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Abstract

In this study, a series of high-pressure piston-cylinder and multi-anvil experiments have
been conducted on three synthetic carbonate-saturated pelite bulk compositions in the model sys-
tems K,0-Ca0-MgO-Al,05—8i0,~H,0-COQ; (KCaMAS-HC) and K;0-Na,0-CaO-FeO-Fe,0,
-Mg0O-AL0;-8i0,-H,0—CO, (KNCaFMAS-HC) to investigate the subsolidus and melting phase
petrology for subducted carbonaceous pelites. The results can be used to draw conclusions about
reaction grids, devolatilization and melting in carbonate-bearing metasediments during prograde

subduction, which is important for the origin of arc magmatism and the recycling of water and CO,.

Melting experiments on a Fe-rich carbonate-saturated pelite in KNCaFMAS-HC (chapter
5) were performed at 850-1300 °C and 2.5-5.0 GPa to define the conditions to which carbonates
remain residual to sediment melting. For this purpose, phase relations, melting conditions and
melt compositions were determined. In this fertile bulk composition, 30 wt% potassic granite (2.5
GPa) to phonolite (5.0 GPa) melts are generated at the fluid-absent solidus. The solidus is located
at 900 °C, 2.4 GPa and 1070 °C, 5.0 GPa. Phengite+quartz/coesite control initial silicate melting
and melt productivity through the reaction phengite+coesite+clinopyroxene+tcalcite = silicate
melt+ kyanite+garnet, leaving most of the Mg-calcite in the residue. Mg-calcite disappears only
through the formation of Ca-carbonatite at 1100 °C, 3.5 to 5.0 GPa. The experiments demonstrate
a possible source for Ca-carbonatites in combination with alkaline granitic to phonolitic melts at
temperatures unlikely to be achieved during ongoing subduction, but which can easily be attained
when burying rates slow down or subducted crust becomes incorporated into the mantle. Conse-
quently, it appears likely that carbonates will not be quantitatively recycled in a typical subarc
region, extending and confirming earlier results from subsolidus studies (Connolly 2005), that
>70-80% of the subducted carbonate will bypass the volcanic arc region and get buried to larger

depths.
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Subsolidus and melting experiments were performed at 2.0-3.7 GPa and 750-1300 °C in

KCaMAS-HC (chapter 4) to define K-mica stability fields and to establish fluid-present melting
conditions. The biotite to phengite (Si-rich white mica) transformation occur with pressure from
2.4 to 2.6 GPa between 750 and 850 °C, and the amphibole to clinopyroxene reaction to 875 °C at
2.0 GPa to 740 °C at 2.5 GPa. These reactions conserve K,0, but not conserve H,0, as H,OQ is
produced from decomposition of zoisite and amphibole. Dolomite constitutes the carbonate
throughout the studied P-T grid, and is stable to temperatures higher than the solidus above 2.3
GPa. Phengite controls fluid-saturated melting at > 2.6 GGPa, whereas biotite dominates at < 2.4
GPa (and at < 2.0 GPa also amphibole). The solidus is located at 850-950 °C, at which 7-24 wt%
metaluminous K-rich granitic melts are produced. Initial melting occurs through the reactions
phengite+zoisite+coesite = silicate melt+clinopyroxene+kyanite (> 2.5 GPa) and biotite+zoisite+
quartz (zamphibole) = silicate melt+clinopyroxene+kyanite (< 2.5 GPa). Lliquidus surface is
dominated by peritectic melting first by zoisite and with increasing temperature clinopyroxene.
The experiments suggest that in most subduction zones, CO» and H,0Q will be carried to depths in
excess of 120-150 km through carbonates and K-micas, as melting occurs at temperatures unlikely
for most subduction zones. However, the release of H,O through pressurized decomposition of
amphibole and zoisite provides a H;O source for arc magma formation. Further, melting at higher
temperatures (due to slower burying rates or by crustal incorporation into the mantle), will pro-

vide a substantial volatile source for the formation of arc magmas.

The experiments on a carbonate-saturated Mg-rich pelite (i.e. a carbonated whiteschist)
in KCaMAS-HC (chapter 6), performed at 850-1100 °C and 2.5-6.0 GPa, indicate that biotite is
stable from 2 and up to 6 GPa (at 950 °C). Biotite coexists with either dolomite, aragonite (high-P)
or magnesium calcite (high-T). The stability of biotite depends strongly on bulk composition, in
the KCaMAS-HC system especially on the Ca/(Ca+Mg)-ratio The results suggest that biotite is
more stable in bulk compositions with a low Ca/(Ca+Mg) ratio compared to compositions with a

high Ca/(Ca+Mg) ratio.
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Zusammenfassung

In dieser Arbeit wurden Stempel-Zylinder- und Vielstempelexperimente an drei synthe-
tischen, karbonatgesittigten pelitischen Zusammensetzungen in den Modellsystemen K,0-CaQ-
MgO-Al,0;-510,~-H,0-CO, (KCaMAS-HC) and K,0-Na,0-CaO-FeO-Fe,0r-MgO-AL Q5
8i0,-H,0-CO, (KNCaFMAS-HC) durchgefiihrt, um Subsolidus- und Schmelzphasenbezie-
hungen von subduzierten pelitischen Gesteinen zu untersuchen. Die Ergebnisse werden verwendet,
um Riickschliisse auf Reaktionsbeziehungen, Devolatilisierung und Schmelzbeginn von karbonat-
haltigen Metasedimenten zu ziehen, was bedeutend fiir die Entstehung von Arc-Magmatismus und
fiir den Kreislauf von Wasser und CO, ist.

Experimente an einer eisenreichen, karbonatgesittigten, pelitischen Zusammenset-zung
im System KNCaFMAS-HC wurden bei 850-1300 °C und 2.5-5.0 GPa durchgefiihrt, um die
Bedingungen zu definieren, bei denen die Karbonate residual im schmelzenden Gestein verblei-
ben. Fiir diesen Zweck wurden Phasen- und Schmelzbeziehungen und Schmelzzusammensetzun-
gen bestimmt, Bei dieser Gesamtzusammensetzung werden unter Fluid-abwesenden Bedingungen
30 Gew% kaliumnreiche granitische bis zu 50 Gew% phonolitische Schmelzen produziert. Der
Solidus liegt bei 2.4 GPa bei 900°C und bei 5.0 GPa bei 1070°C, Phengit und Quarz/Coesit kon-
trollieren das initiale Schmelzen und die Schmelzproduktivitit durch die Reaktion Phengit+
Coesit+Klinopyroxen+Kalzit = Schmelze+Kyanit+Granat, wobei der Grossteil des Mg-Kalzit im
Residuum verbleibt. Mg-Kalzit wird nur durch die Bildung von Ca-Karbonatit bei 1100 °C und
3.5 bis 5.0 GPa aufgeldst. Die Experimente zeigen eine mégliche Quelle fiir Ca-Karbonatite im
Zusammenhang mit alkalinen granitischen und phonolotischen Schmelzen bei Temperaturen auf,
die wahrscheinlich nicht wihrend normaler Subduktion erreicht werden, aber die leicht erzielt
werden kénnen, wenn sich Subduktionsraten verlangsamen oder subduzierte Kruste mit in den
Mantel verlagert wird. Daher ist es wahrscheinlich, dass Karbonate nicht quantitativ in typischen
Sub-Arc Regionen recycled werden, sondern dass »>70-80% der subduzierten Karbonate die
vulkanische Arc region umgehen und zu grosseren Tiefen transportiert werden.

Subsolidus und Schmelzexperimente im System KCaMAS-HC wurden bei 2.0-3.7 GPa

und 750-1300 °C durchgefiihrt, um die Stabilitdt von K-Glinmer und Fluid-anwesenden Schmelz-
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reaktionen zu untersuchen. Die Biotit zu Phengit (Si-reicher heller Glimmer) Phasentransformati-

on findet von 2.4-2.6 GPa bei 750 und 850 °C statt, und die Amphibol zu Klinopyroxen Reaktion
bei 875°C und 2.0 GPa und 740 °C bei 2.5 GPa. Diese Reaktion priserviert K,0, aber HO wird
wihrend der Zersetzung von Zoisit und Amphibol freigesetzt. Das Karbonat ist iiber den gesamten
P-T Bereich an Dolomit gebunden, welcher bei Driicken oberhalb von 2.3 GPa auch bei Tempera-
turen iiber dem Solidus stabil ist. Phengit kontrolliert fluidgesittigtes Schmelzen bei Driicken tiber
2.6 GPa, wihrend Biotit bei Driicken <2.4 GPa dominiert (und ebenfalls Amphibol bei < 2.0 GPa).
Am Solidus, der bei Temperaturen von 850-950°C bestimmt wurde, werden 7-24 wt%
metaalumindse, K-reiche granitische Schmelzen produziert, Initiales Schmelzen ensteht durch die
Reaktionen Phengit+Zoisit+Quarz = Schmelze+Klinopyroxen+Kyanit (>2.5 GPa) und Biotit+Zoi-
sit+Quarz(=Amphibol) = Schmelze+Klinopyroxen+Kyanit (<2.5 GPa). Die Liquidusobertliche
wird durch peritektisches Schmelzen von Zoisit und bei hdheren Temperaturen von Klinopyroxen
kontrolliert, Die Experimente zeigen, dass in den meisten Subduktionszonen CO, und H,O durch
Karbonate und K-Glimmer zu Tiefen grésser als 120-150 km transportiert wird, da Aufschmelzen
dieser Zusammensetzungen bei Temperaturen aufiritt, die fiir die meisten Subduk-tionszonen
unwahrscheinlich sind. Die Freigabe von Wasser durch druckinduzierte Zersetzung von Amphibol
und Zoisit, stellt jedoch eine Quelle fiir die Enstehung von Arc-Magma dar. Weiterhin kénnen
durch das Schmelzen bei héheren Temperaturen durch Verlangsamung von Subduktionsraten,
oder den Einbau in den Mantel signifikante Mengen an Volatilen zur Generation von Arc-
Magmas zur Verfligung gestellt werden.

Experimente an karbonatgesittigten Mg-reichen Peliten im KCaMAS-HC, die bei 850-
1100°C und 2.5-6.0 GPa durchgefiihrt wurden, weisen darauf hin, dass Biotit von 2 bis zu 6 GiPa
(bei 950°C) stabil ist. Biotit koexistiert entweder mit Dolomit, Aragonit (bei hohem Druck) oder
Mg-Kalzit (bei hohen Temperaturen), Das Stabilitéitsfeld von Biotit hingt stark von der Gesamt-
zusammensetzung und im System KCaMAS-HC speziell vom Ca/(Ca+Mg) Verhiltnis ab, Die
Resultate zeigen, dass Biotit stabiler bei Gesamtzusammensetzungen mit niedrigem Ca/(Cat+Mg)

Verhiltnis im Vergleich zu Zusammensetzungen mit hohem Ca/(Ca+Mg) Verhiltnis ist.
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Chapter 1

General Introduction



1. General introduction

1.1 Rationale of the project

Natural marls arc scdimentary rocks composed of a pelite and a carbonate component
(typically calcite or dolomite), c.g. carbonate-bearing clays, often with volcanic ash, greywacke
and siliceous component in addition (Plank & Langmuir 1998). Such compositions are common
shelf and platform sediments (Bucher & Frey 2002). They are also present in most metamorphic
high pressure terrains, such as in the European Alps (Droop et al. 1990), but due to their chemical
complexity, carbonaceous pelites are rarely used tor depicting pressure-temperaturc-oxidation
(P-T—foz) conditions and fluid composition (Xc.oz). Most studies on high pressure metamorphic
terraines focus on carbonate-free lithologies like metabasalts or metapelites, but with a few
exceptions (e.z. Ogasawara et al. 2000) carbonate-bearing mica-rich lithologies (i.e. metamorphosed
Al-rich marls) are merely mentioned and bricfly described with no significant exploration of the
phase relations. Thus, reaction grids at elevated pressures and temperaturcs arc poorly
constrained for marls, and in particular melting conditions and melt compositions are unknown.
It is the purpose of this project to investigate these lithologies.

Potassium mincrals (like K-micas) are among the phascs that usually disappcar first
during melting in pelites, greywackes and marls, thus the stability of micas are important in
establishing melting temperatures and melt compositions. Low-pressure, high-grade marls contain
biotitc as a mica, and high-pressurc marls phengite (i.e. Si-rich muscovite). The conditions and
nature of the biotitc to phengite transformation is poorly constraincd in any lithology, but has
major implications for the melting behaviour and on the geochemistry of recycling into the
Earth’s mantlc (and thus the global cycle) as micas host many key trace elements and isotopes
such as LILE (K, Rb, Ba, Sr), B, ""Be and *"Pb (Dominak et al. 1993, Plank & Langmuir 1998,

Ishikawa & Nakamura 1994).



1.2, Aims of this study

The chemical complexity of carbonaccous pelites can be turned to an advantage as the
richness in metamorphic reactions resulting from this complexity, and the common complete
buffering of mineral compositions over a wide P-T range, allows deduction of information from
marls that cannot be readily deduced from other lithologics. Thus, the targets of this research
project arc to investigate experimentally the phase petrology of carbonate-saturated pelites (i.e.
Al-rich marls) of medium to high metamorphic grade at high pressures, i.e. in the vicinity of the

solidus, with special focus on;

(1) the subsolidus reactions controlling composition and stability of carbonates and
pelite minerals under high pressure conditions, cmphasizing on the transformation
from biotite to phengite with increasing pressure,

(2) the reactions responsible for initial partial melting (solidus), melt conditions, and melt
compositions in carbonate-saturated pelites, and

(3) a thermodynamic model for high pressure subsolidus marls, including improved

thermodynamic data for the biotite and phengite solid solution series.

This research project therefore lays an cxperimental fundament for further investigation of
carbonate-saturated pelites, including carbonatites originating from metasedimentary rocks, and

can be used in a more general sense for the investigation of high-pressure metasediments.

1.3 Research strategy
In order to successfully investigate such complex rock types, the thermodynamic com-

position space was reduced by maximizing componcnt saturation at sub- and necar-solidus



conditions, i.e, to have the highest possible number of saturated phases. Thus, the solid bulk

compositions used in the equilibrium experiments were saturated in CO,, producing carbonates,
and with Si0,> A1,0, (except MA, chapter 6), resulting in the stability of a $i0,-polymorph and
kyanite. In this way, the phasc compositions produced under subsolidus conditions were fully
buffered, and are expected to change systematically with temperature and pressure.

A major problem in the application of experimentally established phase equilibria to
natural rocks is the composition of the fluid that is generally difficult to constrain in natural
rocks. Expcrimentally, focusing on equilibria that arc independent from fluid composition (but
may occur in the presence of a fluid) can overcome this problem. The transformation from biotite
to phengite fulfils this condition if all other phases involved are anhydrous as both phases have
the same K:H ratio. Similarly, the most important compositional vector in both micas, the alumino-
celadonite substitution (see chapter 2), can be buffered by equilibria involving three or four
phascs among garnet, diopside, anorthitc, kyanite and quartz or two of these silicates with
calcite and dolomite. The experiments thus constrain mica composition as a function of buffer
assemblage, which is also a function of bulk composition. The breakdown reactions of micas
also depend on fluid composition. However, in the above mentioned assemblages, fluid compo-
sition is buftered by solid phase equilibria and is not an independent parameter, if the fluid is not

an additional phase.

1.4. Published material
Parts of this thesis have been prepared for publication and arc cither in review or in
preparation. Thesc parts are included in this thesis unalterced, with the exception that the layont,

tablc and figure numbers havc been brought in line with the rest of the thesis:



Thomsen TB and Schmidt MW (in review) The biotite to phengite transformation and mica-

dominated melting in carbonate-saturated pelites at high pressures: Implications for
water and CO, in subduction zones. (chapter 4 with additional results from chapter 6).

Journal of Petrology.

Thomsen TB and Schmidt MW (submitted) Melting of carbonaceous pelites at 2.5-5.0 GPa,
silicate-carbonatite liquid immiscibility, and potassium-carbon metasomatism of the

mantle (chapter 5). Earth and Planetary Science Letters.

Thomsen TB, Caddick M, Connolly JAD and Schmidt MW (in prep) A thermodyvnamic solution

maodel for K-micas in carbonate-saturated pelites (in KCaMAS-HC) at high pressures.

Furthermore, abstracts from international conferences and meetings arc:

Thomsen TB and Schmidt MW (2004) Melting and immiscible liquids in carbonate saturated

pelites at high pressures. Goldschmidt 2004. Geochimica and Cosmochimica Acta, vol.

68, issue 11, A602. (chapter 5)

Thomsen TB and Schmidt MW (2004) The biotite to phengite transition and mica-dominated
melting in carbonate-saturated model systems. EMPG-X (poster). Lithos 73, p. §110.

(chapter 4+6)

Thomsen TB and Schmidt MW (2004) Micas in marls: the biotite to phengite transition and

mica-dominated melting in carbonate-saturated model rocks. ISPET3 sem. (chapter 4)

Thomsen TB and Schmidt MW (2006) Subsolidus relations and mica-dominated melting of
carboneceous pelites at 2 to 5 GPa: an experimental study. 4" Swiss Geoscience Meeting.

(chapter 4+5)
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Micas: crystal chemistry and
petrological aspects



2. Micas: crystal chemistry and petrological aspects

Micas are among the most abundant rock-forming minerals in the Earth’s crust (~4.5
vol%), widespread in most metamorphic rocks (abundance ~11%) at almost all metamorphic
pressures and temperatures (Preface in Rev. in Min. & Geochem. 46). The literature dedicated to
micas is enormous, but as all micas produced in this study are K-micas (with negligible Na-
amount) within or between the phengite and biotite solid solution series (Rieder et al., 1999), this
chapter emphasizes primarily on K-micas, providing a basis for further argumentation. For more
detailed and general information about micas, the Reviews in Mineralogy & Geochemistry no. 13

(1987) and 46 (2002) as well as Guidotti & Sassi (1998) are recommended.

2.1 Mica crystal chemistry
2.1.1 General formula and classification

The official nomenclature for micas elaborated by the International Mineralogical As-
sociation (IMA), Comunission on New Minerals and Mineral Names (CNMMN) Mica Subcom-
mittee, is compiled in Rieder et al. (1998, 1999) and Rieder (2001), and is further discussed in
Tischendorf et al. (2004). The general formula of micas, based on the chemical composition, can
be written as:

IIM, 0, J[T0,JA, , wherex e [0,1],and

I =interlayer cations, mainly K, Na or Ca, but also Ba, Cs, Rb, Sr, NH,, H,O
M = octahedral cations, mainly Mg, Fe?*, Fe**, Al, but also Li, Ti, Mn, Cr, V, Ni, Cu, Zn
[ = octahedral vacancy

T =tetrahedral cations, mainly Si, Al and Fe* but also Ti, Be, B

A =anions, mainly (OH), but also Cl, F, O (oxy-micas) and S



Dcpending on the interlayer cation (1), the micas are divided into #rue micas (if 2 50% I-cations

arc univalent, c.g. K' or Na'), brittle micas (if > 50% I-cations are divalent, e.g. Ca®*) or interlay-
er-cation-deficient micas (if the formula shows < (0.85 and 2 0.6 positive interlaycr charges) (Fig.
2.1). Regardlcss of the mica group, micas are termed dioctahedral if they contain < 2.5 octahedral
cations pfu, and trioctahedral if they have = 2.5 octahedral cations pfu. Phengite is a scrics

namc for true dioctahedral K-micas in the solid solution between muscovite K[AL][AISi,0

310

1(OH),,
aluminium-ccladonite K[Al(Mg,Fe*")0][S1,0,,1(OH),, and celadonite K[Fc*' (Fe*" , Mg)U][S51,0, ]
(OH),, and generally have a molar 8i> 3.2 pfu. Biotites are true trioctahedral Fe-Mg micas in the

solid solutions between phlogopite K[Mg, J[AlSi,0, J(OH),, eastonite K[Mg,Al][AL $i,0, |(OH),,
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annite K[Fe?' ][AlSi,0, J(OH),, and siderophyllite K[(Fe?*,AT][AL,S1,0, J(OH),

2.1.2 The mica module

The mica structure consists of sheets of tetrahedra of composition T,0, arranged in
pairs, cnclosing (in a sandwich-fashion) a sheet of edge-sharing octahedra, thus forming a layer
(termed 7-O-T or 2:1 layer; Fig. 2) that is separated from adjacent 7-O-T layers by planes of non-
hydrated interlayer cations (), i.e. in the sequence; I-7-0-7-1, The apicces of the tetrahedra con-
nect to the octahedra of the central layer, thus, a total of four apical oxygens are shared by each
octahedron, viz, two from the upper respectively lower tetrahedral sheet. The coordination of the
octahcdra is completed by the anions A4 (in our experiments OH). The octahedral sheet can be
made up in two ways: either dominantly of divalent cations such as Mg*" and Fe*', in which case
all three octahedral sites (M1, M2, M3) are filled forming trioctahedral mica (e.g. biotite; Fig. 2A),
or else dominantly trivalent cations such as AP or Fe*', in which case one of the three sitcs (M1
or M2) is left vacant and dioctahedral micas (e.g. phengite; Fig. 2B) form (Ferraris & Ivaldi 2002,
Nespolo & Durocic 2002, Brigatti & Guggenhaim 2002, Ricder et al. 1998). Alternatively, the mica

structurc may be regarded as having a central brucite-like trioctahedral shect Mg(OH),, which in
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Fig. 2.2. Tdeal trioctahedral brucite-like (A) and dioctahedral gibbsite-
like (B) sheets. Two ideal tetrahedral sheets (C) share their apical oxy-
gens atoms with an octahedral sheet to form the T-O-T (or 2:1) layer (D).
Hydroxyl (OH) groups are represented by the black dots (after Ferraris
& Ivaldi, 2002). (T) Perspective view of I-T-0-T-I fayers in biotite down
[100] and vertical [001] (from Mickey Gunter, University of Idaho).



micas become Mg O,(OH),, or a gibbsite-like dioctahedral sheet AI(OH),, which in micas become

AL O,(OH),, that is sandwiched between the two oppositely orientated tetrahedral sheets (Ferra-
ris & Ivaldi 2002, Deer et al., 1992). In true micas, Al substitutes for Si in the tetrahedra, and
charge balance is maintained by K*, Na* or Ca?' in the interlayer sitc (/). If the tetrahedra arc
occupied solely by Si and the octahedra have a cation valence of 6, the sandwich is charge-
balanced and there is essentially no need for interlayer cations; the resulting minerals are then
talc (trioctahedral) and pyrophyllite (dioctahedral), demonstrating the close structural relation of

micas to these phyllosilicates,

2.1.3 Normalization of K-micas

Mica formulas were calculated on the basis of 12 oxygens (including 2 (OH) groups)
allowing for octahedral (M) and interlayer (/) cation vacancics. Normalization with 2H' was
justificd from the microprobe analysis totals of 95-96 wt%, corresponding to a H,O content of 4-
5 wt%, comparable to the calculatcd H,O contents of micas with 2 (OH). For the Fe-bearing bulk
composition used in this study (AM in Tab.3.1), Fc*'/Fc* ratio of the produced phengites was
not determined (c.g. from Méssbauer spectroscopy), thus assumption of Fe**/Fe = | calculated
all iron as Fe”", By calculating all iron as FeO compared to Fc,0,, high totals might suggest the
amount of ferrous and ferric iron in the micas, However for the produced phengites (FeO, < 4
wt%), the differences were small and within analytical error, thus did not give information of the

valence state of iron, Fe-bearing biotites were not produced in the cxperiments.

2,2 Exchange mechanisms and deviation from mica solid solution ideality
K-micas show a wide compositional variation (Fig, 2.3) in response to pressure, tempcer-
ature and bulk rock composition changes. The compositional variation can be expressed through

scveral substitutions working in conjunction. Such complex solid solutions ¢an be described in



terms of idcalized simplc cxchange vectors such as Fe**Mg |, or coupled cxchange vectors such

as the Al-Tschermak’s substitution ALMg  Si , through which all chemical variations occurring
can be described (Thompson 1982a+b, 1979, Bragg 1937). The basc of the vector concept is the

fundamental requircment of charge balance for compositional exchanges in the crystal structure.

siderophyllite eastonite
K,(Fo, ALALSLO,JOH),  K,(Mg,AL)[ALSI,0, JOH),
2 T 2

Al-annite
(Fe,Al)

Al in Vi-sites per 22 oxygens

0 0
0 01 0203 04 05 0.62 0.7 08 0.9 1.0
annite Mg/Mg+Fe phlogopite
K,(Fe,)[ALSi 0, (OH), K, (MgdIALS1,0,,)(010),

Sum alkali

Fig. 2.3. Principal compositional space for the phengite (A) and biotite (B) solid solution
series. The shaded region in (A) represent the phengite series, and in (B) the composition
space for most natural biotites. Compositions are interrelated with via the FeMg_; and
Tschermak's exchange Al,Mg ,8i | (Guidotti & Sassi, 2002).

For ideal di- and trioctahedral potassic micas, the coupled alumino-celadonite substi-
tution, i.e. V(Si) + Vi(Fc?' ,Mg?') <> V(AP") + VI(AI*"), is the most important exchange vector (*Y
and V' denote tetrahedral respectively octahedral sites). This substitution combines two cation
cxchanges, viz, the simple iron-magnesium exchange V(Fe?*) &> Yi(Mg?') and the coupled A/-
tschermak s exchange V'(R2") +™(Si*) & Y(APP") + V(A*), where R* refers to a divalent cation
(in our cxperiments Fe?* or Mg?*) (Fig, 2.4). Other substitutions that may take place (but in lcss
extent) within the phengite and biotite solid solution series, are the interlayer cation exchanges

K & HO and K’ ¢> Na'.
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(1) ?/
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(3)\&/

(1) Tschermak's cxchange:

VI(A13+) 4 IV(A|3+) = VI(Mg’FCZr) + IV(Si

(2) Di-ri-octahedral substitution:
3VIMg, Fe?™) = 2V AP + VI

(3) V[(‘FCZ+) - Vl(Mg2+)

s]'_derophyllitc

4i§-f{fogopite

Q
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e
eastonite/ <

)

biotite
series

/anmite A@
q»
B

O
i

Tri-octahedral
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N

Al=3.0 muscovitc

;,)\

1=2.0 phengite
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MRS

C;’(A1=1 0 Al-celadonite

tz

g+
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[LNY
¥
-
-
w

Di-octahedral
plane (M=2)

Fig. 2.4. Principal variations and exchange vectors for dioctahedral and trioctahedral potassic micas, with octahedral
oceupancy (M) and the plancs of Si, Al and (Mg, Fe2*) atoms pfu (based on 11 oxygens). Y!is octahedral and TV tetra-
hedral sites, VITJ denote octahedral vacancy.

