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Zusammenfassung

Die Entstehung und Entwicklung von Graniten steht seit Jahrzehnten im Fokus vieler geologi-
scher Studien, da sich die Erdkruste zu gro3en Teilen aus granitoiden Gesteinen zusammen-
setzt. Von besonderer Bedeutung fir die Bildung von granitischen Schmelzen ist neben der
Temperatur, der Wassergehalt der Schmelze, da dieser Parameter die chemische Zusammen-
setzung der Schmelze entscheidend verandern kann. Die Entmischung wassriger Fluide aus
Schmelzen fuhrt zur Neuverteilung von Elementen zwischen diesen Phasen. Bedingt durch
die geringere Dichte des wéssrigen Fluids im Vergleich zur Schmelze und dem Nebenge-
stein, beginnt dieses aus tieferen Erdschichten aufzusteigen. Damit verkn(pft ist nicht nur eine
rdumliche Trennung von Schmelze und Fluid, sondern auch die Alterierung des Nebengestein.
Dieser Prozess ist insbesondere bei der Bildung von magmatisch-hydrothermalen Lagerstét-
ten und in spaten Entwicklungsstadien magmatischer Komplexe wichtig. Fir ein detailliertes
Versténdnis dieser Prozesse ist es notwendig, das Elementverhalten in solchen Systemen
in Abhangigkeit von Parametern wie Temperatur, Druck und chemischer Zusammensetzung
des Systems experimentell zu untersuchen, und Elementverteilungskoeffizienten als Funkti-
on dieser Variablen zu bestimmen. Fir die Untersuchungen sind insbesondere Spurenele-
mente geeignet, da diese im Gegensatz zu Hauptelementen nicht essentiell fir die Stabilitat
weiterer auftretender Phasen sind, aber sehr sensibel auf Anderungen intensiver Variablen
reagieren kdnnen. Zudem werden bei geochemischen Mineral- und Gesteinsanalysen viele
Spurenelemente, Spurenelementverhaltnisse, und Spurenelementisotope als petrogenetische
Indikatoren verwendet, d.h. diese Daten liefern Informationen darlber, wann und in welcher
Tiefe und bei welchen chemischen Bedingungen ein Gestein gebildet worden ist, und welche
weiteren Prozesse es auf dem Weg zur Erdoberflache durchlaufen hat. Allerdings sind fir vie-
le Spurenelemente die Abhangigkeiten der Verteilung zwischen Fluiden und Schmelzen von
intensiven Variablen nicht, oder nur unzureichend experimentell untersucht worden. Zusatzlich
dazu basiert die Mehrheit der experimentell gewonnenen Verteilungskoeffizienten und deren
Interpretation, insbesondere hinsichtlich der Elementkomplexierung im Fluid, auf der Analyse
von schnell abgekihlten Phasen. Bisher ist nicht geklart, ob solche Analysen reprasentativ
sind fUr die Zusammensetzungen der Phasen bei hohen Driicken und Temperaturen.

Das Ziel dieser Studie war die Erarbeitung eines experimentellen Datensatzes zur Spu-
renelementverteilung zwischen granitischen Schmelzen und wéssrigen Fluiden in Abhangig-
keit von der Schmelzzusammensetzung, der Salinitdt des Fluids, des Drucks und der Tem-
peratur. Ein Hauptanliegen der Arbeit bestand in der Weiterentwicklung einer experimentellen
Methode bei welcher der Spurenelementgehalt im Fluid in-situ, d.h. unter hohen Driicken und
Temperaturen, und im Gleichgewicht mit einer silikatischen Schmelze bestimmt wird. Die so
gewonnenen Daten kénnen anschlieBend mit den Resultaten von Abkuhlexperimenten vergli-
chen werden, um diese und auch Literaturdaten kritisch zu bewerten. Die Daten aller unter-
suchten Spurenelemente dieser Arbeit (Rb, Sr, Ba, La, Y und Yb) zeigen:

1. unter den untersuchten Bedingungen eine Préferenz fir die Schmelze unabhéngig von
der chemischen Zusammensetzung von Schmelze und Fluid, Druck oder Temperatur,

2. die Verwendung von chloridhaltigen Fluiden kann die Verteilungskoeffizienten um 1 bis
2 GréBenordnungen anheben und



3. fur die Verteilungskoeffizienten von Sr, Ba, La, Y und Yb eine starke Abhangigkeit von
der Schmelzzusammensetzung im chloridischen System.

Der Vergleich der Daten der verschiedenen Methoden zeigt, dass insbesondere fiir chloridfreie
Fluide groB3e Diskrepanzen zwischen den in-situ Daten und Analysen von abgeschreckten Pro-
ben bestehen. Dieses Ergebnis beweist eindeutig, dass beim Abschrecken der Proben Rick-
reaktionen stattfinden, und dass Daten, welche auf Analysen abgeschreckter Fluide basieren,
nur eingeschrankt verwendet werden sollten. Die Variation der Verteilungskoeffizienten von Sr,
Ba, La, Yb, und Y als Funktion der Schmelzzusammensetzung ist entweder auf eine Anderung
der Komplexierung im Fluid und/oder einen anderen veranderten Einbau dieser Elemente in
die Schmelze zuriickzufiihren. Daher wurde im Rahmen dieser Arbeit erstmals versucht, die
Elementkomplexierung in silikatischen Fluiden direkt bei hohen Temperaturen und Driicken
zu bestimmen. Die Daten fiir Sr zeigen, dass abhangig von der Schmelzzusammensetzung
unterschiedliche Komplexe stabil sein missen.



Abstract

The origin and evolution of granites has been widely studied because granitoid rocks constitute
a major portion of the Earth’s crust. The formation of granitic magma is, besides temperature
mainly triggered by the water content of these rocks. The presence of water in magmas plays
an important role due to the ability of aqueous fluids to change the chemical composition of
the magma. The exsolution of aqueous fluids from melts is closely linked to a fractionation
of elements between the two phases. Then, aqueous fluids migrate to shallower parts of the
Earth’s crust because of it’s lower density compared to that of melts and adjacent rocks. This
process separates fluids and melts, and furthermore, during the ascent, aqueous fluids can
react with the adjacent rocks and alter their chemical signature. This is particularly impor-
tant during the formation of magmatic-hydrothermal ore deposits or in the late stages of the
evolution of magmatic complexes. For a deeper insight to these processes, it is essential to
improve our knowledge on element behavior in such systems. In particular, trace elements are
used for these studies and petrogenetic interpretations because, unlike major elements, they
are not essential for the stability of the phases involved and often reflect magmatic processes
with less ambiguity. However, for the majority of important trace elements, the dependence of
the geochemical behavior on temperature, pressure, and in particular on the composition of
the system are only incompletely or not at all experimentally studied. Former studies often fo-
cus on the determination of fluid—melt partition coefficients (Dggm:c%“id/c;el“) of economically
interesting elements, e.g., Mo, Sn, Cu, and there are some partitioning data available for ele-
ments that are also commonly used for petrological interpretations. At present, no systematic
experimental data on trace element behavior in fluid—melt systems as function of pressure,
temperature, and chemical composition are available. Additionally, almost all existing data are
based on the analysis of quenched phases. This results in substantial uncertainties, particu-
larly for the quenched aqueous fluid because trace element concentrations may change upon
cooling.

The objective of this PhD thesis consisted in the study of fluid—melt partition coefficients
between aqueous solutions and granitic melts for different trace elements (Rb, Sr, Ba, La, Y,
and Yb) as a function of temperature, pressure, salinity of the fluid, composition of the melt,
and experimental and analytical approach. The latter included the refinement of an existing
method to measure trace element concentrations in fluids equilibrated with silicate melts di-
rectly at elevated pressures and temperatures using a hydrothermal diamond-anvil cell and
synchrotron radiation X-ray fluorescence microanalysis. The application of this in-situ method
enables to avoid the main source of error in data from quench experiments, i.e., trace element
concentration in the fluid. A comparison of the in-situ results to data of conventional quench
experiments allows a critical evaluation of quench data from this study and literature data.

In detail, starting materials consisted of a suite of trace element doped haplogranitic
glasses with ASI varying between 0.8 and 1.4 and H,O or a chloridic solution with m NaCl/KCl=1
and different salinities (1.16 to 3.56 m (NaCIl+KCl)). Experiments were performed at 750
to 950°C and 0.2 or 0.5 GPa using conventional quench devices (externally and internally
heated pressure vessels) with different quench rates, and at 750°C and 0.2 to 1.4 GPa with
in-situ analysis of the trace element concentration in the fluids. The fluid—melt partitioning data
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of all studied trace elements show
1. a preference for the melt (Df/rn < 1) at all studied conditions,

2. one to two orders of magnitude higher D/™ using chloridic solutions compared to exper-
iments with H, O,

3. a clear dependence on the melt composition for fluid—melt partitioning of Sr, Ba, La, Y,
and Yb in experiments using chloridic solutions,

4. quench rate—related differences of fluid—melt partition coefficients of Rb and Sr, and

5. distinctly higher fluid—melt partitioning data obtained from in-situ experiments than from
comparable quench runs, particularly in the case of H,O as starting solution.

The data point to a preference of all studied trace elements for the melt even at fairly high salin-
ities, which contrasts with other experimental studies, but is supported by data from studies of
natural co-genetically trapped fluid and melt inclusions. The in-situ measurements of trace el-
ement concentrations in the fluid verify that aqueous fluids will change their composition upon
cooling, which is in particular important for Cl free systems. The distinct differences of the
in-situ results to quench data of this study as well as to data from the literature signify the im-
portance of a careful fluid sampling and analysis. Therefore, the direct measurement of trace
element contents in fluids equilibrated with silicate melts at elevated PT conditions represents
an important development to obtain more reliable fluid—melt partition coefficients. For further
improvement, both the aqueous fluid and the silicate melt need to be analyzed in-situ because
partitioning data that are based on the direct measurement of the trace element content in the
fluid and analysis of a quenched melt are still not completely free of quench effects.

At present, all available data on element complexation in aqueous fluids in equilibrium
with silicate melts at high PT are indirectly derived from partitioning data, which involves in
these experiments assumptions on the species present in the fluid. However, the activities
of chemical components in these partitioning experiments are not well constrained, which is
required for the definition of exchange equilibria between melt and fluid species. For example,
the melt-dependent variation of partition coefficient observed for Sr imply that this element can
not only be complexed by CI™ as suggested previously. The data indicate a more complicated
complexation of Sr in the aqueous fluid. To verify this hypothesis, the in-situ setup was also
used to determine strontium complexation in fluids equilibrated with silicate melts at desired PT
conditions by the application of X-ray absorption near edge structure (XANES) spectroscopy.
First results show a strong effect of both fluid and melt composition on the resulting XANES
spectra, which indicates different complexation environments for Sr.
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Chapter 1

Introduction

Granites cover a great majority of igneous rocks in the Earth’s upper crust. Therefore, the
origin and evolution of granitic rocks has been widely studied in the last decades (e.g., Tuttle
and Bowen, 1958, Holland, 1972, Whitney, 1988, Atherton, 1993). The formation of granitic
magmas is mainly a function of temperature and water content (Whitney, 1988). Therefore, the
solubility of water in granitic melts has been widely studied (e.g., Tuttle and Bowen, 1958, Burn-
ham and Jahns, 1962, Holtz et al., 1992, 1995, 2000, Pailat et al., 1992, Pichavant et al., 1992,
Yamashita, 1999, Behrens and Jantos, 2001). Evidence from volcanic and plutonic lithologies
suggests that water contents of 2 to 4 wt.% are present in most silicic magmas, and that at
water contents of > 4 wt.% the magma would become water saturated at high pressures. Ex-
solution of water from a fluid-saturated magma is a complex matter, but two main processes
can be distinguished, (1) the saturation of initially volatile undersaturated magma by decom-
pression, and (2) the volatile saturation of a stagnant, isobaric magma by cooling (e.g., Best,
2003, Robb, 2005, Philpotts and Ague, 2009). The first process commonly occurs in shallow
crustal, volcanic environments because the magma exceeds water solubility during ascent.
In the second process, the crystallization of anhydrous minerals, e.g., quartz, plagioclase, K-
feldspar, result in an increased volatile content in the residual magma. When water saturation
of the granitic melt exceeds, two liquid phases coexists: a silicate rich melt and an aqueous
rich phase. The latter is, in this text, defined as an aqueous fluid. The exsolved aqueous phase
is likely to migrate due to lower density and viscosity compared to the silicate melt and the ad-
jacent rock. The aqueous fluid attempts to re-equilibrate with all coexisting magmas and rocks.
Therefore, elements that show a preference for the aqueous fluid can be separated and trans-
ported from the magma extremely efficiently. This phenomenon is not only important for the
formation of ore deposits, but also to understand how fluids affect magmatic processes, e.g.,
efficiency of degassing of volcanic systems (Carroll and Holloway, 1994), and how interactions
between fluids and magmas may change the composition of the magma and/or crystallizing
phases. Therefore, the determination of element partition coefficients between fluids and melts

fluid/melt __Auid j~melt
Dy =cyMé/cy

and the knowledge of their relation to intensive variables such as temperature, pressure, oxy-
gen fugacity, bulk chemistry of the system, and the presence of additional volatile compo-
nents (Cl, F, S) is important to understand and model element behavior during crystallization
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and fractionation of natural systems, particularly during late stages of the magmatic evolution
(Burnham, 1979).

So far, magmatic processes and phase relations are still to insufficiently known to un-
derstood the major element variations in detail in suites of differentiated igneous rocks. Trace
element variations are helpful to unravel the petrogenetic evolution of rocks because, unlike
major elements, they are not essential for the stability of the phases involved and often reflect
magmatic processes with less ambiguity because variations often are not linked to forma-
tion of specific phases (e.g., Philpotts and Ague, 2009). If two or more phases coexist (e.g.,
melt, mineral, liquid), a trace element under equilibrium conditions partitions itself between the
phases. In the case of diluted concentrations, it can be expected that trace elements follow
Henry’s law (a; = K;/X;, where a; is the activity, X; is the mole fraction, and K; the Henry’s law
constant of component i). Henry behavior of elements implies a strong simplification of mod-
eling because the fractionation of elements between coexisting phases becomes independent
of the their concentration up to a certain maximum level. During magma differentiation, some
trace elements, e.g., Ni, Cr, Co, Mg, and Fe, partition strongly into early crystallizing minerals
which is described as compatible behavior. Incompatible trace elements are those that can-
not substitute into the crystal structure of early forming minerals because of high ionic charge
and/or large ionic radius. Therefore, differentiated magmas are, among others, enriched in Ba,
Rb, Sr, Zr, Cs, rare earth elements (REE), Hf, Th, Pb, and U. Ratios of two strongly incom-
patible elements are useful to test for a cogenetic origin in suites of igneous rocks. Because
they are independent of the fraction of liquid remaining and the phase properties, the ratios
will only change by assimilation of country rocks or mixing with magmas that have different
ratios. Some trace elements are sensitive indicators of the degree of fractionation because
they preferentially partition into a specific mineral. The magnitude of the effect produced by
a mineral depends on its relative abundance and on the magnitude of the D value for a par-
ticular element. For example, Ba*", Sr**, and Eu" easily substitute for Ca** in plagioclase.
Rare earth elements are extremely useful trace elements in the study of igneous petrogenesis
because of their high charge, relatively large ionic radius, and their similar geochemical behav-
ior (Hanson, 1980). Furthermore, as their atomic weight increases, the ionic radius decrease
which is known as lanthanide contraction. However, in granitoid melts, rare earth elements
do not incorporate in major granite-forming minerals. Instead, they strongly fractionate into
accessory phases, e.g., monazite, apatite, or sphene (e.g., Bea, 1996). The abundance of the
REE’s in granitoid rocks is < 100 ppm in the average upper continental crust, but increase
with increasing potassium content of the melt (Winter, 2001).

During the last three decades, numerous studies were performed to determine fluid—melt
partition coefficients of elements of economic or petrological interest. Most of the available
data are based on experimental studies using quench apparatus, with synthetic or natural
melts as starting materials, e.g., Cullers et al. (1973), Flynn and Burnham (1978), Candela
and Holland (1984), Urabe (1985), London et al. (1988), Webster et al. (1989), Keppler and
Wyllie (1990), Ayers and Eggler (1995), Bai and Koster van Groos (1999). Other studies ana-
lyze synthetic or natural co-genetic fluid and melt inclusions using Laser ablation—inductively
coupled plasma—mass spectrometry (LA-ICP-MS) analysis (e.g., Schéfer et al., 1999, Audé-
tat and Pettke, 2003, Zajacz et al., 2008) or X-ray fluorescence microanalysis (Rickers et al.,
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2006). An unisonous finding of these studies is that in systems with aqueous fluids diluted
in CI™, the majority of elements show a preference for the melt, i.e., fluid—melt partition co-
efficients are typically much smaller than one. The presence of complex—forming ligands in
the fluid, in particular CI~, significantly enhances D™ (e.g., Keppler and Wyllie, 1991, Bai and
Koster van Groos, 1999, Zajacz et al., 2008). For example, Ayers and Eggler (1995) measured
partition coefficients between a synthetic andesite melt and H,O, 1.5 and 3 m NaCl fluids at
1.5-2.0 GPa and 1250°C. They observed an increase of the partition coefficients of alkali el-
ements from 0 to 1.5 m NaCl solution, but no further increase for a 3 m NaCl solution. Bai and
Koster van Groos (1999) determined D'/™ of various main and trace elements between vari-
ous aqueous fluids (pure, chloridic, fluoridic, or carbonatic) and granitic melts at 750—800°C
and 100—400 MPa. The results show that chloridic fluids significantly enhance the partition
coefficients of Na, K, Rb, Sr, and Cu (D'/™>1 at salinities > 3 m (Na,K)Cl). In contrast, Al, Ge,
Mo, W, La, and Ce strongly partition into the silicate melt. In the case of carbonatic fluids, only
Mo and Cu partition into the fluid. The latter result confirms the data of Webster et al. (1989)
who also determined significantly smaller partition coefficients for various trace elements for
H,O + CO, fluids than for CO,—free aqueous solutions. Fluid—melt partitioning of economi-
cally interesting trace elements, e.g., Cu, Mo, and W, between haplogranites and different ClI
bearing solutions were studied by Keppler and Wyllie (1991) for H,O-HCI solutions, and by
Candela and Holland (1984) for aqueous (Na,K)CI fluids at 750°C and up to 200 MPa. For
copper, both studies found an increase in the partition coefficient with increasing Cl concen-
tration in the fluid (max. ch/:‘ ~ 100). In contrast, the observed partition coefficient of Mo was
high if water was the only volatile component present, but decreased strongly with increasing
Cl concentration (Keppler and Wyllie, 1991). This finding differs from the data by Candela and
Holland (1984), who observed no correlation between DfN/IL“ and Cl concentration of the fluid. A
possible explanation can be the different fluid compositions, HCI and (Na,K)CI solutions, used
in the studies. Schéfer et al. (1999) determined, among others, Mo and W partition coefficients
between a NaCl solution and a granitic melt at 850°C and 200 MPa. Their data show a five
times higher partition coefficient for W than the data by Keppler and Wyllie (1991) and a similar
behavior of Mo. Schéfer et al. (1999) assume that a reason for this different behavior may be
the formation of hydroxyl complexes in the fluid that are not stable in the presence of high
amounts of HCI but stabilized by the presence of NaCl.

