C. However, |Oberhansli et al. (2007)) recalculated the
pressure-temperature conditions for jadeitite formation from Guatemala, Japan, Myan-
mar, Turkey and Iran obtained higher pressure-temperature conditions between 1.3 and
1.8 GPa at 350 to 550 °C. Pressure-temperature estimates for the recently discovered
Cuban jadeitites are in agreement with the latter range (1.5 GPa at 550 °C; |Garcia-Casco
et al., 2009). The Cuban jadeitites were interpreted to have formed by hydrothermal
processes involving different fluids, which may also interacted with previously formed
jadeitites within the mantle wedge (Cardenas Parraga et al 2012). Johnson and Harlow
(1999) emphasized that fluids, which led to serpentinization of the mantle wedge, would
form at a greater depths jadeitites. Subsequent isotopic studies of jadeitites (Sorensen
et al., 2006 came to the conclusion that the rock forming fluid history is quite compli-
cated as the fluid is fed by different source rocks, and in addition, the fluid evolves during
ascent. As sources of the fluids altered oceanic crust, sediments and/or hydrothermally

weathered oceanic crust is envisaged (Sorensen et al., 2006; [Morishita et al., 2007} |Simons
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et al., [2010). Other authors suggested that some jadeitites are formed by metasomatic
replacement of a protolith (e.g. plagiogranite) (Yoder, 1950; Fu et al., [2010; |Compagnoni
et al., [2012). Recently [Yui et al.| (2010) showed that the jadeitites from the Montagua
Fault Zone (Guatemala) precipitated from an aqueous fluid. In addition, these authors
argued that there might be two endmembers of jadeitite forming processes: metasomatic
replacement and precipitation from an aqueous fluid.

To tackle the problem of fluid composition and interaction processes between fluids and
vein hosting blueschists and serpentinites during the formation of jadeitites and jadeite-
lawsonite rocks, we studied the trace element concentrations and oxygen isotopic composi-
tions of jadeitites and jadeite-lawsonite rocks and of all the rock types that are associated
with them in the enclosing Cretaceous serpentinite mélange (Arroyo Sabana mélange) on
the island of Hispaniola. The formation of the serpentinite mélange and its jadeitites of
the Dominican Republic is assumed to have taken place over a time span of > 60 Ma in
a self-organising cooling subduction zone (Schertl et al.| [2012). Discrepancies like those
described above between pressure and temperature estimates by different authors exist
also in the interpretation of the jadeitite forming processes (e.g. [Yoder| 1950; Harlow and
Sorensen, 2005)). Detailed petrographic observations and geochemical data are required
to resolve for specific occurences the jadeitite forming processes, i.e. fluid precipitation
versus metasomatic replacement, and to identify the petrological nature of the possible
metasomatized precursor rocks. The trace element and oxygen isotope data presented
here demonstrate that R- and P-types of jadeitites occur together in the same serpenti-

nite mélange in the Rio San Juan Complex.

2.2. Geology

There are several localities of subduction zone related rocks and serpentinite mélanges
around the Caribbean plate (Lewis et al.,2006). The island of Hispaniola mainly consists
of rocks formed at an intra oceanic arc setting during the early Cretaceous to mid-FEocene
(Krebs et al., 2008). After the subduction ceased, sediments covered most of the arc
material. The reconstructed history of the subduction zone is quite complicated. Draper
et al| (1996) suggested that the dipping direction changed with time. In the Aptian the
subducting slab dipped northwards and later after a flip it dipped southwards. The change
of the dipping direction is thought to be older than 100 Ma. The eclogites enclosed within
the serpentinite mélanges are slightly younger. They are dated to be about 98 Ma (Lu-Hf
in garnet; Pindell et al., 2005).