In terms of crystallochemical effects, deviation from the ideal phengite solid solution

towards the biotite solid solution series at high pressurcs may occur through the coupled di-ri-

octahedral substitution 2V(A*') + V10 <> 3V(Fe?', Mg?"), resulting in a higher octahedral occu-

pancy for phengites and a lower occupancy for biotites. For dioctahedral micas the ferri-musco-

vite exchange “'(Fe*) « Y(AI*") is important in terms of the Fc¢*'/Fe  and Mg*/Fe*" ratios,

although the endmember (K,Na)(Fe*"),[A18i,0, (OH), is hypothetical. The ferri-muscovite typ-

ically accompanics the alumino-cecladonite substitution, thus representing solid solution to-

wards celadonite (Guidotti et al, 1994). In addition, the K-edinite-type substitution K' + V(A

& [+ Y(Si*) for biotites towards talc was recently suggested by Hermann (2002) and Wunder &

Melzer (2002), and discussed in Comodi et al. (2004) as a significant exchange vector for high

pressure biotites.
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2,3 Pressure and temperature effects for K-micas at high pressure conditions

The effect of pressure increase on the substitutions in the tetrahedral and octahedral
sites for K-micas is extensive and has been known at least since Ernst (1963). With increasing
pressurc, the inverse tschermak’s substitution V(AT + YI(A") — V(Si) + V{(Fe?*' ,Mg?') joined
with Y{(Fe*) — Yi(Mg?") exchange are the principal compositional variations within the phengite
and biotite solid solutions, producing Si+Mg-enriched K-micas. For phengites, thesc substitu-
tions is usually accompanied by variable amounts of ferri-muscovitc exchange V{Al*') —V(Fe*),
typically resulting in higher ferric iron at higher pressures (Comodi and Zannazzi 1995, Guidolti
et al. 2000). For biotites, the cxtent of the Al*' — Fe*' substitution mechanism is virtually un-
known. An increasc in pressurc (and decrcase in temperaturc) favours the K-edinite-type substi-
tutionK' + ™A'y — O+ M(Si*') in biotites, resulting in a larger tale component Mg [Si,O, J(OH),.
Essentially, this is due to a decreasc in sizc of the tetrahedral sheet, coupled in the alumino-
celadonite substitution by an increase of the octahedral sheet dimensions (Comodi ct al. 2004).
This decrease in potassium with increasing pressurce is in contrast with the general K increase
comparcd to Na with increasing pressurc, which mainly is a response to the effects of pressure
on the octahedral and tetrahedral substitutions on the degree of (non-)ideality for the Na-K
exchange (Guidotti and Sassi 2002).

The effect of temperature increase on K-micas is less constrained than pressurc cffects,
but is in gencral controlled by the same two substitutions, Fc** Mg | and tschermak’s exchange.
For the most, this results in lower Si (and Mg) and higher Al (and Fe) content in K-micas with an
increasc in temperature, but cannot be generalized, as it depends on available buffer mechanisms
for the bulk composition, In comparison to white micas, biotites typically show more composi-
tional variation within and from the biotite solid solution planc (Fig. 2.4), including Fe*', Mg,
tschermak’s exchange, Fe**, vacancies and OH. For biotites, increasing Fe™ — Fe'* oxidation is

thought to be common in some bulk rock compositions, but a quantitative systematic has not yet
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been established (discussed further in Eugster & Woones, 1962). As shown by Guidotti et al.

(1994), at high pressures, the extensive substitutions in the octahedral and tetrahedral sitcs may

have a very large, still uncalibrated, effect on the Na-K ratio of K-micas.

2.3 P-T stability of K-micas in metasediments at high pressure and temperature

The pressure-temperature stability of K-micas is very dependant of the bulk rock com-
position in which they occur. Nevertheless, in different metasediments K-micas oftcn have
similar P-T stability fields. Generally, low-pressure, high-grade pelites, marls (i.e. carbonatc-
bearing pelitcs) and impure carbonates have biotite as the dominant potassic mica (¢.g. Ferry
1976, 83a,b; Frank 1983; Frey 1978; Thompson 1975, Spear 1995; Bucher & Frey 2002), whercas
high-pressure pelites, marls, carbonates and greywackes contain phengite (e.g. Ogasawara et al.
2000, Dominak & Holloway 2000; Dachs 1986, Spear 1995, Bucher & Frey 2002; Schmidt et al.
2004, Auzanneau et al, 2006). Low to mediwm pressure pelites, greywackes and Al-rich marls have
phengitic muscovite at low grade, whereas muscovite+biotite (bt-in at ~400 °C) dominates at
higher grades, coexisting until muscovite typically disappears first at medium to high grades
(Bucher & Frey, 2002).

The conditions and nature of the biotitc to phengite transformation with pressure are
poorly defined. Phengite and phlogopite coexists in marls and impure carbonates in the Eclogite
Zone, Tauern in the Eastern Alps (Dachs, 1986, 1990) suggesting a broad K-mica transformation
reaction zone of ~0,6 t0 2.0 GPaat T _~550-600 °C. Natural mafic, pelitic, and carbonate-bearing
eclogites (e.g. Corsica: Caron and Pequinot 1986; Adula nappe, Alps: Heinrich 1986, Meyre et al.,
1999, Droop et al. 1990; San Franciscan: Sorenson 1986, Domanik et al. 1993; Dabie Shan:
Zhang et al. 1997; Kazakhstan: Ogasawara ct al. 2000) and cxperiments above 2.4 GPa on such
lithologies (Schmidt ct al, 2004; Hermann, 2002; Hermann & Green, 2001; Schmidt & Poli, 1998

and references therein; Massonne & Spzurka, 1997; Dominak & Holloway, 1996; Massonie,
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1992; Massorme & Schreyer, 1987, 1989) contain phengite as the principal potassic phase. For

pelites, greywackes and mafic compositions (e.g. basalts), biotite and amphibolc dominate the
volumetri¢c major fluid-absent melting rcaction at < 2.5-3 GPa (Vielzeuf & Holloway 1988; Winther
& Newton 1991; Patifio Douce & Beard 1995; Schmidt et al., 2004; Auzanncau ct al., 2006),
whereas at > 3 GPa phengite is the only significant hydrous potassic phasc within the subducted

slab to ~ 9 GPa (Schmidt et al., 2004; Poli & Schmidt, 2002; Ono 1998).
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Experimental and
Analytical methods



3. Experimental and Analytical methods

3.1 Experimental apparatus

Experiments werc carricd out from 2.0 to 6.0 GPa and 750 to 1300 °C, employing cnd-
loaded piston cylinders for experiments below 5 GPa, and multi-anvil devices for cxperiments at
5 and 6 GPa. Most experiments were performed at ETH-Ziirich, with a few experiments in addition

carricd out at CNRS, Clermont-Ferrand (France) and ANU in Canberra (Australia).

3.1.1 Bovd and England type endloaded piston cylinder

The Boyd and England type endloaded, solid media piston cylinder (Fig. 3.1A; Boyd &
England, 1960) consists of a piston pressing into a hollow cylinder, compressing the solid
materials in the furnace asscmbly (Holloway & Wood, 1988). At ETH-Ziirich, a 14 mm (3/4")
piston bore was used, and at ANU a ¥z inch bore. The assemblies were first pressurized to ~ 0.4
GPa at room temperature, then pressurc and temperature were increased simultaneously to the
desired values. The temperature was increased with 50 °C/minute, and then controlled by a
Eurotherm controller within +2 °C using a B-type thermocouple (Pt, Rh,-Pt. Rh, ), not corrected
for the pressure effect on thermocouple electromotive force (emf). Hydraulic pressure was main-
tained automatically by a screw worm jack with a relative precision better than +0.3 bar oil
pressurc, cquivalent to 2.5 MPa sample pressure. A friction correction of 3 % applied to the
nominal pressure was obtained by calibration against the fayalitc+quartz = ferrosilite reaction at
1.41 GPa- 1000 °C (Bohlen et al, 1980) and against thc quartz to coesite transformation at 3.07
GPaat 1000 °C —3.2 GPa at 1200 °C (Bosc & Ganguly, 1995). Quenching was achieved by turning
off power supply to the furnace, resulting in a temperature drop to less than 200 °C within 10

seconds.
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Assemblics (Fig. 3.1B) consisted of a pressed NaCl slecve, surrounding a pyrex (boro-

silicate) glass cylinder (for most experiments) and a straight, cylindrical graphite heater. Two
spacers of cither NaCl or MgO were placed inside the fumaces and a corundum insulator disc
between thermocouple and capsule was used in all but one experiment (MgO disc). Two graphite
discs at one end and at ETH-Zitrich a brass ring at the other end of the graphite turnace ensured
good clectrical contact between the tube furnace, the end plug containing the thermocouple

ceramics and the piston, Capsules of Au,, or Au, Pd, were applied at = 1100 °C and Au, Pd,

00
capsules at 2 1100 °C. All capsules were arc-welded at one end, cleancd with ethanol and fired at

=400 °C to remove impuritics, then filled with starting material, previously dried at 110 °C, closed

and welded shut. H,0 loss during welding was prevented by wrapping a Kimwipe tissue soaked

(A) Boyd & England Type Piston cylinder (B) Pyrex-Graphite-MgO asembly

~metal frame .
Rrass ring
i . Thermocouple
.. . . (0,25 mm)
-------- Aluminium/Steal cylinder

- MgQ rod

thermocouple
e

_ Corundum disc
~top pressure plate (0.7 mn)

P YORE]

Sample capsule(s)

. Ior2¥2.3 x4 mm
= piston: bottom g 22 mm ( )
fop ¢ td mm

e Botem pressan plite

{hricdue)

- ot spot

. Boyd ram (90 tons) Mg rod

with W(..-mpushm;_; picee graphite
.. End-load raw cvlinder
{320 10nx} {furnace)

.. Borosilicate

| .
(Pyrex) phass

0 10 20cm

Graphite dise
(2 mny)

10 mm

Fig. 3.1. (A) The Boyd and England type endloaded piston cylinder used at ETH-Ziirich (figure from
P, Ulmer). (B) The pyrex glass-graphite-MgO assembly used in most piston cylinder experiments. In
7 experiments with the MA bulk composition, the MgO rods were replaced with NaCl cylinders, and
in one experiment with the AM bulk composition, the corundum dise was replaced with a MgO disc.
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(A) Multi-Anvil Ultra High-Pressure Module

in deionised H,O around the capsule. One capsule of 3 mm O.D. or two capsules placed side by

side 0f 2.0 or 2.3 mm 0.1, and 2.0 to 3.8 mm length were run vertically and centred at the hot spot
to within +0.5 mm, the thermocouple tip thus recording the coldest temperaturc in the capsule.
Thermal gradients along the length of the capsules at 2.0 GPa and 1300 °C were measured to be

£10°C/2 mm.

3.1.2 Walker-type multi-anvil apparatus

The Walker-type (Walker et. al, 1990) multi-anvil device at ETH-Ziirich (Fig. 3.2A) con-
sists of a 600 tons O-frame press with a cylindrical pressure module holding 25 mm second-stage
tungsten-carbide (WC) anvils, Pressurc on the sample assembly is generated through the hy-
draulic ram cxerting an axial force, which is distributed in six dircctions onto the faces of'a cubic
arrangement ot cight comner truncated WC cubces, which provides a void for an octahedral MgO
pressure cell, holding the sample assembly. At ETH-Ziirich, 25 mm WC-cubes were employed,
whercas 32 mm WC-cubes were applied at CNRS. At E'T1-Ziirich, 19 mm octahedra were casl

from a two-component MgO-based ceramic. The octahedra comprised integral gaskets between

CGraphite
Containment Riog cylinder
(Hardened Tool Steal 3
AISE 13 - Re 49) MgO rod

Safety Ring (.._}Ti"lphit(-_‘
- (Mild Steal) - cylinder
. o Phermocouple (stepped)
Scatter Shicld ProgRh )
- (Polycarbonate "’_" b - BN ¢ylinder
(Makralon)) (0.25mm) o
- BN powder
s Wedges
" (Hardened Tool Steal - e
AISI M2 - R¢ 62) Sample,.7. Ihermocouple

ProgRh
(0,25mm)

capsules

... Tungsten Carbide Cubes (2.0x2.3 mm)

with edge truncalions.
{Toshiba grade ¥ (6% Co)

polished 1" cdge longth) MgO rod

e MgO - Octaedron
{with fins - Aremeo 384
compound)

- Mo disk

| W .
5 mm

Fig. 3.2 (A) The Walker-type multi-anvil module available at ETH-Zirich ((igure from P. Ulmer). (B) The stepped
graphile-MgQO-boron nitirde (BN) pressure assembly used at ETT-Ziwich. Here shown for a two capsule cxperiment
with a central thermocouple. At CNRS, a 710, sleeve, a stepped LaCrO; fumace with a graphite disc and ring between
the graphite lumace und WC cubes was used.
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the WC-cubes, which had 12 mm anvil truncations. The samplc assembly fits into a central cylin-

drical holc drilled in the octahedron. The assembly (Fig. 3.2B) used at ETH-Ziirich was com-
posed of a stepped graphite furnace to minimizc thermal gradients. Two internal MgO c¢ylinders
holding the capsules and filled with boron nitride powder insulated the capsule from the furmace.
Molybdenum end discs between the furnace and the WC cubes cnsured a stable electrical
contact and avoided electrical erosion of the WC. At CNRS, the pressure cell consisted of a 25
mm prefabricated octahedra uscd in combination with pyrophyllite gaskets and 17 mm anvil
truncations. The assembly was composed of a ZrO, slccve for thermal insulation, a stepped
LaCrO, furnace with inner MgO spacers and a graphite disc and ring between the graphite

furnace and WC cubes for electrical contacts. Two or three Au,  capsules 0of2.0 or 1.6 mm O.D.

100
(CNRS) or two Au, Pd, capsules of 2.0 or 2.3 mm Q.D. and ~ 2.0 mm length (ETH) were used in
each experimental run. The capsules were placed on each side of the central thermocouple (Fig.
3.2B). Capsule welding and preparation werce carricd out as for the piston cylinder experiments.
The temperature was controlled automatically by Eurotherm controllers, using either a B-type
(Pt,,Rh/Pt, Rh. ) (ETH), or S-type (Pt,,/Pt, Rh ) thermocouple (CNRS) with no correction for
the effect of pressure on the thermocouple emf. Temperature gradients within the lengths of the
capsules (~2 mm) were estimated to be £20 °C (at 1000-1050 °C). In both laboratories, pressure
was calibrated against the quartz-cocsite (Bose & Ganguly 1995, see section 3.1.1) and cocsite to
stishovite transformation at 9,2 GPa— 1200 °C (Yagi and Akimoto 1976, Zhang et al. 1996), the
fayalitc to y-spincl reaction at 5.25 GPa — 1000 °C (Yagi et al. 1987) and the gamet-perovskite
reaction at 6.1 GPa and 1200 °C (Susaki et al. 1985). Pressure was controlled automatically with a

precision of 0.2 GPa. Quenching was done by turning off power to the furnace, resulting in

quench rates of 400-600 °C/sec.



3.2 Bulk starting materials

Three bulk starting compositions were used in this study (Table 3.1), two model compo-
sitions in the K,0-Ca0-MgO-A1,0,-5i0,-H,0-CO, (KCaMAS-HC) system and a pseudo-
natural composition in K ,0-Na,0-Ca0-Fe0-MgO-Al,0,-Si0,-H,0-CO, (KNCaFMAS-HC).
For the two Fe- and Na-free compositions (MA and MC), the basis of the initial starting matcrial
was a synthetic glass composed of the oxides Si0,, AL,O,, MgO and CaO (made from dissocia-
tion of CO, from CaCQ,) and mixed with natural alkali feldspar (orthoclase). The glass was
ground to < 5 pm in an automatic mill employing agate mortars with ethanol, and then melted at
1100-1200 °C during 30-45 minutes (for MA composition) or 1300 °C during 45 minutes (for MC
composition) in a new Pt-crucible. The milling, grinding and melting was repeated three times to
ensurc homogeneity of the glass, which was controlled by microprobe analysis using a defo-

cused beam, The glass was then pulverized, weighted and mixed with AI(OH), and CaCO, to

Table 3.1. Bulk starting compositions (in wt%)

MC AM MA  Ant543° Frey (78)°
$i0, 51.44  47.60  40.76 46.57  44.50
AlQ; 2179 22.80 24.3 17.99  18.30
FeOuy 0 9.20 0 7.38 4.80
MgO 7.36 200 1522 1.61 2.80
Ca0 11.79 6.80 8.44 5.45 9.70
Na,0 0 2.40 0 1.91 1.40
K0 1.94 3.60 3.91 2.83 3.40
H.0 3.6 1.10 0.74 11.97 2.80
CO, 2,09 4.80 6.62 3.83 10.70
SUM 100.0  100.3 1000 995  98.40
AV(Na+K+2Ca)™=" 0.48 0.70 0.70 0.69 0.44
Al/(Na-+K)™=2r 10.38 2.91 5.74 2.90 3.06
Na/K™mer - 1.01 - 1.03 0.63
Xug 1.00 0.28 1.00 0.28 0.51
Xoos 0.19 0.64 0.79 0.12 0.61

9 Fe-calcareous claystone from Antilles (p. 339 in Plank & Langmuir, 1998).
® Cale-schist from Alps (Frey, 1978).

© Xy = Mg™ /(FeretMg™)

¢ molar GO/(GO,+H,0)
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introduce the desired proportions of H,0 and CO,. No free water or CO, was added to have a

precisc control of the amounts of volatiles and to prevent volatile-loss during welding of the
capsules. To enhance reaction rates, the MC composition had approximately 2 wt% H,O in
cxcess compared to the amount of H,0 bound in the hydrous phases expected to form under
subsolidus conditions (e.g. biotite, muscovite, zoisitc and amphibolc). The KNCaFMAS-HC
bulk composition is bascd on Fe-calcareous clay from the Antilles (Ant543 in Tab. 1, p. 339 in
Plank & Langmuir, 1998). The starting matcrial was made of SiO,, A1 O,, Fe SiO, (fayalite), CaMg-
810, (diopside), NaAlSi,O, (albitc) and a synthetic KA1 . Mg Si, O, glass, which was milled
and grinded, then mixed with the AI(OH), and CaCO, to introduce the desired H,0 and CO,

proportions.

3.3 Factors controlling oxygen fugacity (fOz) in the Fe-bearing (AM) experiments
3.3.1. Factors controlling the experimental oxygen fugacity

In natural systerns,fo2 is often regarded as an independent parametcr, in contrast to
(closed-system) cquilibrium experiments, Wherefo2 1s dependent on the water dissociation con-
stant of the reaction H,O = H, + 40, linking the fO2 of an experimental chargce to the hydrogen
fugacityfﬁz. In the abscncc of an O, or H, buffering technique, the assembly surrounding the
noble-metal capsules exerts an important control on sz (thusfoz), strongly influencing phasc
stabilitics, in particular the oxidation state in Fe-phases and of carbonatcs. However, cstimatcs
from various studics for comparable experimental setups differ significantly, demonstrating the
strong dependence of pressure and temperature onfoﬁ. For graphite-NaCl assemblies, cstimates
for fO2 range from 0.5 log units above the Ni-NiO (NNO) buffer (Caroll & Wyllie, 1989, 90; Wolf &
Wyllie, 1994) to QFM or 2 log units below the quartz-magnetite-fayalite (QFM) buffer (Patino
Douce & Johnston, 1991; Patino Doucc & Beard, 1994, 1995), The effects of different assemblies

and Fe-pre-conditioning of capsules on the fo and redox state in piston cylinder experiments
2
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was discussed e.g. by Kiigi ct al. (2005) and Truckenbodt ct al (1997). The latter study concluded

that boron nitride assemblies are nearly impermeable to H, (at 1.0 GPa and 900 °C), preventing
hydrogen loss from the material in the noble-metal capsulc to the surrounding assembly. Thus,
the fo2 is dominated by the “intrinsic” fo2 of the starting matcrial rather than by the assembly. Tn
the study of Kigi et al, (2005) the best results in terms of Fe- and H,O-conservation and_fO’
control were obtained using Fe-preconditioned gold-palladium inner capsules in combination
with MgQ assemblies, compared to Fe-unconditioned noble metal capsules and boron nitride
assemblies. The (optimum) setup strongly reduccd the Fe-loss to the capsule walls, conserved
H,0 and kept a constant, /'02 close to QFM+1 in the sample material during the experiments, They
concluded that the “intrim;ic"fo2 is strongly dependant on the assembly applicd (MgO assem-
blics resulting in more oxidizing conditions than boron nitride assemblies) and capsule Fe-
preconditioning (Fe-loss of ~10% (relative) in non-preconditioned capsules compared to <3% in

Fe-preconditioned capsules).

3.3.2. The experimental fOz of the Fe-bearing bulk composition (AM)

The oxygen fugacity (fOz) in the AM experiments was not measured dircctly or control-
led through a buffering technique. However, the experiments did not produce graphite, indicat-
inga fOz above the graphite-CO-CO, (CCO) butter, which at 2,5-5.0 GPa and 750-1300 °C most
probably represent fOZ conditions near or above NNO or QFM buffers. Maximum Fe?* to Fe**
oxidation from the complete loss of bulk hydrogen (in H,O) by diffusion of H, through the cap-
sule walls is for the AM starting material calculated to 95 % relative, corresponding to a Fe,0,/
(Fe,0,+Fe0)=0.91 and production of 9.6 wt% Fc,Q,. Thus, it is possiblc to oxidize almost all bulk
FeO to Fe,O, simply by loosing the 1.1 wt% bulk H,0, strongly affccting thcf02 in the sample
material. Use of boron nitride powder (in combination with MgO liners and MgO octahedra) in

the multi-anvil experiments compared to MgO only in the piston-cylinder experiments might also
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result in relative more reducing /o . At temperatures of > 1100 °C, iron diffusion (of ~2 wt% FcO,

from the experimental charge to the capsulc material) indicates alloying of metallic Fe’ and the

AuPd-capsules, resulting in more oxidizing conditions than at lowcr temperaturcs.

3.4 Approach to equilibrium

Attainment of complete equilibrium for synthesis experiments can be difficult to dem-
onstrate in experimental petrology. Experiments with the MC and AM bulk compositions in this
study generally produced idiomorphic crystal shapes and chemically homogencous phascs (i.c.
no compositionally zonation) throughout each capsule (Fig. 3.3A). The only exception is gamet
showing growth zonation, which in a fow experiments of the MC composition occur as inhomo-
gencous zonation in Ca-Mg content, and in four experiments with the AM composition as
zonation with Fe-rich cores and Mg-rich rims or inhomogeneous Fe-Mg zonation (Fig. 3.3B). The
homogencous chemical composition of the garnct rims and all other phases within the samples
together with regular trends throughout the entire experimental grid of the calculated phasc
proportions and phase compositions (including garnet) suggests a close approach to equilibri-
um. At subsolidus conditions and just above the solidus, textural equilibrium between the phas-
es was also indicated by 120° triple point junctions. Small amounts of non-reacted starting
matcrial was encountered (as inclusions) in scveral of the phases in the experiments, indicating
fast nucleation of the inclusion-bearing phases (gamet, kyanitc, corundum, quartz, zoisitc).

For 6 of the 11 experiments with thc MA bulk composition, the carbonate generally
reacted with biotite or silicate melt to produce Ca-Mg silicates such as garnet, clinopyroxenc or
zoisite (Fig. 3.3C), indicating that complete chemical equilibrium was not attained. Further, through-
out the experimental P-T grid, phasc compositions show no systematic change with P or T, thus
also indicating general disequilibrium conditions. In all the MA experiments, needle-like and up

to several um large crystals resulted from quench crystallization, either as overgrowths on
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Fig.3.3.BSE-images of run products. (A) complete equlibrium crystallization (MC bulk composition at
3.0 GPa and 850" (). (B) Fe-Mg-zonation in garnet (AM bulk at 5.0 GPa and 1100 °C). (C) Disequilibrium
crystallization resulting in reaction-zones of gamet (or cpx or zoisite) between biotite and carbonate
(MA bulk at 3.5 GPa and 1150 °C), and (D) Crystallization of quench products (muscovite, calcite and
zoisite) overprinting the equilibrium phase assemblage (bt, gt, silicate melt, cor and carb) (MA bulk

at 3.0 GPa and 1150°Q).

“stable” crystals or at the interface between seltled crystals and melt (Fig. 3.3D). However, the
MA experiments produced compositional fairly homogencous biotites (lower octahedral occu-
pancy than ideal biotite solid solution) as well-crystallized grains of = 10 wm in size, suggesting

that biotite is a stable phase in the entire investigated P-T grid.

3.5 Polishing methods
After quench and recovery, the capsules were mounted longitudinally in epoxy resin,
then ground and polished to approximately the centre of the capsule, impregnated and then tine-

polished. Most experiments were polished by an automatic method using acid silica colloid



(Syton) + H,O or a by hand using diamond or aluminium paste. For thc KNCaFMAS-HC cxpcr-

iments potentially producing carbonatite melt, dry-polishing using a aluminium sheet and bo-
ron nitride powder was applied before impregnation to avoid alkali-loss. Analyses showed only
slightly higher alkali-contents of the dry-polished experiments compared to experiments pol-

ished with the wet-silica colloid method.

3.6 Analytical techniques
3.6.1 Electron Microprobe analyses (EMPA)

Expcrimental charges were analysed by a JEOL JXA8200 Superprobe mounted with five
wavelength dispersive spectrometers (WDS) and one energy dispersive spectrometer (EDS) or
a Cameca $X50 electron microprobe with five WDS spectrometers. Before analysing, all samples
were coated with a ~20-30 nm thick layer of carbon. Opecration conditions were 15 kV acceleration
voltages, beam currents of 20 nA for silicate minerals and 5-10 nA for carbonates and quenched
silicatc and carbonate glasses, Natural and synthetic silicates, carbonates and oxides were uscd
as standards. For the carbonates and quenched carbonate glasses, Ca and C were standardized
on calcite, Mg on magnesite and Fe on siderite, and the carbon content was measured with a
precision of 1,5 to 3 wt% C using a LDE2 type crystal. Acquisition time was 10-20 seconds for all
elements except carbon (40 s), measuring sodium (10 s), potassium (10 s) and carbon first to
avoid most elemental loss. A fully focuscd becam was applied to most water-free crystalline
phascs providing totals close to 100 wt%, Because micas, carbonates, coesite and glasses
cxhibited electron beam damage at a diameter less than 5 pm, a defocused beam (2-50 wm) was
nsed whenever possible for these phases. The resulting data was automatically corrected for
dead time of the detector, background and matrix effects (ZAF correction procedure; Pouchou &
Pichoir, 1984). Textural phasc relations were analysed from secondary and back-scattered elec-

tron imagcs.
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3.6.2 Scanning Electron Microscope (SEM)

Textural phase relations were also analysed from sccondary and back-scattered
electron imagcs obtained from the JEOL JSM6300 high field cmission SEM and the Camscan
CS44LB SEM both mounted with an EDS, Operation conditions for the Camscan CS44LB SEM
was ~1.8 mA beam current, 15 kV acccleration voltage and working distances between 11 and
35 mm. The JEOL JSM6300 high field emission SEM was used for the KNCaFMAS-HC
experiments for textural relations between silicate and carbonatite melts, and operated with 5

kV acceleration voltage, 6 A beam current and a working distance of 39 mm.

3.6.3 Micro-Raman spectroscopy

To distinguish between quartz or coesite, clinozoisite or zoisite and calcite or arago-
nite polymorphs, Raman spectra was obtained using a Dilor Labram 2 multi-channel laser
system, equipped with a confocal optical microscope, a Peltier cooled CCD detector and an
cxternal Ar* laser (coherent Innova 90C scrics), operating at of A=488 nm, a ~0.5 W emission
power and currents of 25-30 A, Spectral resolution was ~5 cm™, and spectra were recorded
with Labspec software. To enhance the signal-to-background ratio and improve counting
statistics, at least 5 spectra were acquired at counting times of 60 to 120 scconds. All measure-
ments were carried out with a 100x magnification objective, resulting in a sample spot size of
~9 um. Before analyzing, the peak position of the beam was calibrated on a quartz standard
with peak at ~520 cm™'. For the determination, acquired spectra were compared to spectra of

phases of known composition (own data base).