Most of the elements show a qualitatively similar behavior if F~ is present instead of
CI™. Keppler and Wyllie (1991) found increasing D{J/m with increasing F~ concentration in the
fluid, but a decrease of the partition coefficient of Mo at the same conditions. However, thorium
shows a clear dependence on the F~ content but a negligible correlation with the CI™ concen-
tration while the opposite behavior is observed for Cu (Keppler and Wyllie, 1991). For the rare
earth elements, a less significant fractionation into the F—bearing fluids was found than for
fluids with a similar CI™ concentration (Flynn and Burnham, 1978). However, the data might
not be comparable because the melt composition was severely affected by the HF solution.

In contrast to the effect of the fluid composition, the influence of melt composition on
trace element partitioning is, so far not very well investigated. Webster (1992a,b) and Metrich
and Rutherford (1992) found a strong dependence of the Cl solubility in silicate melts on the al-
kali/alumina ratio of the melt. Hence, the distribution of elements that form chloride complexes
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in the fluid will among other variables depend on this ratio. Watson (1979) demonstrated the
strong influence of the composition of the silicate melt on the solubility of Zr in melts. The
data show that zircon saturation is attained with less than 100 ppm Zr in peraluminous melts,
whereas the Zr content may reach several wt.% in peralkaline compositions. This large differ-
ence also reflected by much higher DI/™ for peraluminous melts than for peralkaline silicate
liquids. Flynn and Burnham (1978) studied the partitioning behavior of Ce, Eu, Gd and Yb be-
tween an agueous phase and water saturated silicate melts of different composition (Spruce
Pine pegmatite and a jadeite-nepheline composition with 75 wt.% jadeite) at 800°C and 125
or 400 MPa. The data at constant ClI™ concentration showed higher Di{gg for the Spruce Pine
pegmatite melt than for the jadeite-nepheline composition. The authors suggested that the
water—saturated jadeite-nepheline melt is less polymerized than the water—saturated Spruce
Pine pegmatite melt. This is because the jadeite-nepheline melt has a higher water content
and contains less tetrahedrally coordinated cations, e.g., silica. Therefore, the number of high-
coordinated sites available for the substitution of REE is larger in the jadeite-nepheline melt
compared to the Spruce Pine pegmatite melt due to the higher water content (Flynn and Burn-
ham, 1978, Ponader and Brown, 1989).

A further method to derive fluid—melt partition coefficients besides quenched experi-
ments using hydrothermal autoclaves, is the analysis of fluid and melt inclusions. Schéfer et al.
(1999), Hanley et al. (2005), and Simon et al. (2007) investigated synthetic quartz-hosted fluid
and melt inclusions that were trapped at magmatic conditions. Audétat and Pettke (2003),
Rickers et al. (2006), Zajacz et al. (2008), and Audétat et al. (2008) determined partition coeffi-
cients based on analyses of natural co-existing fluid and melt inclusions. Partition coefficients
determined from synthetic and natural fluid and melt inclusions are also afflicted by specific
uncertainties. In the case of natural samples, one has to verify that natural fluid and melt inclu-
sions are co-genetically trapped. Furthermore, the bulk salinity of the aqueous fluid is unknown
for natural inclusions. The determination of the salinity of synthetic and natural fluid inclusions
is difficult because aqueous fluids unmix to vapor and brine upon cooling. For a precise de-
termination of the salinity before unmixing, one needs to know the actual phase proportions
because the salinity is anywhere between the end points of the tie line. There might be also
changes of the melt composition upon cooling (e.g., precipitation of quartz in quartz-hosted
inclusions). However, the melt composition has a strong effect on fluid—melt partitioning of
trace elements as described in a previous paragraph. Further on, the application of the laser
ablation ICP-MS technique on the study of fluid and melt inclusions has two main sources of
error, (1) mixed analyses of inclusions and tiny precipitates at the inclusion walls, and (2) the
separation of the inclusion signal from that of the host mineral or matrix glass. The latter is
minimized by using an internal standard that is also essential for the conversion of the deter-
mined element ratios into absolute element concentrations Audétat and Pettke (2003). Zajacz
et al. (2008) present a nearly complete comparison of experimentally obtained fluid—melt par-
tition coefficients and calculated partitioning data using analyses of natural co-genetic fluid and
melt inclusions. The ranges of the partitioning data derived from experiments and natural data
overlap, but partition coefficients derived from natural samples generally show less scattering.
Zajacz et al. (2008) found good agreement between experimental data and analyses of fluid
and melt inclusion for the elements Fe, Cu, Zn, Pb, Mo, W, Th, K and Rb. In contrast, the
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results differ significantly for Li, Na, Sr, Sn, Zr, or Nb. For example, the data by Bai and Koster
van Groos (1999) suggest a preference of Sr for the fluid at high salinities, but available results
from natural co-genetic fluid and melt inclusions in granites show partition coefficients that are
distinctly smaller than one even at high salinities (Audétat and Pettke, 2003, Rickers et al.,
2006). In contrast, Zajacz et al. (2008) confirm the high Dg/;“ presented by Bai and Koster van
Groos (1999), but also state that Sr concentration in silicate melt inclusions were always below
detection limit and therefore, are associated with large errors.

At present, the literature does not provide a basis to develop an unifying picture because
most of the experimental studies are not comparable to each other due to different elements of
interest, variable PT conditions, and system compositions. Furthermore, the different behavior
of the elements in chloridic, fluoridic or pure aqueous solutions clearly points to a strong effect
of complex formation in the fluid in equilibrium with silicate melt on the element distribution.

Comparison between different dataset’s are also difficult because systematic errors of
the different experimental and analytical approaches are hard to quantify as no adequate ref-
erence measurements are available. In all studies presented above, the data are based on
the analysis of quenched samples. Analyses of quenched phases, in particular of quenched
fluids, are associated with large intrinsic uncertainties due to (1) back reactions between fluid
and melt, (2) the tendency of fluids to unmix or (3) precipitate solutes during cooling (Adam
et al., 1997). Hence, the most difficult part of quenched experiments is to obtain a represen-
tative sample of the fluid for analysis. Sampling of a quenched solution is complex and time
consuming (e.g., Flynn and Burnham, 1978, Keppler and Wyllie, 1991). To avoid these diffi-
culties of fluid sampling, some studies produced synthetic fluid inclusions, e.g., in quartz, at
the desired PT conditions (Hanley et al., 2005, Simon et al., 2007) or reconstructed the fluid
composition via mass balance with modeling of undetermined parameters, e.g., H,O solubil-
ity in the melt (e.g., Ayers and Eggler, 1995, Webster, 1992a,b). However, analysis of fluid
inclusions is associated with other uncertainties as described previously, and recalculation of
the fluid composition using mass balancing neglects other phases that might form during the
experiment. Mass balances makes use of literature data of, e.g., water solubility in the melt
and solubility of melt components in the fluid. The dependencies of water solubility in silicate
melts on intensive variables is relatively well-known (e.g., Tuttle and Bowen, 1958, Burnham
and Jahns, 1962, Holtz et al., 1992, 1995, 2000, Pailat et al., 1992, Pichavant et al., 1992, Ya-
mashita, 1999, Behrens and Jantos, 2001), but the solubility of melt components in aqueous
fluids at elevated PT is almost unknown (Mysen and Armstrong, 2002). Approximations can
be made using data on SiO, or NaAISi; O, solubility in water or chloridic fluids (e.g., Anderson
and Burnham, 1965, Currie, 1968, Manning, 1994, Newton and Manning, 2000, Shmulovich
et al., 2001).

A reliable determination of trace element concentrations in aqueous solutions can also
be obtained by direct measurements in the fluid at elevated PT. These direct measurements
make use of hydrothermal diamond-anvil cells (HDAC) and synchrotron radiation X-ray fluores-
cence microanalysis (SR-uXRF) (e.g., Schmidt and Rickers, 2003, Sanchez-Valle et al., 2003,
Schmidt et al., 2007, Manning et al., 2008). An important advantage of this method is the
improved reliability of low trace element contents, e.g., in CI™ free aqueous solutions because
back reactions cannot alter the fluid composition. This is particularly important because here
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the effect of back reactions on fluid—melt partition coefficients is larger compared to fluids with
high chlorine contents. But, this technique is also limited because (1) elements with relatively
low Z cannot be analyzed or have a high detection limit, and secondly, this method is limited by
the interference of fluorescence lines of elements of interest with those from material outside
the sample chamber. Elements that can be analyzed with confidence are for example Rb, Sr,
Y, Zr, Nb, Mo, La using K fluorescence lines as well as U, Th (L fluorescence lines).

Furthermore, this experimental setup can also be used to obtain information on the
complexation of elements in fluids at elevated temperatures and pressures using X-ray absorp-
tion fine structure (XAFS) spectroscopic methods (i.e., X-ray absorption near edge structure
[XANES] or extended X-ray absorption fine structure [EXAFS]). This may be extremely useful
because so far, the determination of the nature of the complexes in fluids at high PT and in
equilibrium with silicate melts is still based on the correlation between partition coefficient and
anion concentration in the fluid after quenching. For example, Flynn and Burnham (1978) con-
cluded that the trivalent rare earths will form REECI, complexes. Keppler and Wyllie (1991)
found a linear increase of D;/m with the square of the fluoride concentration or with the third
power of CI™ content in the fluid. Bai and Koster van Groos (1999) suggested the formation of
SrCl, complexes in the fluid due to the increase of the Sr partition coefficient with the square
of the (Na,K)CI molality of the initial solution. For Rubidium, a linear increase of DY/™ with m Cl
of the fluid was found by Webster et al. (1989), Bai and Koster van Groos (1999). That kind of
correlations require a defined exchange equilibrium reaction of the studied elements between
the phases as shown by e.g., Frank et al. (2003). However, these correlations might be wrong
because the concentrations are wrong.

So far, XAFS was applied to study the formation, structure, and stability of rare-earth
element complexes (La, Nd, Eu, Gd, and Yb) in aqueous solutions under hydrothermal condi-
tions (Mayanovic et al., 2007a,b, 2009a,b). One attempt has been made to gain information
on the complexation of Nb in hydrous silicate melt equilibrated with H,O or Na,CO, aqueous
solution at elevated PT conditions (Mayanovic et al., 2007a). Up to now, no attempt has been
made to study element complexation in fluids in equilibrium with silicate melt at magmatic con-
ditions, but these data would elucidate whether information on the trace element complexation
obtained from analyses of quenched fluids is plausible or not.

The major goal of this thesis is to obtain quantitative data on fluid—melt partitioning of
petrological interesting elements, mainly Rb, Sr, Ba, La, Y, and Yb, and to understand how
intensive variables, such as melt composition, fluid composition, pressure, and temperature
affect the partition coefficients. So far, the effect of the melt composition on the fluid—melt
partitioning of the elements listed above is almost unknown. Therefore, we used a suite of
trace element doped haplogranitic glass compositions as starting material to cover a wide
range of ASI (alumina saturation index of the melt) which can occur in natural granitoids. Here,
we systematically varied the alkali to alumina ratio. Haplogranites were chosen because the
phase relations in this system are very well studied (e.g., Tuttle and Bowen, 1958, Johannes
and Holtz, 1996). In contrast, the effect of the fluid composition on fluid—melt partitioning
of many elements is relatively well studied. Hence, we limited starting solutions to H,O and
NaCl+KCI+HCI aqueous solutions with a m NaCI/KClI ratio of one. In the latter, the salinity
ranged from 1.16 to 3.6 m (NaCl+KCI) because the solute content of magmatic aqueous fluids
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is quite variable, but dominated by alkali and alkaline earth metal cations and chlorine as major
anion (Roedder and Bodnar, 1997). Several experiments were performed with addition of HCI
to investigate the effect of the pH on trace element partitioning.

In the following paragraph, | will give a brief overview on the manuscripts presented in
the next chapters.

Of central importance within this project was the refinement of the technique to quan-
tify trace element contents of the fluid phase directly at elevated PT-conditions for applica-
tion to fluid—melt systems. To obtain this information, we used an analytical approach where
fluid analysis is achieved by synchrotron radiation X-ray fluorescence using a hydrothermal
diamond-anvil cell. This method is in detail described in chapter 2. The data presented here
demonstrate that this experimental approach can be used to determine the trace element
contents in fluids equilibrated with silicate melts at elevated temperatures and pressures. Fur-
thermore, it is shown that this technique can be used to obtain information on the equilibration
behavior of trace elements in fluids at different temperatures and pressures steps. The direct
proof of back reactions of these elements between fluid and melt upon cooling cannot be ig-
nored at least for Rb and Sr. Chapter 3 focusses on the main part of the thesis, and presents
an extensive Rubidium and Strontium fluid—melt partitioning data set. Fluid—melt partitioning
of Rb and Sr was studied as function of temperature, pressure, and fluid and melt composi-
tion using different experimental methods. The latter includes in-situ results and data obtained
from quenched experiments, in which the trace element concentration in the fluid is measured
by inductively coupled-plasma ? optical emission spectrometry and ion chromatography. The
effect of different experimental techniques and the quench rates (slow vs. rapid) on fluid—melt
partitioning of trace elements due to variable trace element contents of the fluid is discussed
here, too. The partitioning behavior of Ba, La, Y, and Yb as function of melt and fluid compo-
sition, pressure and temperature is discussed in chapter 4. The presented data also consist
of in-situ as well as of quench results. In the case of Ba, all quenched experiments and anal-
yses of the quenched phases were performed by Matthias Ebert as part of his diploma thesis
based on the quench method described in chapter 3. First results on the complexation of Sr
in various silicate solutions at elevated pressures and temperatures obtained using XANES
spectroscopy and HDAC are presented as part of the outlook (Chapter 6). The first qualitative
results provide an explanation of the observed dependence of strontium fluid—melt partition
coefficients on the melt composition (ASl).
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Abstract

Trace element concentrations in aqueous fluids in equilibrium with haplogranitic melt were determined in-situ at el-
evated P-T conditions using hydrothermal diamond-anvil cells and synchrotron-radiation XRF microanalyses. Time-
resolved analyses showed that the Rb and Sr concentrations in the fluids became constant in less than 2000 seconds
at all temperatures (500 to 780°C). Although fluid-melt equilibration was very rapid, the change in the concentration of
both elements in the fluid with temperature was fairly small (a slight increase for Rb and a slight decrease for Sr). This
permitted partitioning data for Rb and Sr between haplogranitic melt and H2O or NaCl+KCI+HCI aqueous solutions at
750°C and 200 to 700 MPa to be obtained from EMP analyses of the quenched melt and the in-situ SR-XRF analy-
ses of the equilibrated fluid. The resulting D;/g“ and Dé/rm were 0.01+£0.002 and 0.006+0.001 for water as starting
fluid, and increased to 0.47+0.08 and 0.23+0.03 for 3.56 m (NaCl+KCI) + 0.04 m HCI at pressures of 224 to 360
MPa. In the experiments with H2O as starting fluid, the partition coefficients increased with pressure, i.e. D;/gn from
0.014:0.002 to 0.22+0.02 and Dg/r"‘ from 0.00640.001 to 0.02-£0.005 with a change in pressure from 360 to 700
MPa. At pressures to 360 MPa, the Rb/Sr ratio in the fluid was found to be independent of the initial salt concentration
(Rb/Sr = 1.45+0.6). This ratio increased to 7.894+1.95 at 700 MPa in experiments with chloride free fluids, which

indicates different changes in the Rb and Sr speciation with pressure.

Keywords: synchrotron-radiation X-ray fluorescence microanalysis, hydrothermal diamond-anvil cell, fluid-melt par-

tition coefficients, melt-fluid equilibration
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2.1 Introduction

Interactions between magmas and agueous solutions play an important role in many geologi-
cal processes, e.g., volcanic eruptions, the development of mid-ocean ridges, the formation of
magmatic-hydrothermal ore deposits, and crustal metamorphic systems. Equilibria between
two or more fluids often result in strong fractionation particularly of trace elements (e.g., Hol-
land, 1972, Rickers et al., 2006). Furthermore, many trace elements are used as petrogenetic
indicators in igneous systems (cf., Best, 2003, Winter, 2001). This has prompted several exper-
imental studies on element partitioning at fluid immiscibility conditions over the last 20 years.
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The trace element partitioning between aqueous fluids and granitic melts was investigated by
Flynn and Burnham (1978), London et al. (1988), Keppler and Wyllie (1991), Ayers and Eggler
(1995), Adam et al. (1997) and Bai and Koster van Groos (1999). However, systematic studies
of fluid-melt partitioning are far from being complete, even for the petrogenetically important
large ion lithophile (LIL) elements Rb and Sr. Furthermore, the majority of the experimentally
determined partitioning data is based on analyses of quenched samples. However, intrinsic
uncertainties are associated with fluid-melt partitioning data from quench techniques, which
make it problematic to obtain unambiguous data, particularly for the trace element concentra-
tion in the fluid. The uncertainties are related to (i) the difficulty of isolating the fluid phase for
sampling and analysis, (ii) fluid unmixing and (iii) precipitation of solids during quenching, and
possible back reactions between fluid and melt during cooling (Adam et al., 1997, Holtz et al.,
1995, Behrens et al., 2001).

In this study, we therefore applied a technique to determine the trace element concen-
tration in the fluid phase directly at elevated pressures and temperatures using a modified
hydrothermal diamond-anvil cell (HDAC) and synchrotron-radiation X-ray fluorescence micro-
analysis (SR-uXRF). The first goal of this study is to determine the Rb and Sr concentrations
in the fluid in-situ in equilibrium with a metaluminous melt at 750°C and 200 MPa. The melt
droplets cannot be analysed in-situ with confidence due to coexcitation of the aqueous fluid
around the droplets. Even if the incident beam is focused, a portion of these X-rays will be
scattered in the diamond anvil, and a contribution from coexcited fluid to the XRF signal is
therefore inevitable if the measurements are done in forward scattering geometry, (e.g., Bu-
reau et al., 2007). Such a contribution can be minimised if a recess in the diamond anvil is used
and the XRF signal is acquired at 90° to the beam (Schmidt and Rickers, 2003). However, in
this experimental setup, it is unlikely that a melt globule occupies the entire effective excitation
volume in the recess (cf., Fig.1 in Mufioz et al., 2005). In this study, electron microprobe (EMP)
analyses were therefore performed on the quenched glass droplets after the run. The element
contents of the glass and the in-situ data of the fluid were used to obtain partition coefficients.
The second goal was to investigate the equilibration kinetics in order to estimate the effect on
partition coefficients. This was done by time resolved analysis of the trace element signal in
the fluid at several temperatures in stepwise heating and cooling experiments.