The Rio San Juan Complex in the north of the Dominican Republic (Fig. have
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been subdivided into a northern and a southern part. The southern part (not shown in
Fig. is called the Cuaba Gneiss Complex consisting of partially retrogressed eclogitic
gneisses (Draper and Nagle| [1991)) along with garnet pyroxenites and garnet peridotites
(Abbott et al., |2005). Gabbroic to dioritic rocks in the southern part belong to the
Rio Boba Intrusive Suite (Draper and Nagle, 1991). The northern part of the Rio San
Juan Complex consists of serpentinite mélanges (Jagua Clara mélange and Arroyo Sabana
mélange) containing the jadeitites and jadeite-lawsonite rocks besides boulders of a variety
of rock types (e.g. blueschists, eclogites, sediments, basalts, orthogneisses) (Draper and
Nagle, [1991)). The rocks of this mélange are the topic of this study (Fig. [2.1).

Krebs et al.| (2008) deduced different P-T-t paths for blueschists and eclogites within the
serpentinite mélange and interpreted them to reflect different evolutionary stages of the
lifetime of the subduction zone; the retrograde paths are similar for all high-pressure rocks.
Comparing the P-T-t paths with the results of numerical models of |(Gerya and Stockhert
(2002), [Krebs et al.| (2008) concluded that the Rio San Juan Complex represents a fossil
subduction channel. The subduction started in the early Cretaceous (120 Ma) and was
active for about 65 Ma (Krebs et al., 2008). The size of the blocks of metamorphic
rocks in the Rio San Juan Complex ranges from one meter to tens of meters in diameter.
Some blocks with preserved blackwall rinds indicate that their present surface was in
direct contact to the serpentinite matrix. The mélange boulders show different degrees of
deformation (Krebs et al |2008), reflecting the diverse tectonic history of the blocks prior
to their incorporation. The jadeitites and jadeite-lawsonite rocks occur as loose blocks or
as veins in lawsonite-bearing blueschists. Some veins are concordant others discordant to
the foliation of the blueschist and are often interconnected (Figl2.2). Their thicknesses
vary between cm to dm in scale. The loose jadeitite and jadeite-lawsonite blocks (dm to
some meters in diameter) are found as boulders in the serpentinite mélange. An original
contact between the jadeitites and the surrounding serpentinite matrix, as mentioned by

Krebs et al.| (2008)), could not be observed because of the poor outcrop conditions.

2.3. Analytical methods

The microprobe analyses of minerals were performed with a JEOL JXA 8900R electron
microprobe at the Institute of Geoscience at the Christian-Albrechts-University, Kiel. The
acceleration voltage and beam current were 15 kV and 15 nA. Synthetic and natural min-
erals were used as standards. For matrix correction of the raw data the CITZAF method
was applied.

The major elements were analysed by XRF with a Phillips PW 1480 at the laboratory
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Figure 2.1.: Geological map of the Rio San Juan Complex and sketch map of the Caribbean area
modified after [Draper and Nagle| (1991) and [Krebs et al| (2008). White star indicates the sample area

within the Arroyo Sabana mélange.

of the Institute of Geoscience, Kiel University. A 1:6 mixture of sample (0.6 g) and flux
melting agent (3.6 g) were fused to glass discs, lithiumtetraborate was used as the flux
medium. The used standards are UB-N, AN-G, OU-2 and BHVO. The L.O.I. was deter-
mined by heating 2.0 g of sample up to 950 °C over a time span of 12 hours, the weight
loss was measured and calculated into weight per cent.