3.7 Mass balance calculations

Mass balance calculations were performed for experiments indicating chemical and

textural cquilibrium. A modified version of the FORTRAN software MSROCK and MSCARI.O
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(Contributors: A. Colombi, S. Poli, E. Reusser and modified by M.W. Schmidt 1997-2005) were

used to calculate modal amounts (in wt%, cat%, and oxy%) from mineral (in apfu or wt%) and
bulk compositions (in wt%). MSROCK (performing regression) was used for simple mass bal-
ancc, calculating a best fit of the modal phase proportions. MSCARLQ was employed for error
calculation propagation using a Monte-Carlo technique. This mcthod repeats mass balance
calculations, cach time varying the input data randomly within their limits of precision (e.g.
Anderson, 1980), resulting in mass balance phase abundances with a mean error value, For
MSCARILOQ, the standard deviation (16) of individual oxide concentrations obtained from the
microprobe analyses of each phase were used to calculate the error of the phasc proportions that
best fitted with the proportions calculated by the MSROCK regression procedurc. The number
of repeats for each experimental charge was between 10.000 and 20.000. In many of the calcula-

tions, some oxides were excluded from the calculations (described in detail in chapters 4, 5 and 6).
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Abstract

Subsolidus and melting experiments were performed at 2,0-3.7 GPa and 750-1300 °C in
KCaMAS-HC to define K-mica stability ficlds and to establish fluid-present melting conditions.
The biotite to phengite transformation occur with pressure from 2.4 to 2.6 GPa between 750 and
850 °C, and the amphibolc to clinopyroxene reaction to 875 °C at 2.0 GPato 740 °C at 2.5 GPa.
Thesc reactions preserve K,0, but arc not H,0 conservative, as H,0O is produced from decompositi-
on of zoisite and amphibolc. Phengite controls fluid-saturated melting at > 2.6 GPa, whereas
biotite dominates at < 2.4 GPa (and at 2 GPa also amphibole), The solidus is located at 850-950 °C,
atwhich 7-24 wt% metaluminous K-rich granitic melts arc produced, Initial melting occurs through
the reactions phengite+zoisitc+coesite = silicate melt+clinopyroxenc+kyanite (at>2.5 GPa) and
biotitc+zoisite+ quartz (zamphibole) = silicate melt+clinopyroxenc-+kyanite (at <2.5 GPa). The
liquidus surface is dominated by peritectic melting first by zoisitc and with increasing temperature
clinopyroxcne. The experiments suggest that in most subduction zones, CO, and H,0 will be
carried to depths in excess of 120-150 km through carbonates and K-micas, as melting occurs at
temperatures unlikely for most subduction zones. However, the relcasc of H,0 through pressurized
decomposition of amphibole and zoisite provides a H,0 source for arc magma formation. Further,
melting at higher temperatures (due to slower burying rates or by crustal incorporation into the

mantle), will provide a substantial volatile source for the formation of arc magmas.
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4.1. Introduction

Subsolidus reactions and melting in the crust are gencrally controlled by the availability
of fluids, mainly composed of H,O and CO,, or, in absence of a free fluid phase, by the stability
of hydroxylated and carbonated minerals. The latter control the recycling of volatile components
into the mantle (Thompson, 1988; Ono et al., 1998; Schmidt & Poli, 1998; Viclzeuf & Schmidt,
2001). Natural marls are oceanic shelf or platform typc scdiments (Bucher & Frey, 2002) composed
of a carbonate and a pelitic component with possible volcano-sedimentary (volcanic ashes) and
siliccous components in addition (Plank & Langmuir, 1998). Marls or calc-silicates are present in
minor volumes in most metamorphic high pressure terrains, ncvertheless are widely distributed
in the European Alps (Enami, Liou & Mattinson, 2004; Droop et al., 1990). In subduction zoncs,
they have the potential to carry water and carbon into the upper mantle, and through devolatilizati-
on or melting to influence arc magmatism.

Low-pressure, high-grade marls and pelites contain biotite as the dominant potassic
mica (e.g. Ferry 1976, 83a,b; Frank 1983; Frey 1978; Thompson 1975, Spear 1995; Bucher & Frcy
2002), whereas high-pressure marls, pelites, and greywackes have phengite, i.e. Si-rich muscovite
(¢.g. Ogasawara et al, 2000, Dominak & Holloway 2000; Dachs 1986, Spear 1995, Bucher & Frey
2002; Schmidt at al. 2004), but the conditions and nature of the biotite to phengite transition with
pressure are poorly defined. Coexistence of phengite and phlogopite in marls and impurc
carbonatcs are reported by Dachs (1986, 1990) in the Eastern Alps (Eclogite Zone, Tauern)
suggesting a broad mica transition zone between ~ 0.6 and 2.0 GPa at Ty ~ 550-600 °C. Natural
mafic, pelitic, and carbonate bearing eclogites (e.g. Corsica: Caron and Pequinot 1986; Adula
nappe, Alps: Heinrich 1986, Mcyrc et al. 1999, Droop et al. 1990; San Franciscan: Sorcnson 1986,
Domanik ct al. 1993; Dabie Shan: Zhang et al. 1995; Kazakhstan: Ogasawara et al. 2000) and
cxperiments above 2.4 GPa on such lithologies (Schmidt et al. 2004; Hermann, 2002; Hermann &

Green, 2001; Schmidt & Poli, 1998 and references thercin; Massonne & Spzurka, 1997; Dominak
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& Holloway, 1996; Massonne, 1992; Massonne & Schreyer, 1987, 89) have phengite as the

principal potassic phasc. For pelitcs, greywackes and basalts, biotite and amphibole dominate
the volumetric major fluid-absent melting reaction at pressures below 2.5-3 GPa (Viclzeuf &
Holloway 1988; Winther & Newton 1991; Patifio Douce & Beard 1995; Schmidt et al., 2004;
Auzanncau ct al., 2006), whereas at pressures higher than 3 GPa (and to ~8-10 GPa) phengite is
the only hydrous potassic phasc (Schmidt ct al., 2004; Poli & Schmidt, 2002; Ono 1998). The
biotite to phengite transformation thus has major implications for the melting behaviour, also
because the potassium mincrals arc among the phascs that disappear first during melting. Hence,
the aims of this work were to study the phasc petrology of carbonate-saturated pelites focusing
on (1) the reactions controlling the composition and stability of the potassic micas i.c. the biotite
to phengite transformation at subsolidus conditions, and (2) the melting reactions, conditions

and melt compositions at pressures in the vicinity of the transition,

4.2. Experimental methods

Experiments were performed in the model system K,0-Ca0O-MgO--ALO,- 8i0,~H 0~
CO, (KCaMAS-HC), constituting the simplest chemical system able to produce the mineralogy
of carbonatc saturated pelites. The major differences of this simplified system with respect to the
natural system are the lack of iron and sodium. The absence of Na,O suppresses crystallization
of jadcitic or omphacitic clinopyroxene and of sodic amphiboles, whereas FeO is distributed
among the magnesian phases, thus not producing additional phases. Nevertheless, the lack of

FeO greatly shifts the stability ficld of garnct to highcr pressures and temperaturcs.

4.2.1 Experimental apparatus

Experiments were conducted in an cnd-loaded 14 mm bore piston ¢ylinder apparatus.

Assemblies were all composed of an outer NaCl sleeve, a pyrex glass sleeve, a straight graphite
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heater, a corundum disc between thermocouple and capsulc and cylinders of crushable MgO

inside the furnaces. A friction correction of 3 % applied to the nominal pressure was obtained by
calibration against the fayalite+quartz = ferrosilite reaction at 1000 °C and 1.41 GPa (Bohlen ct al,
1980) and against the quartz-coesite transition reaction at 3.07 GPa and 1000 °C (Bose & Ganguly,
1995). Hydraulic pressure was maintained by an automatically controlled screw worm jack with a
relative precision better than 0.3 bar oil pressure, equivalent to 2.5 MPa sample pressure.
Temperature was controlled by a Eurotherm controller within £2 °C using a B-type thermocouple
(Pt,,Rh -Pt, Rh, ), not corrected for the pressure eftect on thermocouple emf. The capsules were
centred at the hot spot to within £0.5 mm, the thermocouple tip thus recording the coldest
temperature in the capsule. Thermal gradients within the capsules at 2.0 GPa and c.g. 1300 °C
were measured to 10 °C. Below 1000 °C pure gold capsules were used and at 2 1000 °C Au, Pd,,
capsules. All capsules were welded at one end, fired and then filled with starting matcerial,
previously dried at 110 °C, and then welded shut. One capsule of 3 mm O.D. or two capsules
(placcd side by side) of 2.3 mm O.D. and 3.8 mm length were used. Experiments were quenched by
turning off power to the furnace, resulting in a temperature drop to < 200 °C within 10 seconds.

Capsulcs were mounted longitudinally in epoxy, ground and polished to the centre of the capsule.

4.2.2 Starting material

The bulk composition (Tab. 4.1) corresponds to a mica-rich marl producing ~ 20 wt%
mica and ~ 4.5 wt% carbonatc if all potassium and CO, is stored in micas and carbonates,
respectively. The basc of the starting material is a synthetic glass made of oxides (Si0,, ALO,,
MgO, CaO) mixed with natural alkali feldspar. The glass was ground to < 5 pm in an automatic mill
employing agatc mortars with ethanol and then fired at 1300 °C during 45 minutcs using a new Pt-
crucible, The milling, grinding and firing was repeated three times to ensure homogeneity of the

glass (controlled by microprobe, using a defocused beam). The glass was then pulverized,
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Table 4.1, Bulk starting composition (in wt%) and two marl
compositions for comparison

Bulk MC _ Ant543° Frey(78)° GLOSS®
Sio, 51.44 46.57 445 58.57
AlLO;, 21.79 1799 183 19
FeOu 0 7.38 48 521
MgO 7.36 1.61 28 248
Ca0 11.79 5.45 9.7 5.95
Na,Q 0 1.91 1.4 243
K0 1.94 2.83 3.4 2.04
H,0 3.60 11.97 28 729
€O, 2.09 383 107 3.01
SUM 100.0 995 084 989
Al(K+2*Ca)™™ 0.48 079 047 050
AT 10.38 587 497 539
Xeoz 0.19 012 061 0.4

# Fe-calcareous claystone (Plank and Langmuir 1998)
® Cale-schist from Alps (Fray, 1978),
° Global Subducting Sediment (GLOSS, Plank and Langmuir 1998).
¢ molar COx/(GQ+H,0)
Ca0
grosular, zoisite

+ qgz/coe

+ky/cor

+ dolomite

= fluid (F20-CQ2)

diopside
tschermakite N
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%K0

phengitcs
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ALO,
Fig. 4.1, Composition space and subsolidus
chemography of carbonate-saturated pelites
in KCaMAS-HC with MC starting bulk com-
position and theoretical phase assemblages
(thin lines) near the biotite to phengite trans-
formation. Mineral solid solutions are indica-
ted by thick solid bars and grey fields repre-
sent the range of experimental produced melt
compositions.
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weighted and mixed with the AI(OH), and
CaCQ, to introduce the desired proportions of
H,0 and CO,. Free water or CO, was not added
to allow precise control of the amounts of
volatiles and to prevent volatile-loss during
welding. To cnhance reaction rates, the
composition had approximately 2 wt% water in
excess relative to the amount of H O bound in
the expected hydrous phases under subsolidus
conditions (biotite, muscovite, zoisite and
amphibole). Furthermore, most sub- and near-
solidus runs were saturated in dolomite,
buffering the CO, content in the fluid. The bulk
composition was chosen to maximize
component saturation at sub- or near-solidus
conditions (with $i0, > AL O, resulting in a Si0,-
polymorph and kyanite), i.e. to achieve the
highcst possible number of saturated phases,
reducing thc thecrmodynamic composition
spacc (Fig. 4.1). Phase compositions produced
under subslidus conditions were fully buffered,
thus are cxpected to change systematically with

temperaturc and pressure.



4,3, Techniques

4.3.1 Analytical techniques

Experimental charges were analyscd by a JEOL JXA8200 or 2 Cameca SX50 ¢lectron
microprobe using silicates, carbonates and oxide standards, 15 kV acccleration voltages, a bcam
current 0f 20 nA for silicate mincrals and 10 nA for carbonates and quenched glasses. Acquisition
times were 10-20 seconds for all elements, measuring potassium first (10 s) to avoid most alkali
loss. A fully focused beam was applied to most water-free crystalline phases providing totals
closc to 100 wt%. Because micas, carbonates, cocsite and glasscs cxhibited clectron beam
damage at a diameter less than 5 pm, a defocused beam (2-50 um) was used whenever possible
for these phases. No attempt has been made to correct for potassium loss of phases analysed
with < 5 pm beam for analyses resulting in equal potassium contents as analyscs obtained with
a2 5 pm beam size. Textural phase relations werc analysed from secondary and back-scattered
electron images obtained from the microprobes as well as a Camscan CS441LB scanning electron
microscope cquipped with an EDS, Polymorphs of phases were determined by micro-Raman

spcetroscopy using an argon laser with A=488 nm.

4.3.2 Attainment of equilibrium and mass balance calculations

All runs in this study are synthesis experiments. Generally, all samples show textural
cquilibrium between the phascs (c.g. 120° triple point junctions and well-developed crystal
shapes). Apart from garnet, which in a few samples exhibit zonation in Ca-Mg content, the
phases used in mass balance calculations were compositionally homogeneous (for gamet, rim
compositions were used). Except at 2.0 and 2.5 GPa, both 850 °C, the number of phases in the
experiments does not exceed those permitted by the phase rule, indicating no metastable phases
present. Regular trends throughout the entire experimental grid of the calculated phasc

proportions and phase compositions also indicate that cquilibrium conditions were reached in

[
(98]



most cxperiments, Two experiments at 2.0 and 2.5 GPa at 750 °C remained cxtremely fine grained,

resulting in suboptimal analytical conditions, and for the experiment at 2.5 GPa and 900 °C, the
melt composition could not be determined due to fine intermixing of kyanitc with melt, Hence, for
the fivc experiments mentioned abovce, phase proportions arc cstimated from BSE and element
distribution maps. Calculated phase proportions were obtained by a non-weighted least square
fit mass balancing the bulk starting composition against averaged mineral phases, Standard
deviations of the resulting phasc proportions were determined by Montc Carlo crror propagation
from the uncertainties in the phase compositions which were dominated by phase homogeneities.
At subsolidus conditions, 6 phascs and excess fluid were produced in the 7 component system,
thus it was necessary to include a fluid in the mass balance calculations. However, as the
experimental fluid composition was not determined, we sclected a Xeo, 0f 0.14, as calculated at
750-850 °C along a high-temperature geotherm (Kerrick and Connolly, 2001) for an average
marine sediment bulk composition (GLOSS in Plank and Langmuir, 1998) comparable to our
system (Tab, 4.1). For experiments above the solidus producing lcss than 6 phases (incl, glass
and fluid) mass balance calculations were carried out without H,0 and CO, (as the solubility of
H,0 and CO, in the melts and hence fluid composition is unknown). Calculated deficiencies in

K,O are attributed to the analytical procedurc of small glass pools (electron beam damage).

4.4. Experimental results

Experimental run conditions, resulting phases and calculated phase proportions are
listed in Tab. 4.2. A total of 33 experiments were performed at 2.0 to 3.7 GPa and 750-1300 °C
defining phase stabilities, devolatilization and melting reactions in P-T space (Fig. 4.2). All
experiments above the solidus have rounded vesicles in the glass (e.g. Fig. 4.3G+H), demonstrating
that fluid was present. Throughout the investigated P-T grid, dolomite constitutes the carbonatc

mineral, stable to highcr temperatures at higher pressures (~ 950 °C at 3.5 GPa compared to ~ 850
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Fig. 4.2. Pressure-temperature diagram of the experimental result below 4.0 GPa with
stability fields of phase assemblages in KCaMAS-HC. Thick solid lines represent the
experimental solidus and liquidus and points individual experiments. Quartz/coesite
transition from Bohlen & Boetcher (1982).
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Fig. 4.3. BSE-images of run products (P in GPa and T in °C), (A) Phengite stability ficld, (B) Initial mel-
ting at 3.5 GPa (no dolomite), (C) Biotite+clinopyroxene stability field, (D) The first melt at 2.5 GPA co-
exists with phengitc and transitional mica (not shown), (E) Biotite+amphibole stability field, (F) Coexis-
ting biotite-+amphibole+melt+clinopyroxene at 2.0 GPa and 850 °C. Rounded holes after fluid in melt+
clino-pyroxene+kyanite stability ficld (G) and the melt+gamect+clinopyroxene+kyanite stability ficld (H).
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°C at 2,3 GPa). The S$i0,-polymorph (quartz/cocsitc) is stable to 850 °C at 2.0 GPa and 1050 °C at

3.5 GPa. Between 2.0 and 2.5 GPa partial melting confines the solidus to ~ 850 °C, whercas at 3.0-
3.5 GPamelting occurs at 900-940 °C. Zoisitc is stable to a few 10’s °C above the solidus, i.e. to ~
900 °C at 2.5 GPaand to 970 °C at 3.5 GP4, in this pressurc range, zoisite is the last hydroxylaied
phase to disappear through mclting. Clinopyroxene is present in almost all experiments of this
study, except in the lower pressure and temperaturc region (< 875 °C at 2,0 GPato <750 °C at 2,5
(GPa), where amphibolc replaces clinopyroxene; amphibole being restricted to this part of the P-
T grid. Garnet emerges between 950-1050 °C and is stable to the liquidus at 1300 °C (2.5 GGPa).
Kyanite is almost omnipresent within the P-T diagram except at the highest temperatures at 2.5
GPa, where it is replaced by corundum (at 2 1200 °C).

The experiments result in three distinct regions: a phengite and a biotite stability field
scparated by a narrow mica transition zone between 2.4 and 2.6 GPa. At higher temperatures
raicas no longer exist and a silicate melt is produced, coexisting with clinopyroxene, kyanitc and
at higher temperaturcs with garnet and then corundum (Fig. 4.3B, D, F-H). Phengite is stable to
860 °C at 2.5 GPa and to 940 °C at 3.5 GPa. In this ficld, phengite is thc only potassic phasc
present and coexists with clinopyroxenc, zoisite, dolomite, Kyanite, coesite/quartz and an excess
H,0-CO, fluid (Fig. 4.3A). Below the mica transition zone, phengite is absent and several biotite-
present stability ficlds can be determined with slightly different coexisting phasc asscmblages
(Fig.4.2,4.3C+E, Tab. 4.2). Togcther, these smaller stability fields constitute the P-T region at <

850 °C and 2.4 GPa.

4.4.1 Crystallization and phase compositions
Phengites typically form < 15 pm laths or tabular grains, sometimes clustering in larger
aggregates up to 40 pm in size. Not all experiments have grains large enough to be analysed with

a defocuscd beam, introducing potential for K-loss during microprobe analyses. The measured
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potassium contents of the phengites, however, indicate less than 3 % K-loss (except run MC36

at 3 GPa and 900 °C). Phengites in the KCaMAS-HC system are mainly a solid solution between

muscovite KOAL[AISi,]O, (OH), and MgAl-celadonite KOMgAI[Si,]O, (OH),, the inverse Mg-

tschermak’s substitution (MgSiAl,) being the dominant cxchange mechanism. For most of the

analysed phengites (Tab. 4.3A), the sum of cations is close to the 7.0 apfu of ideal dioctahedral

micas (Velde, 1965). Nevertheless, the magnesium content of the phengites, especially at<3.0

Table 4.3. Compositions of micas
A. Phenglte composition®

P(GPa)/ T(°C) 2.4 1850 2.5/800 2.5/850" 2.7 1800 2.7 1850 3.0/850 3.0/ 800 3.5/ 860 §.0/71050'
No. analyses® 9 9 16 9 8 17 6 24 7
SO, 49,61 (0.95)| 50.71 (1.14)| 49.95 (1.46)| 50.03 (0.97)| 50.60 (0.87)] 51.36 (0.78) 48.88 (1.09) 52.62 (0.87) 54.16 (0.33)
Al;O4 27.38 (1.36)] 27.60 (1.00)| 27.94 (1.64)] 27.68 (0.41)| 28.68 (0.65)| 28.28 (0.66)| 24.29 (1.11) 26.12 (0.89) 22.80 (0.28)
MgO 7.04 (0,39)] 575(0.43)| 675(063)] 587(043) 521 (024) 504(020) 478 (0.41) 4.99 (0.32) 6.01(0.27)
Ca0 0.31(0.00)| 0.64(0.48)] 029(030)| 024 (0.12)| 022 (009 025(0.19) 1.75(0.75) 0.20 (0.11) 0,17 (0.09)
KO 1021 (0.52)] 10.26 (0.32)| 10.49 (0.58)| 10,64 (0.28)] 10.50 (0.25) 10.42 (0.68)[ 10.61 (0.36) 10.83 (0.31) 11.08 (0.18)
Hy Oy 449 (0.03)]  4.53 (0.04)] 454 (0.04)| 449(0.04) 4.54(0.02) 4.56 (0.06)| 4.27 (0.05) 452 (0.02) 4.50 (0.03)
Sum® 08.96 (0.53)| 99.59 (0.73)| 99.95 (0.70)| 98.86 (0.73)| 99.76 (0.42)] 99.91 (0.83)] 94.58 (1.01) 99.17 (0.38) 08.72 (0.64)
Si 3.303 (66) 3.354 (60) 3.307 (80) 3.338 (40) 3.338 (42) 3.378 (23) 3.435 (44) 3.485 (52) 3.611 (13)
AlY 0.697 (66) 0.646 (60) 0.693 (80) 0.662 (39) 0.662 (42) 0.622 (81) 0.565 (45) 0.515 (52) 0.380 (13)
Al 1.456 (45) 1.513 (41) 1.478 (67) 1.516 (22) 1.569 (21) 1.571 (97) 1.446 (73) 1.528 (28) 1.402 (15)
Mg 0.700 (41) | 0567 (46) | 0666(65) | 0584 (44) | 0512(24) [ 0494 (15) [ 0501 (49) 0,493 (32) 0.597 (24)
Ca 0.022 () 0.046 (34) | 0023(22) | 0.017 (8) 0.016 (7) 0.017 (13) | 0.132 (58) 0.014 (8) 0.012 (6)
K 0.860 (47) | 086527) | 0881(52) | 0897 (27) | 0884(23) [ 0875(67) | 0.951(32) 0.916 (29) 0.942 (17)
H 2,000 2.000 2.000 2.000 2,000 2,000 2,000 2,000 2.000
Tot, cations 7.048 (43) 6.991 (37) 7.047 (56) 7.014 (24) 6,981 (28) 6.957 (44) 7.031 (55) 6.951 (31) 6.954 (9)
Oct, vacancy' 0.843 0.919 0.856 0.900 0.918 0.935 1.012 0.979 1.004
B. Biofite and transitional mica composition®

Biotitas Trans. mica
P(GPa) / T(°C) 2.0/850 2.3/750 2.3/800 2.3/850 2.4/750 2.4/800 251 750" 2.5/850
Ho. analyses” 4 2 4 17 3 10 2 2
S0, 43.44 (0.84)| 4448 - 46,88 (1.35)) 4297 (1.21)] 47.16 (0.79)] 44.81 (1.06) 50.57 46,63
A0y 18.42 (1.47)] 16.38 17.45 (0.25)] 19.53 (0.95)| 16.00 (0.70) 17.46 (0.49) 2265 21.75
MgO 2273 (126)] 19.16 - 21.81 (0.48)] 19.03 (0.91) 22,50 (0.62)] 21.73 (0.51) 950 1930
Ca0 0.28 (0.09)) 030 - 037 (0.42)] 025 (023)| 051 (020) 0.26 (0.17) 2.04 0.40
K,0° 993 0.21)| 8.86 - 8.01 (0.50) 963 (032) 820 (051 1012 (1.11) 8.54 1044
H;Ocsicy” 435 (0.02)| 426 - 4.45 (0.06) 424 (0.06) 4.42 (0.04)]  4.35 (0.03) 4.44 442
Sum* 99.14 (0.42)| 93.43 - 00.86 (1.09)| 95.64 (1.18)| 98.89 (0.28) 98.73 (0.53) 97.72  99.12
Si 2991 (46) 3194 - 3454 (58)] 3.070 (75)| B8.197 (102)| 3.085 (61) 3412 3.180
Al 1009 (26)| o0.806 0846 (58)] 0930 (75) 0.846 (58) 0.915 (61) 0588  0.820
AV 0486 (84) 0518 0539 (31) 0667 (36) 0539 (31) 0503 (31) 1212 0820
Mg 2,332 (121)| 2.033 2188 (59)| 2.004 (48)| 2.274 (85) 2.230 (55) 0.9657 1.549
Ca 0.021 (7)] 0.023 0.027 9) 0.028 (23)] 0.037 (15)| 0.019 (12) 0.147 0.029]
K 0819 (26)] 0775 - 0765 (18)] 0862 (8)| 0717 (51)| 0888 (101) 0.734 0.904]
H 2.000 2000 - 2.000 2.000 2.000 2.000 2.000 2.000
Total cations 7658 (19) 7.348 - 7520 (54)| 7551 (47)] 7.610 (95) 7.642 (85) 7.051 7402
Oct. vacancy? 0.182 0.449 0273 0.339 0.251 0.267 0.831 0.531

® Compositions in wt% and apfu based on 11 oxygens and 2 (OH). Numbers in parentheses are one slandard deviation in wt% for weight fraction and in terms of last
digit(s) for cations. Thus, for cations 3,354 (60) should be read as 3.354 + 0.060 cat. ptu.

" Number of analysls considerad as aquilibfium phases and used in mass balance caloulations. Standard deviations are reported only when there are
at least three points to averaga.

¢ Consentration of K20 corrected for potassium-loss during EMPA and used in mass balance calculations to achieve lowest possible residuals.

¢ Galculated water contents.
* Analytical lotals of oxide components including H,O and comectad for KO due to mass balance calculations.

" Qctahedral site vacancy calculated as: vacancy”' = 7-(Si+A+Mg) per 11 oxygens formula unit.

" Mass balanee not possible dua to metastable phases (within mica transition zone),
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GPa is slightly increased by up to 0.2 Mg pfu which implies a lower octahedral vacancy than for

the ideal pseudobinary phengite solid solution (Fig. 4.4A). This feature is supported by a lower

Al and Si pfu content than for ideal phengites (Fig. 4.4B) and can be attributed to exchange

along the dioctahedral-trioctahedral mica substitution (Mg ALl ) between muscovite and

phlogopite. From experiments at each side of the mica transition, just within thc biotitc and
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Fig.4.4. Composition of the biotites and phengites based on 11 oxygens. (A) Octahedral vacancy vs. Si
diagram show the relation between phengite and biotite in terms of tschermak's and di-tri-octahedral
mica exchange vectors (inset). (B) Si vs. Al diagram illustrating the close to ideal phengites and the non-
ideal trioctahedral biotite behaviour. The net substitution vector between the biotites and phengites
from each side of the mica transition is calculated to Mg 545i.0.23A1g 60/ g 61- (C) shows phengite at
850 °C with a systematic increase in Si pfu towards higher pressure, (D) Decreasing K with increasing

Si content indicates some solid solution of biotite towards talc. Diamonds = biotites, triangles = phen-

gites, crosses = transitional micas.
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phengite stability fields (i.c. at 2.3 and 2.7 GPa, respectively), the net exchange vector for phengite

towards biotite is calculated to approximately Mg, ,,Si,, Al [ . Asexpected, the silica content
in the phengites increases with pressure, i.e. from 3.30 Si pfu at 2.4 GPa (850 °C) to 3.61 Sipfu at
5.0 GPa (1050°C) (isopleth for 850 °C in Fig. 4.4C), and Al pfu decreases with increasing pressure.
This is consistent with the results of previous studies in the KMASH (Massonne & Schreyer,
1987) and KCMASH systems (Hermann, 2002), and for phengites in general (Guidotti and Sassi,
1998,2002; Velde, 1965, 1967). The diffcrence in the location and slope of the phengite isopleths
for the different chemical systems most likely reflects the various bulk compositions or, if present,
the different buffering phase assemblages.