2.2 Experimental methods

2.2.1 Starting Materials

The starting materials for the experimental runs consisted of a synthetic haplogranitic met-
aluminous glass and two aqueous fluids. The composition of the glass (Ab,,Or,,Qz,,) cor-
responds to the thermal minimum in the haplogranitic system at P = 500 MPa and ay,, =1
(Johannes and Holtz, 1996). The glass was prepared in two steps. Firstly, an initial glass was
produced using powders of SiO,, Al,O,, Na,CO, and K,CO,. The powders were mixed and
stepwise heated to 1550°C for decarbonisation (12 h). After quenching, the glass was crushed
and melted again for 48 h at 1550°C. Secondly, Rb and Sr were added as RbCl and SrCO, to
the crushed initial glass. The glass was doped with relatively high concentrations of 2926+169
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ppm Rb and 3065+181 ppm Sr (EMP analyses) to facilitate later in-situ SR-uXRF analyses of
the aqueous fluids. The doped glass powder was melted at 1600°C for 24 h, then quenched,
crushed and melted again for 24 h at 1600°C to achieve chemical homogeneity. Before load-
ing into the sample chamber of a cell, the glass was cut in pieces with parallel faces. These
pieces were ground and polished to a thickness of 60+20 pm.

The solutions, H,O and H,O + 0.5 m NaCl + 0.5 m KCI + 0.01 m HCI, were produced
from distilled de-ionised water, analytical grade powders of NaCl and KCI. A small amount of
30 vol.% hydrochloric acid was added.
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Figure 2.1: A - Schematic diagram showing the details of the modified Bassett-type hydrother-

mal diamond anvil cell. B - Top view of the experimental setup at beamline L, HASYLAB
(DESY, HAMBURG) (after Schmidt and Rickers (2003), modified).
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2.2.2 Hydrothermal diamond-anvil cell

We used two modified Bassett-type hydrothermal diamond-anvil cells as described by Bassett
et al. (1993), Schmidt and Rickers (2003), and Schmidt et al. (2007). A schematic drawing of
this cell type is shown in Fig.2.1A.

In each cell (HDAC 3 and HDAC G), the culet face of the diamond-anvil located on the
side of the incident X-ray beam has a cylindrical recess of 85 um in depth (HDAC G) or 72
wm in depth (HDAC 3). The recess permits collection of the fluorescence signal at 90° to the
incident beam and in the polarisation plane of the beam (Bassett et al., 2000, Schmidt and
Rickers, 2003). This configuration minimises the background in the spectra from elastic and
Compton scattering and therefore provides an optimal signal to noise ratio. Furthermore, the
recess ensures a well-defined effective excitation volume, because fluorescence X-rays gen-
erated in other parts of the sample chamber are absorbed by the gasket before reaching the
detector. In both cells the path length of the fluorescence X-rays through the diamonds was
460+50 um. The sample volume was heated externally by NiCr coils around the tungsten car-
bide seats supporting the anvils. K-type thermocouples attached to the diamonds were used
for temperature measurement. The power input to the two resistive heaters was controlled
with Eurotherm®2408 or Eurotherm®2704 temperature controllers, which kept the tempera-
ture within +0.5°C of the desired value. The actual temperature in the sample chamber was
calibrated using measurements of the melting point of sodium chloride (800.5°C) and of the
triple point of H,O (0.1°C) at atmospheric pressure. During heating, oxidation of the metallic
parts was prevented by flushing the cell with 200 I’/h N, + 1% H, gas.

2.2.3 Sample preparation

The sample chamber of the HDAC consists of the recess at the culet face and a cylindrical
hole in the gasket separating the two anvils. Rhenium was selected as gasket material due
to its relatively inert behaviour in near neutral aqueous solutions at high temperatures and its
mechanical properties (Xiong and Wood, 2002). The Re gaskets had an initial thickness of
125 um and a hole diameter of 500 xm. The gasket was mounted on the culet face of the
lower diamond anvil and then slightly compressed between the anvils to prevent uncontrolled
leakage of the fluid during loading. Then, a glass chip of known dimensions was placed in
the sample chamber. The dimensions were chosen such that the glass amount was about 20
to 25 wt.% of the desired bulk composition. This liquid-glass ratio was found to be optimal,
because a larger proportion of glass increased the probability that both melt and fluid were
present in the recess and thus in the effective excitation volume. A smaller proportion of glass
complicated later chemical analyses of the quenched melt droplets due to their small size. The
mass of the glass chip was obtained using a density of 2.4 g/cm? and the volume calculated
from the measured dimensions of the glass piece because the mass of the glass chip was
too small for accurate determination by weighing. The aqueous fluid was then transferred into
the sample chamber. Before the sample chamber was sealed, an air bubble was allowed to
grow by controlled leaking of the liquid. The actual proportion of glass was calculated from the
sample chamber volume, the volume of the glass piece calculated from the known dimensions,
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the glass density, the fluid density obtained from the liquid-vapour homogenisation tempera-
ture (Ty;=T; +_1) during first heating, and the salinity. The volume ratio of the produced air
bubble to the remaining liquid was chosen such that the fluid density was sufficiently low to
attain a pressure between 200 and 500 MPa at 750°C. After loading, the gasket was slightly
compressed further between the anvils, just enough to seal the sample chamber. This pro-
cedure minimises the reduction of the sample chamber volume due to gasket flow during first
heating. For experiments with salt solutions, the actual salt concentration in the aqueous fluid
after sealing was determined from the measured vapour-saturated ice liquidus temperature
To=T+14+v—1+v)> the known ratio of the solutes, and literature data for the vapour-saturated
ice liquidus in the system H,O0+NaCl+KCI (Hall et al., 1988).

2.2.4 HDAC experiments

The loaded cell was fixed on a goniometer on the top of the xyztable at the beamline (Fig.2.1B)
in the position for optical observation. The cell was heated to measure the T,; of the aqueous
fluid, and then to the first experimental temperature. If the excitation volume was free of melt
(cf., Fig. 2.2), the cell was rotated around the vertical axis into the position for XRF spectrum
acquisition. The sample chamber was aligned to the beam and the fluorescence detector.
The Rb Ka signal was scanned across the recess to verify that the measurement position
was correct and that no melt droplet had moved into the recess. Subsequently, XRF spectra
of the fluid were acquired as a function of time and with time steps of 500 or 1000 seconds.
After spectrum acquisition, the cell was rotated back to the microscope position, and a new
temperature was set. If no melt had entered the recess, the cell was moved back to the
XRF position and aligned again. This process took about 5 minutes. At each P-T condition,
consecutive XRF spectra of the fluid were recorded
until the XRF signal indicated that equilibrium was
attained or that melt had moved into the effective recess with
excitation volume. At the end of a stepwise cool-
ing sequence, the cell was heated again to 750°C
and then quenched after attainment of equilibrium
with a rate of 200°C per minute. This was done to
obtain D™ values from subsequent EMP analyses
of the quenched melt. During first heating, gasket
creep causes a permanent sample volume change
(Schmidt and Rickers, 2003). However, the sample
volume is nearly constant upon cooling. The actual
density of the fluid was therefore determined from
measurements of the liquid-vapour homogenisation Figure 2.2: View in the sample cham-
temperature after each temperature step during step- 0er at 750°C.  The recess is free of
wise heating. In the case of stepwise cooling, it was “?e" and thuls, the meagureq SR-jXRF
signal contains no contribution from the

measured only after the last temperature step. melt.

For the calculation of density and pressure in
experiments with salt solutions, the composition was
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first simplified by setting wt.% NaCl + wt.% KCI = wt.% (NaCIl+KClI). Similar approximations of
complex compositions are often used in studies of natural fluid inclusions to model isochores
based on the system H,O+NaCl (Roedder, 1984, Bodnar, 2003). The density was calculated
using correlations for the molar volume given by Driesner (2007) for NaCl+H,O solutions and
the equation of state (EOS) by Haar et al. (1984) for pure H,O based on the determined T
and wt.% (NaCIl+KCI). We used the EOS by Haar et al. (1984) because it is the reference
equation of state used by Driesner (2007) for the pure water system. The pressure at the
experimental temperature was calculated from the salinity expressed as wt.% (NaCl+KCI) and
the homogenisation temperature measured after the experiment. The calculations were based
on the slopes of the lines of constant T,; given by Bodnar and Vityk (1994) for salt bearing
compositions, and the EOS by Haar et al. (1984) for experiments with H, O as initial fluid com-
position. At the conditions of our study, the effect of dissolved silica on pressures based on
isochores calculated from Ty, is insignificant (Shen et al., 1993). Furthermore, the solubility
of melts with high aluminum content in water is low (Mysen and Acton, 1999). Moreover, the
iso-Ty; line slopes for H,O+NaCl (Bodnar and Vityk, 1994) are from experiments at SiO, sat-
uration. Additionally, the effect of an error in the density on the calculated pressure is much
smaller at low densities (such as those in this study) than at high densities. For all these
reasons, the pressures calculated here should be sufficiently accurate.

2.2.5 XRF spectra acquisition and calibration

The experiments were performed at beamline L (HASYLAB) of DORIS lll, a second-generation
synchrotron light source at DESY, Hamburg, Germany. A single-bounce capillary (SBC) was
used to focus the synchrotron beam. The capillary was developed and manufactured at Cor-
nell University for the source characteristics of beamline L (Huang and Bilderback, 2006). The
SBC has a focal distance of 5 cm and focuses hard X-rays up to 40 keV into a spot of 1141
pm. A micro-beamstop was aligned at the beam entrance into the SBC to absorb the portion
of beam that would pass the capillary without focusing. Utilisation of the SBC increases the
flux density by a factor of 300, and therefore decreases the lower limit of detection for ele-
ments with fluorescence energies between 12 and 20 keV to 1 to 5 ppm in HDAC experiments
(Schmidt et al., 2007). In this study, the lower limit of detection of Rb was 1 to 2 ppm, as de-
termined from SR-uXRF spectra of standard solutions loaded into HDAC 3 and HDAC G. The
lower limit of detection (mdl) was calculated from mdi=3c+/B/I, where c is the concentration, B
the background intensity and | the peak intensity (e.g., Haller and Knéchel, 1996).

A synchrotron beam with a photon energy of 20.3+0.1 keV provided by a multilayer
wide bandpass monochromator was used for excitation. All XRF spectra were recorded using
a high purity Ge solid-state detector aligned in the polarisation plane of the incoming X-rays
at 90° to the synchrotron beam. The spectra were collected with live counting times of 500 or
1000 seconds.

Figure 2.3 shows two examples of obtained XRF spectra, one of a standard solution
and the other one of an aqueous fluid in equilibrium with melt at 750°C. The integrated inten-
sities of the fluorescence lines were obtained from fits of the spectra using PyMca, a graphical
interface for multi-channel analyser spectra visualisation and analysis developed at the ESRF
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Figure 2.3: SR-uXRF spectra of a sample containing 2.84 m (NaCl+KCl) + 0.03 m HCl and a
standard solution.

(Solé et al., 2007). The integrated intensities were normalised to the intensity of the incident
beam and then divided by the density of the fluid. The normalised integrated intensities were
calibrated using XRF spectra of standard solutions. The standard solutions had initial con-
centrations of 250 and 995 ppm Rb (matrix 10 wt.% NaCl). Before the sample chamber is
sealed, a small portion of the H,O of the solution evaporates, which increases the NaCl and
Rb concentration. Therefore, the actual concentration of Rb in the standard solution after load-
ing into the sample chamber was determined from the actual NaCl concentration calculated
from the measured vapour-saturated ice melting temperature, and the known NaCl/RbCl ratio
(cRb =cRb_ .cNaCl ;gNaCly For each cell, two XRF spectra were collected at temperatures
slightly above T;;. The obtained integrated intensities of the Rb K fluorescence lines of the
standard solutions were normalised to the intensity of the incident beam and divided by the
fluid density. The Sr concentration in the fluid was determined based on normalisation of the
integrated intensities of the Sr K fluorescence lines to the density of the fluid and the intensity
of the incoming beam, the calibration for Rb from the standard solutions, and multiplication
with a Rb/Sr correction factor. This factor corrects for different fluorescence cross-sections
of Rb and Sr K fluorescence, and fluorescence transmission through the diamond. A Rb/Sr
correction factor of 0.844+0.006 was obtained for HDAC 3 from XRF spectra of a standard so-
lution with equal concentrations of Rb and Sr (500 ppm each) loaded into the sample chamber.
These spectra were collected using the same procedure as described above. The empirical
Rb/Sr factor differs only by 2 % from the theoretical value calculated by multiplying the ratio
of the fluorescence-cross sections (e.g., XRAYLIB, Brunetti et al., 2004) with the ratio of the
transmission of the K line fluorescence X-rays through 0.5 mm diamond. This small difference
is within the uncertainties of the databases (e.g., Brunetti et al., 2004). We also applied the
empirical Rb/Sr correction factor to the spectra from experiments using HDAC G, because the
design of both cells and the X-ray path length were very similar.
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2.2.6 EMP analyses

After quenching, the glass droplets in the gasket were embedded in epoxy resin, ground and
polished. The EMP measurements were carried out at the GFZ Potsdam using a CAMECA
SX-100. The analysed elements were Na, K, Al, Si, Rb and Sr. The measurement conditions
were a beam current of 10 nA, an electron beam energy of 15 keV, and counting times of 10
seconds for Na and K, 20 seconds for Al and Si, and 30 seconds for Rb and Sr.

Table 2.1: Summary of the experimental conditions, results of the in-situ SR-uXRF analyses
of the aqueous fluids, and of the EMP analyses of the glasses, and calculated partition coeffi-
cients (Duid/melt_gfuidjgmelty gt 7500C,

sample [ 1 2 3 4 5

cell HDAC 3 HDAC 3 HDAC G HDAC G HDAC G

Pexp at Texp=750°C | 224 262 360 540 700

[M Pa]

m (NaCl+KCl) 3.56 2.84 0 0 0

m HCI 0.04 0.03 0 0 0

NaCl + KClI [wt.%)] 16.8 14.3 0 0 0

% glass [wt. %] 24 17 24 23 35

Pfluid 0.6855 0.6940 0.6336 0.7494 0.8022

Tm [°C] -10.6 -8.6 n.d. n.d. n.d.

Ty [°CJ 439 409 333 281 248

ct,, [ppm] 71246 3084 3145 7746 54642

cgb [ppm] 15104247 1028+224 3007+275 n.d.* 2487+172

cg, [ppm] 49546 20543 2243 1943 69+16

(o7 [ppmf] 20854299 1663+333 3532+555 n.d.* 3270+142

Rb/Sr:chfi—b 1.44+0.02 1.51+0.08 1.3940.15 4.16+0.42 7.89+1.59
L

D;/m 0.4740.08 0.3040.07 0.0140.002 n.d.* 0.224-0.02

Dérm 0.24+0.03 0.124+0.02 0.00640.001 n.d.* 0.02+0.005

SiOg [wt. %) 73.37 71.51 73.89 n.d.* 68.74

Al O3 [wt. %] 12.77 12.37 12.81 n.d.* 13.64

NagO [wt.%] 3.49 2.82 4.25 nd.* 2.58

K20 [Wt.%] 5.72 6.14 3.39 n.d.x 3.93

ASI 1.07 1.10 1.20 n.d.* 1.33

The listed element concentrations in the fluid and melt represent average values.

f— fluid; ™ —melt; m—molality; n.d.—not determined; % glass—proportion of glass;
t—measured after collection of XRF spectra at T.,=750°C; ASI=Al,0,/(Na,0 + K,0) in
moles; n.d.*—not determined because sample was lost during preparation for EMP analysis.

2.3 Results and Discussion

The experimental conditions, the Rb and Sr concentrations in the fluids coexisting with melt
obtained from in-situ SR-uXRF analyses, the results of the EMP analyses of the glasses after
the quench, and the calculated D values are listed in Table 2.1. Figure 2.4 shows the Rb and
Sr concentrations in the aqueous fluid coexisting with melt at different temperatures for 3 dif-
ferent initial fluid compositions as a function of the time elapsed after the run temperature was
reached. The results of both the stepwise heating and cooling runs indicate rapid equilibration
of Rb and Sr between fluid and melt in all experiments. For chloridic fluids (Figs. 2.4A and
2.4B), equilibrium was attained in less than 2000 seconds. If the random error in the concen-
trations is taken into account, it is very likely that equilibration was faster than the minimum time
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required to complete acquisition of the first XRF spectrum (about 500 seconds). For chloride-
free fluids (Fig. 2.4C), the time required to reach equilibrium at 750°C was probably below
3000 seconds, but this is difficult to constrain from the data due to the relatively large error in
the concentrations. We believe that the trace element concentrations in the fluids obtained in
this study represent equilibrium values. Our data show stable Rb and Sr concentrations over
a relatively long time at T__, e.g., over 9000 seconds in the experiment with H,O as starting
fluid shown in Fig. 2.4C. Furthermore, the existence of a significant concentration gradient in
the aqueous phase in the recess at high temperatures is very unlikely because convection in
the sample chamber is substantial and diffusion is rapid. This is supported by a study on rutile
dissolution in aqueous fluids using a HDAC (Audétat and Keppler, 2005), in which a diffusion
coefficient of 8.0 - 10~"m?s~! at 800°C and 2 GPa was calculated assuming a hydrated com-
plex of Ti**. This diffusion coefficient translated into a travel time of the complex of about 0.16
seconds across the entire sample chamber of 500 xm in diameter. In analogy to silicate melts
(Koepke and Behrens, 2001), Rb and Sr diffusion in aqueous fluids can be expected to be
even faster than the diffusion of this high-field strength element.

The Rb and Sr concentrations in the fluid can be directly compared for experiments with
similar glass/fluid ratios and pressures (Tab. 2.1). The concentrations of both elements in-
creased by an order of magnitude with addition of chloride to the starting fluid (from 0 to 3.56
m (NaCl+KCl) + 0.04 m HCI) due to their affinity to form Cl complexes in aqueous solutions.

The temperature dependence of the Rb and Sr concentrations in chloridic fluids shows
opposite trends along an isochore, i.e., slightly decreasing Rb contents and slightly increasing
Sr concentrations upon cooling. This is more pronounced for the experiment containing 3.56
m (NaCl+KCl) + 0.04 m HCI in the starting fluid (Fig. 2.4A). The Rb concentration in the fluid
decreased by 17 % from 737+12 to 611+1 ppm upon cooling from 780 to 600°C, whereas
the Sr content increased by 12 % from 473+8 to 531+10 ppm. The same trends were also
recognisable, but less distinct, in the experiment with an initial salinity of 2.84 m (NaCI+KCl) +
0.03 m HCI (Fig. 2.4B). In this experiment, there may also have been a small pressure effect
on the Sr content in the fluid at 680°C (232+8 ppm at 160 MPa and 212+8 ppm at 212 MPa),
while the Rb concentration remained constant at 305+8 ppm.