Whole rock trace element concentrations were measured at Acme Laboratories, Canada.
0.2 g of sample were fused with Lithiumtetraborate/Lithiummetaborat and then analysed
by LA-ICP-MS. 0.5 g of sample was digested by aqua regia to analyse the precious and
base metals by ICP-MS. Used standards are STD DS7, STD OREAS45PA and STD SO-
18. The detection limits varies between the different elements: 0.01 ppm (Tb,Tm,Lu),
0.02 ppm (Pr, Eu, Ho), 0.03 ppm (Er), 0.05 ppm (Sm, Gd, Dy, Yb), 0.1 ppm (Cs, Hf,
Nb, Rb, Ta, U, Pb, Zr, Y, La, Ce, Mo, Cu, Ni, Sb, Cd, Bi, Ag), 0.2 ppm (Co, Th), 0.3
ppm (Nd), 0.5 ppm (Ga, Sr, W, As) and 8 ppm (V).
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The oxygen isotope analyses were measured at the stable isotope laboratory at the Uni-
versity of Gottingen. The measurement procedure is published in detail (Pack et al.,
2007; Hofmann and Packl, [2010; |Gehler et al., 2011). A MORB glass (6'¥0%o= 5.6) and a
quartz sample NB28 (680 %o= 9.6) were used as reference material. In short the applied
method can be described as follows: after laser fluorinisation the sample gas was trapped
in a micro sieve. The trapped gas was purified through a Thermo Scientific GasBench II,
afterwards it was analysed simultaneously on three Faraday cups in a Thermo MAT 253
gas mass spectrometer. All results are reported as the per mill deviation from V-SMOW
(Vienna-Standard Mean Ocean Water) and in the d-notation. The uncertainty of the
results in this study is about £0.2%o.

2.4. Petrography and mineral chemistry

2.4.1. Sampling

The sampled area is within the Arroyo Sabana mélange west of Rio San Juan (Fig.
. All rock types of the serpentinite mélange have been collected that may have con-
tributed by fluid release or otherwise to the geochemical or mineralogical characteristics
of jadeitites and jadeite-lawsonite rocks. These samples include different types of jadeiti-
ties and jadeite-lawsonite rocks, blueschists, serpentinites and metatrondhjemites besides
minor amounts of micaschists, amphibolites and low-grade metabasaltic rocks. All these
rocks form blocks of varying sizes in the serpentinite matrix. Several samples were col-
lected that include both, a jadeite-lawsonite vein and the adjoining blueschist. To tackle
metasomatic reactions between vein and host rock (Fig. [2.2A), small samples forming 20

mm thick slices have been analysed along a profile perpendicular to the vein contact.

2.4.2. Jadeitites and jadeite-lawsonite rocks

The jadeitites and lawsonite-jadeite rocks are light grey to light green in color and may
be fine or coarse grained. [Schertl et al.| (2012) subdivided these rocks into a quartz-free
and a quartz-bearing suite. However, in this study the jadeitites and jadeite-lawsonite
rocks will be subdivided on the basis of their geochemical characteristics, which is not
necessarily in accordance with the mineralogical subdivision as quartz-free and quartz-
bearing samples may show the same chemical characteristics. On the basis of their trace
element characteristics we suggest here also a two-fold subdivision based on their forma-
tion processes: fluid-precipitation (P-type) and metasomatic replacement (R-type), which

is in accordance with the genetic subdivision proposed by [Tsujimori and Harlow| (2012).
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Jd-Lws veins|

Figure 2.2.: A) Jadeite-lawsonite veins within blueschist. Veins are discordant and concordant to the
foliation and form a network. B) Omphacite-lawsonite veinlets within blueschist forming a capillary
network. This picture is taken from the weathered surface, having a better contrast between vein and

host rock than on fresh surfaces.

Mineral assemblages of the samples are presented in Table

1. R-type: REE pattern have a negative granite-type slope, having higher concentrations
of LREE and lower concentrations of HREE. The high (La/Yb)y ratios of 7-128 indicates
the strong fractionation between LREE and HREE. They include quartz-free and quartz-
bearing rocks and occur as loose blocks in serpentinite and as veins within blueschists.
Some samples show a strong foliation while others are nearly massive.

2. P-type: REE pattern are U-shaped with a pronounced positive Eu-anomaly. They in-
clude also quartz-free and quartz-bearing rocks and occur as loose blocks in serpentinite,

and are also vein-network forming within blueschist (Fig. [2.2]A).