Similar to phengite, biotites forms small (< 15 um) laths. The compositions of the biotites
(Tab. 4.3B) are more scattered than for the phengites, reflecting suboptimal analytical conditions.
In a KCaMAS-HC system idcal biotite results from the Mg-tschermak’s substitution (Mg_Si.
1Al,) within the solid solution phlogopite — castonitc, i.c. KMg,[A]Si,JO, (OH), - KMg,Al[ALSi, ]
O,,(OH),. The sum of the cations for the analysed biotites varics between 7.35 and 7.66 apfu with
octahedral occupancies from 2.55 to 2.82 pfu and interlayer cation vacancies of 0.11-0.28 pfu,
suggesting non-ideal biotites with a cation-deficient interlayer and an octahedral vacancy of
0.18 to 0.45 pfu (Fig. 4.4A). With increasing pressure and decreasing temperature potassium
contents decreasc concomitant with an increase in silica contents, exceeding the upper limit of
3.0 Si pfu for ideal phlogopites. This results in a biotite stoichiometry, which can be understood
as a result of a complex solid solution between the ideal biotite and phengite solid solutions,

combined with a talc Mg [S1,]0, (OH), componcnt (Fig. 4.4B+D). The net exchange vector for

10
the biotites is then a result of the dioctahedral-trioctahedral mica substitution (Mg ,AL[,) and
the Mg-tschermak’s exchange (Mg, Si Al), joined with the K-edenitic substitution vector K_

(Al _Sil} towards talc. This complex substitution mechanism has recently been discussed by

Comodi et al. (2004) for natural phlogopite and by Hermann (2002) for experimentally produced
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Mg-biotites in the KCMASH system, suggesting that pressurc favours the solid solution of

phlogopite towards talc. Despite our limited P-T range yielding biotites, this effect is confirmed:
the lowest silica content (2.99 Si pfu) is observed at 2.0 GPa (850 °C) increasing to 3.20 Si pfi at
2.4GPa(750°C).

Rare transitional micas with composition in betwecen biotitc and phengitc are observed
at 2.5 GiPa within the mica transition zone, suggesting either the stable existence of such micas,
polysomatic scrics, or sub-electron microscopic intergrowths of biotite and phengite,

Clinopyroxene forms compositionally homogeneous, < 20 pm tabular to prismatic grains.
At subsolidus conditions abundances of clinopyroxenc and zoisite arc inverse proportional,
clinopyroxene dominating at higher pressures and temperaturcs. Clinopyroxcnes contain very
low contents of potassium (< 0.37 wt%), indicating insignificant incorporation of K' in
clinopyroxene at the investigated pressures. The normalisation scheme employced (Cawthomn
and Collerson, 1974) allows for octahedral M2-site vacancies, representing the clinopyroxenes
as a quaternary solid solution between diopside (CaMg[Si,]O,), clinocnstatite (C-en, Mg,[S1,]0,),
Ca-tschermakite (Ca-Ts; CaAI[AISi]O,), and Ca-eskolaite (Ca-esk; Ca, 0, Al[Si,]O,) (Fig. 4.5A).
Compositionally, the clinopyroxenes are Al-rich diopsides (Tab. 4.4), AL,O,-contents increase
with temperature from 4-5 wt% at 800-850 °C to almost 17 wt% at the highest temperature of 1200
°C (2.5 GPa). Above the solidus, silica contents decrease with temperaturc providing an increase
in alumina on the tetrahedral sitc from 0.01 Al pfu at lower temperatures (850 °C) to 0.30 Al pfu at
1200 °C. Supported by the decrease in Mg with increasing temperature, this suggests an increase
of tschermak’s component (Mg Si , AL) in clinopyroxenes with temperature (Fig. 4.5A). Calculated
M2 site vacancies amount to 0.03-0.08 pfu corresponding to 6.3-16.2 mol% Ca-eskolaite, increasing
with pressure at constant temperature. Experimentally produced clinopyroxenes with 4-9 mol%
Ca-eskolaite (at 3.5 to 7.5 GPa and 740-1180 °C)) were reported by Schmidt et al, (2004) in a pelite

and greywacke bulk composition. For a KCMASH composition, Hermann (2002) reported Ca-
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Fig. 4.5. (A) Clinopyroxene compositions with the endmembers diopside, clinoenstatite,
Ca-tschermak and Ca-eskolaite. The Ca-tschermak's component increases with tempera-
ture and Ca-eskolaite with pressure. Note that the highest Ca-Eskolaite contents are at ne-
ar-solidus temperatures. Typical standard deviation are indicated by the eclipse around
the point closest to Ca-tschermak's component. (B) Garnet composition displaying an in-
crease in grossular content with pressure,

cskolaite contents up to ~ 10 mol% at 4,5 GPa and 1100 °C, based on the correlation between the
total cations and the excess Al pfu on the M1 site. The samc relationship between M1, excess Al
pfu, and total cation deficicncy is observed in this study. In general, a comparison of Ca-eskolaite
component in clinopyroxenes from this study with the cxperimental results of Hermann (2002),
Schmidt et al. (2004), and natural clinopyroxenes from high pressurc terrains (15-20% at 5.0 GPa
and 1100 °C, Schultze et al., 2000; 8% at >3.3 GPa and 850 °C, Schmédicke & Miiller, 2000; ~12%
at 4.5 GPa and ~950 °C, Katayama et al., 2000) give comparable valucs. Nevertheless, in this
study, the maximum Ca-eskolaitc content at constant pressures are attained, not at the highest
temperaturcs as in Hermann (2002) and Schmidt et al. (2004), but at near-solidus temperatures
(850-950 °C) (Fig. 4.5A) similar to the experiments of Pertermann & Hirschmann (2003) at 3.0 GPa
on quartz eclogitcs. Above the solidus, the Ca-eskolaite content is near-constant (at 2,0 GPa) or
slightly reduced (at 2.5 and 3.5 GPa) with incrcasing temperature.

Garnets arc generally idiomorphic, vary from < 5 to 100 pm in size, and often contain
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inclusions of kyanite and quartz/coesite. Gamnct is formed by incongruent melting of kyanite +

clinopyroxene, is compositionally homogeneous in most experiments, and displays a systematic
increase in grossular (22 to 46 mol%, Tab. 4.2B) with pressure, but no significant change with
temperature (Fig. 4.5B).

Amphibole forms < 20 pm laths or tabular grains occasionally inclhiding aggregates of
kyanite and quartz inclusions. The analysed amphiboles contain 1,77-1,87 Ca pfu, 7.1 to 7.5 Si
pfu, and are magnesio- to tremolitic hornblendes exhibiting tschermak ‘s substitution and some
minor Ca Mg substitution. In the poorly developed amphibole grains in the run at 750 °C and 2.5
GPa, close intergrowths with clinopyroxene is inferred from a measured composition lying between

amphibole and clinopyroxene.

Table 4.5. Amphibole compositions”

Run no. 2.0/750 2.0/ 850 2.3/750 241750
No. analysesb 4 16 10 4

S0, 5342 (2.18) | 51.99 (0.79) | 54.29 (0.99) [ 54.90 (0.70)
AlLO, 9.74 (1.99) | 11.65 (0.88) 7.52 (0.94) 7.59 (0.77)
MgO 20.07 (1.40) | 2048 (0.55) | 2127 (0.55)| 20.65 (0.85)
Cao 12.26 (1.05) | 1215 (0.46) | 1229 (0.56) | 12.39 (0.75)
K0 0.34 (0.03) 1.14 (0.30) 0.63 (0.18) 0.64 (0.30)
H,O(calc)® 2.18 (0.01) 2.20 (0.01) 2.18 (0.01) 219 (0.02)
sum® 98.00 (0.19) | 9961 (0.47) | 98.17 (0.52) | 98.34 (0.79)
Si 7.341 (269) |  7.081 (89) 7.496 (128) | 7522 (98)
AV 0.659 0.919 0.504 0.478

AV 0.920 0.952 0.662 0.757

Mg 4.110 (285) | 4.157 (109) | 4.397 (124) | 4.186 (159)
Ca 1.805 (160) | 1.772 (71) 1.767 (69) 1.868 (103)
K 0.059 (5) 0.198 (51) 0.128 (27) 0.087 (53)
H 2.000 2.000 2.000 2.000

Sum 14.894 (137) | 15.080 (57) 14.953 (101) | 14.899 (61)

2 In wt% and cations pfu based on 46 charges. Numbers in parentheses are one
standard deviation in wt% or in terms of last digit(s). Thus, for cations 7.341 (269)
should be read as 7.341 + 0.269 cations pfu.

® Number of analysis.

° Calculated water content in wt%.

¢ Analytical totals of oxide components.
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Zoisite forms < 20 im prismatic or tabular grains oftcn comprising small inclusions of

clinopyroxene, mica or incompletely reacted starting material. No significant systematic
compositional changes arc detected. Careful analyses of large homogencous grains reveal up to
1 wt% MgO, indicating Mg-incorporation of up to 0.13 Mg pfu into the zoisite structure (Tab.
4.2B). The structure of zoisite was confirmed (with respect to clinozoisite) by micro-Raman
spectroscopy, which agrees with the results of Brunsmann ct al. (2002) and Poli and Schmidt
(1998, 2004), rcporting zoisite as the stable high pressure polymorph up to ~ 7 GPa at 1070 °Ciin
a CASH system.

Dolomite typically forms < 10 pm subidiomorphic grains with Xy, 0f0.44 t0 0.49, slightly
mote calcic than a stoichiometric composition (Tab. 4.2B).

Kyanite, quartz/coesite and corundum are pure in composition, generally forming < 25
im laths, tabular, or prismatic grains, often with irregular inclusions of all the other phascs
present in the phase assemblage as well as of incompletely rcacted starting material. Corundum
is most probably a product of incongruent melting of kyanite,

The first produced glass (quenched melt) forms small interstitial pools less than 5-10 um
in size. At all pressures investigated, clinopyroxcnc, kyanite, and quartz coexist with the initial
liquids, At 2,0 GPa further cocxisting phases are biotite, amphibole and zoisite, and at 2.5 GPa
phengite (+ transitional mica), zoisitc and dolomite, whereas at 3.0 GPa dolomite and at 3.5 GPa
zoisite constitutc the additional coexisting phascs. The initial liquids are relatively rich in K,0 (9-
11 wt%) and S10, (71-74 wt%), but low in CaO (2-4 wt%) and MgO (< 1 wt%) (Tab. 4.5), arc
metatuminous (A/(K+2*Ca)=0.66-0.98) granites (Na-free) with a AVK of 1.0-1.4 (Fig. 4.6), retlecting
the dominance of mica and quartz/coesite in the solidus reactions. Within a temperature increase
0f 100-250 °C above the solidus, the melts become enriched in Mg, Ca, and Al, due to melting of
clinopyroxene and kyanite, thus producing slightly peraluminous or metaluminous ((AV(K+2*Ca)

~ 0.98-1,04) granites. Further temperature increase results in garnct crystallization and meta-
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Fig. 4.6. Composition of the produced melts. (A) Nor-
mative composition in terms of quartz, plagioclase and
alkali teldspar (renormed to 100 wt%), showing a dis-
tinct trend with temperature from quartz and alkali-feld-
spar rich syenitic liquids towards higher normative pla-
gioclase contents, (B) Alumina saturation of the melts,
showing generally metaaluminous melts. Only at ~ 100-
200 °C above the first produced melts, slightly peralu-
minons melt compositions occur. (C) MpO-Ca0-KAIQ,
projection with analysed phase compositions and inferred
stability fields of gamet, clinopyroxene, zoisite and mica
for the 2.3 to 2.5 GPa experiments. Thick dashed line re-
prosent the melting path with increasing temperature tor
the 2.3 to 2.5 GPa experiments, from the eutectic (solidus)
through two peritectic melting (PM) reactions, loosing
#oisite in turn clinopyroxcne. Thin dashed line represent
the inferred mica upper temperature stability limit for the
3.0 to 3.5 GPa experiments.

5 GPaand ~0.7-0.75 at 3.5 GPa, representing

granodioritic to tonalitic melts at 2.5 GPa, and quartz-monzonitic liquids at 3.5 GPa,

4.5. Phase relations and abundances

Mineral and melt proportions across the biotite to phengite reaction in anearly isothermal

section below the solidus at 750-850 °C and along isobaric sections at 2.5 and 3.5 GPa are

presented in Fig. 4.7. We first discuss the biotitc to phengite and amphibole to clinopyroxene
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Table 4.6. Melt compositions®

P(GPa) / T(°C) 2.0/850 2,0/ 950 2.0/1050 2,3/900 25/850 25/ 950 2511050 2.5/1100 2,5/1200
No. analyses® 3 6 25 4 12 11 27 23 28

Si0, 7027 (0.34) | 7051 (1.02)[ 71.09(110)| 7160 (19 [ 7215 0.93) [ 7168 (0.99) | 6954 (1.02)| 7074 (0.95)| 59.70 (0.49)
ALO; 1312(1.04) [ 1623 052)| 1623 (059) | 1544 (1.82) | 1343 (0.28) | 15.66 204) | 17.03(0.39) [ 1619 19y | 2163 (0.28)
MgO 1,77 (0.71) 1.12 (0.65) 1.31 (0.13) 0.85 (0.26) 0.71 (0.12) 0.78 (0.17) 1.27 (0.23) 1.49 (0.27) 4.08 (0.34)
Ca0 5,18 (1.33) 4.31 (1.25) 4.47 (0.33) 3.62 (0.33) 3.40 (0.18) 3.29 (0.27) 5.56 (0.33) 539 (0.30) | 11.75 (0.20)
K,0° 9.66 (0.03) 7.83 (0.47) 6.89 (0.44) 8.50 (0.65) | 10.32 (0.65) 8.70 (0.29) 6.60 (0.54) 6.19 (0.76) 2.84 (0,07)
Total” (wt%) 92.71 92.13 94.44 90.62 90.15 90.68 90.95 94.06 95.60

si 3.157 (23) 3.116 (21) 3125 (22) 3.164 (48) 3.219 (13) 3.162 (68) 3.070 (19 3,109 (17) 2,681 (19)
At 0.695 (60) 0.846 (20) 0.841 (29) 0.804 (88) 0.706 (9) 0.816 (101) |  0.886 (15) 0.839 (10) 1,145 (17)
Mg 0118 (48) 0.074 (33) 0.086 (9) 0.056 (18) 0.047 (8) 0.051 (11) 0.083 (15) 0.007 (19) 0.273 (23)
Ca 0.249 (64) 0.204 (13) 0211 (17) 0171 (18) 0.162 (8) 0.156 (14) 0.263 (16) 0.254 (15) 0.565 (7)

K 0.554 (2) 0.441 (33) 0.386 (25) 0479 (36) 0.587 (36) 0.490 (18) 0.372 (30) 0.347 (14) 0.163 (3)
Tot. cat. 4773 4681 4648 4674 4,722 4675 4673 4,646 4828
Al{(K+2*Ca) (apfu 0.66 1.00 1.04 0.98 077 1.02 0.99 0.98 0.89

AVK (apfu) 1.25 192 2.18 1.68 1.20 1.66 238 242 7.03

Qiz® 26.8 0.6 345 31,0 284 30.7 31.7 34.9 222

Plag® 8.3 218 231 17.5 66 16.7 279 27.0 58.4

Kisp® 64.9 476 42.4 515 65.0 52.6 404 381 19.4
B(GPa)/ T(°C) 2511250 2.5/1300 3.0/950 3.5/950 3.6/1150 3.5/1200 3.5/1250 3.5/1300 37/1100
No. analyses” 13 12 7 11 10 12 17 24 11

SiO, 58.66 (0.27) | 5652 (0.36) | 7260 (0.87) | 74.63(1.34)] 6889 (0.34) ] 85.36 (0.67) | 62.00 (0.36) | 59.42 (0.28) |  72.42 (168)
ALO, 2143(027)| 2238(0.22) 1310025 ( 13.38(050) | 1531 (011) | 1712023 1008 ©17)| 19.81 (20) | 15.15 (1.68)
MgO 4.41 (0.12) 7.55 (0.24) 0.49 (0.16) 0.49 (0.12) 1.73 (0.25) 2.47 (0.09) 3.32 (0.07) 4.82 (0.17) 0.59 (0.22)
Ca0 12.76 (0.13) | 12.46 (0.10) 2,58 (0.32) 245 (0.20) 798 (013)|  1082(0.20)] 1214 (0.13) [  13.31 (0.10) 2.95 (0.75)
K,0° 2.75 (0.04) 2,00 (0.03) | 11.22 (0.82) 9.05 (1.17) 6.00 (0.09) 4.23 (0.05) 3.45 (0.05) 2.95 (0.04) 7.88 (0.97)
Total” (wt%) 91.91 92.96 91.98 90.08 89.00 89.88 90.14 91.06 9253

Si 2.648 (7) 2,516 (8) 3.244 (24) 3.280 (27) 3.064 (12) 2.922 (14) 2,788 (7) 2691 (8) 3.187 (63)
Al 1.140 (11) 1.195 (9) 0.690 (8) 0.693 (23) 0.803 (6) 0.902 (13) 1.012 (9) 1.041 (9) 0.786 (78)
Mg 0.296 (7) 0.510 (14) 0.033 (11) 0.032 (8) 0.115 (16) 0.165 (6) 0.222 (5) 0.325 (11) 0.039 (15)
Ca 0,617 (6) 0.605 (5) 0.124 (16) 0.115 (9) 0.380 (6) 0518 (11) 0.585 (6) 0.646 (5) 0.186 (38)
K 0.158 (2) 0.121 (2) 0.639 (48) 0.507 (62) 0.345 (5) 0.241 (3) 0.198 (3) 0.170 (2) 0.442 (54)
Tot. cat. 4.861 4,947 4730 4627 4707 4.748 4805 4874 4,641
Al(K+2*Ca) (apfu 0.87 0.90 078 0.94 0.73 0.71 0.74 0.71 0.97

AUK (apfu) 7.20 2.91 1.08 137 232 3.74 510 612 1.78

Qtz® 204 14.1 271 353 329 30.9 259 216 34.0

Plag® 60.2 70.1 28 10.0 267 39.9 498 56.3 185

Kisp® 19.4 15.8 70.2 547 404 202 243 221 476

® In wt% and apfu based on 8 oxygens, Numbers in parentheses are one standard daviations in wt% (oxides) corrected to norm and for cations in tarms of last digit(s). Thus,

3.018 (38} is read as 3.018 + 0.038 cations pfu.

® Number of analysis used in mass balance calculations.
° K,0 content adjustad for potassium loss from thermal diffusion during EMPA. K,O concentrations are calculated from mass balanced fractions and bulk K20.

a Analytical sum including corraction for calculated K20 content in ad. (c.
® Nomnative composition in terms of the endmembers quartz, plagiociase and alkali-fledspar.

transformations, and then mclting reactions, essentially reflecting the predominance of potassic

phases on the high pressure phase relations of lithologies with an important pelitic component.

4.5.1. The transformation reaction of biotite to phengite.
The biotite to phengite transition is a key rcaction in any crustal K-rich lithology and

has major implications for the melting behaviour in subduction zones. Micas are among the first
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mincrals that disappear through melting and host many key trace elements and isotopes such as

LILE (K, Rb, Ba), Sz, B, 1’Be and 2’Pb (Dominak et al., 1993; Plank & Langmuir, 1998; Ishikawa &
Nakamura, 1994). In this study, we have constrained the reaction from biotite to phengitc taking
placc over a pressure range of 2.4 to 2.6 GPaat 750-850 °C (Fig, 4.2, 4.7A). Across the biotite to
phengite transformation, the proportions of zoisite+quartz/coesite decrease and of clinopyroxcne
+kyanite increase, whereas the sum of biotite+phengite remains almost unchanged and close to
the expected 20 wt%. This suggests a K,O-conservative biotite to phengite reaction, buffered by
zoisite, quartz/cocsite, clinopyroxene and kyanite. The experiments allow quantification of the
breakdown reaction from analysed phase compositions just within the stability field of phengite

(at 2.7 GPa) and biotite (at 2.3 GPa) at 800 and 850 °C;
1.00bt+0.79 zoi+ 1.90 gtz/coe = 1.00 phe +1.70 cpx + 0.59 ky + 0.40 H,0 (1)

(reaction coefficicnts are molar, melt being normalized to & oxygens). The reaction nccessarily
preserves K, O as no other K-bearing phase is observed, but somewhat surprisingly, reaction (1)
is not H,0O conservative. The amouat of fluid produced from zoisite (~0.5 wt% H,O in our
experiments) would either causc a decrease of the Xeo, m the fluid, or some concomitant dolomite

decarbonisation, however, the latter is within crror in our mass balance.

4.5.2. The breakdown reaction of amphibole to clinopyroxene.
Amphibole is stablc in the region below ~875 °C at 2.0 GPa to ~740 °C at 2.5 GPa. At

higher pressurcs and above ~ 750 °C the calculated devolatilization reaction
1.00 amph+0.20zoi = 0.64 cpx+ 0.30ky+0.26 H,0 2)

accounts for the replacement of amphibole by clinopyroxenc, in addition it produces some minor

biotite (~ 1.4 wt% in thc cxperiments) proportional to the potassium content of the amphibolc.
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Both the amphibolc to clinopyroxene and the biotitc to phengitc transformation reactions

show, that zoisitc is most abundant in the low temperature, low pressure portion of the P-T grid
(from 40 wt% at 750 °C, 2.0-2.3 GPa down to 9 wi% at 850 °C, 2.5-3.5 GPa). In a first step, the zoisite
abundance is reduced by ~ 10 % relative through the amphibole to clinopyroxene rcaction, then,
across the biotite to phengite transition zoisite is reduced to one fourth, and finally, at 5 GPa and
1050 °C (data from own experiments) zoisite is absent at subsolidus conditions, defining a wide

P-T region of stepwisc and progressive zoisite dehydration.

4.5.3. Initial melting reactions and relations (~ 850-95(0 °C)

The isobaric sections (Fig. 4.7B+C) illustrate the initial melting of a mica+zoisite+quartz/
coesitc+dolomite assemblage. Mclt proportions for the experiments first producing liquid at 2.0
and 2.5 GPa is 10 respectively 7 wt%, at 3.0 GPa~ 19 wt% and at 3.5 GPa~ 24 wt%. At 2.0 and 2.5
GPa, the persistence of mica (9 and 12 wt%), zoisite (22 and 9 wt%) and amphibolc (8 wt%:; only
2.0 GGiPa) indicate a wider temperature range for thc multivariant solidus reaction, with more
steadily increasing early melt fractions, than at 3.0 and 3.5 GPa, where no mica and only ~ 2 wt%
zoisite (at 3.5 GPa) is left in each lowest temperaturc supersolidus experiment, thus producing
larger apparent initial melt proportions. Melt proportions probably reflect the coexisting phase
assemblage and the amount of overstepping of the solidus in temperature. The fluid-present
solidus above 2.5 GPa is constrained to a narrow reaction band (< 50 °C), determined by the
almost immediate breakdown of phengite, occurring at~ 850 °C (2.5 GPa; Fig.4.3D), at ~ 900 °C
(3.0 GPa) and < 950 °C at 3.5 GPa (Fig. 4.3B). Incongruent melting of phengite+zoisite+coesite

producing silicate melt+clinopyroxene+kyanitc occurs through the reaction

1.00 phe+0.32 zoi + 1.14 coe (+fluid) = 0.91 melt+0.51 cpx + 1.04 ky 3
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at 3.0 and 3.5 GPa. Duc to the much larger solubility of H,0 vs. CO, in silicate melts (e.g. Papale,

1999; Dixon et al., 1997; Holloway & Blank, 1994; Hammouda, 2003; Wallace and Anderson,
1999), it is expccted, that the fluid composition shifts drastically to a higher Koo, at the solidus,
thus the reaction is calculated applying a low Koo, = 0.02 for the silicate melts.

Below 2.5 GiPa initial melt is produced through incongruent melting of biotite (and
amphibole) instead of phengite. At ~ 2.4 GPa (~860 °C) the breakdown of biotitc and dolomitc
coincide. The solidus at 2.4 GPa is also the biotite-out, whereas zoisite and quartz melt out at ~ 50
°C higher. At 2.3 GPa and below, dolomite decarbonizes at subsolidus conditions, No other
carbonate is formed, thus like at 2.5 to 3.5 GPa, the previously dolomite contained CO, cnters the

fluid. Similar to the melting reactions at = 2.5 GPa, the calculated solidus melting reaction at 2.3

GPa consumes mica (biotite)+quartz+zoisite to produce melt+clinopyroxene+kyanite through

1.00bt + 1.66 zoi +4.17 qtz (+fluid) = 1.52 melt +3.07 cpx +2.24 ky @

Complecte decomposition of all rcactants between 850 and 900 °C indicates that the overall
solidus reaction (4) is composed by several melting reactions (scc Fig. 2). Compared to the
phengite-controlled solidus reaction (3), larger proportions of zoisite (35 wt%) and quariz (18
wt%) are consumed for the massive production of clinopyroxene (9 to 48 wi%) and kyanite (17
wt%) across the solidus. At 2.0 GPa the solidus reaction (~840 °C) involves amphibole togcther
with biotite, A breakdown melting reaction could not be mass balanced with confidence, but from
the ncar-solidus experiment at 850 °C (Fig. 4.3F) and Schreincmaker constraints, the qualitative

melting reaction

bt +amph+ zoi + qtz+ fluid = ¢px + ky + melt (5)

is most likcly responsible for the first melt produced just below 850 °C.
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4.5.4. Melting above 1000 °C

Towards higher tempcraturcs, melt proportions increase only modcratcly, until
substantial incongruent melting of clinopyroxene+kyanite begins (Fig, 4,7B+C), forming garnet

through the reaction (at 2.0-2.5 GPa)

0.83 cpx+0.42ky = 1.00 melt+0.25 gt (6)

which takes place from 950 to 1050 °C (Fig. 4.3G+H). At 1200 °C (2.5 GPa) kyanite disappears

through the peritectic reaction

0.74 cpx +0.57ky = 1.00 melt+0.12 gt+0.19 cor U]

producing a significant proportion of melt (Fig. 4.7C) and addtional corundum (< 2 wt% in the
experiments) just below the liquidus. Corundum was not observed at 3.5 GPa. At 2.5 and 3.5 GPa,
clinopyroxcne exhausts between 1200 and 1250 °C, and garnet is stable to the liquidus at 2.5 GPa.

Despite the temperature interval from 950 and 1100 °C at 3.5 GPa comprises the melting-
out of zoisitc and coesite, and the garnet-in reaction, only 0.8 wt% clinopyroxene and 1.8 wt%
kyanite is consumed, and 1.7 wt% garnet and 3.2 wt% silicate melt produced (Fig. 4.7B), Above
1100 °C the melt fraction incrcascs almost constantly by 2.3 wt% melt per 10 °C, reflecting a
continuous melt generation within the garnet+kyanite+melt+clinopyroxcne stability ficlds. At

3.5 GPa, clinopyroxene melts out through the reaction

0.77 cpx +0.38 ky = 1.00 melt+0.15 gt ®)

producing a small amount of additional garnet,
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4.5.5. The liguidus surface

The melting relations define the liquidus surface of the KCaMAS-HC system, projected
from quartz/coesite, kyanitc, and fluid, thus leaving the principal components MgQ, CaO and
K,O (Fig.4.6C). As to be expected, the lowest temperature liquid oceurs close to the K, O-corner,
where peritectic melting (PM) takes place through reaction (3), (4) or (5) producing clinopyroxene.
In our bulk composition, phengite melts out first, liquids then evolve along the peritectic ling
zoisite = clinopyroxene+liquid. Both the peritectic PM and the peritectic line at higher tempcrature
shift towards K O with pressure, resulting in a clear difference of melt compositions between the
cxperiments at 2.0-2.5 and at 3.5 GPa. When zoisite is exhausted with further increasing
temperature, liquids leave the zoisite/clinopyroxenc peritectic line and evolve on the clinopyroxcne
liquidus surfacc, simply consuming clinopyroxene. At 1050-1100 *C, liquids encounter the peritectic
line clinopyroxene = garnct+liquid, and evolve on that linc until clinopyroxene is exhausted. It
should be noted, that both clinopyroxenc and garnet vary in their composition along the MgO-
Ca0 edge of the triangle, clinopyroxene becoming more aluminous through tschermaks cxchange

mainly with temperaturc (Fig. 5A) and garnet becoming more magnesian with pressure.