In the experiment at 360 MPa with H,O as initial fluid (Fig 2.4C), XRF spectra were
collected only at 750°C. The average concentrations were 31+5 ppm Rb and 2243 ppm Sr.
Due to the low concentrations, the error was too large to obtain concentration changes along
an isochore with confidence. At 750°C, the Rb concentration in the fluid increased with pres-
sure by a factor of about 2.5 from 3145 ppm at 360 MPa to 77+6 ppm at 540 MPa for similar
glass/fluid ratios. In contrast, the Sr concentration remained nearly constant (22+3 ppm at
360 MPa and 19+3 ppm at 540 MPa). The increase in the Rb concentration may indicate that
the pH of the aqueous fluid becomes more basic, which would suggest that Rb complexes
predominantly with OH in the absence of ligands such as Cl. Such a change in pH could be
related to the enhanced water dissociation (Bandura and Lvov, 2006) and an enhanced water -
melt reaction with pressure (e.g., Stalder et al., 2000). The latter may involve formation of alu-
mosilicate complexes in the fluid, as suggested by e.g., Manning (2004) and Manning (2007)
for high pressures. In contrast, the nearly constant Sr concentrations suggests a significant
difference in the complexation of Sr compared to that of Rb.
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The difference in the pressure dependence of Rb and Sr becomes even more obvious
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Figure 2.4: Concentration of trace elements Rb and Sr in the aqueous fluid vs. elapsed time
after attainment of the experimental temperature T, for various fluid compositions: A - 3.56
m (NaCl+KClI) + 0.04 m HCI, B - 2.84 m (NaCl+KClI) + 0.03 m HCl and, C H,O. The error bars
represent 20 errors.

if the Rb/Sr ratio in the fluid is considered. Figure 2.5 shows the Rb/Sr ratio in the fluid as
a function of pressure and initial fluid salinity. At pressures between 224 and 360 MPa, the
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Rb/Sr ratio was independent of the initial salt concentration, with a Rb/Sr value of 1.45+0.06.
In contrast, an increase of the Rb/Sr ratio with pressure was observed in the case of the ex-
periments with H,O, up to a ratio of 7.89+1.95 at 700 MPa. This strong change of the Rb/Sr
ratio with pressure points to different trends of the speciation of the two elements in Cl—free
aqueous fluids.

The relationship between the calculated fluid-melt partition coefficients pf/m (Df/m=cf/cm,

composition of the fluid:
A H20 + 3.56 m (NaCl + KCI) + 0.04 m HCI
O H20 + 2.84 m (NaCl + KCI) + 0.03 m HCI
O H20
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Figure 2.5: Rb/Sr ratio in the fluid vs. pressure. The diagram shows a constant Rb/Sr ratio
at 750°C for various compositions and low pressures. For H,O—melt experiments at constant
temperatures we see a strong pressure dependence of the Rb/Sr ratio in the fluid.

where cf is the concentration in the fluid and c™ is the concentration in the melt) and the initial
salt concentration of the fluid is illustrated in Fig. 2.6. The fluid-melt partition coefficients of Rb
and Sr were determined for different salinities at 750°C and 220 to 700 MPa. We observed
a positive correlation of the D*/™ values with initial chlorinity of the fluid. The Df{g“ increased
from 0.01 for H,O as initial fluid to 0.47 for a 3.56 m (NaCl+KCl) + 0.04 m HCI. The Dfs/rm
were slightly smaller and changed from 0.006 to 0.24. The effect of pressure on the partition
coefficients appears to be smaller compared to that of the salinity. For H,O experiments, the
D/™ increased from 0.01 to 0.22 (Rb) and 0.006 to 0.02 (Sr) for a pressure increase from 360
to 700 MPa.

Fluid/melt partitioning of Rb and Sr was previously studied by Bai and Koster van Groos
(1999) and Webster et al. (1989) using conventional quench experiments. The D/™ obtained
by Bai and Koster van Groos (1999) are much higher in the case of chloride—bearing systems.
For similar P—T conditions, they reported a D/™ of 1.56 and a D™ of 0.94 at 750°C and 200
MPa. This differs from our results by a factor of 3.3 for Rb and 4 for Sr. However, Bai and
Koster van Groos (1999) used a different initial fluid composition (1.3 m NaCl + 2.9 m KCl),
which also resulted in other melt compositions due to the exchange of sodium and potassium
between melt and fluid. Webster et al. (1989) provided data at about 770°C and 200 MPa for
H,O+HCI—melt systems. For two experiments differing only in the run duration, they reported
quite different fo{gl of 0.3 and 1.4. The lower value is similar to those obtained in this study at
much higher CI concentrations. This suggests that addition of HCI (and thus lowering the pH)
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Figure 2.6: Fluid—melt partition coefficients of Rb and Sr vs. initial salt concentration of the
fluid [m (NaCl+KClI)] at 750°C. For similar pressures an increase of initial salt concentration

corresponds to an increase of Di/™ and DY™. For H,0—melt experiments, we observed a
pressure dependence of the D values particularly for Rb (light grey symbols = experiment at
700 MPa).

causes a higher partitioning of Rb into the fluid than addition of NaCl+KCI. However, the large
variation in the results for the 2 runs reported by Webster et al. (1989) could also be related to
experimental difficulties in quench experiments (see introduction). For Sr, only one value was
obtained (Dg/;n = 0.1), which differs similarly from our results as those for Rb.

Bai and Koster van Groos (1999) provided data from melt+H,O experiments at 750°C and
200 MPa. The reported partition coefficients of Rb (0.006) and Sr (0.002) are much lower than
those at 360 MPa obtained in this study (D™ = 0.01 and D™ = 0.006 at 750°C). The ex-
periments from both studies were at similar compositions but differed in pressure by 160 MPa,

which can only in part explain the discrepancies in the D/™.

2.4 Conclusions

The technique successfully applied in this study has two important advantages. The trace
element concentration in the fluid can be determined without the ambiguities associated with
data from quench techniques. Additionally, kinetic information can be obtained.

The drawbacks are, however, limited availability of beam time and a more difficult control
of the bulk composition and pressure, which complicates systematic studies.

The technique can be improved further by the following. (i) The experimental setup can
be modified for permanent optical observation of the sample chamber, which would allow to
study the equilibration process at shorter timescales. This is because no time is lost to rotate
and align the cell before acquisition of XRF spectra. Another advantage is permanent visual
monitoring of the effective excitation volume, e.g., for immediate recognition of the unwanted
case that melt droplets migrate into this volume. (ii) Use of a synchrotron radiation source
with higher intensity such as an undulator insertion device will improve the sensitivity and thus
the data at low concentrations. In addition, spectrum acquisition times can be reduced, which
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results in a better temporal resolution in kinetic studies. (iii) The trace element concentration
in the glasses can be obtained more accurately using techniques with a higher sensitivity, e.g.,
using laser-ablation inductively-coupled plasma mass spectrometry, especially if an appropri-
ate element is used as an internal standard, such as Si known from the EMP analyses. (iv) It
may be possible to modify the geometry of the anvils and the gasket in such a way that both
aqueous fluid and melt can be unambiguously analysed in situ in the same experiment at high
PT.

The results of this study show, firstly, an increase of the concentrations of Rb and Sr in
the fluid by an order of magnitude with addition of chloride to the starting fluid (from 0 to 3.56
m (NaCl+KCI) + 0.04 m HCI). Secondly, opposite trends were observed for the temperature
dependence of Rb and Sr in the fluid along an isochore. The Rb content in the fluid increased
but the Sr concentration decreased with temperature. Thirdly, the Sr concentration in the fluid
displayed a slightly negative correlation with pressure at constant temperature, while the Rb
content did not change (see Fig. 2.4B). Furthermore, we observed differences in the pressure
dependence of the Rb and Sr concentrations in the fluid in H,O + melt experiments. The Rb/Sr
ratio in the fluid increased from 1.4540.06 to 7.89+1.95 with an increase in pressure from 360
to 700 MPa. The obtained partition coefficients of both elements are positively correlated with
the initial Cl concentration of the fluid. In the H,O+melt experiments, we found an increase of
the D values with pressure, which was more pronounced for Rb.

The results of this study demonstrate that the equilibration between aqueous fluid and
melt is rapid and can therefore affect partition coefficients obtained in quench experiments.
However, the observed concentration changes upon isochoric cooling were relatively small.
Therefore, these changes can only account for a small portion of the differences between the
fluid-melt partitioning data from quench techniques and those obtained in this study. Conse-
quently, uncertainties in the fluid-melt partitioning data from quench techniques can mainly be
attributed to the difficulty of obtaining a representative sample of the fluid. Usually, the fluid
composition has to be reconstructed from the quenched products (fluid and quench precipi-
tates). As already pointed out by Webster et al. (1989), this may be a major contribution to the
error in these experiments and thus explain the often wide spread in the results of runs at sim-
ilar conditions. This becomes particularly obvious if data from different studies are compared.
For example, D'/™ reported by Bai and Koster van Groos (1999) at low HCI concentrations are
significantly lower (up to a factor of 7.5 for Rb) than those obtained by Webster et al. (1989)
at similar conditions. Part of this discrepancy can probably be attributed to the different exper-
imental procedures used to obtain the partition coefficients, and the related systematic error.
Therefore, the in-situ technique applied here can be helpful to obtain more reliable and con-
sistent data on the trace element distribution between aqueous fluid and granitoid melts.
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Abstract

Rubidium and strontium partitioning experiments between haplogranitic melts and aqueous fluids (starting composi-
tions water or 1.16 to 3.56 m (NaCl+KCI)+HCI) were conducted at 750 to 950°C and 0.2 to 1.4 GPa to investigate the
effects of melt and fluid composition, pressure and temperature. In addition, we studied if the applied technique (rapid
and slow quench, and in-situ determination of trace element concentration in the fluid) has a bearing on the obtained
data. There is good agreement of the data from different techniques for chloridic solutions, whereas back reactions
between fluid and melt upon cooling have a significant effect on results from the experiments with water.

The Rb fluid—melt partition coefficient shows no recognizable dependence on melt composition and temper-
ature. For chloridic solutions, it is ~ 0.4, independent of pressure. In experiments with water, it is one to two orders
of magnitude lower and increases with pressure. The strontium fluid—melt partition coefficient does not depend on
temperature. It increases slightly with pressure in Cl free experiments. In chloridic fluids, there is a sharp increase in
the Sr partition coefficient with the alumina saturation index (ASI) from 0.003 at an ASI of 0.8 to a maximum of 0.3 at
an ASI of 1.05. At higher ASI, it decreases slightly to 0.2 at an ASI of 1.6. It is one to two orders of magnitude higher
in chloridic fluids compared to those found in HoO experiments. The Rb/Sr ratio in non-chloridic solutions in equilib-
rium with metaluminous melts increases with pressure, whereas the Rb/Sr ratio in chloridic fluids is independent of
pressure and decreases with fluid salinity.

The obtained fluid—melt partition coefficients are in good agreement with data from natural co-genetic fluid
and melt inclusions. Numerical modeling shows that although the Rb/Sr ratio in the residual melt is particularly sensi-
tive to the degree of fractional crystallization, exsolution of a fluid phase and associated fluid—melt partitioning is not
a significant factor controlling Rb and Sr concentrations in the residual melt during crystallization of most granitoids.

Keywords: fluid—melt partition coefficients, Rubidium, Strontium, Rb/Sr ratio, quench experiments, HDAC, SR-uXRF
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3.1 Introduction

Fluid—melt interaction is common in igneous processes because ascent of magma to shal-
lower levels of the lithosphere will usually result in saturation with respect to water and other
volatiles (Robb, 2005). Elements must then partition between the silicate melt, the crystallizing
minerals and the exsolved magmatic volatiles. The equilibrium distribution of trace elements
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f/m melt

is described by partition coefficients (Dy ™ =ciid/cy“"). Suitable trace elements are used for
petrogenetic interpretations because, unlike major elements, they are not essential for the sta-
bility of the phases involved and often reflect magmatic processes with less ambiguity (e.g.,
Philpotts, 1990). The large ion lithophile (LIL) elements Rb and Sr are common trace ele-
ments in granites (e.g. Johannes and Holtz, 1996). Their concentrations are highly variable
and the Rb/Sr ratio can be used to distinguish between different granite types (e.g., S-type
and I-type, Chappell and White (1974)). Due to differences in charge and ionic radius (Rb™
166 pm, Sr*™ 132 pm), they substitute differently for main elements in typical granite—forming
minerals. Strontium substitutes readily for Ca in plagioclase and into the alkali site of potas-
sium feldspar but not in micas. Rubidium is incorporated for potassium in K-feldspar or mica
(Green, 1980). Hence, the Rb/Sr ratio of granitoids depends on the initial concentrations and
on the stage of evolution.

The partitioning of Rb and Sr between the typical granite—forming minerals plagioclase,
feldspar, biotite, and muscovite and granitoid melts has been the subject of many studies (e.g.,
Murray and Rogers, 1973, Icenhower and London, 1995, 1996, Ren et al., 2003, White et al.,
2003, White, 2003, Bédard, 2006). Crystal—granitic melt partition coefficients of Sr range be-
tween 2 to 23 for K-feldspar, 4 to 13 for plagioclase, and 0.01 to 0.5 for biotite, and those of
Rb are 0.01 to 0.7 for K-feldspar, 2.5 to 9 for biotite, and about 2 for muscovite. The parti-
tioning of these elements between aqueous fluid and melt has been studied less extensively.
Fluid—melt partitioning data have been either determined by experimental studies (e.g., Car-
ron and Lagache, 1980, London et al., 1988, Webster et al., 1989, Ayers and Eggler, 1995,
Bai and Koster van Groos, 1999) or from natural co-genetic fluid and melt inclusions (Audétat
and Pettke, 2003, Rickers et al., 2006, Audétat et al., 2008, Zajacz et al., 2008). London et al.
(1988) used Macusani glass and water in their experiments and determined a D;/f)“ of 0.2
and a Dé/rm of 0.4 at 775°C and 200 MPa. Webster et al. (1989) studied partitioning of trace
elements between topaz—rhyolite melts and H,O & CO,, as a function of Cl concentration at
200 MPa and 769 to 950°C. They found a transition from melt-compatible to fluid-compatible
behavior with increasing chlorinity for many trace elements including Rb and Sr. Ayers and
Eggler (1995) studied element partitioning between a synthetic andesitic melt and 1.5 or 3.0
m NaCl-H,O fluids at 1250°C and 1.5 or 2 GPa. Their data show no effect of pressure on
the Di;{ggo and a slight increase from 0.87 to 1.01 with salinity. Partition coefficients of SrO
were constant at ~0.5, independent of pressure and salinity. Bai and Koster van Groos (1999)
determined fluid—melt partitioning data between granitic melts and various aqueous fluids at
750—800°C and 100—400 MPa. The reported partition coefficient of Rb was 0.006 at 750°C
and 200 MPa for H,O and increased with addition of NaCl and KCI to a maximum value of
1.63 for a 1.3 m NaCl + 2.6 m KCI solution. A similar behavior was found for Sr, where the
D/™ at 750°C and 200 MPa increased with salinity from 0.002 (H,O) to 1.93 for a 1.3 m NaCl
+ 2.6 m KClI solution. There are also a few data on fluid—melt partitioning data of Rb and Sr
in the system Quartz-Albite-Orthoclase-H,O + 2 M (Na,K)Cl at 200 MPa and 700 and 800°C
from an earlier study by Carron and Lagache (1980). In that study, partition coefficients of Rb
and Sr are nearly independent of composition and are close to one, but not directly compara-
ble because they are normalized to the (Na+K) contents of fluid and melt.

36



Rb and Sr partitioning between haplogranitic melts and aqueous solutions

Audétat and Pettke (2003) studied the magmatic-hydrothermal evolution of two barren
granites using coeval fluid and melt inclusions trapped at 700—720°C and 110—120 MPa.
The obtained fluid—melt partition coefficient of Rb was 0.2 +0.1 at a fluid salinity of 4.9 wt.%
NaCl, ;- Rickers et al. (2006) investigated the behavior of trace elements during the chem-
ical evolution of the H,O—, B—, and F—rich granite-pegmatite-hydrothermal system at the
Ehrenfriedersdorf tin deposit, Germany. They observed very high Rb values (5000 to 5400
ppm) in melt inclusions trapped at ~700°C and ~100 MPa, and Sr concentrations < 17 ppm.
co-genetic fluid inclusions with a salinity of 52 wt.% NaCl,,;, showed a Rb concentration of
~1000 ppm, with no detectable Sr. Their data yield a fo{kﬂ“ < 0.2 at 700°C. The usual inter-
pretation of very high Rb values as reported by Rickers et al. (2006) is extreme fractionation,
but the very high concentrations of fluxing components (F, B) should also contribute because
they modify complexation in fluid and melt. Zajacz et al. (2008) analyzed co-existing silicate
melt and fluid inclusions entrapped in quartz crystals in volatile—saturated granitic systems.
The reported D;/,;“ scatter between 0.3 and 0.9 for low salinity fluids (up to 3 m Cl) and in-
creases up to 3 for brines with 7 to 10.5 m CI. It should be pointed out that these salinities
refer to the unmixed aqueous fluid and not to the bulk salinity of the system. The Dg/rm given
by Zajacz et al. (2008) have large errors, because the Sr concentrations were generally be-
low the limit of detection in silicate melt inclusions. In summary, it is not clear if reported Rb
and Sr fluid—melt partition coefficients greater than one at high salinities are real or related to
experimental artifacts or to the inherent difficulties to derive partition coefficients from natural
inclusion assemblages. This points to the need for a systematic investigation of the Rb and Sr
partitioning between fluid and melt.

In this experimental study, we determined partition coefficients of Rb and Sr between
aqueous fluids and haplogranitic melts as a function of the following parameters:

1. Pressure and temperature. Temperature was varied between 750 and 950°C and pres-
sure mostly between 200 and 500 MPa, with some experiments up to 1 GPa. This was
done to simulate the PT conditions of the continental crust, in which volatile-saturated
granitic magmas commonly occur.