R-type jadeitites and jadeite-lawsonite rocks

Jadeite (X ;4=0.85-0.99) occurs in all samples but in varying modal proportions. While
in one sample it forms xenomorphic porphyroblasts surrounded by a fine grained matrix

(DR11-4-09), in most samples it forms idiomorphic prismatic crystals in a equigranular
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Table 2.1.: Mineral assemblages of P-type and the R-type samples; (r) = retrograde replacement
Sample ID Jd Lws Qz Ab Phe Cal GIn Ttn Grt Chl Ep Ap Zrn

P-type
30023 x X X X
DR1-1-09 x X X X
DR1-1-09 vein core  x X X
DR 1-1-09 vein rim  x b X
DR 1-1-07 x b X X
DR 1-2-09 x X x  (r) X X
DR1-4-09 x X x (r) X X X
R-type
DRS8-1-09 x X X X X b X b
DR11-4-09 x X x () X b'e b'e
25423 x X X X X X
26325JD  x X x (r) x X X X

texture. Only quartz-free samples contain prograde albite (X 4,=0.99). The albite graines
are concentrated in lenses, which are oriented parallel to the schistosity. In the quartz-
bearing samples, late-stage albite rims around jadeite grains are indicators for a retrograde
overprint, when the reaction jadeite+quartz=albite was crossed. In the R-type jadeitites
and jadeite-lawsonite rocks, quartz forms lenses and bands, in which quartz developed
a foam texture with well-equilibrated grain boundaries (Fig. B). Lawsonite is also a
major mineral phase of this rock type forming fine-grained layers (DR11-4-09) or medium
grained prismatic crystals, which are intergrown with jadeite (26325JD). Glaucophane
and epidote occur in nearly all samples (IS8-1-09 contains no glaucophane). Phengite
(3.3.-3.5 Si apfu) occurs in fine-grained layers (DR8-1-09) or as hypidiomorphic crystals
(26325JD). Calcite forms dominantly an interstitial phase (DR11-4-09), but also rounded
grains within albite porphyroblasts (DR8-1-09). Accessory minerals are titanite, zircon
and chlorite. One jadeite-lawsonite bearing quartzite (26325JD) is exposed in direct
contact with the adjoining blueschist. The mineralogical modal composition of this vein

seems not to change towards the contact.

P-type jadeitites and jadeite-lawsonite rocks

Also this type includes samples of the quartz-free and quartz-bearing group of [Schertl
et al.| (2012). Like in the case of the R-type jadeitites, the only quartz-free rock of the
P-type (30023) contains albite as part of the peak assemblage (Fig. A). This rock is
a jadeitite sensu stricto as the jadeite content in the pyroxene is up to X ;3=0.99 and the

modal amount of jadeite is more than 90 vol%. Besides albite this sample contains calcite
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Figure 2.3.: Thin section photograph. A) P-type jadeitite sensu stricto (sample 30023); B) R-type

jadeitite (sample DR 11-4-09) containing recrystallized quartz lenses, the dark fine grained matrix consists

of jadeite.

as a minor mineral phase and chlorite occurs as an accessory mineral. Jadeite (X ;;=0.85-

0.99) and lawsonite of the quartz-bearing P-type form nearly idiomorphic crystals that

are intergrown. Thin omphacite rims surrounding jadeite grains occur in some jadeitites

(Schertl et al.l [2012).

Aegirine-
Augite

Omphacite

o Jadeite Aegirine

Figure 2.4.: Composition of jadeite in jadeitites and
jadeite-lawsonite rocks. Pyroxenes of the P-type and
R-type jadeitites and jadeite-lawsonite rocks fall in
the same compositional range. Shaded fields are for
the compositional range of jadeite and omphacite re-
ported by |Schertl et al.| (2012)) for the same jadeitite

occurrence; nomenclature after Morimoto, (1988|).