4.6. Comparison of the P-T grid to previous high pressure experimental studies.
Experimental studies of high pressure metasediments are mostly on natural CO,-free
pelites and their simiplificd synthetic subsystems. First, we compare subsolidus phase relations,

with emphasis on the biotite to phengite reaction, then melting reactions and melt compositions.

4.6.1. The biotite to phengite transformation and subsolidus phase relations.
The stability of biotitc in KCaMAS-HC and subsystems is very much bulk composition
dependent. Quartz+kyanite saturated bulk compositions morc calcic than the tie-lines clinopyro-

xene-phengite (Fig. 4.8A) will have biotite reacting completely to phengite with pressure, bulk
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compositions in the triangle clinopyroxene-phengite-biotitc will have phengite and biotite

coexisting at high pressure, whereas loss calcic but strongly magnesian compositions preserve
biotite to high pressures without forming phengite.

Own unpublished cxperiments (2.5-6 GPa, 850-1100 °C) on a MgO-rich bulk composition
(15.22 wt% MgO) with a molar Ca/(Ca+Mg) of 0.28 (MA in Fig. 4.8A) produced biotite with
octahedral occupancics of 2.44-2.91 apfu up to 6 GPa and no phengite, indicating a bulk Ca:Mg
control on the biotite to phengitc transformation in KCaMAS-HC.

Experiments in KCMASH at 2.0-4.5 GPa, 680-1050 °C with 2-5 wt% H,O (Hermann, 2002,
2003) produced biotite and phengitc coexisting from 2.5 to 3.9 GPa at 780 °C, This pressure range
narrows towards higher temperatures and terminates by melting near 900 °C at 3.0 GPa (Fig. 4.8
ad. 2). A phengite stability ficld above 2.5 GPa is consistent with our results. On the other hand,
in Hermann’s experiments biotite is stable to 1 GPa higher pressures and 50 °C higher temperatures
(at 2.5 GPa) than in our study. This reflects the lower Ca/(Cat+Mg)=0.35 of Hermann’s bulk
composition compared to our experiments (=0.54), thus stabilizing biotite and forming

phengite+orthopyroxcne through the reaction

bt+ky + qtz = phe + opx ©)

Our higher Ca:Mg ratio stabilizes clinopyroxene+zoisite mstead of clinopyroxene + orthopyroxene,
buffering the biotitc to phengite reaction (1). The higher Ca:Mg ratio also displaces the garnet
stability ficld towards higher temperaturcs, In both studies, amphibole is stablc only below 2.2
GPa at 800 °C to below 3.0 GPa at 750 °C, replacing clinopyroxene (Hermann, 2002).

In the KMASH experiments up to 4,5 GPaand 1100 °C of Massonne & Schreyer (1989),
Massonne & Spzurka (1997) and Massonne (1992) on various Mg-rich, H,O-saturated bulk

compositions, the reaction

tlo+phe = bt +ky+qz+HO0  (10)
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(Massonne & Schreyer, 1989) was determined to define the lower pressure stability limit of

phengitc (+talc) at 1 GPaand 610 °C to 2.7 °C and 800 °C, crossing our mica transition ficld at 2.5
GPa and 770 °C (Fig. 4.8B ad. 3). In KMASH, the upper pressure stability limit of phlogopite+

kyanite+quartz is defined by

phl + ky + q = phe + pyropc (1)

This reaction is located at 2.5 GPa and 700 °C (Massonne, 1992) to 2.7 GPa and 810 °C (Massonne
& Spzurka, 1997; Fig. 4.8B ad. 4), conditions surprisingly similar to our system,

Natural (CO,-free) pelite and greywacke, at low pressurcs composcd of biotite+
plagioclase+quartztkyanitc reacts to phengite+garnet+quartz+kyanite with increasing pressure.
For pelite, Viclzeuf & Holloway (1988) determined the biotitc to phengite reaction band to 1.8-2.0
GPa at 700-800 °C (Fig. 4.8 ad. 5), whercas Auzanneau ct al, (2006) located this reaction band for
a greywacke to 1.8-2.6 GPa at 800 °C, narrowing towards 2.2 GPa and 900 °C (Fig. 4.8 ad. 6).

For tonalites, the biotite to phengite teaction occurs at much lower pressurces; in the
H,O-saturated tonalite melting experiments of Schmidt (1993) (Fig. 4.8 ad. 8) at 1.3 GPa (and 650
°C) coexisting with amphibole+plagioclaset+epidotet+quartz and in the H,O-undcrsaturated
experiments of Pating Douce (2005) (Fig. 4.8 ad. 9) at 1.7-1.9 GPa (and 800-900 °C) coexisting with
Kfsptepxtgarnct+quartz+melttkyanite,

The upper pressure stability limit of amphibole in our experiments is similar to experiments
on fluid saturated mafic compositions, extending to no more than 2.5 GPa at 700 °C (summarized
by Poli & Schimidt, 2002). Zoisite is generally limited to below 3 GPa in natural bulk compositions
(Poli & Schmidt, 2002), the higher pressure stability limit of zoisitc in our Fe-free cxpcriments
rcflects the absence of garnet at subsolidus conditions and the high Ca:Mg ratio compared to
most other bulk composition. P-T stability conditions of Mg-Ca-carbonates from several studies

(Yaxley & Green, 1994; Molina & Poli, 2000; Kerrick & Connolly, 2001; Hammouda, 2003; Yaxley
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& Brey, 2004) indicatc dolomite as the stable carbonate between 2 GPa at 600-750 °C and 3.0-5.0

at 900 °C relative to calcite, Mg-calcite, aragonite and magnesite, which is confirmed by our

cxperiments.

4.6.2 Comparison of solidus, melting relations and melt compositions.
Initial mclting begins at ~100 °C lower temperaturcs in thc KCMASH cxperiments of
Hermann & Green (2001) and Hermann (2002) than in our study (Fig. 4.8, ad. 2). This is due to the

cffect of CO,, lowering a,

0 in the fluid of our study. Phengite melts out at similar temperaturcs (at

2.5-3.5 GPa), but the upper thermal stability limit of biotite at 2.0-2.5 GPa is about 50 °C higherin
Hermann’s experiments which is caused by the diffcrences in bulk composition. Initial liquids are
slightly peraluminous granites, increasing in normative K-feldspar with temperaturc (Hermann &
Green, 2001), whereas our experiments produce metaluminous granites increasing in normative
plagioclase with temperaturc (Fig. 4.6A). This reflects a lower butk SiO, and higher CaO content
compared to Hermann & Green (2001). In both studies, initial melt compositions are almost
invariable with pressure,

K-bearing eclogites composed of phengite+clinopyroxene+garnet+quartz/coesitetkyanite
produce potassic Si-rich granites, comparable to our melts, through phengite-controlled initial
melting at 4 GPa and 850-900 °C (Schmidt ct al. 2004). Below 3.0 GPa, melt compositions represent
granodiorite, tonalite or trondhjemite (Poli & Schmidt, 2002), and at ~ 2.0 GPa, the fluid-absent
breakdown of phengitc in pelites at ~ 825 °C produces granitc melts (Fig. 4.8 ad, 5; Vielzeuf &
Holloway 1988).

For tonalite, melting abovc 2.5 GPa is controlled by phengite (+zoisite) (Schmidt 1993,
Patifioc Douce 2005). In H,0-undersaturated tonalite, phengitc breaks down at ~150 °C higher
temperatures, reflecting a lower bulk yo than for our bulk composition (Patifio Douce 2005),

whereas in H,O-saturated bulk, the phengite-dominated solidus occurs at 600-700 °C (Schmidt,
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1993), duc to a higher @, . Biotite generally breaks down at lower pressures, in H,0-undersatu-

rated tonalite together with amphibole at ~ 900 °C (at 1.5 GPa) producing K-feldspar through

bt + amph + plag + qtz = cpx + gt + kfsp + mclt (12)

In a H,O-saturated bulk, K-feldspar is absent (Poli & Schmidt, 2002; Hermann, 2002; Boettcher,
1970), and epidote/zoisite stabilizes instead of plagioclase, resulting (for Na+Fe-free compositions)
in a melting reaction comparable to our reaction (5).

Experiments at 1.5 to 3.5 GPa and 700-1000 °C on tluid-saturated carbonate-bearing
cclogite (altered oceanic basalt) with 10 wt% calcite, (Yaxley & Green, 1994), produced just above
the solidus at 700-750 °C, silicate melt and CO,-enriched fluid. Omphacite is omnipresent, whercas
garnct is limited to < 1.5 GPa and 850-1000 °C, and amphibole to below 2.5 GPa and 950 °C. Thus,
our petrogenctic grid is also comparable to mafic compositions, taking into account, that iron

significantly enlarges the garnet stability ficld.

4.7. Discussion
4.7.1 The effect of Na and Fe in carbonate-saturated pelites

Natural compositions contain significant amounts of Na and Fc, which affect phasc
relations, but without producing further phascs in the P-T region studied. Na is incorporated in
the jadcitic component in clinopyroxene or in the albitc component in plagioclase, both would
not change the observed phasc rclations substantially as our experiments are at pressures
above plagioclasc stability, and the lowering of diopside activity in clinopyroxene would only
have a minor effect. Na is a major component in barroisitic amphiboles which would be stable at
750 °C. Nevertheless, comparison to experiments of Poli & Schmidt (1995) show, that the effect of

Na on the amphibole to clinopyroxene transformation pressure is small, barroisitic amphibole not
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being stable above 2.5 GPa, compared to 2.4 GPa in our system (at 750 °C).

Fe partitions strongly into garnet, increasing the garnet stability field to much lower
temperatures and the phasc asscmblage jadeitic cpx+garnet+phengitet+carbonate (aragonite,
dolomite or magnesite)tzoisitctquartz/coesitex kyanite is expected to be the dominant high
pressure subsolidus phase assemblage for carbonate-saturated pelites above ~ 2.5 GPa and 750
°C in natural systcms. The shift of garnet stability to higher pressures in Fe-free synthetic
systems stabilizes zoisite, which dccomposes with pressure to grossular+kyanitetcoesite+H,0
in the CASH system (Poli and Schmidt 1998).

Addition of Fe and Na would also lower solidus temperatures slightly, mostly due to
incorporation of Fe into micas and amphibole which melt out at the solidus. The effect of Na in
clinopyroxene on the melting temperature lessens with pressurc as Na is partitioned into

clinopyroxcne and not into the melt (Schmidt et al. 2004).

4.7.2 The contribution from carbonaceous pelites to the recycling of H,O and CO, at convergent
margins

For the studied carbonate-saturated pelite composition, all decarbonation and melting
reactions could only take place in very high temperature subduction zones (Kerrick & Connolly
2001; Kincaid & Sacks 1997). Consequently, (for closed-system behaviour) melting of subducted
fluid-saturated carbonate-bearing pelites does not provide a significant volatile source for the
generation of arc magmas at most subduction zone conditions, In terms of the global water and
carbon cycle, this indicates that carbonate-bearing pclitcs will mostly be subducted to depths in
cxcess of 120-150 km depth without releasing significant portions of their CO, or H,O contained
in carbonates and hydrates, carrying their CO, and H,O into the deeper parts of the upper mantle.
For the carbonate-bearing protolith considered here, the subsolidus rcactions occurring at all P-

T paths arc the biotite to phengite transformation, which releases H,O through the partial
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consumption of zoisite, and the decomposition of amphibole around 80 km dcpth (at 700 °C)

producing approximately 0.5 wt% H,0. Decarbonation of dolomite occurs at > 750 °C near 2.0
GPa, if dolomite survives 60 km depth, virtually no CO, will be rclcased through subsolidus
reactions during deeper subduction.

This agrees well with the model phase diagram calculations of subducted carbonate-
bearing marine sediments (e.g. clay-rich marl) of Kerrick & Connolly (2001), which predict that
carbonate-bearing metascdiments arc extremely volatile conservative. Our experiments
demonstrate, that melting is necessary to liberate substantial amounts of their H,O and CO,,

however, necessary temperaturcs are exceedingly high in the subduction environment,

4.7.3 Terrains that may record devolatilization or melting reactions in carbonaceous pelites

Figurc 4.9 compares geotherms from high pressurc metamorphic terrains with carbonate-
pelite rocks to our P-T grid. The geotherms from Dora Maira (W. Alps), Western Gneiss Region
(Norway), South Dabie Shan and Dabic Sulu (China) show peak P-T conditions of 3 to 4 GPa at
750-800 °C within the phengite stability field, and near-isothermal decompression through the
biotite stability ficld. Conscquently, carbonaceous pelites from these regions would not have
undergone partial melting without external influx of H,O-rich fluids, and are expected to show
evidence of the phengite to biotitc transformation (e.g. biotite overgrowth) and the clinopyroxene
to amphibolc transformation. Naturally, for the preservation or complete reequilibration of the
high pressure phase assemblage during unloading, the amount of fluid prescent during
decompression is an important mechanism (Heinrich, 1982). In contrast to the Dora Maira and
South Dabie Shan, carbonaccous pelites from the Western Gneiss Region and Dabie Sulu are
expected to loose their carbonates through decompression decarbonation at ~2 GPa. The
geotherms from the Kokchetav Massif and Central Dabie Shan both cross the solidus in the

petrogenetic P-T grid during their retrogressive stages. Thus, carbonaceous pelites from such
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areas will most probably undergo phengite-controlled partial melting, as a result of ncar-isothermal

decompression melting during their retrogression. Consequently, (and assuming complete
reequilibration) phengite will decompose and any biotitc that forms at lower P-T conditions

cannot be a result of the decompression reaction of phengite to biotite.
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Fig. 4.9 (previous page). The petrogenetic grid (thin black lines with reactions) at 2.0-
3.7 GPa and 700-1050 °C for carbonate-saturated pelite in KCaMAS-HC, based
on the experimental results (Fig. 4.2) and chemographic analyses of phase relations
(inset and Fig. 4 1). Large point denote invariant points. Changes due to the quartz/
cocsitc transformation (Bohlen & Boctcher, 1982) are not considered. Geotherms
from high pressurc mctamorphic terrains with carbonate-bearing metascdiments are
insertcd for comparison to the phasc stability fields of the produced P-T-grid. Thick
arrowed paths denote geotherms (1) Dabie Sulu (Nakamura & Hirajima 2000, Faure
ct al. 2003a+b; Wang et al. 1993). (2) Dabie Shan (Faure et al. 2003a).(3) Dora
Maira (Schertl et al. 1991; Rubatto and Hermann 2001). (4) Kokchetav UHP Massif
(Zhang ct al. 1997, Shatsky et al. 1995). (5) Western Gneiss Region (Terry et al.
2000).
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Abstract

Melting experiments on a Fe-rich carbonate-saturated pelite were performed at 850-
1300 °C and 2.5-5.0 GPa to define the conditions to which carbonates remain residual to sediment
melting. For this purpose, phase relations, melting conditions and melt compositions were deter-
mined. In this fertile bulk composition, 30 wt% potassic granite (2.5 GPa) to phonolite (5.0 GPa)
arc generated at the fluid-absent solidus, The latter is located at 900 °C, 2.4 GPa and 1070 °C, 5.0
GPa. Phengite+quartz/coesite control initial silicate melting and melt productivity through the
reaction phengite+quartz/coesite+clinopyroxenc+calcite = silicate melt+kyanitc+garnet, which
leaving most of the Fe-Mg-calcitc in the residue. Fe-Mg-calcite disappears only through the
formation of Ca-carbonatite at 1100 °C, 3.5 to 5.0 GPa. The experiments provide a possible sourcc
for Ca-carbonatites in combination with alkalinc granitic to phonolitic melts at temperaturcs
unlikely to be achicved during ongoing subduction, but which can easily be obtained when
burying rates slow down or subducted crust becomes incorporated into the mantle. Consc-
quently, it is likely that carbonates will not be recycled extensively in a typical subarc region,
thus cxtending and confirming earlier results from subsolidus studies (Connolly 2005), where
>70-80% of the subducted carbonate will bypass the volcanic arc region and get buried to larger

depths.
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5.1. Introduction

A principal factor in the formation of arc magmas is the availability and composition of
fluids or melts derived from the subducting crust through devolatilization or melting of carbon-
ates and hydrous mincrals (Gill 1981, Poli & Schmidt 2002). Furthermore, the decp burying rate
vs, arc depth recycling rate of volatiles is one of the key parameters driving the sccular geochem-
ical cvolution of the mantle, crust, and hydrosphere. Within the subducted oceanic crust, hy-
drated basalt and to a lesscr cxtent hydrated gabbros constitute the major H,O source (Bebout
1996, Staudigl, 2005). Nevertheless, oceanic sediments play a significant role in the recycling of
volatiles duc to their high carbonate contents in combination with hydrous minerals driving
metamorphic and melting reactions. Most prone for proliferating CO,-bcaring fluids or melts arc
carbonaceous pelites as their high initial H,0 and CO, contents, in combination with quartz
saturation and the highest K,0 and Na,O contents in the subducting lithosphere causc large
amounts of H,O-rich sheet silicatcs to be stable at subsolidus conditions and the lowest melting
temperatures, compared to any other CO, -bcaring subducted lithology. Carbonate-saturated
pelites (protolith are carbonate-bearing clay, often with siliceous material and volcanic ash in
addition, Plank & Langmuir 1998) are common shelf and platform sediments (Bucher & Frey
2002) being subducted in most modern subduction zones, and are common in most metamorphic
high pressure terrains (Droop et al. 1990),

For CO,-free pelite, greywacke and mafic compositions, experimental studies show that
phengite (Si-rich white mica) and zoisite dominate fluid-present and -absent melting reactions in
the subducted slab at pressures betwcen 2.5 and 9 GPa (Nicolas et al. 1994, Schmidt et al. 2004,
Auzanneau ct al. 2006) and that complete devolatilization occurs at the solidus. For carbonate-
bearing sediments, thermodynamic calculations (Kerrick & Connolly 2001, Connolly 2005), not

including a melt phase, demonstrate that only minor decarbonation occurs through metamorphic
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reactions at tempcratures typical for subduction zoncs. Furthermore, even massive flushing of

metasediments with aqueous fluid derived from the dehydration of underlying serpentinized
oceanic mantle would not remove a large fraction of the CO, contained in the oceanic crust
(Connolly 2005). One is thus lcft with the option of recycling CO, at arc depth through melting
processes.

In this study, we aim to understand which conditions are necessary for the complete
recycling of CO, from subducted scdiments. We thus study the phasc petrology of a fertile, Fe-
rich carbonate-saturated pelite, detcrmining the fluid-absent solidus, and focusing on initial

melting reactions, conditions, and melt compositions.

5.2. Experimental and analytical methods
5.2.1 Starting material

The bulk composition (Tab. 5.1) corresponds to a Fe-calcarcous clay from the Antilles
(Ant543, Plank & Langmuir 1998, their Tab. 1) simplificd in K,O-Na,0-CaO-FeO-Fe,0,-MgO—
Al1,0,-8i0,~H,0-CO, (KNCaFMAS-HC). The subsolidus phase equilibria and volatile content
of this composition have been calculated by Kerrick & Connolly (2001). The carbonate-saturat-
ed bulk composition has an atomic K:H ratio of 1:2, as in K-micas, and is thus expected to be
either fluid-absent at high pressure subsolidus conditions or at least have a tiny amount of H,O-
CO, fluid present. If all H,0 and K,O arc stored in mica and all CO, in carbonate, this bulk
composition produces 26 wt% whitc mica and 11 wt% carbonate at subsolidus conditions, The

starting material is made of powders of 8iO,, AL O,, fayalite, diopside, albitc and a synthetic

273

KAl Mg, Si O, glass, which were milled and grinded to < 5 um, and then mixed with Al(OH),

357710

and CaCO, to introduce the desired proportions of H,0 and CO,.
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Table 5.1. Bulk starting composition (wt%)

Bulk (AM) _ Ant543° calcschist” Pelite
Si0, 47.6 46.6 445 64.4
Al,Os 22.8 18.0 18.3 18.1
FeQy, 92 7.4 48 6.3
MgO 2.0 16 28 24
Ca0 6.8 55 9.7 1.5
Na,0 24 1.9 14 17
K;0 3.6 28 34 2.6
H0 1.1 12.0 2.8 2.1
COo, 4.8 38 107
SUM 100.3 99.5 98.4 99.1
Al(Na+K+2*Ca)™o® 0.70 0.69 0.44 0.50
Alf(Na+K)™=" 2.91 2.90 3.06 0.72
K;0/Na,0 1.5 1.5 24 1.5
Xyg(Fey) (molar) 0.28 0.28 0.51 0.50
Ko™ 0.64 0.12 0.61 -

? Fe-calcaraous claystone, Antilles (p. 339 in Plank & Langmuir, 1998).
® Calc-schist ME886 from the Alps (Frey, 1978).
® Pelite CO821 (Vielzeuf & Holloway, 1988).

5.2.2 Experimental procedure

Expcriments were carried out at ETH-Ziirich (Switzerland), CNRS, Clermont-Ferrand
(France) and ANU, Canberra (Australia), The 5.0 GPa cxperiments were performed in a Walker-
type multi-anvil module with 25 mm edge length MgQ octahedrons as pressure medium. At ETH-
Ziirich, 25 mm cdge length WC-cubes with 12 mm truncation was employcd, whereas 32 mm edge
length WC-cubes with 17 mm truncation edge lengths was used at CNRS. Assemblies at ETHZ
were composed of two graphite furnaces (one stepped), boron nitride powder, molybdenum end
sleeves and internal MgO spacers, At CNRS, asscmblies were composcd of a ZrQ, insulation
sleeve, a stepped LaCrO, furnace with a graphite disc and ring between furnace and WC-cubes,
and inner MgO cylinders. Two or three Au,,, or Au,Pd, capsules of 1.6, 2.0 or 2.3 mm O.D.
(length ~2.0 mm) were used in each cxperiment, placed on each sidc of the central thermocouple.
Temperature gradients within the capsules were +10 °C/2 mm (at 1000-1050 °C). Pressure calibra-

tion was against the quartz-coesite transformation at 3.1 GPa— 1000 °C (Bose & Ganguly 1995),
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reaction at 6.1 GPa, 1200 °C (Susaki ct al. 1985). Experiments below 5.0 GPa were conducted in

end-loaded piston-cylinders with 14 mm (ETH) or 12.7 mm (ANU) bores. Capsules of Au,  or
Au,Pd, were applied at < 1100 °C and Au Pd, capsules at > 1100 °C. The experimental ap-
proach and used assemblics is described in detail in Thomsen & Schmidt (in review, chapter 4).
For all experiments, the temperature was controlled automatically by Eurotherm controllers with-
in+2 °C, using cither a B-type (Pt,,Rh /Pt Rh, ) (ETH, ANU), or S-type (Pt,,,/Pt, Rh, ) thermo-
couple (CNRS). Quenching was done by turning off power to the furnace. Capsules were mount-
ed longitudinally in epoxy resin, then polished to the centre of the capsule by a dry-polishing or
a silica colloid wet-polishing method. Graphite was not produced in any of the experiments,
suggesting oxygen fugacities (qu) above the graphite-CO-CO, (CCO) buffer or even the graph-
ite-H, 0 buffer. Maximum oxidation of Fe*' to Fe** from oxygen produced from complete ditfusion
of'bulk hydrogen (in H,0) through the capsule walls is calculated to 95 % relative (producing 9.6

wt% Fe,0,), corresponding to a Fe,0,/(Fe,0,+ FeO)y=0.91,

5.2.3. Analytical methods

Experimental charges were analysed by a JEOL JXA8200 electron microprobe at ETH-
Ziirich using silicates, carbonates and oxide standards, 15 kV acccleration voltage, 20 nA beam
currents for silicate mincrals and 5-10 nA for carbonates and quenched glasses. For the carbon-
ates and quenched carbonatitcs, Ca and C were standardized on calcite, Mg on magnesite and Fe
on siderite, and the carbon content was mcasured with a precision of 1.5 to 4 wt% using a LDE2-
type crystal. Acquisition time was 10 or 20 seconds for all clements except carbon (40 s}, meas-
uring Na, K and C first to avoid most elemental loss. A fully focused beam was applied to most

water-free crystalline phases providing totals close to 100 wt%. Mica, carbonate, quartz/coesite
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and glass cxhibited electron beam damage at a diameter less than 5 pum, thus a defocused beam

(2-30 pm) was applied whenever possible for these phases. After a first round of analyscs,
carbonatite-bearing samples were ground down a bit further and dry-polished with BN-powder
on corundum or diamond coatcd sheets in order to avoid alkali-losses from the carbonatites
when involving water or other solvents in the polishing process. A second round of analyses
then yiclded slightly higher Na,O and K O concentrations. Textures were analysed from second-
ary and back-scattered electron images obtained by the microprobe or by a JEOL JSM6300 high
field emission SEM at ETH-Ziirich. Dctermination of carbonate polymorphs was done by micro-

Raman spectroscopy.

5.3. Experimental results

Experimental run conditions, resulting phases and calculated phase proportions are

listed in Tab. 5.2. A total of 21 experiments were performed in three pressure serics at 2.5 GPa, 3.5-

3.7 GPa and 5.0 GPa, defining phase stabilities and melting reactions in P-T space (Fig. 5.1).

3.3.1. Approach to equilibrium

All runs reported here are synthesis experiments. Textural equilibrium is indicated by
generally well-crystallized grains (Fig. 5.2) and, at subsolidus conditions, 120° triple point junc-
tions between the phases (Fig. 5.2A). Apart from garnets, which in a fow runs exhibit Fe-Mg
zonation (Fe-rich cores and Mg-rich rims or patchy Fe-Mg zoning), all phases are composition-
ally homogencous. Regular compositional trends of mincrals and melts throughout the experi-
mental grid, and of calculated phase proportions (Fig. 5.3) and phase compositions suggest that
cquilibrium was generally reached. At= 1150 °C (3.5 and 5.0 GPa) and 2 1100 °C (2.5 GPa), an

FeO, -loss of 1-2 wt% compared to the bulk FeO,, content occurred.
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Fig. 5.1. P-T diagram of the cxperimental results with phase stability ficlds in KNCaFMAS-HC.
Solid lines arc determined reactions points denote individual cxperiments. Numbers denotc the
calculated proportions (Tab. 5.2) of silicate melt (black) and carbonatite melt (red). Quartz/coesite
reaction from Bohlen and Boetcher (1982).
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5.3.2. Phase stability and phase relations

Experiments below the solidus produce the expected phase assemblage carbonatet
phengite+clinopyroxene+garnet+kyanite+quartz/coesite from 2.5 to 5.0 GPa. More surprisingly,
the stable carbonate in our bulk composition is always Fe-Mg-calcite, which is different from
basaltic compositions, in which calcite is replaced by dolomite in turn by magnesite (or arago-
nite) with increasing pressure (Dasgupta et al. 2004, Molina and Poli 2000). The solidus is
confined to 1050-1100°C at 5.0 GPa (Fig. 5.2B), 950-1000 °C at 3.7 GPa (Fig. 5.2D), and near 900 °C
at 2.5 GPa (Fig. 5.2G). At the solidus, phengite and quartz/coesite disappear concomitantly.
Expcriments just above the solidus have rounded vesicles in the silicate glass (Fig. 5.2B-1),
indicating the presencc of some fluid at supcrsolidus conditions. Fe-Mg-calcite is stable to <
1100 °C at 2.5 GPa and to 1150 °C at 3.5 GPa (Fig. 5.2D+G), cocxisting with silicate melt above the
solidus. At 5.0 GPa, calcite does not occur above the solidus. Coexisting silicate and carbonatite
liquids form in 3 experiments at 1100 °C (AM-04 and AM-24 at 3.7 GPa and ME-110 at 5.0 GPa), the
carbonatite melt replacing calcite in the phase assemblage (Fig. 5.2B+E+F). Experiments are
kyanite-saturated and contain clinopyroxene and gamet to 2 1150 °C at 5 GPa, to 1200 °C at 3.5
GPa and to <1000 °C at 2.5 GPa. At this latter pressurc, garnet exhausts at 1100 °C before
clinopyroxene and kyanite (Fig. 5.2H), whilc all three of them mclt out between 1200 and 1250 °C

at3.5 GPa,

Fig. 5.2 (next page). BSE-images of run products with pressure and temperature (GPa/
°C). (A) The subsolidus phasc assemblage phetgttepx+cctcoc. (B) Initial melting at
5.0 GPa forms immiscible silicate and carbonatite melts with gt+cpx-+ky, whereas at
1150 °C (C) a single silicate melt occur. (D) Initial silicate melt at 3.7 GPa coexists
with rounded Fe-Mg-calcitc, the latter being replaced by carbonatite melt at 1100 °C
(E+F). (G) Initial mclting at 2.5 GPa with possible fluid present. (H) Rounded bubble
in the calcite-free silicate melt-+gt+ky/cor stability ficld. (1) Dissolution of a Ca-rich
quench phase (< 0.5 um white blebs) in the silicate melt matrix and concentrated at
rims of vesicles.All melting cxperiments at 3.5 to 5.0 GPa includes numerous, <0.5
pm (white) blebs (c.g. C+1) of a Ca-rich quench phasc, whereas at 2.5 GPa this
quench phase is sparse or absent (H).
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5.3.3. Silicate melt composition

The first produced silicate melt oceurs as small interstitial pools of < 10 um in size (Fig.
5.2B+D+(). Numerous speckles of a Ca-rich phase typically < 0.5 pm in size are dispersed
throughout the silicate melt (Fig. 5.2C+1), probably representing quench carbonates exsolved
trom the silicate melt. The speckles arc too small to analysc individually and too abundant to
analyze speckle-free silicate melt, Silicate melt compositions (Tab. 5.3A) arc thus average melt
compositions including the quench speckles. Melts just above the solidus are rich in K O and
Si0,, and low in Ca0), MgO, FeO

and Na, 0O, indicating a dominance of phengite-+quartz/cocsite

ot

in the initial melting rcaction and a minor role of jadeite component in clinopyroxene. At 2.5 and
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3.7 GPa, the first liquids are peraluminous potassic granitcs, at 5.0 GPa, a slightly peralkaline

phonolitc is produccd (Fig. 5.4). With increasing temperature, Si0, and K, O decrcase, whereas
Ca0, MgO, FeO,  and to a lesser extent Na,O increase, resulting at all pressures in metaluminous
phonolitic melts at 1100 °C. Along the solidus, K, O contents in melts increase (from 8.2 to 14.0
wt%) with pressure and SiO, contents decrease (from 66.9 to 59.2 wt%). All other trends are over-
ruled by the lack of calcite saturation in the first supersolidus melt at 5.0 GPa, which has signif-
icantly increascd CaO, MgO, FcO and Na, O, compared to the solidus melts at 2.5 and 3.7 GPa.