2. Composition of the aqueous fluid. We used H,0+(NaCl+KCI+HCI) as starting fluids.
The salinity ranged from 0 to 3.6 m (NaCIl+KCl) because the solute content of magmatic
aqueous fluids is quite variable, but dominated by alkali and alkaline earth metal cations
and chlorine as major anion (Roedder and Bodnar, 1997). A number of experiments was
performed with addition of HCI (0.01 to 0.04 m HCI) to investigate if a large difference in
the pH of the initial fluid and if a relatively small amount of excess C1~ have a significant
effect on Rb and Sr partitioning. Chlorine partitions strongly into the fluid phase (Webster,
1997a,b) and is a highly effective complexing agent for many metals (e.g., Helgeson,
1964, Burnham, 1967, Candela and Piccoli, 1995). Furthermore, some run series were
conducted with pure water as initial fluid. This was done to compare the partitioning
behavior in Cl—free systems and to better single out the potential effect of Rb and Sr
complexation with silicate melt components in the fluid, which may become significant
due to their substantial solubility at the PT conditions of the study (e.g., Anderson and
Burnham, 1965, Manning, 2007).
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3. Silicate melt composition. The alumina saturation index (ASI,
Al,0,/(Na,0+K,0) in moles) of the starting glass melt varied between 0.78 and 1.38
because the partitioning behavior of a given element is not only related to its speciation
in the aqueous fluid but also to its incorporation in the melt. The latter may change due
to ASI-dependent differences in the melt structure.

An additional important goal was to study to what extent obtained partition coefficients are
affected by the selected experimental technique. Quench experiments are associated with
large intrinsic uncertainties due to the tendency of fluids to unmix or precipitate solutes during
cooling (Adam et al., 1997). Hence, the most difficult part of quench experiments is to obtain
a representative sample of the fluid for analysis. Sampling of a quenched solution is complex
and time consuming (e.g., Flynn and Burnham, 1978, Keppler and Wyllie, 1991). Thus, the
fluid composition is reconstructed in some studies via mass balance with modeling of unde-
termined parameters (e.g., Ayers and Eggler, 1995, Webster, 1992a,b). Another technique is
entrapment of coexisting melts and fluids in synthetic inclusions, and the subsequent analysis
of their compositions after quenching using laser ablation ICP-MS (e.g., Hanley et al., 2005, Si-
mon et al., 2007). Trace element concentrations in the fluid can be obtained directly at elevated
PT conditions using a hydrothermal diamond-anvil cell (HDAC) and synchrotron radiation X-ray
fluorescence microanalysis (SR-uXRF) (e.g., Schmidt and Rickers, 2003, Sanchez-Valle et al.,
2003, Schmidt et al., 2007, Manning et al., 2008, Borchert et al., 2009). Here, we compare
results from three experimental approaches, quench experiments with slow and rapid cooling,
and analysis of the fluid in-situ and the melt after quench (HDAC).

Finally, we will show the implication of the presented data for studies of natural systems.
The changes in the Rb and Sr concentrations in the melt during the crystallization and fluid
exsolution of a haplogranite are modeled using crystal—melt and fluid—melt partitioning data
from the literature and this study.

3.2 Experimental and analytical methods

3.2.1 Starting materials and sample preparation

The starting materials for the experimental runs consisted of a suite of synthetic haplogranitic
glasses with varying ASI from 0.8 to 1.4 (Tab. 3.1) and different aqueous fluids. Each glass
composition was prepared in two steps. Firstly, an initial glass was produced using powders of
SiO,, Al,O,, Na,CO, and K,CO,. The powders were mixed and stepwise heated to 1600°C
for decarbonatization (12 h). After quenching, the glass was crushed and melted again for
48 h at 1600°C. Secondly, Rb and Sr were added as RbCl and SrCO, to the crushed initial
glass. The glass was doped with relatively high concentrations (~2500 to ~3900 ppm Rb and
~2300 to ~2900 ppm Sr). The doped glass powder was melted at 1600°C for 24 h, then
quenched, crushed and melted again for 24 h at 1600°C to achieve chemical homogeneity.
The solutions, H,0, H,0 + 1 mNaCl + 1 mKCl and H,O + 1 mNaCl + 1 mKCI + 0.02 m HCl,
were produced from distilled de-ionized water and analytical grade powders of NaCl and KCI.
In the HCI-bearing solution, the pH was adjusted to one whereas the other electrolyte solution
had a pH of five.
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Gold capsules (3.0 mm OD, 2.6 mm ID, 20 mm length) were loaded with approximately
equal weight amounts of glass and fluid. The minimum weight of the fluid was 12 mg because
smaller amounts complicated fluid sampling and analysis after the experiment. In most ex-
periments, the weights of fluid and glass were 20 to 25 mg each. After loading, the capsules
were crimped, welded shut under an electric arc while partly immersed in a bath of ice water
to avoid fluid loss, and weighed again. To check for leakage, the capsules were stored in a
furnace at 120°C for at least 30 minutes. Absence of leaks was assumed if the weight loss
was less than 1 mg.

3.2.2 Quench experiments

Experiments at 750°C and 200 MPa were conducted in externally heated cold-seal pressure
vessels using H,O as pressure medium and for durations ranging from 120 to 288 hours. Two
different setups were used. Slow quench experiments were done in horizontal autoclaves.
These runs were cooled isobarically with quench rates of ~200°C/min using a compressed air
jet. Rapid quench experiments were performed in vertical autoclaves and were cooled from
750°C within a few seconds. Temperature was measured with external K-type thermocouples
and is considered to be accurate to +2°C. Thermal gradients along the capsules were less
than 1°C for horizontal autoclaves and 5°C in experiments using the vertical setup. Pressure
was measured with strain gauges calibrated with a deadweight pressure gauge and was ac-
curate to +5 MPa.

Experiments at higher PT conditions, up to 950°C and 500 MPa, were conducted using
an internally heated pressure vessel with argon pressure medium with durations from 24 to 144
hours. The temperature was measured with S-type thermocouples and calibrated based on
measurements of the melting points of NaCl at 843°C/200 MPa and 904°C/500 MPa (Akella
et al.,, 1969). The accuracy is about +5°C at 200 MPa and +20°C at 500 MPa. Thermal
gradients along the capsules were £10°C. Pressure measurement was done with a strain
gauge and was accurate to +7 MPa for experiments up to 500 MPa and to + 20 MPa at higher
pressures. During the experiment, pressure was controlled automatically within +5 MPa using
the hydraulic system of the intensifier and a programmable control unit. The samples were
quenched isobarically with quench rates of 150—200°C/min.

3.2.3 In-situ experiments

In-situ experiments were done using modified Bassett-type hydrothermal diamond-anvil cells
as described by Bassett et al. (1993), Schmidt et al. (2007) and Borchert et al. (2009). A
metaluminous glass composition (MetAluf, Tab. 3.1) and H,O or 0.5 m NaCl + 0.5 m KCI +
0.01 m HCI aqueous solution were used as starting materials. A detailed description of the
hydrothermal diamond-anvil cells and the in-situ method is given by Borchert et al. (2009).
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3.2.4 Analysis of run products

Quench experiments

After the experiments, the capsules were weighed to check for fluid loss during the run. Then,
the capsules were placed in glass containers filled with 5 ml distilled de-ionized water and
heated to ~80°C using a heating plate to dissolve water-soluble quench solids without affect-
ing the glass composition. Subsequently, the capsule was opened under water to release the
H,O soluble capsule content. Then, the diluted fluid was collected using a pipette and filtered
to remove very small glass pieces. Distilled de-ionized water was added to the fluid until a vol-
ume of 25 ml was attained. Capsule material, glass pieces and filters were stored in a furnace
at 120°C for at least one hour. Then, capsule material and glass were weighed to determine
the actual fluid weight after quench by subtraction. No quench precipitates were found in the
filtered material, which contained only small quenched glass globules.

The glass pieces were embedded in epoxy resin, ground and polished. The electron
microprobe (EMP) measurements on the glasses were carried out using a CAMECA SX-100
and a two-condition analysis as suggested by Morgan VI and London (1996, 2005). The sili-
cate glasses were analyzed with an electron beam energy of 15 keV, a beam current of 10 nA,
and counting times of 10 s (Na, K), 20 s (Si, Al), and 30 s (Cl). Subsequently, Rb and Sr were
measured with an electron beam energy of 15 keV, a beam current of 20 nA, and 30 s counting
time. The beam was defocused to a diameter of ~10 um to achieve insignificant migration of
Na and K during analysis as verified by test analyses. Replicate analyses were carried out on
the same sample (10 to 15 points per sample) to check for compositional homogeneity. During
each microprobe session, standards for each element were analyzed to determine accuracy
and precision. Precision ranges from 0.5 to 2.5 % for Si, Al, K, Na, Rb and Sr and was up to
10 % for Cl (10 confidence level). Totals of the glass analyses ranged between 94 to 96 %
indicating that Na-migration was small or insignificant because the difference to 100 % can be
accounted for by dissolved H,O.

The fluids were analyzed by inductively coupled plasma-atomic emission spectrometry
(ICP-AES, Varian Vista MPX) for Na, K, Si, Al, Rb, and Sr. The Cl content in fluids from exper-
iments with salt solutions was determined by ion-chromatography (IC, Dionex 100 or 120).

In a few additional runs, the quench pH of the fluid was obtained using various litmus
papers (pH-Fix Macherey-Nagel) on the escaping fluid after the capsule was pierced. In these
cases, no analyses of fluid and glass compositions were performed.

In-situ experiments

After quenching, the glass droplets were embedded together with the rhenium gasket in epoxy
resin, ground and polished. The glass droplets were analyzed using EMP as described for
the quench experiments except that beam current was 10 nA for all elements and the electron
beam was defocused to a diameter of 5 to 10 um depending on glass droplet size. For most
samples, replicate analyses (3 to 10 points per sample) were possible. For two runs (samples
5 and 7), the uncertainty of the analyses is higher because only one point per sample was
obtained. In addition, the measured Na and K concentrations for these samples are probably
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too low. Precision ranges from 0.5 to 2.5 % for Si, Al, Rb and Sr, up to 5 % for Na and K, and
up to 20 % for Cl (1o confidence level).

The fluids were analyzed in-situ at 750°C and various pressures using SR — uXRF. The
integrated intensities of Rb and Sr K(«a + ) fluorescence lines were obtained from fits of the
spectra using PyMCA (Solé et al., 2007). These intensities were normalized to incident beam
intensity, detector live time, and fluid density. Finally, SR-uXRF spectra of standard solutions
in the sample chamber of the HDAC were used for calibration. The method is described in
detail by Borchert et al. (2009).

3.3 Results

The experimental conditions, the composition of glasses and fluids after quenching, and the
quench pH for experiments at 750°C/200 MPa are listed in Tables 3.2, 3.3, and 3.4. Conditions
and results for experiments at higher PT (to 950°C and 500 MPa) are given in Table 3.5. In
all experiments, differences in the run duration had no effect on the data independent of the
technique. Table 3.6 shows fluid—melt partition coefficients for Na, K, Rb, Sr and Cl obtained
from quench experiments. For the in-situ experiments, conditions, results of fluid and melt
analyses, and calculated fluid—melt partition coefficients of Rb and Sr are listed in Tab. 3.7 for
chloridic and Tab. 3.8 for non-chloridic fluids.

The fluid—melt partition coefficients of Rb and Sr from quench experiments are shown
in Figs. 3.1 and 3.2 as a function of the ASI after the run, for pressures of 200 and 500 MPa,
and temperatures of 750, 850 and 950°C. The ASI of the resulting glasses is generally shifted
to higher values compared to those of the starting glasses. This shift is more pronounced
at 500 MPa than at 200 MPa (Tabs. 3.2, 3.3, and 3.5). Rubidium partition coefficients (Fig.
3.1) show no recognizable dependence on melt composition, pressure and temperature. For
chloridic solutions, D;/g“ scatters around 0.4. In the case of non-chloridic fluids, Rb partition
coefficients are one to two orders of magnitude lower (Df{s1 =0.002 to 0.09) and show a much
larger scatter in the data. Strontium fluid—melt partition coefficients do, likewise, not depend
on pressure and temperature in the investigated PT-range (Fig. 3.2). However, Dg/rm displays
a sharp increase with ASI from 0.003 at an ASI of 0.8 to a maximum of 0.3 at an ASI of 1.05.
At higher ASI, Dé/r’“ decreases slightly to 0.2 at an ASI of 1.6. As for Rb, the Dg/rm for chloridic
fluids is one to two orders of magnitude higher compared to those using H,O as starting fluid.
Only a few Sr partitioning data are available for non-chloridic fluids, because the Sr content
in the fluid was below detection limit in almost all experiments, except in a few slow quench
experiments at 750°C and 200 MPa.

The quench pH of the fluid shows large differences depending on initial glass and fluid
composition (Tab. 3.4). For experiments with peralkaline starting glass, a basic quench pH
was found for all runs. The pH value varies from 8 in experiments with H,O to 9.5 in those
with chloridic solutions. Runs with per- and metaluminous glass compositions resulted in near
neutral pH if water was used as starting fluid, but acidic pH in the quenched fluids if chloridic
solutions were used. Addition of HCI to the starting (NaCl+KCI) fluid does not have an effect
on the quench pH although the difference in the pH of the starting fluid is large (pH 1 vs.
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pH 5). Figures 3.1 and 3.2 also contain information on the effect of the quench rate on the
D/™ from experiments at 200 MPa and 750°C. For chloridic solutions, there is no discernible
relationship between quench rate and Rb and Sr partitioning data if the concentrations in the
fluid were relatively high (D™ > 0.1). In the case of Sr, partition coefficients from experiments
with slow quench rates were higher than those from rapid quench at ASI < 1.05, i.e., at low Sr
concentrations in the fluid (Tabs. 3.2 and 3.3). If H,O was used as starting solution, there are
discernible differences in the D'/™ related to quench rate. The Rb contents of fluids and D;/g“
in rapid quench experiments are generally higher than those from comparable slow quench
runs. In contrast, the Sr concentrations in fluids from rapid quench experiments were always
below the detection limit, but small Sr contents were often found in fluids from slowly quenched
samples (Tabs. 3.2 and 3.3).

Figures 3.3 and 3.4 present the data of HDAC experiments, in which the Rb and

@ 750°C /200 MPa (RQ)
O 750°C /200 MPa (SQ)
@ 750°C /500 MPa
[0 850°C /200 MPa
W 850°C /500 MPa
0.01 A ® A 950°C / 200 MPa

® A 950°C /500 MPa

fluid-melt partition coefficient of Rb

0.001 |- | ) ) ) )
0.8 1.0 1.2 1.4 1.6
ASI of the melt after the experiment

Figure 3.1: Rubidium partition coefficient obtained for chloridic and non-chloridic fluids vs. melt
composition expressed as ASI. PT conditions are as indicated by symbols. Errors (+10) are
smaller than symbol size. RQ - rapid quench, SQ - slow quench.

Sr concentrations in the fluid were determined in-situ at high PT. The same metaluminous
starting glass was used in these runs. The Rb/Sr ratio in the fluids at 750°C and various
pressures are shown in Fig. 3.3.1 for non-chloridic and in Fig. 3.3.2 for chloridic solutions. The
Rb/Sr ratio in non-chloridic solutions increases with pressure. Although the uncertainty in the
measurements is small, the data do not form a single trend. The trend with the steeper slope
shows a correlation with ASI of the melt after the run, which increases with the Rb/Sr ratio
in the fluid. The value at ~900 MPa differs from the other data because the melt was nearly
completely dissolved in the fluid at the run PT. The Rb/Sr ratio in the chloridic fluids is shown in
Fig. 3.3.2 as a function of pressure for two different salinity intervals. The Rb/Sr ratio in these
fluids is mainly controlled by the salinity and increases by a factor of ~2 with a decrease in
the salt concentration from 3 to 1.5 m (NaCl+KClI). In contrast to non-chloridic solutions (Fig.
3.3.1), the Rb/Sr ratio in chloridic fluids is approximately constant or decreases slightly with
pressure (Fig. 3.3.2).

Fluid—melt partition coefficients of Rb and Sr obtained from HDAC experiments are
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Figure 3.3: Rb/Sr ratio in the fluid vs. pressure determined in-situ at 750°C for non-chloridic
(Fig. 3.3.1 ) and chloridic fluids (Fig. 3.3.2). All starting glasses had the same metaluminous
composition. Error bars - +10.

presented as a function of pressure in Fig. 3.4.1 for non-chloridic solutions and in Fig. 3.4.2
for chloridic fluids as function of salt concentration. The partition coefficients from experiments
with non-chloridic solutions increase with pressure, D;{gn from ~0.006 at ~250 MPa to > 0.03
at P > 900 MPa, but the Sr partition coefficient only from ~0.004 at ~250 MPa to ~0.009
at ~900 MPa. For chloridic solutions, the fluid—melt partition coefficients of both elements
depend on the salinity of the fluid (Fig. 3.4.2, Tabs. 3.7 and 3.8). Rubidium partition coefficients
increase slightly and approximately linearly with salinity from ~0.3 at ~1.2 m (NaCl+KCl) to
~0.5 at ~3.5 m (NaCl+KClI). An effect of pressure is not discernible for Rb but likely present
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for Sr. At a fluid salinity of ~3.5 m (NaCl+KCl), Dg/rm increases from 0.14 at 420 MPa to 0.57
at 1400 MPa. Still, Sr fluid—melt partitioning is mainly controlled by the salinity. The Dg/r’“
values increase from 0.06 at 1.16 m (NaCl+KClI) to 0.24 at 3.56 m (NaCl+KCI) while pressure
decreases from 500 to 220 MPa.

Figure 3.5 shows a comparison of fluid—melt partition coefficients from quench and
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Figure 3.4: Partition coefficients of Rb and Sr at 750°C from HDAC experiments as function of
pressure and salinity. Results for non-chloridic solutions are shown in Fig. 3.4.1 and data for
chloridic fluids are presented in Fig. 3.4.2. Error bars - £10.

from HDAC experiments with metaluminous starting glass and various fluid compositions at
750°C as a function of pressure. In quench experiments, the Rb and Sr concentrations in the
fluid were determined after the run, but in HDAC experiments in-situ directly at the run PT.
Partition coefficients of Rb (Fig. 3.5.1) and Sr (Fig. 3.5.2), and the Rb/Sr ratio in the fluid (Fig.
3.6.1) obtained from experiments using chloridic solutions show good agreement between
the data from both techniques over the studied salinity range. However, there are obvious
differences in the data for non-chloridic solutions. At similar conditions (750°C/500 MPa),
partitioning data from HDAC experiments are about three times higher than those from quench
runs for both elements (Rb 0.01 vs. 0.003 and Sr 0.004 vs. 0.0015). Furthermore, the HDAC
data show increasing D/™ with pressure, whereas no effect of pressure is recognizable in the
quench data. The possible cause of these differences is discussed below.