In most cases the jadeite grains are
blocky to prismatic in shape and commonly
have a cloudy core rich in mineral inclu-
sions (quartz) surrounded by an inclusion-
poor growth zone. Quartz often occurs in
bands and lenses, in which the recrystal-
lized grains developed a foam like texture
(e.g. Fig. B). Jadeite grains (DRI1-
2-09, DR1-4-09) in contact to lens-shaped
quartz aggregates are surrounded by albite
rims. These developed during exhuma-
tion when the jadeite+quartz=albite equi-
librium was crossed, like in some R-type
samples. Phengite (3.3-3.6 Si apfu) and
glaucophane occur in most of the samples
as minor mineral phases oriented parallel
to the foliation. Accessory phases are ti-
tanite (DR1-4-09) and zircon (DR1-1-09,
DR1-1-07, DR1-2-09, DR1-4-09). Garnet
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(Almss_56Pypar—20Spss_¢Grse_7) was found only in one sample (DR1-1-07), where it is
broken into many pieces and elongated, indicating brittle deformation after its crystal-
lization. This deformation can also be recognized by cracks disrupting the jadeite grains
perpendicular to the foliation.

The vein samples have similar mineral assemblages as the other P-type jadeite-lawsonite
rocks found as loose blocks. The modal amount of the rock-forming minerals seems not

to change from the center towards the border zone of the vein.

2.4.3. Blueschist

The vein hosting blueschists consist of coarse-grained domains with a weakly developed
foliation and domains with a pronounced foliation. The mineral assemblage consists of
glaucophane, lawsonite and quartz; epidote is an accessory mineral phase. Glaucophane
is the main amphibole of these samples, which is surrounded by thin actinolite rims in
a few samples (DR1-1-09 HOST). Lawsonite is intergrown with glaucophane. There is
no systematic change in the mineral assemblage towards the crosscutting veins and the
contact between the blueschist and the jadeite-lawsonite veins is always sharp. Some of
the amphiboles are oriented parallel to the contact, but are not fractured.

Most blueschists found in the mélange have a pronounced schistosity and consist mainly of
fine grained glaucophane. Minor mineral phases are lawsonite, quartz, phengite and in one
sample highly chloritised cm-sized garnet prophyroblasts. Omphacite-lawsonite veinlets
(mm-scale) are forming a network in some of the blueschists (Fig. [2.2B; DR2-1-09), as
already described by [Schertl et al.| (2012).

2.4.4. Further rock types of the mélange

Besides jadeitites and blueschists, all other rock types that occur in the serpentinite
mélange were collected for major and trace element and oxygen isotope analyses to get a
better overview of the geochemical components of the mélange and the possible sources
for the fluids from which the jadeitites and jadeite-lawsonite rocks may have formed.
The serpentinite matrix of the mélange is fine grained and rarely preserves pseudomorphs
of olivine. Serpentinite is highly weathered and fresh samples are quite rare, which re-
sulted in a too small number of analyses of this important rock type.

Acidic rocks of the mélange were described by |Krebs et al.| (2008) as trondjhemitic or-
thogneisses. Primary minerals of these jadeite-free rocks are albite, phengite, quartz
and epidote. Albite (X4,=0.99) is overgrown by epidote, which forms large xenomor-

phic porphyroblasts. According to the classification of granitoids that is based on the
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contents of molecular normative feldspar endmenbers (Barker, 1979)), these rocks are
metatrondhjemites (diagram not shown). Phenigte has between 3.2 and 3.25 Si apfu.
Because these rock do not provide the limiting minerals assemblage of phengite+K-
feldspar+quartz+biotite these values indicate only minimum pressures of 0.4-0.5 GPa at
about 500 {circ)C according the phengite-barometer proposed by [Massonne and Schreyer
(1987)).

The term "mafic rocks” is used in this study for those samples, which show only a weak
metamorphic overprint (up to greenschist facies) and whose compositions are similar to
that of basalts. Laths of magmatic plagioclase are still preserved and occur beside the
metamorphic minerals like chlorite, epidote and actinolite. A further mafic rock is an
overprinted amphibolite consisting of large pophyroblasts of brown hornblende that are
overgrown by glaucophane rims. In the rock matrix coarse grained epidote and clinozoisite
crystals occur besides titanite, minor quartz and plagioclase.

The metasediment is a garnet-mica-schist forming a large block, from which some rela-
tively fresh samples have been taken. It consists mainly of phengite, brownish hornblende
with glaucophane rims, epidote, opaque minerals, titanite and garnet porphyroblasts (cm-

scale).