The CO, content of the silicate melts is not quenchable and could not be dircctly
measured, Hence, CO, was calculated from mass balanced phase proportions and bulk composi-
tion, yielding 1.5-2.6 wt% CO, (Tab. 5.3A) for cxperiments near the solidus, either saturated in
calcite or carbonatite melt. With temperatuore, calenlated CO, concentrations peak at 7.2-10.7 wt%
just after the calcite- or carbonatite-out and then decrease with the increasing degree of melting.
The latter values are comparable to CO, solubilities of natural and synthetic silicate melts at high
pressurcs (c.g. King & Holloway 2002, Blank and Brooker 1994),

The clinopyroxene/silicate melt partitioning of Na along the solidus increases from 2.5
to 3.7 GPa with D P¥met= 3 1 to 7.3, respectivcly; but is somewhat lower in the carbonatite-
bearing near-solidus experiment at 5,0 GPa with D,_*¥"= 3,6, The silicate melts coexist with

clinopyroxenes having jadeite contents of Id . (2.5 GPa) to Jd,,, (3.7 and 5.0 GPa) near the

68-61
solidus. The highest partition cocfficicnts arc measured from calcitc-saturated liquids, with melt
fractions (F) ranging from 32 to 41 wt%. D " remains between 1.8 and 1.4 with F ranging
from 45 to 62, as long as garnet and kyanite coexist with clinopyroxene. The near-solidus parti-
tion coefficients comparc to D ™" = 3.1 with clinopyroxenes of Jd. ., compositions for a CO,-
free pelite at 4 GPa (Schmidt ct al. 2004). CO, obviously decreases the solubility of Na,O in the

silicate liquid at high pressures, making Na a quite incompatible element mostly stored in the

rcsidual clinopyroxene,
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A 50GPa

Fig. 5.4. Silicate melt compositions.
Solidus melts are strongly potassic
(A), peraluminous (B), silica-satu-
rated granites (C). The Cat+Na-
cnrichment with increasing tem-
perature occurs through melting of
carbonate, garnet and cpx, pro-
ducing mectaaluminous (B)
phonolites (C). Brown arrow in (A)
denote the compositional path with
increasing temperature for melts
produccd from pelite and
greywacke (Schmidt et al. 2004).
Grey, dashed field in (C) is the
compositional space of natural
granitcs to phonolites/nepheline-
syenites (Hamilton and MacKenzie
1965). The high-pressurc minimum
melts field in (C) represents the
compositional range of initial melts
produced from pelite (Schmidt ct
al. 2004), grcywacke (Auzanncau
et al. 2006), muscovite-granite
(Huang & Wyllie 1973) and a
KCMASH crust composition
(Hermann & Green 2001).



5.3.4. Carbonatite melt composition

Modal abundances of 9 wt% carbonatite liquid are produced in three experiments at
1100 °C, 3.7 GPa (AM-04, AM-24) and 5.0 GPa (ME-110), cocxisting with 47 and 30 wt% silicate
melt, respectively. The carbonatitc melt forms < 20 pm, rounded drops with wrinkly textures (Fig.
5.2B+E+F), similar to the carbonatites produced by Kjarsgaard (1998), Lee & Wyllic (1996, 1997),
Kjarsgaard & Peterson (1991) and Wyllic & Tuttle (1960). The wrinkly texture probably indicates
some exsolution of silicate and carbonate components to occur during quench. Liquids arc CaO-

rich (31 wt%) ferro-carbonatites (10-12 wt% FcO, ), low in 8iO, and AL O, (both = 1 wt%), and

tot:

contain some Na,O (2 wt%) (Tab. 5.3B, Fig. 5.6). K,O contents vary from 0.7 wt% K,0 at 3.7 GPa

to 4.2 wi%at 5 GPa. The Ca# (i.e. Ca/(Car+Mg+Fe) ratio) 0 0.67-0.72 and X, 0f0.36-0.4 is lower

Table 3B. Carbonatite meit compositions

Run no. AM-04 AM-24 ME-110

P (GPa)/ T (°C) 3.7/1100 3.771100 5.0/1100
No. analyses 19 12 7

S0, (wt%) 1.01 (0.46) 0.91 (0.73) 0.62 (0.40)
A0 1.04 (0.21) 0.97 (0.53) 0.87 (0.26)
FeO(tot) 10.0 (0.5) 8.76 (0.76) 11.9 (0.7)
MgO 4.32 (0.49) 3.62 (0.28) 3.76 (0.36)
Ca0 32.3 (2.6) 30.8 (2.1) 301 (1.7)
Na,O 2,62 (1.42) 4.01 (2.10) 1.97 (0.61)
Kz0 0.67 (0.17) 0.71 (0.21) 4.21 (0.73)
CO, (measured) 47.6 (1.8) 489 (2.4) 46.7 (4.4)
Sum (wt%) 99.6 (2.1) 98.6 (3.1) 100.2 (4.0)
Si® (apfu) 0.033 (15) 0.029 (22) 0.020 (14)
Al 0.039 (8) 0.037 (21) 0.034 (10)
Fe® 0.270 (11) 0.235 (30) 0.327 (13)
Mg 0.207 (19) 0.173 (17) 0.184 (14)
Ca 1.114 (56) 1.056 (55) 1.058 (46)
Na 0.164 (92) 0.249 (95) 0.125 (39)
K 0.028 (8) 0.029 (37) 0.176 (31)
C 2.094 (204) 2.142 (233) 2.095 (353)
Xug{Fe) (molar) 0.43 0.42 0.36
Ca/(Ca+Mg+Fe) (molar 0.70 0.72 0.67
Al/{{Na+K+2*Ca) (molar)] 0.016 0.015 0.014
K;0/Na,O 0.26 0.18 214

9 Cations calculated on the basis of 6 oxygens.
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than for the calcites (Ca# = 0.70-0.90 and X, = 0.50-0.74). Calculated CO, contents, based on

measured carbon concentrations, amount to 47(+4) wt%, resulting in analytical totals close to
100 wt%, however the analytical error on CO, still allow for up to 4 wt% H_O in the carbonatite

melt, Above 1100 °C (at 3.7-5.0 GPa), the carbonatite melt dissolves into the silicate melt.

3.3.5. Mineral composition and crystallization.

Garnet forms subidiomorphic, 5-90 pm large crystals, frcquently with inclusions of
other phascs. Close to the upper tempceraturc limit more rounded crystals occur. In four experi-
ments, garnet exhibits growth zonation in Fe-rich corcs and Mg-rich rims or patchy Fe-Mg
zonation. With tempcerature, grossular contents increase from 28 to 38 mol% and pyrope from 10
to 23 mol% (Tab. 5.5A) (X, 4, Increases from 0.15 to 0.38; Tab. 5.4). Significant compositional
changes with pressure are not observed.

Clinopyroxenes form tabular to prismatic grains of < 20 um in size. Generally, Ca-es-
kolaite component (Tab. 5.5) decreases with incrcasing melt fraction from maximum Ca-eskolaite
contents of 6.7-11.8 mol% at near-solidus temperatures to 0 mol% at 1200 °C (Fig. 5.5B), in
agreement with Ca-cskolaitc trends from comparable bulk compositions (e.g. Schmidt et al. 2004,
Hermann 2002, Schultze et al. 2000, Schmidicke & Miiller 2000, Katayama et al. 2000), own
experiments in KCaMAS-HC (Thomsen & Schmidt, submitted), and from basaltic compositions
(Schmidt ct al. 2004, Pertermann and Hirschmann 2003). Jadeite contents decrease from Id,, .
(900-1000°C) to Id,, ,, (1150-1200 °C) at 3.5 and 5.0 GPa, and from Jd,, (850 °C) to Jd,, (1100 °C)
at 2.5 GPa. Across the solidus, the small decrease in jadeite and Ca-Tschermak contents sug-
gests that clinopyroxenc plays a minor rolc in initial melting reactions, in particular at the two
higher pressures studied. Above the solidus, tetrahedral alumina increases with temperaturc
(0.0210 0.25 Al pfu, 850-1200°C and 3.5-5.0 GPa, and 0. 14 t0 0.35 Al pfu, 850 to 1100 °C at 2.5 GPa),

which, combined with increasing CaO and MgO, yields increasing diopside and Ca-Tschermak
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contents in clinopyroxene. From 2.5 to 3.7 GPa, jadcitc content increases and Ca-Tschermak

component decreases at the solidus, whereas no significant compositional changes is observed

from 3.7 to 5.0 GPa.

Table 5.4. Gamnet composition

Run no. AM-23 AM-19 AM-22 AM-03 AM-08 AM-07 AM-02 AM-04
P (GPa) / T (°C) 251850 2.5/900 2571000 3.7 /900 3.7/950 3.7/1000 3771050 3.7 /1100
No. analyses 4 10 7 8 10 5 13 11

SIO; (Wi%) 37.8 (0.9) 38.5 (0.3) 38.7 (05) 37.9 (0.3) 38.0 (0.2) 39.0 (0.3) 38.7 (0.3) 38.6 (0.5)
ALy 21.7 (0.6) 21.4 (0.4) 201 (0.3) 21.3 (0.1) 212 (0.2) 218 (0.2) 21.5(0.4) 21.7 (0.6)
Fe,04 1.24 (0.96) 0.92 (0.44) 1.93 (1.17) 0.82 (0.33) 0.78 (0.52) 0.00 - 1.09 (0.57) 0.87 (0.72)
FeO 247 (0.7) 23.3(0.8) 20.8 (1.0) 26.1 (0.48) 25.1 (0.4) 234 (13) 232 (186) 21.2 (2.1)
MgO 2.95 (0.24) 3.57 (0.51) 4.51 (0.38) 2.64 (0.3) 3.57 (0.42) 4.59 (0.78) 467 (0.55) 5.05 (0.75)
Ca0 11.3 (0.2) 12.6 (0.4) 13.0 (0.5) 10.8 (0.6) 10.2 (0.6) 10.6 (0.7) 10.9 (1.1) 11.7 (1.5)
Na,0 0.09 (0.08) 0.03 (0.02) 0.12 (0.04) 0.12 (0.05) 0.12 (0.05) 0,09 (0.02) 0.11 (0.05) 0.12 (0.08)
K,0 0.11 (0.03) 0.02 (0.01) 0.05 (0.03) 0.03 (0.04) 0.07 (0.02) 0.10 (0.04) 0.09 {0.07) 0.11 (0.11)
Sum® 100.0 (0.8) 100.4 (0.2) 99.3 (0.6) 99.8 (0.4) 99.1 (0.3) 99.5 (0.3) 100.2 (0.8) 99.4 (0.9)
Si® (apfu) 2.970 (43) 2.992 (22) 3.027 (45) 2.993 (11) 3.002 (11) 3.038 (14) 2.998 (22) 2.992 (26)
Aloy 2,010 (52) 1,966 (27) 1.855 (36) 1.977 (10) 1,975 (1) 2.000 (22) 1.963 (29) 1.969 (35)
Fe® 0.073 (54) 0.054 (29) 0.114 (79) 0.049 (19) 0.047 (31) 0.000 - 0.064 (33) 0.051 (43)
Fe? 1,625 (45) 1.517 (57) 1,363 (68) 1.725 (35) 1,663 (31) 1.522 (89) 1.504 (107) 1.376 (153)
Mg 0.345 (20) 0.413 (51) 0.526 (50) 0.311 (32) 0.420 (48) 0.533 (89) 0.539 (61) 0.583 (81)
Ca 0.952 (19) 1.051 (32) 1.093 (78) 0.916 (51) 0.867 (50) 0.884 (57) 0.903 (94) 0.974 (116}
Na 0.013 (13) 0.004 (3) 0.017 (7) 0.018 (8) 0.019 (8) 0.013 (2) 0.017 (7) 0.018 (8)
Xug(Fe) (Molar) 0.17 (11) 0.21 (3) 0.26 (6) 0.15 (13) 0.20 (2) 0.26 (4) 0.26 (3) 0.29 (5)
Run no. AM-18 AM-24 AM-10 AM-11 ME-109 AM-15 ME-110 ME-137

P (GPa)/ T (°C) 3.7/1100 3.7/1100 3.5/1150 3571200 5.0/ 1000 5071050 5071100 5.0/1140
No. analyses 10 10 34 37 4 5 13 12

Si0; (wi%) 38.8 (0.7) 38.0 (0.8) 38.7 (0.7) 39.1 (0.5) 384 (0.3) 38.4 (0.9) 38.5 (0.5) 37.9 (0.4)
A0, 20.7 (0.5) 21.1 (0.8) 21.7 (0.7) 21.4 (0.7) 21.5 (0.1) 20.2 (0.7) 217 (0.2) 215 (0.5)
Fe,0, 2.07 (1.36) 1.83 (1.01) 1.35 (0.74) 1.51 (0.88) 1.47 (0.28) 2.81(1.55) 4.60 (1.19) 3.23 (0.77)
FeO 19.6 (1.3) 236 (1.7) 187 (2.7) 16.9 (2.0) 24.9 (0.2) 233 (1.7) 152 (1.3) 19.0 (1.5)
MgO 5.27 (0.20) 455 (1.48) 5.43 (1.46) 6.22 (1.00) 3.68 (0.74) 3.84 (0.16) 6.7 (1.08) 5.06 (1.46)
Ca0 13.2 (0.4) 10.4 (0.5) 136 (1.8) 14.3 (1.1) 10.9 (1.0) 11.0 (0.8) 13.1 (1.2) 12.9 (1.3)
Na,0 0.07 (0.02) 0.07 (0.04) 0.06 (0.03) 0.09 (0.03) 0.05 (0.02) 0.16 (0.16) 0.26 (0.10) 0.14 (0.14)
K0 0.04 (0.01) 0.02 (0.01) 0.08 (0.02) 0.04 (0.02) 0.12 (0.05) 0.13 (0.03) 0.57 (0.28) 0.07 (0.07)
Sum® 99.8 (0.5) 99.7 (0.8) 99.6 (0.5) 99.5 (0.4) 100.9 (0.2) 99.8 (0.6) 100.1 {0.6) 99.8 (0.5)
Si” (apfu) 3.002 (44) 2.977 (20) 2,983 (19) 2,996 (11) 2.983 (14) 3.018 (55) 2.939 (19) 2.934 (12)
Al 1.890 (43) 1.950 (30) 1.972 (44) 1.932 (41) 1.966 (11) 1.871 (59) 1.949 (22) 1,965 (25)
Fe™* 0.121 (80) 0.108 (61) 0.078 (44) 0.087 (51) 0.086 (16) 0.129 (92) 0.264 (69) 0.188 (36)
Fe? 1.269 (82) 1.548 (126) 1.205 (263) 1.082 (140) 1615 (13) 1.570 (101) 0.968 (82) 1.232 (72)
Mg 0.608 (23) 0.529 (167) 0.624 (158) 0.710 (107) 0.426 (84) 0.449 (19) 0.713 (119) 0.582 (39)
Ca 1.095 (31) 0.876 (49) 1.121 (133) 1.174 (86) 0.905 (87) 0.925 (73) 1.071 (101) 1.068 (59)
Na 0.010 (3) 0.010 (8) 0.009 (4) 0.013 (4) 0.007 (2) 0.024 (24) 0.038 (15) 0.021 (29)
Xmg(Feie) (Molar) 0.30 (1) 0.24 (8) 0.33 (10) 0.38 (7) 020 (3) 0.21 (9) 0.37 (4) 0.29 (1)

? Cations calculated on the basis of 8 cations and 12 oxygens.
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Fig. 5.5. Composition of garnet,
clinopyroxene, and phengite. (A)
Garnet composition show a gen-
eral decrcasc in almandine and in-
crease in grossular and pyrope con-
tents, At 3.5-3.7 GPa, subsolidus
gamet is enriched in pyropc only,
whereas supersolidus gamets with
T increasc in grossular and pyrope
content. (B) Clinopyroxene com-
positions show the highest Ca-
cskolaite content at sub- and near-
solidus temperatures. With pres-
surc, jadeite content increases. (C)
Phengites show incrcasing
celadonite content with P due to
tschermak's substitution (inset)
along the dioctahedral muscovite-
celadonite solid solution.



Table 5.5. Clinopyroxene composition

# Cations calculated on the basis of 12 charges (Cawthom and Collerson, 1974).

® Octahedral site vacancy calculated as 4 - total cations.
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Run no. AM-23 AM-19 AM-22 AM-21 AM-03 AM-08 AM-07 AM-02 AM-18

P (GPa)/T (°C) 2.5/850 2.5/900 2511000 2.5/ 1100 3.7/900 3.7 /950 3.7/1000 3.7/1050 3.771100
No. analyses 4 2 5 9 8 11 3 15 6

S0, (Wi%) 52.4 (0.8) 51.3 481 (0.7) 44.6 (0.9) 57.4 (0.5) 6.8 (0.3) 56.3 (0.4) 56.4 (0.7) 51.6 (0.7)
ALLO; 17.9 (0.5) 17.2 18.0 {0.5) 18.6 (0.6) 20.8 (0.8) 21.0 (0.5) 21.7 (0.2) 20.4 (0.6) 20.3 (0.6)
FeOuy 10.1 (0.17) 10.20 8.33 (0.24) 6.53 (0.19) 4.08 (0.88) 3.81 (0.27) 3.57 (0.06) 3.98 (0.68) 517 (1.04)
MgQ 3.61 (0.21) 392 5.61 (0.37) 7.32 (0.24) 2.13 (0.39) 2.06 (0.23) 2.33 (0.39) 3.25 (0.33) 4.33 (0.33)
CaO 9.01 (0.32) 11.8 16.0 (0.5) 20.6 (0.2) 6.15 (1.04) 5.01 (0.49) £.33 (0.52) 6.90 (0.79) 11.3 (0.2)
Na;0 6.78 (0.45) 530 3.69 (0.35) 1.96 (0.10) 10.7 (0.5} 10.6 (0.3) 9.99 (0.42) 9.85 (0.54) 7.01 (0.83)
K:0 0.07 (0.03) 0.10 0.12 (0.07) 0.06 (0.03) 0.04 {0.06) 0.09 (0.02) 0.11 (0.01) 0.13 (0.05) 0.21 (0.11)
Sum 99.9 (0.8) 99.9 99.8 (1.0) 99.7 (0.8) 100.3 (0.7) 99.3 (0.4) 99.3 (0.5} 99.9 (0.6) 99.9 (0.3)
S (aptu) 1.887 (54) 1.862 1.757 (14) 1.647 (43) 1.978 (7) 1.973 (5) 1953 (11) 1.935 (15) 1.834 (22)
Altot 0.760 (49) 0.736 0.777 {29) 0.809 (62) 0.844 (26) 0.861 (17) 0.889 (3) 0.840 (19) 0.848 (27)
Fe 0.305 (24) 0.310 0.255 (10) 0.202 (27) 0.118 (18) 0.111 (8) 0.104 (2) 0.116 (20) 0.153 (82)
Mg 0.194 (18) 0.212 0.306 (19) 0.403 (20) 0.110 (16) 0.107 (12) 0.120 (20) 0.169 (18) 0.229 (17)
Ca 0.348 (30) 0.463 0.627 (25) 0.817 (19) 0.190 (31) 0.187 (19) 0,198 (20) 0.258 (31) 0.431 (9)
Na 0.474 (25) 0.373 0.262 (16) 0.141 (14) 0.717 (32) 0.712 (17} 0.672 (28) 0.647 (33) 0.483 (58)
K 0.003 (1) 0.005 0.006 (2) 0.003 (1) 0.002 (2) 0.004 (1) 0.005 (1) 0.006 (2) 0.010 (5)
Total cations 3.971 (47) 3.9509 3.988 (12) 4.021 (54) 3.959 (10) 3.954 (6) 3.941 (3) 3.971(7) 3.088 (38)
Xuig(Feit) (molar) 0.39 (21) 0.41 0.55 (23) 0,67 (11) 0.48 (21) 0.49 (15) 0.54 (44) 0.59 (27) 0.60 (55)
Oct. Vacarncy” 0.029 (9) 0.041 0.012 (11) 0 0.041 (10) 0.046 (6) 0.059 (3) 0.029 (1) 0.012 (8)
Jadeite (mol%) 47.7 (3.1) 377 26.7 (3.3) 14.2 (0.6) 71.9 (3.2) 71.6 (1.8) 67.7 (2.9) 6.2 (3.5) 49.3 (2.1)
Ca-eskolaite 5.7 (2.3) 8.2 24 (1.3) 0.0 - 8.2 (1.4) 9.2 (0.9) 11.8 (0.8) 5.7 (1,5) 2.3 (1.8)
Ca-Tschermak 11.3 (2.9) 13.8 24.3 (2.7) 30.9 (1.5) 2.2(0.7) 2.7 (0.5) 4.7 (1.0) 6.5 (1.8) 16.6 (1.6)
Run no. AM-04 AM-24 AM-10 AM-11 ME-109 AM-15 ME-110 ME-137

P(GPa)/T (°C) 3.711100 3771100 3.57/1150 3.5/ 1200 £.0/1000 5.071050 5.0/1100 5.0/1150

No. analyses 13 12 11 9 5 6 9 9

Si0; (Wi%) 53.1 (0.8) 53.6 (0.8) 50.2 (0.6) 482 (0.5) 56.7 (0.3) 56.6 (0.5) £5.0 (0.5) 49.6 (0.6)

AlzO5 20.5 (0.7) 20.5 (0.5) 20.9 (1.7) 20.1 (0.6) 21.0 (0.8) 20.1 (0.6) 20.0 (1.0) 205 (0.2)

FeOyy 4.03 (0.22) 3.97 (0.26) 3.96 (0.29) 6.02 (0.93) 3.65 (0.68) 4.03 (0.33) 4.23 (0.90) 6.60 (0.19)

MgO 3.96 (0.43) 3.50 {0.36) 4.90 (0.75) 4.79 (0.75) 2.39 (0.29) 2.54 (0.22) 3.56 (0.33) 4.16 (0.20)

Ca0 9.55 (0.48) 863 (0.38) 131 (0.7) 14.8 (0.9) 5.20 (0.62) 5.60 (0.43) 8.11 (0.57) 12,0 (0.3)

Na;O 8.12 (0.32) 8.84 (0.37) 6.34 (0.35) 5.16 (0.45) 10,7 (0.6) 10.3 (0.59) 8.73 (0.42) 6.50 (0.18)

K0 0.10 (0.05) 0.08 (0.08) 0.11 (0.03) 0.04 (0.02) 0.06 (0.05) 0.28 (0.13) 0.46 (0.22) 0.12 (0.09)

sum 99.39 (1.0) 99.06 (0.9) 99.55 (0.2) 99.12 (0.3) 99,68 (0.1) 99.42 (0.2) | 100.08 (0.7) 99.54 (0.4)

Si” (apfu) 1.875 (14) 1.894 (19) 1791 (12) 1.752 (16) 1.968 (4) 1.974 (10) 1.924 (15) 1.789 (13)

Alggy 0.854 (31) 0.853 (21) 0.878 (48) 0.862 (24) 0.858 (28) 0.827 (21) 0.822 (39) 0.871 (11)

Fe 0.119 (7) 017 (13) 0.118 (9) 0.183 (29) 0.106 (20) 0.118 (12) 0.124 (27) 0.199 (16)

Mg 0.208 (22) 0.184 (20) 0.260 (41) 0.259 (41) 0.124 (15) 0.132 (12) 0.186 (17) 0.224 (10)

Ca 0.361 (19) 0.327 (15) 0.501 (29) 0.677 (34) 0.193 (23) 0.209 (18) 0,304 (20) 0.463 (14)

Na 0.556 (18) 0.606 (23) 0.438 (23) 0.364 (32) 0.707 (37) 0.690 (41) 0.591 (33) 0.454 (13)

K 0.005 (2) 0.004 (4) 0.005 (1) 0.002 (1) 0.003 (2) 0.012 (6) 0.021 (10) 0.006 (4)

Total cations 3.978 (13) 3,985 (21) 3.992 (9) 4,000 (8) 3,958 (10) 3.963 (26) 3,971 (19) 4.006 (9)

Xuo(Few) (molar) | 0.637 (23) 0.611 (20) 0.688 (37) 0.586 (75) 0.539 (19) 0.529 (16) 0.600 (46) 0.529 (15)

Oct. Vacancy” 0.022 (12) 0.015 (9) 0.008 (7) 0 0.042 {10) 0.037 (34) 0.029 (18) 0

Jadeite (mol%}) 67.2 (1.8) 61.0 (2.5) 444 (2.3) 36.6 (3.0) 72.2 (3.5) 708 (3.2) 61.2 (2.7) 459 (1.2)

Ca-askolaite 43 (2.4) 3.1 (1.5) 16 (1.5) 0.0(1.4) 67 (1.7) 6.4 (2.9) 5.8 (2.5) 00-

Ca-Tschermak 12.5 (1.6) 10.6 (1.9) 20.9 (2.8) 24.8 (2.3) 34 (0.7) 27(1.2) 7.6 (1.6) 20.0 (1.0)




Below the solidus, Fe-Mg-calcites form 5-25 um, polyhedral grains. Above the solidus

the calcites become rounded (Fig. 5.2D) or dumbbell-shaped, similar to the supersolidus calcites

of Kjarsgaard (1998), Lee & Wyllie (1994, 1996) and Wyllie & Tuttle (1960). The Fe-Mg-rich

calcites (Tab. 5.6, Fig, 5.6A) have molar Mg# of 0.48-0.74, increasing with tempcrature, and do

not show any significant compositional variation with pressure.