3.4 Discussion

3.4.1 Quench effects

In this study, we investigated to what extent obtained fluid—melt partition coefficients for Rb and
Sr are affected by the applied experimental technique. The comparison between rapidly and
slowly quenched experiments shows clear differences for experiments with H,O as starting
fluid. For comparable runs, rapidly quenched fluids contain up to 20 times more Rb and have
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Figure 3.5: Comparison of fluid—melt partitioning data for Rb and Sr from quench and HDAC
experiments, and for chloridic and non-chloridic solutions. All data are for a temperature of
750°C and metaluminous starting glass. Figure 3.5.1 shows the data for Rb as a function of
pressure and analogous for Srin Fig. 3.5.2. Error bars - +10.

lower Sr concentrations, which are below the limit of detection. For chloridic solutions and
peralkaline melts, rapid—quench experiments yield, likewise, much lower Sr concentrations in
the fluid. This indicates a fast re-equilibration between melt and fluid during cooling. The effect
of the back-reaction is more obvious at low concentrations in the fluid, whereas concentration
shifts due to re-equilibration remain within error at high trace element concentrations in the
fluid. This confirms the results of the study by Borchert et al. (2009). Their in-situ data for fluids
coexisting with haplogranitic melts show a decreasing Rb content but a slightly increasing Sr
concentration with decreasing temperature along an isochore. The data of our study clearly
demonstrate that, at similar PTx conditions, partition coefficients obtained with H,O as starting
fluid are higher if the fluid was analyzed in-situ, compared to that from analyses after quench.
This difference is very likely mainly caused by back reactions and not by water—insoluble Rb
and Sr—bearing quench phases. Such precipitates were not observed in the filtered material
or optically in the HDAC experiments. Furthermore, the fact that the Rb and Sr concentrations
in the quenched glasses showed no significant differences from the initial concentrations of
the glasses before the run, if Rb and Sr contents in the aqueous fluids were small, is another
argument against such quench phases (cp. Tabs. 3.1 and 3.2). In other words, Rb and
Sr contents in aqueous solutions in equilibrium with haplogranitic melt are not quenchable,
but data from experiments with chloridic solution are less affected. Consequently, fluid—melt
partitioning data from quench experiments have to be used with caution particularly at low
trace element contents in fluids.
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3.4.2 Fluid—melt partitioning and complexation of Rb and Sr

This study is the first systematic investigation of Rb and Sr partitioning between aqueous fluid
and haplogranitic melt as function of pressure, temperature, and fluid and melt composition.
Between 750 and 950°C and between 200 to 500 MPa, pressure and temperature effects on
Df{g?Sr are small or indiscernible. This can be related to the fact that these PT conditions are
well below that of the critical curve for haplogranite—water (Bureau and Keppler, 1999). That
is, they are located at the steep portions of the solvi, where compositions of the coexisting
phases change little with P and T. The few experiments above 500 MPa show that the partition
coefficients of Rb and Sr increase with pressure. This correlates with the increased solubility
of melt in the aqueous fluid, which results in a smaller chemical contrast between the phases,
and indicates formation of significant amounts of complexes of Rb and Sr with melt compo-
nents in the aqueous phase.

However, the effect of melt composition on the partition coefficients is very different for
Rb and Sr, which suggests that these element complex in a different manner with melt com-
ponents. Fluid—melt partitioning of Rb was found to be independent of the ASI of the melt,
whereas Dfs/rm is strongly controlled by this parameter. Increasing alkalinity of the melt results
in a sharp decrease of Dg/rm. This partitioning behavior of Sr is related to changes in the speci-
ation in the aqueous fluid or changes in the incorporation of Sr in the melt, or both. Dissolution
of peralkaline melt will release Na™ and K* into the aqueous fluid, which will decrease the
activity of CI~ and OH™ and thus the concentration of Sr-Cl and Sr-OH complexes in the fluid.
This is supported by the basic quench pH of the runs with peralkaline melt (Tab. 3.4). Because
of increasing ion association with temperature, this points to the presence of significant quan-
tities of NaOH® and KOH® complexes in the fluid at the run conditions. It is currently unknown
to what extent the partitioning of Sr is affected by changes in the structural environment of Sr
in the melt. Kohn et al. (1990) found only small changes in the first coordination shell of Sr in
a suite of glasses with different degrees of polymerization, and suggested that these changes
should not play a major role in Sr partitioning between crystals and melt.

The importance of the CI™ activity for the partitioning of Rb and Sr is emphasized by
the observation that the Di{,ijr from experiments with chloridic solutions were generally much
higher than in experiments with H,O as starting fluid. This is also indicated by the different be-
havior of the Rb/Sr ratio in the fluid as a function of pressure for water or chloridic solutions as
starting fluids (Figs. 3.3.1 and 3.3.2). Only the HDAC results are shown in Fig. 3.3.1 because
they are much more reliable than any quench data because of the back reaction upon cooling
as discussed in a previous paragraph. For metaluminous starting glasses, the Rb/Sr ratio in
the non-chloridic fluid clearly increases with pressure. However, this increase must cease at
even higher pressures than that studied here because the Rb/Sr ratio must approach its initial
value of ~1 at the critical pressure. As Cl™ is added to the system, this behavior changes
completely. The Rb/Sr ratio in chloridic fluids decreases somewhat with salinity and is, within
error, independent of pressure. This implies that the partitioning of Rb and Sr at these condi-
tions is controlled by complexation of Rb and Sr with Cl, whereas other complexes only play a
subordinate role.

For all melt and fluid compositions studied here, partition coefficients of both elements
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show a preference for the melt (D™ < 1). This is distinctly different to the experimental data
of Bai and Koster van Groos (1999), which show a preference of Rb and Sr for the fluid at high
salt concentration. The results presented here are consistent with data from natural co-genetic
fluid and melt inclusions (Audétat and Pettke, 2003, Rickers et al., 2006, most of the data re-
ported by Zajacz et al., 2008), that also point to a preference of Rb and Sr for the melt. Bai and
Koster van Groos (1999) inferred a linear relationship between D;/g“ and salinity (Fig. 3.6.2)
but a quadratic correlation for Dg/rm (Fig. 3.6.3). The latter is not supported by our results. A
further strong difference between the two studies is observed for the Rb/Sr ratio in the fluid.
For a given salinity, the Rb/Sr ratio from the data by Bai and Koster van Groos (1999) is much
lower compared to our data, which covers both quench and HDAC experiments. The differ-
ences between the data from both studies are probably due to artifacts from the fluid extraction
procedure for analyses after quenching.

3.4.3 Modeling of the behavior of Rb and Sr during evolution of a granitic
system

Rubidium and Strontium concentrations in granitoids are important petrogenetic indicators. In
the following, we will discuss the effect of fluid exsolution on the Rb and Sr concentrations
during the evolution of a granitic melt. Figure 3.7.1 and 3.7.2 show models for the Rb and
Sr contents of the residual melt during an isobaric crystallization path using the peraluminous
starting composition (peralu1*) with 3 wt.% total water. Two models were applied, Rayleigh
fractionation (CL/CS=F %"~ and equilibrium crystallization

(CL/CY=1/[D)" +F - (1-D)™*)]), where CY and C, are the initial and actual concentrations of a
trace element Z in the primary magma, D2"'* the bulk partition coefficient, and F the remaining
melt fraction. The crystallization sequence and the proportions of the phases were modeled
using MELTS (Ghiorso and Sack, 1995, Asimov and Ghiorso, 1998) starting from the liquidus
temperature (~885°C) in increments of 1°C. For each step of the crystallization, a bulk parti-
tion coefficient of an element Z can be defined as:

Dgtl(lclf—&-f)/nl:Wq Dz ey /m™We, "Dz e, ymtWey Dz oy ymt Wi - Dy

where c, f, and m refer to crystal(s), fluid and melt, and W, corresponds to the weight fraction
of the phase i exsolving from the crystallizing melt. We used the appropriate feldspar—melt
partition coefficients reported by White (2003) (DEP/™ = 0.3, D5P/™ = 5). For fluid—melt par-
titioning, we applied values for metaluminous melts, because the residual melt composition
modeled by MELTS is metaluminous. We compared D/™ obtained in this study and by Bai
and Koster van Groos (1999) for chloridic fluids, which differ in the preference for melt and
fluid. The initial trace element contents were 110 ppm Rb and 350 ppm Sr, which is represen-
tative for upper continental crust granitoids (Winter, 2001). First, feldspar crystallizes, which
is followed by quartz crystallization at 745°C at a melt fraction of 0.68. Fluid saturation of the
melt (~6 wt.% at 750°C / 200 MPa, Johannes and Holtz (1996)) is attained at 715°C at a melt
fraction of 0.56. For both Rayleigh fractionation and equilibrium crystallization, the Sr concen-
tration decreases and Rb concentration and Rb/Sr ratio increase continuously in the residual
melt. However, the increase in the Rb/Sr ratio in the residual melt is much more pronounced
for Rayleigh fractionation because Sr is more efficiently removed from the melt. Fluid—melt
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Figure 3.6: Comparison of fluid—melt partition coefficients and Rb/Sr ratio in the fluid obtained
in this study with literature data (Bai and Koster van Groos, 1999) for experiments at 750°C,
200 MPa, with metaluminous starting glasses. Figure 3.6.1 shows the Rb/Sr ratio in the fluid
as function of pressure for two salinity intervals, and Figs. 3.6.2 and 3.6.3 display the partition
coefficients of Rb and Sr for various salinities. Error bars - +1¢.

partitioning has no significant effect on the evolution of the trace element pattern no matter if
the data from this study or from Bai and Koster van Groos (1999) are used. This is because
the onset of fluid exsolution is late, the weight fraction of aqueous fluid is small, and Dllc{,;%r are
low.

3.5 Conclusions

The comparison of fluid—melt partition coefficients obtained with quench and HDAC experi-
ments demonstrates the advantage of the in-situ method for the determination of trace element
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Figure 3.7: Models for the Rb and Sr contents, and Rb/Sr ratio of the residual melt dur-
ing an isobaric crystallization path (200 MPa) assuming Rayleigh fractionation in Fig. 3.7.1
and equilibrium crystallization in Fig. 3.7.2 using the peraluminous starting composition
(Abgg 0,0r,5 46QZ5: 1s+C, 55) With 3 wt.% total water. Solid lines based on fluid—melt parti-

tioning data from this study, dashed lines - D™ from Bai and Koster van Groos (1999)).

concentrations in the fluid, especially in the case of non-chloridic solutions. The results of this
study are clear evidence that Rb and Sr contents in such fluids are not quenchable. The good
agreement between HDAC and quench data for chloridic fluids found in this study is likely due
to high trace element concentrations, which make the effect of back-reaction less significant.
The distinct differences to other quench data (Bai and Koster van Groos, 1999) signify the
importance of a careful fluid sampling procedure. Hence, although more complex, an in-situ
method is more appropriate to study fluid—melt interactions. Currently, significant progress
has been made because the actual trace element concentrations in the aqueous fluid can now
be determined directly high PT, but obtained fluid—melt partition coefficients are still not free of
quench effects. In-situ analysis of both fluid and melt is needed particularly for water—silicate
systems, and technical developments may solve this problem in the near future.

The fluid—melt partition coefficients of Rb and Sr are mainly controlled by the fluid com-
position. They are one to two orders of magnitude higher in chloridic fluids compared to those
found in experiments with water, which clearly shows that both elements complex with chlorine
as stated before, e.g., by Helgeson (1964), Burnham (1967), Candela and Piccoli (1995) and
Bai and Koster van Groos (1999). In contrast to Rb, the behavior of Sr also depends on the
alkalinity of the system. Our data suggest that the release of Na' and K™ into the aqueous
fluid in peralkaline systems changes the Sr speciation in the aqueous fluid. The exact nature
of the Sr complexation in the fluid is not clear. Insight could be gained by spectroscopic inves-
tigations, e.g., by X-ray absorption spectroscopy.

Based on our results, the fractionation of Rb and Sr between chloridic fluids and alu-
minous melts is weaker than the fractionation between feldspars (or micas) and melts, and
nearly independent of pressure and temperature at most conditions. Additionally, the weight
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fraction of the exsolved aqueous fluid is small in natural granitoids. Therefore, the Rb/Sr ratio
in granitic systems is primarily controlled by crystal—melt partitioning, and can thus be used,
at least for non-alkaline granites, to gain information on its stage of evolution and particularly
on the degree of fractional crystallization. Extreme Rb/Sr ratios in the melt of more than 500
and Rb concentrations of more than 5000 ppm as described by Rickers et al. (2006) are strong
indication of a very high degree of fractional crystallization, perhaps coupled with re-melting
of already fractionated material. The results of our study also confirm that irregular Rb and Sr
patterns can not be attributed to fluid-melt partitioning (London, 2005) because their partition
coefficients vary systematically with fluid and melt composition and are relatively insensitive to
temperature and pressure in a wide range.

A possible application is the study of melt inclusions. Particularly melt inclusions in
quartz are useful because of the abundance of this mineral in acidic igneous rocks and it’s
resistance to weathering. In sedimentology, the Rb/Sr ratio in such inclusions can provide
information on the crustal evolution of the source area. This can also be a useful tool in the
search of ore deposits closely related to differentiated granites (e.g., Sn and W) in areas with
no outcrops. If co-genetic fluid and melt inclusions are present, the initial salinity of the system
before unmixing may be roughly estimated from Rb partitioning, which is independent of ASI.
Comparison of the experimental results to natural data is limited because only very few studies
report Rb and Sr concentrations in co-genetic fluid and melt inclusions. These studies (Audé-
tat and Pettke, 2003, Rickers et al., 2006, most of the data reported by Zajacz et al., 2008)
show a preference of Rb and Sr for the melt and are also in good quantitative agreement with
our data.
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Table 3.1: Composition of starting glasses from EMP analyses and normative composition based on the components albite, ortho-
clase, quartz, corundum and Na-metasilicate.

SiOo Al503 Nag O Ko O ASI Rb Sr normative - composition

[wt. %] [wt. %] [wt.%]  [wt.%] [ppm] [ppm]
PerAlut ™ 75.83 1417 453 3.91 121 38621455 26281443 | Ab3g 920r23.460235.08 + C2.53
MetAlut * 77.71 12.31 4.46 3.95 1.06 3853488  2763+470 | Abszg 330ra3 69Qz37 25 + Co 72
PerAlk2* 78.75 12.56 5.41 3.64 0.98  2587+156 27424178 | Abgy 190r21.42Q234 05 + Nsg.33
PerAlk1 * 79.18 12.37 7.45 3.38 0.78 24834259 2675167 | Abyz 730r1g 530232 57 4+ NS4 16
PerAlu2 72.98 16.86 4.87 3.86 1.38 26674226 23224257 | Abgy g0Or23.16Q230.30 + C4.73
PerAlut T 77.26 14.50 4.30 3.94 128 30814155 25144182 | Absg.370r23.30Q237.16 + C3.16
MetAlu1 78.68 12.67 4.04 3.85 117 26904149 28214182 | Abgy 460r22.93Q240.74 + C1.87
PerAlk2 79.21 12.65 5.00 3.47 1.06 25484229 25384252 | Abyo 130ro0.44Q236.74 + Co.67
PerAlkt T 78.80 12.27 7.24 3.31 079 27954150 28404178 | Abys3 960r19.23Q232 99 + Ns3 g1

* _starting glass also doped with La and Yb
- starting glass also doped with La and Y
Ab-albite, Or-orthoclase, Qz-quartz, C-corundum, Ns-Nag SiO3

Table 3.2: Data from experiments at 750° C and 200 MPa using rapid quench autoclaves (RQ). For each run, the first line of the
analyses refers to the quench glass and second line to the quenched fluid.

experimental conditions analyses of run products
run P T starting materials Nag O KoO SiOo Al503 ASI Rb Sr Cl
[MPa] [°cl [melt / fluid] [wt. %] [wt. %] [wt. %] [wt. %] [ppm] [ppm] [ppm]
RQH1-1 200 750 PerAlu1™ 4.20 3.67 72.23 13.14 1.21 2645+178 23681238 bdl
Ho O 0.19 0.05 bdl bdl bdl bdl na
RQH1-4 200 750 PerAlk2* 4.80 3.33 72.44 11.65 1.01 2467 +119 2423 +152 bdl
Hy0 bdl 0.03 0.02 bdl 17£10 bdl na
RQH1-3 200 750 PerAlk1* 6.45 3.09 71.28 11.10 0.80 2374+136 24544176 bdl
HyO bdl 0.01 0.003 bdl 40+10 bdl na
RQH2-0 200 750 PerAlu2t 4.13 3.64 70.58 15.46 1.44 2516+180 2315+191 bdl
HyO bdl 0.03 0.03 bdl 29+10 bdl na
RQH2-2 200 750 MetAlu1 T 4.02 3.73 72.47 11.66 1.10 2656+212 26974246 bdl
HyO 0.04 0.05 bdl bdl 202+20 bdl na
RQH2-4 200 750 PerAlk2 T 5.27 3.45 72.56 11.42 0.92 2481+196 28954215 bdl
Hy0 bdl 0.02 bdl bdl 163+15 bdl na
RQH2-3 200 750 PerAlk1 t 6.77 3.60 68.21 14.13 0.94 3801+159 2864+232 bdl
HyO bdl 0.02 bdl bdl bdl bdl na
RQA1 200 750 PerAlu1* 3.59 5.02 72.43 13.12 1.16 14444191 1506+172 1210+£102
1H+1S (pH 1) 1.98 1.87 0.01 0.002 432443 291429 4066714070
RQA2 200 750 MetAlu1* 3.24 4.95 73.73 11.37 1.06 14984157 16494220 704183
1H+1S (pH 1) 2.16 1.79 bdl bdl 402440 297430 4153214150
RQA3 200 750 PerAlk1* 5.60 4.57 69.78 11.07 0.78 1337+130 2370+175 21404321
1H+1S (pH 1) 3.12 2.31 0.03 0.003 628+21 bdl 6536416536
RQBO 200 750 PerAlu2t 3.97 5.00 68.81 15.42 1.29 15564133 1813+197 1896+211
1H+1S (pH 1) 27 251 0.001 bdl 684+8 352+4 5487045487
RQB1 200 750 PerAlut T 3.62 5.09 73.04 13.22 1.15 1657180 13724203 1128+114
1H+1S (pH 1) 1.81 1.69 0.06 0.002 435+44 279+28 3818943820
RQB2 200 750 MetAlut T 3.50 5.00 75.00 11.84 1.06 1516+174 1730+189 871491
TH+1S (pH 1) 1.88 1.72 bdl bdl 417442 388+39 3741313741
RQB4 200 750 PerAlk2 4.07 4.562 72.79 11.48 0.99 1607 +107 25774210 14344199
1H+1S (pH 1) 2.55 1.98 bdl bdl 576+9 bdl 482951-4830
RQB3 200 750 PerAlk1 t 5.36 4.82 70.67 11.00 0.82 17471146 2662+ 157 16974248
1H + 1S (pH 1) 2.16 1.41 0.02 bdl 41049 bdl 3612343612
RQC1 200 750 PerAlut™ 3.65 5.10 67.67 12.80 1.1 17114+299 13.161+278 986+201
1H+1S 1.50 1.51 0.04 0.001 384+38 315+31 3307043307
RQC2 200 750 MetAlu1* 3.41 5.09 74.18 11.70 1.05 15654167 1550+ 241 976194
1H+ 1S 3.72 270 0.03 0.002 727+73 523+52 6323516324
RQC4 200 750 PerAlk2* 3.94 4.71 73.95 11.44 0.99 1624+119 2363+163 12424208
1H+1S 3.20 242 0.06 0.02 740+150 bdl 6419046419
RQC3 200 750 PerAlk1* 5.85 4.45 70.32 10.93 0.76 14724105 25214157 20094271
1H+1S 3.09 2.14 0.04 bdl 616+19 bdl 5705415705
RQDO 200 750 PerAlu2 3.77 4.74 68.44 15.01 1.32 1676+118 1490+153 14544175
1H+ 1S 2.63 229 0.007 bdl 668421 25743 5666015670
RQD1 200 750 PerAlut T 3.51 5.00 72.59 13.09 117 1655+ 194 14594221 986+133
1H+1S 1.64 1.48 0.02 bdl 397+40 236424 3350043350
RQD2 200 750 MetAlut T 3.34 4.91 74.37 11.59 1.07 15224203 16024158 693491
1H+1S 221 2.00 0.1 0.001 527453 375+38 4280844281
RQD4 200 750 PerAlk2t 4.22 4.62 73.83 11.52 0.96 1738+163 2607+397 1196 +360
1H+1S 3.36 257 0.001 0.004 718437 841 4920544921
RQD3 200 750 PerAlk1 T 5.27 4.69 70.99 11.09 0.81 1528 +139 2640+180 14624199
1H + 1S 4.44 3.26 0.04 bdl 844+22 bdl 7931847932

na — not analyzed

bdl — below detection limit

1H — 1mNaCl, 1S — 1mKCl

* — starting glass also doped with La and Yb
T starting glass also doped with La and Y
ASI — Al503/(Nag O+Ko O) in moles
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Table 3.3: Data from experiments at 750° C and 200 MPa using slow quench autoclaves (externally heated cold-sealed pres-
sure vessels, SQ). For each run, the first line of the analyses refers to the quench glass and second line to the quenched fluid.