2.4.5. Bulk rock geochemistry
Jadeitites and jadeite-lawsonite rocks

As the subdivision of jadeitite and jadeite-lawsonite rocks in this study is based on their
rare earth element (REE) concentrations and the shape of their patterns, the following
discussion of their chemistry will concentrate on these trace elements. In contrast to the
REE, some of the other trace elements like Pb, Sr, Zr and Hf often have similar concen-
trations in both groups and show the same characteristics like strong positive Pb and Sr
anomalies and a Zr-Hf plateau. However, the Sr anomaly is missing in one sample.

All P-type samples have the same type of normalised REE pattern and show only smaller
variations. The patterns are U-shaped with a pronounced positive Eu-anomaly (Fig. ,
the intensity of which can be expressed by the equation of Taylor and McLennan| (1985):

Eu Fuy

Bt~ [(Smw)(Gdn)07 (2.1)

For rocks of the P-type Eu/Eu* is > 2, whereas for all R-type samples the Eu/Eu* is <
2. The chondrite normalized concentrations of the REE of the P-type range from about
ten in the LREE to about five in the HREE (Fig2.5]). The shape of the patterns is sim-
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ilar to those of jadeitites known from other localities found world wide (e.g. Myanmar,

Guatemala, Japan). However, the REE concentrations of the Dominican jadeitites and

jadeite-lawsonite rocks are up to ten times higher compared to concentrations of jadeitites

of Myanmar or Guatemala, but they are similar to those found in the mineral omphacite

of jadeitites from Japan. This is of course not directly comparable to our whole rock data.

The REE pattern of the mineral lawsonite (Scambelluri and Philippot|, 2001)) is similar

to those of our P-type rocks. However, lawsonite cannot be the reason for the higher

concentrations as also the lawsonite-free samples have the same P-type REE pattern.

When looking for possible source rocks of the fluids that display REE patterns similar to

those of P-type jadeitites, it is tempting to compare their pattern with those of oceanic

serpentinites that are thought to have formed during fluid-dominated hydrothermal ser-

pentinization. These serpentinites display REE patterns that are very similar in shape

and in their positive Eu-anomalies (Fig. [2.7 [Paulick et al| (2006)). By comparing the
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Figure 2.5.: Comparison between the P-type samples of this study (shaded, solid lines) and from other

localities world wide (Myanmar: dotted line, Guatemala: dotted line with squares and Japan: dotted

line with filled squares). normalised to chondrite from Boynton| (1984)

REE patterns of the different P-type jadeitite samples some characteristic differences can
be extracted (Fig. . The sample from the vein-rim is enriched in MREE and HREE,

but the LREE are slightly more enriched in the vein-center than at the vein-rim. In

contrast, the fluid mobile elements (Rb, Ba, K) are more enriched in the vein-rims (Tab.
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2.2)). The garnet-bearing sample has a somewhat deviating trace element pattern as it

100
1 —l— Vein center
Vein rim
I Host1
I Host2
Host3
| Host4
o) |
=] depletion towards the vein
'8 10F (from HOST4-HOST1)
o
5 |
o
Q |
o
E . 0
o I vein rim
|
TF [
I vein center
LREE enrichmentin|
the vein center and |  MREE and HREE enrichment in vein rim and depletion
metasomatised I in the blueschist towards the vein
blueschist |
01 1 1 1 ! 1 1 1 1 1 1 1

La C¢e Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 2.6.: REE patterns from samples taken along a profile from the adjoining host rock into the
vein; normalised to chondrite (Boyntonl |1984). The host rocks get depleted in the MREE and HREE
and enriched in the LREE with decreasing distance to the vein and the vein gets enriched in the LREE

from the center towards the vein rim.

does not show a Zr-Hf plateau like all other jadeitites (Fig. and seems to have a less
pronounced U-shaped REE pattern due to a positive Th anomaly (Fig. .