Table 5.6. Carbonate composition

Run no. 2.5/850 251900 2.5/ 1000 3.7/900 3.7/950 3.7 /1000
No. analyses 4 5 4 3 4 4
FeOu (Wt%) 8.06 (0.44) 369 (1.30) | 296 (0.14) | 996 (041)| 911 (0.48) 7.56 (0.32)
MgO 525(037) [ 375 (0.97) 355 (0.14) | 555 (0.19) [  5.39 (0.71) 5.30 (0.29)
Ca0 40.8 (0.9) 47.9 (1.0) 49.5 (1.0) 38.8 (1.0) 40.0 (1.5) 416 (0.3)
Na,0 0.15 (0.07) [ 0.10 (0.05) 011 (0.09) | 0.15(0.08)[  0.07 (0.08) 0.12 (0.05)
K,0 0.17 (0.12) 0.19 (0.06) 015 (0.07) | 0.7 (0.05|  0.20 (0.05) 0.21 (0.03)
co,* 435 (0.5) 44.8 (0.7) 45.2 (0.6) 43.4 (0.7) 434 (1.3) 43.9 (0.4)
Total 97.9 (1.5) 100.5 (1.0) 101.5 (1.8) 98.0 (1.3) 98.2 (1.9) 98.7 (1.0)
calcite (mol%) |  0.747 (11) 0.852 (4) 0.869 (10) 0.711 (5) 0.730 (9) 0.755 (4)
siderite 0.115 (9) 0.052 (19) 0.041 (5) 0.143 (2) 0.130 (11) 0.107 (4)
magnesite 0.134 (10) 0.092 (22) 0.087 (6) 0.142 (3) 0.137 (17) 0.134 (7)
Run no. 3.7/1050 3.7 /1100° 3.5/1150 5.0/1000 5.0/1050

No. analyses 10 5 5 10 4

FeOy (Wt%) 6.16 (0.26) 2.26 (0.14) 1.36 (0.09) | 823 (0.80)|  7.83 (1.96)

MgO 475(018)| 316(008)| 217 (0.07)| 640049 | 550 (0.98)

Ca0 43.3 (0.3) 49.1 (0.7) 50.8 (0.4) 39.7 (1.0) 40.9 (0.4)

Na;0 012 (0.05) [ 011 (0.04) 0.08 (0.04) | 047 (0.17) |  0.08 (0.06)

K;0 019 (0.06) [ 022 (0.04) 027 (0.02)| 068 (0265)| 044 (0.17)

co,’ 438 (0.4) 44.2 (0.6) 44.2 (0.3) 44.9 (0.9) 44.8 (1.2)

Total 98.4 (0.7) 99.1 (1.4) 98.9 (0.7) 100.3 (1.0) 99.4 (2.5)

caleite (mol%) | 0.788 (3) 0.883 (2) 0.922 (2) 0.723 (18) 0.744 (12)

siderite 0.087 (4) 0.031 (2) 0.019 (1) 0.116 (14) 0.111 (25)

magnesite 0.120 (4) 0.082 (1) 0.055 (2) 0.161 (10) 0.139 (21)

2 Calculated CQ; content from norm.

® Experiment AM-18.
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Phengite (Si-rich white mica) occurs as subidiomorphic, tabular grains of 5-20 pm in

size, Total cations contents are 6,91-6.99 apfu (Tab, 5.7), thus phengites are almost idcal diocta-

hedral micas along the muscovite—celadonite solid solution (Fig. 5.5C), the (Mg,Fc)-tschermak’s

substitution being the dominant exchange mechanism, Si increases with pressurc from 3.1 Sipfu

to 3.4 Si pfu (2.5 to 5.0 GPa). Generally, phengites and carbonates arc the most magnesium-rich

phases in the assemblage with X Mg(phe) ~

X, (c0) = X, (cpx) > X, (g0).

Quartz/coesite are pure in composition, forming anhedral grains < 10 pm in size. Ky-

anite and corundum contain 0.5-2.2 wt% FeO,  and form <20 pm (up to 100x30 pm) laths or

prismatic grains, frequently with inclusions of other phases in the phasc assemblage.

Table 5.7. Phengite composition

P (GPa)/ T (°C) 2.51850 2.5/900 3.7/900 3.7 /950 5.0/ 1000 5.0/1050
No. analyses 4 8 4 5 9 5

SIi0; (wt%) 46.6 (0.4) 46.8 (0.6) 48.8 (0.3) 48.2 (0.6) 48.1 (0.6) 51.3 (0.8)
AlO5 32.7 (1.0) 324 (12) 30.6 (0.5) 31.1 (0.4) 29.1 (1.1) 27.3 (0.3)
FeO 3.41 (0.54) 1.63 (0.70) 2.63 (0.29) 2.76 (0.18) 3.93 (0.62) 2.64 (0.43)
MgO 1.84 (0.19) 1.94 (0.28) 1.99 (0.15) 1.86 (0.02) 2.35 (0.27) 3.1 (0.22)
Ca0 0.11 (0.05) 0.14 (0.06) 0.05 (0.03) 0.08 (0.02) 0.11 (0.05) 0.16 (0.07)
Na,0 0.48 (0.09) 0.60 (0.12) 0.33 (0.03) 0.26 (0.04) 0.25 (0.06) 0.01 (0.01)
K0 10.1 (0.7) 9.7 (0.59) 10.5 (0.1) 10.5 (0.1) 11.2 (0.1) 10.7 (1.1)
HOutoulated 4.46 (0.04) 4.42 (0.03) 4.47 (0.03) 4.46 (0.04) 4.41 (0.05) 4.49 (0.03)
Total 99.8-0.6 97.5 (0.6) 99.3 (0.6) 99.2 (0.8) 99.5 (1.2) 99.7 (0.9)
Si® (apfu) 3.131 (52) 3.179 (47) 3.275 (9) 3.242 (21) 3.266 (47) 3.427 (41)
AV 0.869 (46) 0.821 (20) 0.725 (10) 0.758 (10) 0.734 (21) 0.573 (41)
Al 1,724 (41) 1.769 (63) 1.695 (18) 1.710 (25) 1,596 (49) 1.574 (37)
Few 0.192 (41) 0.093 (36) 0.147 (14) 0.155 (9) 0.223 (31) 0.147 (21)
Mg 0.184 (33) 0.197 (28) 0.199 (15) 0.187 (10) 0.238 (28) 0.310 (20)
Ca 0.008 (4) 0.010 (4) 0.004 (2) 0.006 (2) 0.008 (4) 0.011 (5)
Na 0.062 (10) 0.079 (16) 0.043 (4) 0.034 )6) 0.032 (8) 0.001 (1)

K 0.868 (72) 0.837 (54) 0.899 (10) 0.899 (4) 0.974 (11) 0.913 (46)
Total cations 7.037 (87) 6.984 (43) 6.986 (8) 6.990 (7) 7.072 (14) 6.957 (47)
Xug(Feer) (molar) 0.49 0.68 0.57 0.55 0.52 0.68
Octahedral vacancy 0.901 0.942 0.959 0.948 0.942 0.969

# Cations calculated on the basis of 12 oxygens including 2 (OH).
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5.4, Solidus and melting reaction

The subsolidus mode of the selected carbonaceous metapelite is 27225 wt% phengitc,
1129 wt% quartz/cocsite, 2921 wt% clinopyroxcne, 9-10 wt % calcite, 9-11 wt% kyanite and
14->23 wt% garnet (at 2.5 5.0 GPa). The variations with pressure along the solidus arc (i) an
increase of the equilibrium concentration of jadeite in clinopyroxene resulting in a decrease of’
the absolute amounts of all other clinopyroxene components as, at subsolidus conditions, the
total amount of jadeite is fixed by the bulk composition, (i) a decrecasc of tschermak’s exchange
(1k) in clinopyroxene (and phengite) with pressure, and (iii) consequently a reaction of the type:

2 diopside + 1 tk= 1 garnet, causing the observed strong increase of garnct modc with pressure.

5.4.1. The silicate melting reaction
The rapid generation of Jarge amounts of silicate melt (30-35 wt%) within < 50 °C is
controlled by melting out of phengite and quartz/coesite (Fig. 5.3). The reaction responsible for

the production of the first obscrved silicate melt (within error identical at 2.5 and 3.7 GPa) is

0.73 phe +0.29 gtz/coe + 0.14 ¢cpx+ 0,02 cc =

1.00 silicate melt +0.14 gar +0.03 ky (12)

in weight proportions. The cduct phengite:quartz/cocesite ratio of reaction (1b) is close to our
subsolidus mode, which explains the large proportion of melt and the subsequent disappcarance
of both phases at the solidus. At 5 GPa, the solidus reaction is a combincd reaction that produces
silicate and carbonatite melt, Subtracting a simplified Fe-Mg-calcite = carbonatitc melting reac-

tion, as justified by the carbonatite melt composition, the resulting silicate melting reaction is

0.85 phe +0.30 coe + 0.08 cpx + 0.03 cc =

1.00 silicate melt +0.16 gar +0.10ky ~ (Ib)
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Reaction (1b) is similar to the 2.5-3.7 GPa reaction (1a), but slightly more peritectic in character,

consuming less clinopyroxene, and producing more garnet and kyanite. Reaction (1a) com-

pares to

0.50 phe + 0.88 qiz/coe + 0.10 cpx + H,0=

1.00 silicate melt+0.35 gar +0.12 ky )

the H,O-saturated melting reaction of a pelite located between 790 and 850°C at 4 GPa (calculated
from Schmidt et al. 2004, their table 2). Reaction (2) produccs highly siliceous granite with 76 wt%
Si0,, 13 wt% Al

0,, and a K O/Na,O wt-ratio of 2.2, whereas the melt produced through reaction

273

(1) is a potassic granitc with 65 wt% Si0,, 20.3 wt% Al,0, and a K,0/Na,O wt-ratio of 8.6.

5.4.2. Discussion of the solidus

Meclt was not observed at temperaturcs below the massive production through reaction
(1) as dcfined above, making reaction (1) our apparent solidus. However, as the experimental
system contains two volatile components, H,O and CO,, and four major solid solutions (phen-
gite, clinopyroxenc, garnet, and Fe-Mg-calcite), it is virtually impossible that for any P-T condi-
tion our bulk composition corresponds to exactly the sum of equilibrium mineral compositions
with the exact amount of H,O and CO, that can be stored in these solid solutions. As there is no
sign for fluid undersaturation (e.g. the appearance of K-feldspar), we have to assume that somce
fluid was present at subsolidus conditions, The observed large vesicles in the melt indicate the
presence of fluid at supersolidus conditions and this may be taken as evidence that fluid was
also present in the subsolidus. The increase of approximately 150 °C (at 3.7-4.0 GPa) of our
apparent solidus temperature with respect to CO,-free compositions (Schmidt et al, 2004) cannot
be attributed to the effect of lowering H,O activity through CO, in the fluid. Equilibrium fluid

compositions have > 85 mol% H,0 (Kerrick and Connolly 2001), resulting in a shift of the fluid-
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saturated melting reaction by < 30 °C. We thus arguc, that the only plausible scenario is, that

minor melting occurs approximately 150 °C below reaction (1), probably through the same eutec-
tic minimum melting reaction phengite+quartz/coesite+clinopyroxene+fluid = silicatc melt as
defined by Schmidt et al. (2004) for H,O-saturated pelite and greywacke. With a two component
fluid, this reaction must not necessarily consume an cduct phase, but may continue to produce
minuscule amounts of melt with incrcasing temperature, while the fluid composition and melt
volatile content adjust with temperature, The massive appearance of melt then occurs through

melting rcaction (1), which would be located at the fluid-absent solidus.

5.4.3. Discussion of melt compositions and relations, and previous experimental studies

Our composition was chosen for its potential fertility in melt production. In fact, a low
X,,, and optimal proportions of quartz and phengite with respect to reaction (1) lead to the
sudden appearance of large amounts of melt through a “muscovite+quartz”-type melting reac-
tion adapted for natural bulk compositions. Our experiments define the melting reaction for a
fluid-absent carbonate-saturated pelite. Reaction (1) is qualitatively similar to melting reactions
for initially H,O-saturated greywacke (at 2.5 to 5.0 GPa, Auzanneau et al. 2006), pelite (at 4 and 5
GPa, Schmidt ct al. 2004), and to muscovite-granite (at 2.5 to 3.5 GPa, Huang & Wyllie 1973),
however, the role of fluid is fundamentally different, While the presence of 1 wt% of aqueous
fluid causes a moderate amount of melt (8 wt%) to be produced at a granite-minimum in the pelite
of Schmidt et al. (2004), the diminutive amount of free fluid in this study does not result in any
appreciable quantity of melt at the fluid-saturated solidus. Instcad, melting is retarded by about
150 °C to the sudden appearance of 30-35 wt% melt at the peritectic reaction (1). As pointed out
above (and in Fig. 5.4C), the melts in the CO,-bearing systcm are more potassic and less sili-
ceous, and have less Na,0 and CaO than in the CO,-free system (at 3.7-4.0 GPa). At 5 GPa, these
melts become potassic phonolites in the CO,-bearing system, whereas they remain granitic in the

CO,-free system,
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In anhydrous K-free basaltic eclogite with 5-15 wt% CO, (Dasgupta et al. 2006, 2004,

Yaxley & Brey 2004), silicate melts appear at ~300 °C higher temperature (at 2.5-5.0 GPa) than in
our study. Fluid-saturated experiments in KCaMAS-HC with a carbonate-saturated pelite, con-
taining 2.1 wt% CO, and 3.6 wt% H,O, yield a solidus at 850 to 900°C, 2.5 to 3.5 GPa (Thomsen &
Schmidt, submitted). Furthermore, the location of our solidus.is 50-100 °C higher compared to the

H,O-saturated solidus in KCMASH of Hermann (2002) and Hermann and Green (2001).

5.5. The formation and stability of carbonatite liquid
Three of the experiments produced coexisting silicate and carbonatite liquids, viz. two
experiments at 1100 °C, 3.7 GPa (AM-04, AM-24) and one at 1100 °C, 5.0 GPa (ME-110). At 1100
°C, 3.7 GPa, a total of three experiments were performed, of which two produced carbonatitc
liquid, whereas the third formed Fe-Mg-calcite, indicating that these experiments are near the
closure of the two-liquid silicate+carbonatite solvus, All three experiments at 1100 °C were
performed at the same experimental conditions, however, the calcite~-producing cxperiment at 3.7
iPa, 1100 °C (AM-18) probably had a slightly lower oxygen fugacity and higher H O-content
than the other two cxperiments producing carbonatite liquid, For experiment AM-18, we did not
dry the entire assemblage with the capsule loaded for 24 hours at 120 °C (otherwise our standard
proccdurc), thus leaving some humidity and absorbed H,O which causes a partial H,-pressurc
outside the capsule.

On the pscudo-ternary projection (Fig. 5.6B, Freestone & Hamilton 1980), our carbona-
titc melts plot close to sovites near the CaO+MgO+FeO  apex, comparable to near-solidus Ca-
carbonatites from Dasgupta et al. (2006), Yaxlcy & Brey (2004) and Wallace & Green (1988). The
coexisting silicate melts are olivine and nepheline normative but poor m FeO+MgOQ+CaQ. In Fig,
5.6B, the carbonatite-phonolite liquid miscibility gap is depicted according to our experiments.

The stable part of the miscibility gap, i.e. the portion of the miscibility gap rising above the
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calcite-saturation surface, is small in P-T space. The solvus is expccted to disappear below the

calcite saturation surface, and thus become metastable not far above 5 GPa, as the increasc of

CO,-solubility in silicate melts with pressure (Mysen et al. 1975) should further reduce the

solvus width.

Fig. 5.6. (A) Compositions in
CaCO0,-MgCO,-FeCO, space
of carbonates and carbonatite
melts produced in the current ex-
periments, compared to those
produced in carbonated eclogite
(D06, Dasgupta et al. 2006,
YBO04, Yaxley & Brey 2004) and
carbonated peridotite (WGSES,
Wallace & Green 1988). (B)
Pseudo-ternary projection
(Freestone & Hamilton 1980)
with the produced carbonatite
and silicate melts, defining a sili-
cate-carbo-natite liquid miscibil-
ity gap at 1100 °C (3.7 and 5.0
GPa), compared to the solvus of
Dasgupta et al. (2006) and the
carbonatite melt compositions
produced in Yaxley & Brey
(2004) and Wallace & Green
(2004). Dashed line are the two-
liquid solvus of the melts from
Dasgupta et al. (2006).
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The convergence of reaction (1) with a Clapeyron slope of 70 °C/GPa with the ncarly

temperaturc indcpendent calcite to carbonatitc phasc boundary (Fig. 5.1) further suggests that
the carbonate melting reaction will cross the fluid-abscnt solidus at pressures not much higher
than 5 GPa. Hence, at higher pressures, melting will commence through carbonate melting,
silicate melts will then only form at higher temperatures, as this is the case already at= 2.5 GPa
in the K-free basalt systems (Yaxley and Brey 2004, Dasgupta et al. 2004, 2006).

Although our composition has an optimized fertility with respect to its silicate compo-
nents, this is not nccessarily the casc for its carbonate cbmponcnt. As the carbonatite melt
compositions imply (Tab. 5.3B), carbonatitc gencration in the present sedimentary and also in
basaltic systems (Yaxley and Brey 2004, Dagupta et al. 2005, 2006) can be approximated in the
(Ec,Mg,Ca)CO,-system (Fig, 5.6A). This system is eutectic at 2,7 and 6.0 GPa (Irving and Wyllie
1975, Buob et al. 2006) for compositions witha X, = Ca/(CatFetMg)= 0.4 and 0.5, respectively.
Dolomitc-bearing lithologics can thus be expected to yicld the lowest carbonate melting temper-
atures, whereas our carbonatc composition with an X, 0f 0.75-0.85 may lead to 70-100 °C higher

melting temperatures.

5.6. Carbonate recycling during subduction and concluding remarks

Carbonatc-saturatcd pelitic lithologics of the subducting crust are composed of an
eclogitic phengite+gamet+clinopyroxenc+kyanite+FEc-Mg-calcite tquartz/coesite subsolidus
phase assemblage at depths between 75 and 150 km. Fluid-absent partial melting of such lithol-
ogies at high pressure would occur at 900 to 1050 °C, 2.5 to 5.0 GPa, i.¢. at temperatures unreal-
istic for most subduction zones. To remove Fe-Mg-calcite from the residue and quantitatively
recycle CO, from such sediments at moderate pressures (2.5-3.7 GPa), an additional 100-150 °C
arc required. We thus argue that in most subduction zones quantitative recycling of carbonatcs

does not take place at typical subarc depth. Instead, confirming earlier arguments by Kerrick and
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Connolly (2001) and by Connolly (2005), only relatively small amounts of the total subducted

CO, are expected to be released, viz. only <5 % of the total CO,, through metamorphic reactions,
because of the low X, of 0.05-0.15 in metamorphic fluids at low temperature, high pressure
conditions (Kerrick & Connolly 2001, Connolly 2005). If temperatures arc high enough, about 10-
20 % of the total CO, is flushed out through infiltration driven decarbonation with aqueous
fluids released from serpentine below the sediment layer (Connolly 2005), and in extremcly hot
cascs, up to 1 wt% bulk CO, is dissolved in the silicate melt when crossing the fluid-absent
silicate solidus. Tt should be noted, that flush-melting of such carbonate-rich lithologics is
difficult to achieve. In a fast spreading pacific-type stratified oceanic lithosphcre, temperature
gradients in the occanic lithosphere predict the uppermost partly serpentinized peridotite to be
100-200 °C colder than the sediment layer. Thus, serpentine would have dehydrated before the
carbonate-bearing sediments reach their solidus temperaturc.

Regarding the fertility of a sediment composition, our investigated pelite proved to be
at an optimum quartz:phengite wt-ratio near 2: 1, a composition closc to the peritectic, exhausting
both of these phases.

Finally, carbonate recycling from subducting crust becomes more likely with increasing
pressure, because the calcite to carbonatite reaction has a steep slope in P-T space, and crosscs
below the silicate solidus not far above 5 GPa. We thus expcct that carbonaceous pelites will
begin to melt whenever they become incorporated into the mantle, and the subduction-caused
temperaturc anomaly begins to relax towards an adiabatic temperaturc gradient. The resulting
carbonatite melts are surprisingly calcic with minor Na, O and K.,O, similar to those from mctaba-
salts, and apart from a much lower X > ATC 0L far from equilibrium with mantle peridotite (Wal-
lace & Green 1988), whereas possible coexisting potassic phonolites would react with the mantle

and probably dcvelop towards melilitic compositions.
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Abstract

In cxperiments from 2.5 to 6.0 GPaand 850 to 1100 °C in KCaMAS-HC on a carbona-
te+kyanite-saturated, Mg-rich pelite (i.e. carbonated whiteschist) with 0.74 wt% H,0 and 6.6
wt% CO,, biotite is stablc to 6.0 GPa (at 950 °C) and to 1100 °C (at 3.0 GPa) in a phasc assemblage
composcd among kyanite, carbonates (dolomite, aragonite or magnesium calcite), garnet, corun-
dum, clinopyroxene (aluminium-diopside), zoisite, spinel and silicate liquid. Biotite most proba-
bly controls initial melting, defining the solidus to 950-1050 °C, The stability of biotitc is very
much bulk composition dependent, demonstrated from comparison to other studies, in KCaMAS-
H(C) especially shown by the lower Ca/(Ca+Mg) ratio of our bulk composition (~0.28) compared
to compositions with higher Ca/(Ca+Mg) ratios, which produced biotite at lower pressures (and

phengitc at higher pressures).
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6.1. Introduction

The stability of biotite has been the target of many recent studies, because it’s potential to
influence mass transport and metasomatism in subducting slabs and mantle wedges. Phengite
(i.e. Si-rich white mica) is the predominant potassic mica controlling fluid-absent melting in
pelite, greywacke and basalt from ~3 GPa to ~9-10 GPa (Ono 1998, Dominak & Holloway 1996,
2000, Schmidt 1996, Ogasawara et al. 2000, Schmidt et al. 2004), whereas biotite usually is restrict-
ed to pressures below ~3 GPa (Vielzeuf & Holloway 1988, Patifio Douce & Beard 1995, Spear
1995, Bucher & Frey 2002, Schmidt et al. 2004, Auzanncau et al. 2006). However, in bulk compo-
sitions poor in Fe and Al, biotite (phlogopite) is a major potassium phase stable to ~7-8 (iPa
(Konzett 1997, Konzett et al. 1997), and experiments of Trennes (2002) show that pure phlogopite
is stable to 8-9 GPa. Starting with a natural 1M phlogopite (Cruciani & Zanazzi 1994), Comodi et
al. (2004) produced increasingly K-deficient and Si-enriched phlogopites to ~6.5 GPa. For natural
phlogopite and phlogopitc+censtatite, Sato et al. (1997) suggested phlogopite stability to 5 GPa,
whereas phlogopite coexisting with diopside+ enstatite is stable to 6-7 GPa (Sudo & Tatsumi
1990), and to 6.0-6.5 GPa (at 1100 °C) for phlogopite in experiments with K-doped lhcrzolite
(Konzett & Ulmer 1999). In a KNCFMASH lher-zolite, Fumagalli (2004) reported non-ideal
phlogopite to 6.0 GPa (at 700-800 °C) involving a complex solid solution with talc. For a
quartz+kyanite-saturated crustal composition in KCMASH, biotite is stable to 3.9 GPa at ~780 °C
coexisting with diffcrent phase assemblages composed among clinopyroxene, zoisite, kyanite,
quartz/coesite, phengite, amphibole, talc or silicate liquid (Hermann 2002, 2003). In the Kokchetav
Massif, Sobolev & Shatsky (1990) found biotite intergrowths with micro-diamond in garnet-
biotite gneiss, indicating biotite stability to ~5 GPa, and in the Western Gneiss Region, biotite is
present at 2,7-4.3 GPa and 780-850 °C in kyanite-free, picrite basaltic eclogite with CaQ/MgO

(wt%) ratio of ~0.5-0.7 (Lappin & Smith 1978, Smith 1988, Wain et al. 2000, Cuthbert ct al. 2000,
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Nakamura 2003). In the North-east Greenland Eclogite Province (NEGEP) biotite-bearing eclogitcs

formed at> 1.5 GPa and 700-780 °C are rich in MgO and CaO but very poor in AL O, (Brueckner
et al. 1998). Thus, the occurrence of biotite above ~3 GPa in basaltic and ultrabasic rocks is
generally restricted to compositions with a high MgO (and X, ) and low AL O, and CaO content.
For magnesium-rich metasediments with a higher A1 O, content (e.g. whiteschist, Schreyer 1973,
1977), phengite+talc is the predominant phasc assemblage above 3 GPa, whereas for carbonate-
bearing Mg-rich sediments with significant proportions of CaO and CO, (c.g. carbonated
whiteschist), the relationship between bulk composition and phase stabilities is less clear. Hence,
in this reconnaissance study, we investigate experimentally the high pressure phase petrology
of carbonatc-saturated, Mg-rich (and Fe-frec) pelites, focusing on the stability of K-micas and in

particular biotitc.

6.2, Experimental and analytical techniques

Experiments were performed in the model system K, 0-CaO-MgO-Al,0,-5i0 -H,0-
CO, (KCaMAS-HC), constituting the simplest system reproducing the mineralogy of carbonate
saturated Mg-rich pelites. The major differences of this simplified system with respect to the
natural system arc the lack of iron and sodium. The absence of Na,O suppresses crystallization
of jadeitic or omphacitic clinopyroxene and of sodic amphiboles, whereas FeO is distributed
among the MgO-bearing phascs, thus not producing any additional phases. Nevertheless, the

stability of garnet is generally shifted to higher pressures by the absence of FeO.
6.2.1 Experimental apparatus

For the 5 and 6 GPa experiments, a Walker-type multi-anvil module employing 25 mm

cdge length WC-cubes with 12 mm truncation was applied, using a cast, sintered MgQ octahc-
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dron as pressure medium, a stepped graphite furnace, boron nitride powder, molybdenum end

disks and MgO spaccrs. Pressurc was calibrated against the quartz-coesite transformation at 3.1

GPaand 1000 °C (Bosc & Ganguly 1995), the fayalitc to y-spincl reaction at 5.25 GPaand 1000 °C
(Yagi ctal. 1987) and the garnet-perovskitc reaction at 6.1 GPa and 1200 °C (Susaki et al. 1983).
The oil pressure was controlled automatically by Eurotherm controllers within =1 bar, corre-
sponding to+0.2 GGPa. Experiments at 2.5 to 3.5 GPa were conducted in an end-loaded 14 mm bore
piston-cylinder apparatus. Asscmblics below 1000 °C were composed of an outer NaCl sleeve, a
straight graphite heater, a corundum disc between thermocouple and capsule and cylinders of
NaCl inside the furnace. For the experiments at 1050 °C, a pyrex glass sleeve between the outer
NaCl sleeve and the graphite furnace was used and the internal NaCl cylinders was replaced by
M¢gO liners. A friction correction of 2 % for full salt assemblics and 3 % for NaCl-Pyrex-MgO
asscmblies was applied to the nominal pressure, obtained by calibration against the quartz-
coesite transition (Bose & Ganguly 1995). In all experiments, the hydraulic pressure was control-
led automatically by a spindle element with a relative precision better than 1 Pa. Temperaturcs
was regulated by a automatic Eurotherm temperature controller within +2 °C using cither S-type
(Pt,, /Pt Rh, ) or B-type (Pt Rh /Pt Rh, ) thermocouples. Gold capsules werc welded at one
end, fired and filled with starting material dricd at 110 °C, and then welded shut. For the piston
cylinder experiments one capsule of 3 mm O.D. and 3-5 mm long were uscd. The capsules were
centred at the hot spot to within =0.7 mm, the thermocouple tip in the piston cylinder experiments
thus recording the coldest temperature in the capsule. Thermal gradients across the length of the
capsules were cstimated to 10-20 °C at 1050-1300 °C and 2.0 GPa. In the multi-anvil experiments
a capsule of 2.3 mm Q.D, and 2.5 mm length was placed on each side of the central thermocouple.