experimental conditions analyses of run products

run P T starting materials Nag O KoO SiOg Al303 ASI Rb Sr Cl
[MPa] [°c] [melt / fluid] [wt. %] [wt. %] [wt. %] [wt. %] [ppm] [ppm] [ppm]

EHPVH1-1 200 750 PerAlui™ 243 3.60 74.09 13.45 1.70 2626 +260 2234+220 na

Hy0 0.21 0.07 bdl bdl 741 4105 na

EHPVH1-2 200 750 MetAlu1* 2.70 3.64 75.27 1.77 1.40 24444240 24904250 na

Ho 0 0.11 0.06 bdl bdl bdl 441 na

EHPVH1-4 200 750 PerAlk2* 3.63 3.35 75.90 11.66 1.21 23744240 23064230 na

Hy O 0.14 0.04 bdl bdl 10£1 2405 na

EHPVH1-3 200 750 PerAlk1* 6.49 3.19 74.25 11.24 0.80 27174391 2729+402 na

Hy 0 0.18 0.06 bdl bdl bdl bdl na

EHPVH2-1 200 750 PerAlut T 3.88 3.68 73.57 13.36 1.29 30944341 26024335 na

Ho 0 0.05 0.04 bdl bdl 441 bdl na

EHPVH2-2 200 750 MetAlut T 3.85 3.70 75.49 11.76 1.14 28584335 26214407 na

H0 0.08 0.06 bdl bdl bdl 3+0.5 na

EHPVH2-4 200 750 PerAlk2 T 4.99 3.49 75.22 11.50 0.96 26231339 30194417 na

Ha O 0.13 0.05 bdl bdl 6+1 bdl na

EHPVH2-3 200 750 PerAlk1 T 6.33 3.14 73.67 11.20 0.81 2961+383 2839+377 na

HyO 0.19 0.04 bdl bdl 10+1 bdl na

EHPVA1 200 750 PerAlut* 3.55 4.80 71.38 13.26 1.20 1807+181 18724294 na

1H + 1S (pH 1) 3.03 2.48 bdl bdl 77943 52449 na

EHPVA2 200 750 MetAlu1™* 3.42 4.91 73.43 11.63 1.06 1675+170 18254266 na

1H+1S (pH 1) 213 1.82 bdl bdl 490+3 32542 na

EHPVA4 200 750 PerAlk2* 3.58 4.79 73.10 11.56 1.04 15664151 247614208 na

1H+1S (pH 1) 2.69 2.08 bdl bdl 51946 80+1 na

EHPVA3 200 750 PerAlk1* 5.48 4.61 70.89 11.03 0.79 1387+£182 24544220 na

1H+1S (pH 1) 2,57 1.66 bdl bdl 418+5 2841 na

EHPVB1 200 750 PerAlut T 3.37 5.06 71.42 13.02 1.18 1884+137 1706+203 na

1H+1S (pH 1) 2.65 2.37 bdl bdl 678+6 37749 na

EHPVB2 200 750 MetAlut T 3.34 5.03 73.83 11.73 1.07 16834152 2002+163 na

1H+1S (pH 1) 212 1.75 bdl bdl 493+8 409+5 na

EHPVB4 200 750 PerAlke 3.97 4.77 73.44 11.63 0.99 16544154 2686+150 na

TH+1S (pH 1) 2.62 2.01 bdl bdl 511412 105+1 na

EHPVB3 200 750 PerAlk1 T 5.50 4.76 71.85 10.94 0.77 16534141 2587+180 na

1H + 1S (pH 1) 2.98 2.02 bdl bdl 530+16 1541 na

EHPVC1 200 750 PerAlu* 3.27 4.88 72.83 13.31 1.25 1706+140 17244293 na

1H+1S 2.32 1.92 bdl bdl 518411 319+4 na

EHPVC2 200 750 MetAlu1* 3.15 4.82 74.16 11.73 1.13 16704173 21651226 na

1H+1S 252 2.30 bdl bdl 611411 280+2 na

EHPVC4 200 750 PerAlk2* 3.78 4.74 73.79 11.60 1.02 15294210 25184189 na

1H+18 2.32 1.69 bdl bdl 436114 6611 na

EHPVC3 200 750 PerAlk1* 5.96 4.72 7279 11.27 0.76 16224302 2626+376 na

1H+1S 3.24 2.18 bdl bdl 597411 1241 na

EHPVD1 200 750 PerAlut T 3.36 4.99 72.48 13.21 1.21 18864227 16724173 na

1H+18 2.20 1.95 bdl bdl 598110 31445 na

EHPVD4 200 750 PerAlk2 3.69 4.80 73.60 11.44 1.01 15374190 2819+195 na

1H+ 1S 3.22 263 bdl bdl 60848 126+1 na

EHPVD3 200 750 PerAlk1 T 4.96 4.67 71.75 10.91 0.83 1635+169 26054225 na

1H+ 1S 3.06 2.17 bdl bdl 58543 2141 na

na — not analyzed

bdl — below detection limit

1H — 1mNaCl, 1S — 1mKCl

* — starting glass also doped with La and Yb
T starting glass also doped with La and Y
ASI — Al 03/(Nag 0+Ko 0) in moles

Table 3.4: Experimental conditions, starting materials and quench pH of the fluids for selected glass and fluid compositions

experimental conditions

P T starting materials quench pH
MPa [°C] glass fluid
200 750 PerAlu2 1H+ 1S (pH 1 17
200 750 MetAlu1 T 1H+1S (pH 1 3—4

)
)
200 750 PerAlk1 T 1H + 1S (pH 1) 95
)
)

200 750  MetAtT  1H+1S(pH5 2
200 750 PerAkiT  1H+1S(pHB 95
200 750  PerAlu2t Ho0 7
200 750  MetAlut T Ho0 6
200 750 PerAlkif HoO 75-7.9

T starting glass also doped with La and Y

1H - 1mNaCl, 1S - 1m KClI

pH-Fix 0-14 - reading accuracy +0.5 pH, steps of 1 pH

pH-Fix 1.7-3.8; pH-Fix 3.6-6.1; pH-Fix 7.5-9.5 - reading accuracy +0.1 pH, steps of 0.3 pH

Table 3.5: Data from experiments up to 950° C and 850 MPa using internally heated cold-sealed pressure vessels (IHPV). For
each run, the first line of the analyses refers to the quench glass and second line to the quenched fluid.

experimental conditions analyses of run products

run P T starting materials Nas O Ko O SiOg Alx03 ASI Rb Sr Cl
[MPa] [°cj [melt / fluid] [wt. %] [wt. %] [wt. %] [wt. %] [ppm] [ppm] [ppm]

IHPV-G1¥ 500 750 PerAlut* 3.23 3.24 71.03 14.36 1.63 25994260 2471+£240 bdl

HyO 0.26 0.19 na na 1843 3+1 na

IHPV-G2¥ 500 750 MetAlu1* 3.51 3.26 73.67 12.52 1.35 2707+270 2764277 bdl

HyO 0.15 0.07 na na 7+1 bdl na

IHPV-E1E 500 750 PerAlut* 3.39 4.52 69.90 14.52 1.39 1767214 24014238 bdl

1H + 1S (pH 1) 2.79 2.19 na na 677411 25543 na

IHPV-E2F 500 750 MetAlu1* 3.24 4.29 71.79 12.32 1.23 1868+174 2415+179 bdl

1TH+1S (pH 1) 2.25 1.58 na na 503+5 333+2 na

IHPV-F1 ¥ 500 750 PerAlu1* 3.23 4.36 69.28 14.27 1.42 18204181 2426+172 bdl

1H + 1S 1.75 1.37 na na 44143 15742 na
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Table 3.5 -

from previous page

experimental conditions

analyses of run products

run P T starting materials Nas O KoO SiOg Al503 ASI Rb Sr Cl
[MPa] [°c] [melt / fluid] [wt. %] [wt. %] [wt. %] [wt. %] [ppm] [ppm] [ppm]
IHPV-F2¥ 500 750 MetAlut1* 2.82 4.59 73.57 12.17 1.27 14994150 24141241 bdl
1H+1S 2.57 1.95 na na 531410 170+2 na
IHPV-H1 200 850 PerAlut1* 3.59 3.70 72.56 13.56 1.37 2603123 25514104 bdl
Hy0 0.17 0.11 0.04 0.02 66+45 bdl na
IHPV-H1 200 850 PerAlu1* 3.59 3.70 72.56 13.56 1.37 2603+123 2551104 bdl
Hy O 0.17 0.11 0.04 0.02 66-+45 bdl na
IHPV-H2 200 850 MetAlut* 3.57 3.66 74.68 11.83 1.20 2661+118 2625+166 bdl
HyO 0.12 0.08 0.05 0.02 180156 bdl na
IHPV-H4 200 850 PerAlk2* 4.51 3.41 74.21 11.58 1.04 24514157 2452111 bdl
Ho O 0.44 0.15 0.13 0.02 bdl bdl na
IHPV-H3 200 850 PerAlk1* 6.37 3.15 73.05 11.28 0.81 2309+106 2440+151 bdl
Ha O 0.18 0.07 0.21 0.02 bdl bdl na
IHPV-A1 200 850 PerAlut* 3.70 4.86 72.05 13.34 1.18 17824120 17841136 19614191
1H+1S (pH 1) 2.79 2.45 0.06 0.02 829450 770+10 5408845409
IHPV-A2 200 850 MetAlut1* 3.53 4.81 72.46 11.98 1.09 16894112 19174129 1407 +225
TH+ 1S (pH 1) 2.31 2.23 0.01 bdl 626+16 42447 4866714867
IHPV-A4 200 850 PerAlk2* 4.22 4.66 71.79 11.61 0.97 14494141 2358+198 16554251
1H+1S (pH 1) 2.94 2.48 bdl bdl 687426 4041 5638715639
IHPV-A3 200 850 PerAlk1* 5.79 4.49 70.67 11.07 0.77 1481+174 2493+159 28144402
1H +1S (pH 1) 0.97 0.74 0.01 bal 170427 bdl 5956445956
IHPV5 200 950 PerAlut T 3.83 3.58 72.89 13.66 1.34 3040174 2455+155 bdl
Ho 0 bdl bl bdl bdl bdl bdl na
IHPV6 200 950 MetAlut T 3.77 3.64 74.49 11.98 1.18 27124112 2729+ 150 bdl
H0 bdl bdl bdl bdl bdl bdl na
IHPV8 200 950 PerAlk2 T 5.81 3.56 76.37 12.31 092  2668+192  2971+228 bdl
Ho0 bdl bdl bdl bdl bdl bdl na
IHPV7 200 950 PerAlk1 T 6.35 3.00 72.08 11.10 0.81 2698139 2614130 bdl
Hy0 0.04 0.02 0.02 bd 741 bdl na
IHPV9 200 950 PerAlut T 4.02 5.01 71.92 13.50 1.12 18354155 19081171 24924333
1H + 1S (pH 1) 3.00 2.89 bdl bdl 1003412 57144 5960915961
IHPV10 200 950 MetAlu1 T 3.68 4.58 72.33 11.81 1.07 16534150 2015139 2238+546
1H+1S (pH 1) 3.2 73.16 bdl bdl 965426 640+5 6029946030
IHPV12 200 950 PerAlk2 4.43 4.58 70.66 11.66 0.95 15704113 2577+209 2235:+349
TH+1S (pH 1) 3.19 2.63 bdl bdl 70612 4041 4695814696
IHPV11 200 950 PerAlk1 T 572 4.72 71.47 1117 0.77 14334125 2657124 3862233
TH+1S (pH 1) 3.55 2.71 0.03 bd! 739412 1541 4677414677
IHPV13 500 850 PerAlu2f 3.46 3.37 67.69 14.61 1.56 2460+110 2310175 bdl
Hy O bdl bdl 0.01 bdl bdl bdl na
IHPV14 500 850 PerAlut T 3.27 3.44 70.26 13.28 1.46 2868+133 2395+156 bdl
Hy0 bdl bdl bdl bd bdl bdl na
IHPV15 500 850 MetAlut T 3.65 3.61 7215 12.01 1.21 2649+112 2806+162 bdl
Hy O bdl bdl 0.03 bd bdl bdl na
IHPV17 500 850 PerAlk2 T 4.84 3.22 70.33 11.81 1.03 2405152 2816168 bdl
Ho O 0.06 0.01 0.04 bdl bdl bdl na
IHPV18 500 850 PerAlu2T 3.28 4.43 68.56 15.05 1.48 15444105 19614184 12044527
TH+1S (pH 1) 1.64 1.48 0.004 0.003 395412 128+1 3270443270
IHPV19 500 850 PerAlut T 3.12 4.37 69.70 13.42 1.36 17984157 2013+128 7104248
TH+1S (pH 1) 3.45 3.22 0.003 0.004 1059+6 41545 5339345339
IHPV20 500 850 MetAlu1 T 3.12 4.33 72.78 12.08 1.23 13694103 15674193 6104337
TH+1S (pH 1) 3.06 2.82 0.002 0.004 670+10 35242 4812944813
IHPV23 500 950 PerAlu2 3.68 3.44 68.93 14.99 1.53 2395145 2181+£138 bdl
Hy0 0.10 0.07 0.03 0.02 88+25 bdl na
IHPV24 500 950 PerAlut T 3.42 3.53 69.62 13.23 1.40 27844155 2485+159 bdl
Hy O 0.16 0.09 0.30 0.02 52418 bdl na
IHPV25 500 950 MetAlu1 T 3.72 3.62 70.91 11.84 1.18 2594+ 152 2794+ 187 bdl
Hy O 0.18 0.07 0.06 0.02 bdl bdl na
IHPV27 500 950 PerAlke 4.33 3.30 71.22 11.62 1.09 235214105 2878145 bdl
Ha O 0.32 0.07 0.55 0.02 62138 bdl na
IHPV26 500 950 PerAlk1* 6.97 3.09 70.34 11.16 0.75 2187167 2629+152 bdl
Ho O 0.58 0.14 1.94 0.02 79423 bdl na
IHPV28 500 950 PerAlu2t 2.92 4.46 68.40 15.56 1.61 14984114 18794135 10574399
1H+1S (pH 1) 3.57 3.49 0.05 0.02 1023+4 335+1 5717245717
IHPV29 500 950 PerAIu1T 2.89 4.43 70.94 13.40 1.40 18484163 2203+135 9314262
1H+1S (pH 1) 3.95 4.08 0.04 0.02 14924121 41048 6271616272
IHPV30 500 950 MetAlu1 T 2.89 462 72.67 12.09 1.24 14954134 23124183 699-+251
1H+ 1S (pH 1) 2.50 2.75 0.02 0.02 8424104 449-+15 66494-+6649
IHPV32 500 950 PerAlk2 3.57 4.58 71.68 11.64 1.07 14224159 2778+200 4984139
TH+1S (pH 1) 3.12 2.71 0.68 0.02 770499 189411 6873146873
IHPV31 500 950 PerAlk1 T 4.90 4.66 71.17 11.46 0.87 16084159 2626+125 5634259
1H+ 1S (pH 1) 2.98 212 1.64 0.02 576479 14£1 6717716718