Compared to the P-type rocks, the R-type jadeitites have REE patterns with a negative
slope, i.e. with higher LREE than HREE concentrations (Fig. , have up to ten times
higher LREE concentrations and do not have the strong positive Eu-anomaly. Moreover,
the R-type has higher normalised concentrations of some fluid mobile trace elements like
Cs, Rb and Ba. When searching the origin of the trace element patterns of the R-type
rocks it is tempting to compare it with those of metatrondhjemites as they are very similar
in shape and normalised concentrations (Fig. and and as both rock types occur
in the same mélange. However, the patterns of the metatrondhjemites deviate from those

of the jadetitites and jadeite-lawsonite rocks as their HREE part has a steeper slope (Fig.

27 and 29).
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Table 2.2.: Geochemical analyses of P- and R-type jadeitite and jadeite-lawsonite rocks.

Sample DR 1-2-09 DR 1-4-09 DR 1-1-07 DR 1-1-09 RIM2 DR 1-1-09 CENTER DR 1-1-09 RIM1 30023 | DR 11-4-09 26326JD DR 8-1-09 25423
Type P-type P-type P-type P-type vein rim P-type vein-core P-type vein-rim  P-type R-type R-type R-type R-type
SiO2 75.72 75.98 71.38 70.93 72.38 71.54 56.05 70.76 50.44 57.77 58.29

Al2O3 12.84 11.88 15.28 14.06 14.23 13.94 22.51 15.66 14.1 21.94 18.72
TiOq 0.1 0.1 0.02 0.13 0.13 0.14 0.16 0.17 1.32 0.21 0.5
MgO 0.37 0.51 0.39 4 0.89 0.55 0.94 0.83 0.65 6.86 1.57 2.98

Fea O3 0.99 1.1 1.46 1.3 1.06 1.55 0.98 1.17 10.55 1.53 3.29
CaO 2.89 2.55 2.94 3.13 3.2 2.97 4.01 2.68 8.19 2.25 2.92
P20s5 0.01 0.01 0.01 0.02 0.02 0.01 0.04 0.13 0.02 0.16 0.19

NaxO 5.8 6.35 6.56 6.37 6.27 5.63 12.74 6.8 3.63 9.77 11.52
K20 0.15 0.29 0.12 0.44 0.15 0.54 0.11 0.44 0.1 2.44 0.11
MnO 0.02 0.02 0.09 0.02 0.02 0.02 0.03 0.02 0.14 0.03 0.05