Quenching was done by turning off power to the furnace. The capsules were mounted longitu-
dinally in epoxy resin, then ground to approximately the centre of the capsule and fine polished

using a wet-silica colloid lapping method.
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06.2.2 Starting material

The bulk composition (Tab. 6.1) employed in this study corrcsponds to a Mg-rich pelite
(e.g. carbonated whiteschist) with a molar Ca/(Ca+Mg)~0.28, saturated in carbonate, kyanitc and
fluid (but slightly undersaturated in H,0) at subsolidus conditions. The composition produces
~16.5 wt% K-mica and ~13.9 wt% carbonatc, if all H, O and CO, are stored in mica and carbonate,
respectively. The base of the starting material was a synthetic glass made of the oxides SiO,,
AlLO,, MgO, CaO mixcd with natural alkali feldspar. The glass was fine grinded to <5 pm employ-
ing agate mortars with ethanol, then remolten at 1100-1200 °C during 30-45 minutcs in anew Pt-
crucible. Milling, grinding and firing was repcated three times to cnsure homogeneity of the
glass (controlled by microprobe using a defocused beam). The final glass was then pulverized
and mixed with AI(OH), and CaCO, to introduce the desired proportions of H,O and CO,. Free
water or CO, was not added to have a precise control of the fluid content and to prevent fluid-

loss during welding,

Tab. 6.1. Bulk starting composition (wt%) pared to carbonate-free
whiteschists, mudstone and average continental crust.

MA® K-AD15" A42° z234° P1°
50, 40.76 56.10 56.20 57.20 61.50
Al O, 24.30 19.40 16.00 16.20 21.00
FeOyy 0 2.68 0.37 5.38 0
MgO 15.22 17.80 22.90 11.40 8.00
Cad 8.44 0.50 0.10 0.20 6.00
Na,0 0 0.10 0.60 530 0
K0 3.91 2,30 0.20 0.70 3.00
H,0 0.74 1.02 3.50 2.30 2.2-10
Co, 6.62 0 0.17 0.09 0
Sum 100.00 99.90 100.04 98.77 99,50
Cal(Ca+Mg)' 0.29 0.02 0.00 0.01 0.35
AHK+Na+2+Ca)™ 0.70 4,34 10.21 1,59 0.84
Al/Na+K™ 574 7.79 73.92 21.44 6.47
Xcor® 0.79 - 0.02 0.02 -

# Bulk composition used in this study

P Evaporitic mudstone, Sahara Atlas (Kulke, 1976)
° Whiteschist (McKie, 1959)

d Whiteschist (Schreyer and Abraham, 1977)

€ Average continental crust (Hermann, 2002)

f molar Ca/(Ca+Mg)

9 molar CO,/(CO,+H,0)
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6.2.3 Analytical techniques

Expcrimental charges were analysed by a Cameca SX50 or a JEOL JXA8200 clectron
microprobe using silicates, carbonates and oxide standards, 15 kV acceleration voltages, a bcam
current of 20 nA for silicate minerals and 5-10 nA for carbonates and quenched glasses. Acqui-
sition time was 10-20 scconds for all clements, measuring potassium first for 10 scconds to avoid
diffusive loss. A focused beam was applied to water-free solid phases, whereas a defocused
beam of 2-30 pm was used for micas, carbonates and glasses whenever possible. Textural phasc
relations were analysed from secondary and back-scattered electron images (BSE) obtained from
the microprobes and a Camscan CS441B scanning electron microscope equipped with an EDS.
Polymorph phascs of carbonate were determined by micro-Raman spectroscopy using an argon

laser 0f 488 nm.

3. Experimental results

Run conditions and resulting phase assemblages for the eleven synthesis experiments
from 2.5 to 6 GPa at 850 to 1100 °C arc listed in Tab.6.2 and presented in Fig. 6.1. In 6 of the 11
experiments, rcaction rims arc produced, typically involving carbonate, Ca-Mg silicatcs (gamct,
clinopyroxene or zoisite) and silicate mclt or biotite, indicating that complete chemical equilibri-
um was gencrally not rcached. Further, several phases developed only very small crystals (< 1
pm), resulting in sub-optimal analytical conditions. Hence, the experiments did most probably
not attain chemical equilibrium, and phase composition changes with pressure and temperatare
are generally inconsistent, thus mass balance calculations were not performed. Nevertheless, all
experiments produced well-crystallized biotite grains of > 10 pm in size, indicating that biotite is
the stable K-mica in the entire experimental grid, i.e. to at least 6.0 GPa (at 950 °C) and to 1150 °C
(at 3.0 GPa). Furthermore, the approximate location of several reactions can be established from

the experiments. The solidus is determined to between 950 and 1050 °C, most probably resulting
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Fig. 6.1. Pressure-temperature diagram with experimental results and tentative phase
stability fields for the MA bulk composition. Biotite is omnipresent, and the dominant
carbonate polymorph for each experiment (dots) is marked in blue (dol = dolomite,
Mg-cc =magnesian calcite, arag = aragonite). Solid lines mark experimentally determi-
ned reactions, and dashed lines are inferred brackets based on experiments not fully
equilibrated. Calcite/aragonite reaction from Carlsson (1980).

Tab. 6.2. A. Experimental run conditions and resulting phase assemblages for the MA

B. Composition of carbonate, gamet,

bulk composition clinopyroxene and zoisite*
Runno. P T Runtime Phase assemblage Carbonate | Garnet| Clinopyroxene | Zoisite
(GPa) (°C) _ {hours) Xa' | Xgos' | Xea Al (pfu)’} Mg (pfu)
MA-01* 2.5 850 94 bt +dol +ky (+ spl) +/- 7oi 0485 - - ?
MA-02¢ 2.5 950 112 bt + gt + dol + ky +/- zoi 0.483 ? - ?
MA-03 25 1060 116 bt + silicate melt + gt + cor - 0,350} any? -
MA-06 3.0 850 120 bt+ gt + dol + ky + zoi (+/- cpx?) 0.471] 0.291} any? 0.103
MA-05% 3.0 950 108 bt + gt + cpx + dol + ky 0.495 ?) 0495 0875 -
MA-07 3.0 1050 118 bt + silicate melt + gt + cor + dol 0.490{ 0.326 - -
MA-08 3.0 1100 60 bt + silicate melt + gt + cor -| 0323 - -
MA-10" 35 950 113 bt + gt + dol + ky (+/- cpx?) 0.481) 0.472| any? -
MA-09" 3.5 1050 108 bt + silicate melt + gt + Mg-cc + ky + ¢or 0.354 0497 - -
MA-11* 5.0 950 88  bt+ gt + arag + spl (+/- melt +/- ky/cor?) 0.008 ? - -
MA-12° 6.0 950 121 bt (low-K) + gt + arag + spl (+/- silicate melt) 0.001 i - -

# Experiment did not atiain complete chemical equilibrium (reaction rims are present).
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from the decomposition of biotite (xquartz/coesite), Corundum first appears at > 950 °C and is

stable to 1150 °C, whereas kyanite is stable from subsolidus conditions to 1050 °C at 3.5 GPa and
to~1050°C at 2,5-3.0 GPa, Dolomite is the dominant carbonate from 2.5 to 3.5 GPa (at 1050-1100
°C), whercas aragonitc occurs at 5 and 6 GPa (Tab, 2B). Zoisite is found in one sample at 850 °C
and 3.0 GPa, clinopyroxene (aluminium-diopside) in another samplc at 950 °C and 3.0 GPa, and
from 850 to 950 °C at 2.5 GPa garnet is absent. In the two experiments at 5.0 and 6.0 GPa, spincl

(MgALO,) is obscrved.

3.1 Biotite composition

Composition of the analyscd biotites arc shown in Fig.6.2 and given in Fig. 6.3. For
KCaMAS-HC, the ideal biotite solid solution results from the Mg-tschermak’s substitution (Mg_
\Si,Al) between the endmembers phlogopite KMg, [AlSi,]O, (OH), and eastonite

KMg AI[ALSi,]0, (OH), However, the sum of the cations for the analysed biotites varies be-

10

tween 7.13 and 7.87 apfu with octahedral occupancics from 2,44 to 2,91 pfu and interlayer cation

vacancics of 0.05-0.62 pfu. These non-ideal biotites have a cation-deficient intcrlayer and an

Fig. 6.2. Si vs. Al diagram with non-
ideal trioctahedral biotites, indicating
substitution towards the phengite solid
solution series. Solid solution through
3. the K-edenite-type exchange towards
33 36 s o talc is difficult to determine for the MA
53 biotites. A continious increase in silica
) content with pressure (numbers in GPa
® : at each point) can also not be determined,
ce though indicated. Dashed area denoted
phl MC represent the compositional range
of biotites from Thomsen & Schmidt
(in review) . Normalization on 11 oxy-
gens and 2(OH).
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octahedral vacancy of 0.09 to 0.46 pfu. The highest Si content of 3.1 to 3.3 Si pfu occurs in the

highest pressure and temperature experiments, The composition of the biotites arc comparable
to the biotites of Hermann (2002, 2003) in KCaMASH, and own experiments in KCaMAS-HC on
a quartztkyanite+carbonate-saturated pelite higher in CaQ (11.79 wt% instead of 8.44 wt%) and
lower in MgO (7.36 wt% instead of 15.22 wt%), but exhibit larger compositionally variations as a

result of limited equilibration in the present experiments.

6.4. Discussion
6.4.1 Biotite stability

The stability of biotite in KCaMAS-HC and subsystems is bulk composition depend-
ent. In quartz+kyanite-saturated, magnesian bulk compositions less calcic than the tie-lines cpx-
phengite or garnet-phengite (Fig. 6.1 inset), biotite is preserved to high pressures without form-
ing phengite, whercas for more calcic compositions, biotitc decomposes with increasing pres-
sure, producing phengite (xcpx, tgarnet, +zoisite). In this study biotite is stable to at lcast 6.0
GPa, i.e, to much higher pressures compared to the experiments with the KCaMAS-HC bulk
composition in chapter 4 (MC), which yielded phengite replacing biotite at > 2.6 GPa. Hermann
(2002, 2003) obtained coexisting biotite and phengite between 2.5 and 3.9 GPa at 780 °C in
KCaMASH (at higher pressure biotite was absent), which is at 2 GPa lower pressures than in this
study. The stability of biotite to higher pressure reflects the lower Ca/(Ca+Mg) =0.29 of our bulk
composition (MA in fig. 1 inset) compared to (.35 of Hermann’s bulk composition (P1 in Fig. 6.1
inset and Tab. 6.1) and to 0.54 of own parallel KCaMAS-HC experiments (MC in fig, 1, described
in chapter 4). This supports the argument of bulk Ca:Mg control on the pressure stability of
biotite and thus on the biotite to phengite transformation in KCaMAS-HC and KCaMASH. The

lower Ca:Mg ratio also displaces the garnet stability field towards higher temperatures.
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6.4.2 Non-ideality of biotites at high pressures

Exchange mechanisms in the ideal biotite solid solution series and main crystallochemical
variations are described in chapter 2.2. In terms of crystallochemical effects, deviation from ideal
biotitc solid solution towards phengite solid solution series at high pressurcs occur mainly
through the coupled di-tri-octahedral substitution 2V(A') + VIl &> 3VY(Fe*, Mg?"), resulting in
a lower octahedral occupancy for biotites. For biotites, the cxtent of the ferri-muscovite ex-
change Y(Fe*) & YI(Al*") substitution mechanism is virtually unknown, but the K-edinite-type
substitution K* + V(AP*) & O+ Y(Si*) for biotites towards talc was recently suggested by
Hermann (2002) and Wunder & Melzer (2002), and discussed by Comodi et al. (2004) as a signif-
icant exchange vector for high pressure biotitcs. Increasing pressurc (and decreasing tempera-
ture) favours the K-edinite-type substitution K* +™(AP") — 04+ "(8i*") in biotites, resulting in a
larger talc component Mg,[Si,0,,1(OH),, essentially due to a decrease in size of the tetrahedral
sheet, coupled in the alumino-celadonite substitution by an increasc of the octahedral sheet
dimensions (Comodi ct al. 2004). This decrease in potassium with increasing pressure contrasts
with the general K increase over Na with increasing pressure, mainly reflecting pressurc effects
on the octahedral and tctrahedral substitutions on the degree of (non-)ideality for the Na-K
exchange (Guidotti and Sassi 2002). For biotites, increasing Fc?' — Fe*' oxidation is thought to
be common in some bulk rock compositions, but has not been guantitatively cstablished (dis-

cussed further in Eugster & Wooncs 1962).

6.4.2 The stability of carbonates compared to previous studies

Fig. 6.3 compares the pressure-temperature stability of carbonate polymorphs from this
study to previous ivestigations on the stability of carbonates in the CaCO,-MgCO, solid
solution, clearly showing a significant discrepancy in the pressure-temperature stability condi-

tions, which is dependent on bulk and C-O-H fluid composition. Nevertheless, the consistent
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Fig. 6.3. Pressurc-temperature diagram with stability fields of carbonate polymorphs from
different studies compared to our results, showing that carbonate stability and polymor-
phism is very much dependent on bulk and C-O-H fluid composition. In general, calcite
(cc) oceurs at low P-T, Mg-caleitec (Mgec) at the highest temperatures, dolomite (dol) and
in turn aragonite (arag) at increased P-T, whercas magnesite (mgs) oceurs at very high P,
(1) this study. (2) Thomsen and Schmidt (inreview) (3) Kerrick & Connolly (2001). (4)
Yaxlcy & Green (1994). (5) Molina & Poli (2000). (6) Yaxley & Brey (2004). (7) Ham-
mouda (2003). (8) Experimentally determined reaction dolomite=aragonitc+magnesile
(Buob et al. 2006, Luth 2001).
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trend with low pressurc calcite and Mg-calcite present at the highest temperatures, and dolomite

in turn aragonite and magnesite forming with incrcasing pressure, is similar to our results, where
Mg-calcite is found only at 1050 °C — 3.0 GPa, and dolomite is stable from 2.5 to 3.5 GPa (at 1050-
1100 °C), whercas aragonitc stabilize at 5 and 6 GPa. The stability of dolomites from this study
ovcrlap with the dolomites of Thomsen & Schmidt (in review), Yaxley & Green (1994) and most
probably also Kerrick & Connolly (2001). Mg-calcite overlap with the Mg-calcites stability field
in Yaxley & Green (1994) and Yaxley & Brey (2004), whereas the lower limit of our aragonite

stability ficld is located at slightly lower pressures than most other studies producing aragonite.

6.5. Concluding remarks

This study indicates biotite (phlogopitc) as a stable phasc to at lcast 6.0 GPa in
carbonate+kyanite-saturated, Mg-rich pelites, coexisting with different phase assemblages com-
poscd among carbonate (aragonite, dolomite, calcite), kyanite, corundum, garnet, clinopyroxene
(Al-diopside), zoisite, spincl or silicate liquid. Thus, subduction even along fairly hot geotherms
of such metasediments may preserve H,O in biotite and CO, in aragonite to at least ~180 km
depths, i.c. into the upper mantle, However, it must be stressed that the results are only sugges-
tive, as complete equilibrium clearly were not attained for alt experiments, most likely resulting in

considcrable uncertainties in phase stability fields and phasc compositions.
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7. Summary, On-going work and Outlook

Piston-cylinder and multi-anvil cxperiments have been carried out to determine the
pressurc-temperature phase relations for carbonate-saturated pelites in the systems KCaMAS-
HC and KNCaFMAS-HC. This research project lays an experimental basis for further investiga-
tions of carbonate-saturated pelites, and morc generally for the study of high-pressure
metasediments. The following sections gives a brief summary of the results of this thesis, on-

going work and suggestions for futurc research are outlined.

7.1 Summary of the major results of this thesis

With the characterization of carbonatc-saturated pelites in the KCaMAS-HC model
system and the KNCaFMAS-HC pseudo-natural system, subsolidus and melting rcactions arc
determincd. For the MC bulk composition in KCaMAS-HC (chapter 4), the biotite to phengite
transformation takes place with increasing pressurc between 2.4 and 2.6 GPa, whereas the
amphibole to clinopyroroxene (aluminium-diopside) reaction occurs from ~875 °C at 2.0 GPato
~740 at 2.5 GPa. Both reactions conserve KO and CO, with pressure, but not H,0, which is
produced from the decomposition of zoisite and amphibole. The H O stored in the micas is
conserved during pressurizing, Dolomite constitutes the carbonate throughout the studied P-T
grid, and is stable to higher temperaturcs at higher pressures, that is 950 °C at 3.5 GPa compared
to 850 °C at 2.3 GPa. The solidus is constrained to between 850-950 °C and produces 7-24 wt% K-
rich granite melts through the melting reaction phengite+zoisitc+cocsite = silicate melt+clino-
pyroxenc+kyanite above ~2,5 GPa and biotite+zoisite+quartz (ramphibole) = silicate melt+clino-
pyroxcnetkyanite below ~2.5 GPa. The liquidus surface is dominated by the melting of zoisite

and then clinopyroxenc with increasing temperature.
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The reaction phengite+coesitetclinopyroxenc = silicate melt+kyanite+garnet defines

the initial fluid-absent melting (solidus) for carbonate-saturated pelites of AM bulk composition
in the KNCaFMAS-HC system (chapter 5). Thus, such compositions provide a solidus reaction
similar to initial silicate melt producing reactions for typical high-pressure pelites, greywackes
and K-rich granites, though larger melt fractions of 30-35 wt% are produced in the AM composi-
tion. The silicate melt forming reactions do not include carbonate, thus the Ca-rich ferro-
carbonatite produced at 1100 °C is controlled by the degree of CO,-saturation of the coexisting
silicate melt and the stability of Fe-Mg-calcite. The results indicate that carbonatc-saturated
pelite compositions provide a potential source for carbonatite formation through liquid immisci-
bility with a Si-undersaturated phonolitic melt.

In the KCaMAS-HC experiments with a carbonate-saturated Mg-rich pelite composi-
tion (carbonated whiteschist) having 0.74 wt% F,O (chapter 6), biotite is stable to 6 GPa ( 950 °C)
and to 1100 °C (at 3.0 GPa). The stability of biotite is very much bulk composition, and for
KCaMAS-HC especially the Ca/(Ca+Mg)-ratio demonstrate that biotite is more stable in bulk

compositions with a low Ca/(Ca+Mg) ratio, than in compositions with a high Ca/(Ca+Mg) ratio.

7.2 Thermodynamic modelling of high-pressure KCaMAS-HC carbonate-saturated pelites em-
ploying a modified solid solution mixing model for K-micas

In collaboration with Dr, Marc Caddick, a thermodynamic trcatment of the data ob-
tained from the subsolidus cxperiments in chapter 4 is employed for the calculation of a thermo-
dynamic modcl, producing an empirical pressure-temperaturc grid consistent with the results
obtained from the experiments. However, as this work is in progress and being prepared for
future publication, it does not constitute a complete chapter in the thesis. The following scctions

provide a brief summary of this work and the preliminary results.
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7.2.1 Introduction

The cxperiments in the model system KCaMAS-HC (K,0-CaO-MgO-A1,0,-Si0,—H,0-
CO,, chapter 4), which constitutes the simplest system able to generatc the mincralogy of car-
bonate-saturated pelites, produced phase assemblages composcd among biotite, phengite, dol-
omite, clinopyroxene (aluminium-diopside), zoisite, garnet, kyanite, quartz/coesite, silicate melt
and a mixed H,0-CO, fluid. Based on this study, we have calculated a pressure-temperature
petrogenetic grid for carbonatc-saturated pelites in KCaMAS-HC from 2 to 4 GPa, 700 to 950 °C,
employing the bulk composition MC (see Tab. 4.1, p.32) and previously published, internally
consistent thermodynamic datasets and updated models of activity-composition relations for

the solid solutions produced in the cxperiments.

7.2.2 Software, input parameters and models employed

Prcliminary calculations with the program Perplex_06 (Connolly, 2005) utilised the 2002
update of the Holland and Powell (1998) thermodynamic database. Activity composition models
werc taken from the Perplex solution filc (i.c. amphibolc after Dale et al., 2005, calcite-dolomite-
magnesite after Holland and Powell, 2003, and end-member compositions for kyanite, zoisite,
quartz, cocsite, diopside and talc), with the cxception of mica that was modelled as follows, As a
starting point for futurc calculations, a simple “ternary” mica model was developed to simulate
mixing between phlogopite, castonitc and muscovite end-members. Thus, the celadonite end-
member was not included (i.e. no phengite) in the calculations, Interaction energy parameters for
muscovite-eastonite and muscovite-phlogopite solutions are essentially unknown, so were set

atarbitrarily high valucs (W W =1000kJ/mol) to minimisc mixing between di- and tri-

€ast-mu = phl-mu
octahedral micas, Naturally, using such high interaction cnergy parameters, the risk of no di- and

tri-octahedral mica mixing is possible, which will provide a mica model with a binary phlogopite-

eastonite solid solution and muscovitc as cnd-member, and not a true ternary mica model. W,
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Fig. 7.1. (A) Prossurc-temperature equilibrium phase diagram computed in KCaMAS-HC for a
carbonate-saturated pelite with bulk composition MC (see Tabs. 3.1 or. 4.1). The calculated P-T
diagram provides a reasonable approximation for the biotite-phengite, amphibole-clinopyroxene
and dolomite-out reactions, compared to the cxperimentally based petrogenetic grid (red dashed
lines, sec Fig. 4.9), considering the simple setup parameters for the calculation. (B) Calculated Si/
(Si+Al) cation ratios for micas. (C) Calculated Mg/(Mg+Al) cation ratios fot biotites. (D-G) Calcu-
lated proportions (in vol%) of diopside (D), dolomite (E), mica (F) and amphibole (G).
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(10 kJ/mol) was taken from thec Thermocalc website of T,J.B, Holland (http://www.esc.cam.ac.uk/

east

astaff/holland/ds5/biotites/biotite.html), Calculations modelled the bulk composition MC with
the CORK (compensated Redlich-Kwong) fluid modcl (Holtand & Powell, 1991)and a X c'az(ﬂmd)
of 0.14, as applied in the experimental mass balance calculations.

Obviously, several over-simplifications are made in this first model that must be im-
proved in future calculations. Most important is the lack of the celadonitc end-mcmber compo-
nent in the phengite solid solution series (see Fig. 2.4), setting muscovite to a fixed end-member
composition, which has the effect of muscovite not becoming ccladonite-enriched with increas-
ing pressurc. Biotite is modelled as a simple phlogopite-eastonite binary, which does not ac-
count for any non-ideal behaviour in terms of cxchange mechanisms towards dioctahedral micas
or talc, Furthermore, the interaction parameters were gucssed, and thus have no pressure or
temperature dependence. A next step is to implement a phengite composition into the model.

Additionally, the micas in this study do not contain Fe, Ti or Na, which generally is
present in significant amounts in natural mica compositions, This is similar for other minerals at
high pressures, where the absence of Na suppresscs crystallization of jadeitic/omphacitic
clinopyroxenc and of sodic amphiboles, whereas addition iron is distributed among the magnesian
phascs, not producing additional phases, however greatly shifts the stability field of ¢.g. garnet

to lower pressures and temperatures.

7.2.3 Preliminary results

In Fig. 7.1A, the calculated petrogenctic diagram is compared to reactions detcrmincd
from the experiments (red dashed lincs, Fig. 4.9). Considering the over-simplifications mentioned
above, the petrogenetic diagrams show surprisingly good consistency of the biotite to phengite
(muscovite), the amphibole to clinopyroxene and the dolomite-out reactions. Note, that because

the ccladonite component is not included in the modelling, phengite is interpreted as the high
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pressure stable white mica phase (over muscovite), which is supported by the experimental

study and literature. The calculated cation ratios in Fig, 7.1B+C show increasing Mg and Si in
biotitc with pressure, indicating the tschermak’s exchange in biotite. Calculated proportions (in
vol%) for mica, amphibole, clinopyroxcnc and dolomite is shown in Fig. 7.1D-G, which also fits
surprisingly well with the calculated proportions (by mass balance) from the experiments (sce
Tab. 4.2). In conclusion, this first attempt to model the subsolidus phase assemblage of a simpli-
fied carbonate-saturated pelite bulk composition give consistent results compared to the cxper-

imental study, providing a solid base for future model calculations.

7.3 Recommendations for future scientific work

The amount of work performed on carbonaceous pelites is small at all conditions, de-
spite the common occurences of such lithologies, While this thesis has focused on the cxperimen-
tal determination of subsolidus and melting reactions and phase compositions in model carbon-
atc-saturated pelites in the vicinity of the solidus, several important aspects of such composi-

tions are yet to be explored. Below are outlined some recommendations for future research.

7.3.1 Field study of carbonaceous pelites from high-pressure terrains

Petrological experiments simulating reactions occuring in natural rock compositions
should be compared to alike natural compositions, In this study, the subsolidus rcaction biotitc
to phengite was the major focus, thus an investigation to identify metamorphic units, where
carbonaccous pelites arc well described and metamorphic conditions were possible to deduce
were initiated. However, it soon became clear that research on high-pressure carbonaceous
pelites or akin compositions arc scarce, as most rescarch on such compositions are at much
lower pressures than in this study. Nevertheless, it was possible to locate a few high-pressurc
terrains, which contain carbonaceous pelites or pelitic marbles that show, or most likely will

have, indications of the phengite to biotite (or vice versa) transformation:
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(A) Eclogitc Zone, Austria, Permomesozoic carbonaceous and pelitic metasediments

of the Penninic series, south of the Gross Grossvenediger, Tauern Window, show high-
pressure Alpine phase assemblages with phengite overprinted by lower pressure biotite-
bearing greenschist-amphibolite facies assemblages. The phengite-biotite transforma-
tion was determined to Dachs (1986, 1990) 10 0.6-2.0 GPaata T __ of 550-600 °C. Poten-
tial field in Dorfertal and Timmeltal, north of the Virgenthal. The results from a recon-
naissance field work combined with this study is not included in the thesis.

(B) The Eide area, Romsdalshalviya and Straumecn cclogite pod, Western Norway:.
Eclogitc facics overprint of granulite facies metasediment including pelites, calc-pelites
and marblcs at higher temperatures than in (A). Reksten (1985) and Smith (1998).

(C) Carbonate-bearing pelites and marbles, Western Gneiss region, Norway. Precambri-

an granulite facies (800-900 °C, <1.1 GPa) to eclogite facics (700 °C, >1.8 GPa) transition.

7.3.2 Partitioning of trace elements between solids, melts and fluid

In experimental studies of trace elcment partitioning among the minerals, melts and fluid
produced by carbonate-saturated bulk compositions, the primary goal would be to establish the
naturc of trace element partitioning between potassic micas and silicate melt, because micas
have major implications for mclting bchaviour (and host many key trace elements such as Rb, B,
Be, Ba; Domanik et al. 1993), as they arc among the phases that disappear first during melting,

thus influencing the geochemistry of recycling into the global cycle (i.e. into the mantlc).

7.3.3 Carbonatites originating from metasedimentary rocks

In chapter 5, it is shown that carbonatitcs can be produced from carbonatc-saturated
pelites as a concequence of liquid immiscibility during partial melting, A follow up upon these
experiments and comparison to natural low-alkali ¢carbonatite compositions would further con-

strain P-T-Xco, conditions for carbonatitcs produced from melting of carbonated pelites.
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