LOI 1.84 1.77 1.77 1.97 1.79 1.94 1.54 1.52 3.85 2.08 0.77
Sum 100.76 100.58 100.03 99.30 99.83 99.26 99.09 100.01 99.39 100.20 99.40
580 13.0 12.5 9.5 n.d 12.1 12.6 11.3 11.0 12.3 114 n.d.
Ba 46 74 68 109 41 147 64 195 311 3741 57
Co 2.5 2.9 0.7 3.3 2 4.8 2.4 1.9 2 5.8 11.8
Cs b.d. 0.1 b.d. 0.2 0.2 0.2 0.1 0.2 0.3 0.6 b.d.
Ga 9.1 8.3 14.1 9.6 10.9 10.3 14.7 13.4 10.3 17.4 17.4
Hf 2.3 1.9 0.9 2.1 2.6 2 2.1 2.5 0.4 1.9 3.5
Nb 0.2 0.2 0.2 0.4 0.3 0.3 0.2 1.1 0.2 1.5 1.4
Rb 3.3 6.2 2.5 8.9 2.8 10.7 1.5 7.9 12 52.6 2.3
Sr 222.6 192.3 152.2 170.3 190.8 182.4 788.7 263.8 274 334.8 43.8
Ta b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.2 b.d.
Th b.d. b.d. b.d. 0.3 0.2 0.2 b.d. 2.5 7.5 0.6 1.1
U b.d. b.d. 0.2 0.1 b.d. 0.1 0.2 0.3 0.1 0.4 0.2
\% 13 11 b.d. 22 15 14 10 17 29 39 64
Zr 94.7 76.3 13.7 71.9 95.4 85.8 80.5 86.1 15 73 146.9
Y 2.3 2.8 4.8 3.6 2.4 2.5 3.5 2.9 2.9 6.5 8.4
La 2.3 3.4 3.4 2.6 3.4 3.2 2.5 14.2 41.9 5.9 8.2
Ce 3.3 4.9 5.9 4 4.9 4.6 3.8 24.4 88 10.6 16.6
Pr 0.36 0.54 0.69 0.44 0.48 0.51 0.53 2.83 10.24 1.37 2.11
Nd 1.3 2 2.7 2 1.4 1.9 2.2 10.4 43.2 5.6 8.6
Sm 0.15 0.25 0.54 0.27 0.15 0.3 0.52 1.49 5.15 1.27 1.75
Eu 0.37 0.39 0.51 0.26 0.25 0.27 0.53 0.5 1.13 0.56 0.67
Gd 0.21 0.33 0.76 0.34 0.31 0.32 0.59 1.03 2.76 1.31 1.9
Tb 0.05 0.06 0.17 0.08 0.06 0.06 0.09 0.13 0.24 0.2 0.28
Dy 0.23 0.37 0.79 0.48 0.3 0.36 0.53 0.58 0.77 1.14 1.55
Ho 0.08 0.09 0.12 0.1 0.08 0.08 0.12 0.09 0.09 0.22 0.3
Er 0.28 0.29 0.23 0.37 0.29 0.3 0.34 0.25 0.14 0.59 0.84
Tm 0.05 0.06 0.04 0.07 0.06 0.04 0.05 0.04 0.03 0.09 0.13
Yb 0.36 0.41 0.25 0.42 0.34 0.26 0.40 0.31 0.22 0.55 0.76
Lu 0.08 0.08 0.04 0.08 0.07 0.08 0.07 0.06 0.04 0.09 0.14
Cu 61.5 41.6 6.7 5.4 6.6 33 0.7 4.5 2 0.4 11.9
Pb 3.7 3.6 5.5 4.6 2.7 4.7 1.4 3.4 1.2 9.4 6.9
Zn 2 2 2 3 1 1 3 10 8 4 19
Ni 0.8 2 0.8 2.3 2.7 9.2 53 1.1 1.1 5.3 22.3

Major elements and L.O.I in wt%; trace elements in ppm; b.d. = below detection limit; n.d. = not determined.
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Figure 2.7.: Rare earth element pattern of the different jadeitite and jadeite-lawsonite types (P-type:
solid lines, light gray; R-type: dotted lines, dark gray) and the metatrondhjemites (shaded area) found in
the mélange as well as the REE pattern for hydrothermally altered oceanic serpentinites (N=10; [Paulick
et al., 2006/ and tonalite (Rollinson} 2009)), normalised to chondrite (Boynton) |1984]).

Blueschists

The blueschists of the mélange are chemically diverse. Two samples (DR11-8-09, DR1-1-
09HOST4) have trace element patterns similar to those of oceanic arc rocks (Fig. ,
characterized by a Nb-Ta trough and positive Pb and Sr anomalies. However, the Nb-Ta
trough of the vein-hosting blueschist sample (DR1-1-09HOST) is not pronounced enough
to fall into the oceanic arc field of the Nb/La vs. (La/Sm)y plot (Fig. [2.10).

Other blueschists are similar to back-arc and MOR basalts (Fig.; DR2-1-09, 30041,
DR11-7-09, DR4-1-09). However, they are enriched in Cs, Rb and Ba and have a strong
negative Nb anomaly compared to MORB. One blueschist sample falls into the field of
ocean island basalt (DR3-1-09; Fig2.10)).

To tackle possible metasomatic reactions between the vein and the adjoining blueschist,
samples consisting of 20 mm thick slices have been analysed along a profile perpendicular
to the vein contact (DR-1-09HOST1-4; Fig. [2.9). The distances from the vein contact
are for HOST1 0 mm, HOST2 20 mm and HOST3 40 mm. Sample HOST4 was taken
about 100 mm away from the vein, to get a non metasomatised sample. HOST1, which
is in direct contact to the vein, is enriched i