P experiments done at Institut fir Mineralogie, Leibniz Universitat Hannover
nd — not analyzed

bdl — below detection limit

1H — 1mNaCl, 1S — 1mKCl

*

— starting glass also doped with La and Yb

T starting glass also doped with La and Y

ASI — Al503/(Nag O+Ko O) in moles
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Table 3.6: Experimentally determined fluid —melt partition coefficients of Na, K, Rb, Sr, Cl. and Dy /D4 -

experimental conditions

Fluid — melt partition coefficients

run P T ASI DNa Dy Dk /DNa DRrb Dg, D
[MPa] [°c]
RQH1-1% 200 750 1.21 0.05 0.01 0.0240.002 nc nc nc
RQH1-4* 200 750 1.01 nc 0.009 nc 0.007+£0.004 nc nc
RQH1-3* 200 750 0.80 nc 0.003 nc 0.024-0.004 nc nc
RQH2-0* 200 750 1.44 nc 0.008 nc 0.0140.004 nc nc
RQH2-2* 200 750 1.10 0.01 0.01 1.341+0.3 0.0840.01 nc nc
RQH2-4* 200 750 0.92 nc 0.006 nc 0.0740.008 nc nc
RQH2-3* 200 750 0.94 nc 0.006 nc nc nc nc
RQA1 200 750 1.16 0.55 0.37 0.67+0.10 0.3040.05 0.1940.03 33.62+4.40
RQA2 200 750 1.06 0.67 0.36 0.54+0.08 0.2740.04 0.18+0.03 59.0049.11
RQA3 200 750 0.78 0.56 0.51 0.911+0.10 0.4740.05 nc 30.55+5.51
RQBO 200 750 1.29 0.68 0.50 0.731+0.15 0.444-0.04 0.1940.02 28.94+4.32
RQB1 200 750 1.15 0.50 0.33 0.6740.11 0.26+0.04 0.201-0.04 33.86+4.82
RQB2 200 750 1.06 0.54 0.34 0.6410.09 0.28+0.04 0.2240.03 42.97+6.22
RQB4 200 750 0.99 0.63 0.44 0.7040.15 0.36+£0.02 nc 33.68+5.76
RQB3 200 750 0.82 0.40 0.33 0.8110.16 0.23£0.02 nc 21.28+3.77
RQC1 200 750 1.1 0.41 0.30 0.7140.11 0.22+0.05 0.244-0.06 33.55+7.61
RQC2 200 750 1.05 1.09 0.53 0.4940.07 0.464-0.07 0.344-0.06 64.7949.02
RQC4 200 750 0.99 0.81 0.51 0.63+0.03 0.46 nc 2.01
RQC3 200 750 0.76 0.53 0.48 0.914+0.15 0.4240.03 nc 28.39+4.76
RQDO 200 750 1.32 0.70 0.48 0.69+0.05 0.404-0.03 0.17+£0.02 38.9616.10
RQD1 200 750 1.17 0.47 0.30 0.63+0.09 0.2440.04 0.16+0.03 33.9945.71
RQD2 200 750 1.07 0.66 0.41 0.62+0.09 0.354-0.06 0.231+0.03 61.811+10.24
RQD4 200 750 0.96 0.79 0.56 0.704-0.11 0.41£0.04 0.003+0.0005 41.144+13.04
RQD3 200 750 0.81 0.84 0.70 0.8240.13 0.55+0.05 nc 54.24+9.15
EHPVH1-1* 200 750 1.70 0.09 0.02 0.2340.003 0.00340.0005 0.002+0.0003 nc
EHPVH1-2* 200 750 1.40 0.04 0.02 0.394-0.01 nc 0.002+0.0004 nc
EHPVH1-4* 200 750 1.21 0.04 0.01 0.3040.01 0.004+40.0006 0.001+40.0002 nc
EHPVH1-3* 200 750 0.80 0.03 0.02 0.6740.07 nc nc nc
EHPVH2-1* 200 750 1.29 0.01 0.01 0.86+0.09 0.004+40.0004 nc nc
EHPVH2-2* 200 750 1.14 0.02 0.02 0.8040.13 nc 0.001+0.0003 nc
EHPVH2-4* 200 750 0.96 0.03 0.01 0.56+0.06 0.00240.0005 nc nc
EHPVH2-3* 200 750 0.81 0.03 0.01 0.4110.06 0.003+0.0006 nc nc
EHPVA1 200 750 1.20 0.85 0.52 0.60+0.03 0.43+0.04 0.284-0.04 nc
EHPVA2 200 750 1.06 0.62 0.37 0.60+0.03 0.29+0.03 0.1840.03 nc
EHPVA4 200 750 1.04 0.75 0.43 0.58+0.03 0.33£0.03 0.03+0.003 nc
EHPVA3 200 750 0.79 0.47 0.36 0.7740.04 0.3040.04 0.01+£0.001 nc
EHPVB1 200 750 1.18 0.79 0.47 0.60+0.06 0.364-0.03 0.224-0.03 nc
EHPVB2 200 750 1.07 0.63 0.35 0.55+0.05 0.2940.03 0.2040.02 nc
EHPVB4 200 750 0.99 0.66 0.42 0.64+0.04 0.3140.03 0.04+0.002 nc
EHPVB3 200 750 0.77 0.54 0.42 0.78+0.06 0.3240.03 0.014-0.0004 nc
EHPVC1 200 750 1.25 0.71 0.39 0.55+0.03 0.3040.03 0.1940.03 nc
EHPVC2 200 750 1.13 0.80 0.48 0.601-0.04 0.37£0.04 0.134-0.01 nc
EHPVC4 200 750 1.02 0.61 0.36 0.58+0.03 0.29+0.04 0.03+£0.002 nc
EHPVC3 200 750 0.76 0.54 0.46 0.8540.03 0.37+£0.07 0.005+0.0007 nc
EHPVD1 200 750 1.21 0.66 0.39 0.60+0.03 0.32£0.04 0.1940.02 nc
EHPVD4 200 750 1.01 0.87 0.55 0.6340.03 0.40+£0.05 0.04+0.003 nc
EHPVD3 200 750 0.83 0.62 0.46 0.754-0.04 0.364-0.04 0.014-0.0007 nc
IHPV-G1$,* 500 750 1.63 0.08 0.06 0.7140.01 0.01£0.001 0.001+£0.0001 nc
IHPV-G21, * 500 750 1.35 0.04 0.02 0.514-0.01 0.003+0.0001 nc nc
IHPV-E1E 500 750 1.39 0.82 0.48 0.59+0.05 0.3840.05 0.11+0.01 nc
IHPV-E2F 500 750 1.23 0.69 0.37 0.5340.04 0.27+0.03 0.144-0.01 nc
IHPV-F1% 500 750 1.42 0.54 0.31 0.5840.04 0.24+0.02 0.06+£0.005 nc
IHPV-F2i 500 750 1.27 0.91 0.43 0.4740.01 0.3540.01 0.0740.0008 nc
IHPV-H1* 200 850 1.37 0.05 0.03 0.6040.08 0.03£0.02 nc nc
IHPV-H2* 200 850 1.20 0.03 0.02 0.65+0.07 0.0740.02 nc nc
IHPV-H4* 200 850 1.04 0.10 0.04 0.4540.02 nc nc nc
IHPV-H3* 200 850 0.81 0.03 0.02 0.79+0.04 nc nc nc
IHPV-A1 200 850 1.18 0.76 0.50 0.6740.03 0.47£0.04 0.4310.03 27.58+2.76
IHPV-A2 200 850 1.09 0.66 0.46 0.7110.04 0.37£0.03 0.2240.02 34.59+5.52
IHPV-A4 200 850 0.97 0.70 0.53 0.76+0.03 0.47+0.05 0.02+0.001 34.06+£5.17
IHPV-A3 200 850 0.77 0.17 0.16 0.9840.04 0.11£0.02 nc 21.174£3.03
IHPV5* 200 950 1.34 nc nc nc nc nc nc
IHPVE* 200 950 1.18 nc nc nc nc nc nc
IHPV8* 200 950 0.92 nc nc nc nc nc nc
IHPV7* 200 950 0.81 0.01 0.01 0.9240.06 0.003+0.0002 nc nc
IHPV9 200 950 112 0.75 0.58 0.7740.03 0.55+0.05 0.3040.03 23.92+3.19
IHPV10 200 950 1.07 0.89 0.69 0.7840.04 0.58+£0.06 0.3240.02 26.94+6.57
IHPV12 200 950 0.95 0.72 0.57 0.804-0.04 0.4540.03 0.0240.001 21.01£3.28
IHPV11 200 950 0.77 0.62 0.57 0.931+0.06 0.5240.05 0.0140.0003 12.11+6.06
IHPV13* 500 850 1.56 nc nc nc nc nc nc
IHPV14* 500 850 1.46 nc nc nc nc nc nc
IHPV15* 500 850 1.21 nc nc nc nc nc nc
IHPV17* 500 850 1.03 0.01 0.002 0.15+0.03 nc nc nc
IHPV18 500 850 1.48 0.50 0.33 0.67+0.05 0.264-0.02 0.07+0.01 27.17+11.90
IHPV19 500 850 1.36 1.10 0.74 0.671+0.04 0.5940.05 0.2140.01 75.24+26.34
IHPV20 500 850 1.23 0.98 0.65 0.66+0.04 0.4940.04 0.2240.03 78.95+43.58
IHPV23* 500 950 1.53 0.03 0.02 0.7240.08 0.0440.01 nc nc
IHPV24* 500 950 1.40 0.05 0.03 0.574+0.05 0.0240.01 nc nc
IHPV25* 500 950 1.18 0.05 0.02 0.4340.02 nc nc nc
IHPV27* 500 950 1.09 0.07 0.02 0.301+0.04 0.0340.02 nc nc
IHPV26* 500 950 0.75 0.08 0.05 0.56+0.03 0.0440.01 nc nc
IHPV28 500 950 1.61 1.22 0.78 0.6440.05 0.68+£0.05 0.1840.01 54.10+20.43
IHPV29 500 950 1.40 1.36 0.92 0.67+0.06 0.8140.10 0.194-0.01 67.40+18.96
IHPV30 500 950 1.24 0.86 0.59 0.69+0.05 0.564-0.09 0.1940.02 95.13+77.42
IHPV32 500 950 1.07 0.87 0.59 0.68+0.10 0.54+0.09 0.07+0.01 138.08+38.59
IHPV31 500 950 0.87 0.61 0.45 0.75+0.03 0.364-0.06 0.0140.0003 119.284+54.96
IHPVT1 850 750 1.09 2.30 1.54 0.67+0.09 1.04£0.19 0.6240.11

nc — not calculated because element concentration in the fluid was below detection limit or was not analyzed
ASI - Alp O3/(Nag O+Ko O) in moles

* - experiments using Ho O as starting fluid
. experiments done at Institut fir Mineralogie, Leibniz Universitat Hannover
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Table 3.7: Experimental conditions and results of the HDAC experiments for chloridic fluids at 750° C. Concentrations of Rb and
Srin the fluid were analyzed in-situ using SR-..XRF, the glasses were analyzed after quench using EMP.

sample 1 2 3 4 5 6

Cell HDAC3 HDAC3 HDAC3 HDAC3 HDAC3 HDACG
Peap at Tezp=750°C [MPa] 224 262 500 840 420 1400

m (NaCl+KCl), NaCI/KCl=1 3.56 2.84 1.56 1.16 3.45 3.41
mHCI 0.04 0.03 0.02 0.01 0.04 0.04
wt.% (NaCl+KCl) 16.8 143 8.4 6.5 16.8 16.6
wt.% glass (initial) 24 27 22 16 12 17

P fluid [g/em3] 0.6855 0.6940 0.7843 0.9073 0.8085 1.086
Tm [°C] -10.6 -8.6 5.4 -4.0 -12.9 -12.7

T 7 [°ci 439 409 315 208 357 86
Ct,,, lopm] 71246 308+4 48246 334+5 383+3 586+4
Cﬁ"b [ppm] 1510247 1028+224 1223+199 10784191 6294176 12514233
C - [ppm] 495+6 205+3 16214 13343 262+3 505+4
C - [ppm] 2085+299 1663+333 2562+230 20194385 18754222 8834294
CRb/CSr 1.4410.02 1.514+0.03 2.9740.09 2.5140.07 1.4610.02 1.161+0.02
D%ﬁin 0.4740.08 0.30+0.07 0.39+0.06 0.3140.05 0.6140.17 0.4740.09
Dfsrrn 0.244-0.03 0.1240.02 0.06+0.01 0.0740.01 0.1440.02 0.57+0.19
wt. % SiOg 73.37 71.51 69.27 68.25 67.96 70.96
wt.% Alg O3 12.77 12.37 14.31 14.49 14.24 13.64
wt.% Nag O 3.49 2.82 2.52 222 3.31 2.47
wt.% Ko O 5.72 6.14 6.67 8.20 717 7.26
ASI 1.07 1.10 1.26 1.16 1.08 1.14

m — molality

Tm — freezing point depression determined by cryometry

Ty — Homogenization temperature measured after collection of XRF spectra at Texp =750°C
£ fluid, ™ — melt

ASI — Al503/(Nag O+Ko 0) in moles

Table 3.8: Experimental conditions and results of the HDAC experiments for non-chloridic fluids at 750° C. Concentrations of Rb
and Srin the fluid were analyzed in-situ using SR-1..XRF, the glasses were analyzed after quench using EMP.

sample 1 2 3 4 5% 6 7

Cell HDACG HDACG HDACG HDAC3 HDACG HDAC3 HDACG
Pexp at Teqp=750°C [MPa] 360 540 662 237 479 389 887
wt.% glass (initial) 24 23 31 18 21 16

P fuid l9/om3] 0.6336 0.7494 0.7989 053 0.7121 0.65 0.87
TIJZ{ [°ci 333 281 252 363 301 325 194
%, lppml 3145 7746 10141 1541 1441 2341 681
CRb [ppm] 3007+275 na 2818+285 28161223 1479+154 27861336 2092+ 164
Cfr [ppm] 2243 1943 19+1 1041 8+1 8+1 2541

C . [ppm] 3532+555 na 2750+213 2797+182 1897+179 23021362 2906+189
CRb/cér 1.3940.15 4.1610.42 5.3240.24 1.56310.22 1.67£0.17 2.8440.34 2.7740.08
D;/m 0.0140.002 nc 0.036+0.004 0.006+0.0005 0.01£0.001 0.008+0.001 0.033+0.003
Dérm 0.006+0.001 nc 0.007+0.0005 0.004+0.0006 0.004+0.0006 0.004+0.0007 0.009+0.0006
wt.% SiOg 73.89 na 70.76 72.60 79.32 71.17 72.41
wt.% Al O3 12.81 na 12.31 12.49 9.67 12.45 13.22
wt.% Nag O 4.25 na 2.38 3.73 0.69 3.12 1.81
wt.% Ko O 3.39 na 3.62 3.42 1.97 3.67 3.62

ASI 1.20 na 1.57 1.27 2.96 1.37 1.92

* —only one glass analysis

nd — not determined because sample was lost during preparation for EMP analysis

nc — not calculated

Ty — Homogenization temperature measured after collection of XRF spectra at Tcxp=750°C
£ fluid, ™ — mett

ASI — Al 03/(Nag 0+Ko O) in moles
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Abstract

Barium, lanthanum, ytterbium, and yttrium partitioning experiments between fluid-saturated haplogranitic melts and
aqueous solutions were conducted at 750 to 950°C and 0.2 to 1 GPa to investigate the effects of melt and fluid
composition, pressure, and temperature. Partition coefficients were determined using different experimental methods.
On one hand quenched experiments were performed, and on the other hand, trace element contents in the aqueous
fluid were determined directly using a hydrothermal diamond-anvil cell and synchrotron radiation X-ray fluorescence
microanalysis of K-lines. The latter required a high excitation energy of 50 keV due to the high energies necessary to
excite the K-lines of the studied elements. The data from these two techniques showed good agreement for chloridic
solutions, whereas quenching had a significant effect on results of the experiments with only water in the case of Ba. In
Cl-free experiments, lanthanum and yttrium, trace element contents were even below detection limit in the quenched
fluids, whereas small concentrations were detected in comparable in-situ experiments. This distinct difference is likely
due to back reactions between fluid and melt upon cooling.

The partitioning data of all elements show no dependence on the temperature and only small dependence
on pressure. In contrast, the partitioning are strongly influenced by the composition of the starting fluid and melt. For
chloridic fluids, there was a sharp increase in the Ba, La, Y and Yb partition coefficients with the alumina saturation
index (ASI). The Ba partition coefficient increased from 0.002 at an ASI of 0.8 to 0.55 at an ASI of 1.07. At higher ASI,
it decreased slightly to 0.2 at an ASI of ~1.3. Likewise, it was one to two orders of magnitude higher in chloridic fluids
compared to those found in HoO experiments. Fluid-melt partition coefficients of La and Y increased from 0.002 at an
ASI of ~0.8 to ~0.1 at an ASI of 1.2. In the same ASlI range, the Yb partition coefficient increased to a maximum value
of 0.02. Even at high salinities all elements fractionate into the melt. The compositional dependence of the partitioning
data imply that both melt composition and fluid composition have a strong influence on trace element behavior and
that complexation of Ba, REE and Y tin the fluid is not only controlled by the presence of CI~ in the fluid. Instead,

interaction of these elements with major melt components dissolved in the fluid is very likely.
Keywords: fluid—melt partition coefficients, Barium, REE, quenched experiments, HDAC, SR-uXRF
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4.1 Introduction

Granitoid magmas contain substantial amounts of dissolved H,O. The solubility of water in
granitoid melts strongly decreases with decreasing pressure (Burnham and Jahns, 1962, Tut-
tle and Bowen, 1958) and is dependent on melt composition (Behrens and Jantos, 2001). At
constant pressure, water solubility increases with decreasing temperature (Yamashita, 1999).
Influences of melt composition and temperature on water solubility in silicate melts are usually
less pronounced than the effect of pressure. Thus, as granitoid melt rise to shallower depth
and/or crystallize, they will become saturated in water, and consequently exsolution of aque-
ous fluids will take place. The aqueous fluid is likely to migrate due to low density and viscosity,
and will interact with melt, crystals, and subsequently also with the host rock. During these pro-
cesses, elements partition between melt, volatile fluids, and crystals, which, for equilibrium and
trace elements, is described by partition coefficients (e.g., D;/mc?(uid /celt). Trace elements
of geochemically different behavior are often used as petrogenetic indicators to study these
processes (e.g., Philpotts, 1990). Interpretation of trace element patterns, however, requires
knowledge of all relevant partition coefficients between melts, crystals, and aqueous fluids.
Here, we studied trace elements that are important for petrogenetic investigations of granitoid
rocks. Barium was chosen as a representative for the large ion lithophile elements (LILE),
lanthanum and ytterbium to represent light and heavy rare earth elements (LREE, HREE), and
yttrium as analogue for middle to heavy rare earth elements. Granitoid rocks contain up to
500 ppm Ba (Johannes and Holtz, 1996). Barium substitutes for K in micas and potassium
feldspar, and Ca in plagioclase. Its behavior is geochemically similar to that of Sr, but Sr does
not partition into micas. The Ba/Sr ratio is larger in upper crust granitoids than in lower crust
granitoids, and the Ba/Sr ratio in different types of granites decreases with decreasing K,O
and increasing CaO content (Ba/Sr ratio: A-type>S-type>I-type>M-type>plagiogranite, Chap-
pell and White (1974) and Winter (2001)).

The partitioning of Ba between the typical granite—forming minerals plagioclase, feldspar,
and biotite and granitoid melts has been the subject of many studies. Crystal—granitic melt par-
tition coefficients of Ba from natural samples range between 1 to 44 for K-feldspar (e.g., Ma-
hood and Hildreth, 1983, Stix and Gorton, 1990, Bea et al., 1994), 1 to 20 for plagioclase (e.g.,
Ewart and Griffin, 1994, Bea et al., 1994, Streck and Grunder, 1997), and 0.6 to 7 for biotite
(e.g., Mahood and Hildreth, 1983, Bea et al., 1994). Other particularly useful trace elements in
the study of igneous petrogenesis are the rare earth elements (REE) because of their similar
geochemical behavior. The combination of high charge and relatively large ionic radius makes
the REE highly incompatible in the most early crystallizing minerals (e.g., Best, 2003, Philpotts
and Ague, 2009). With increasing atomic weight, the REE show a decrease of the ionic radius,
which is known as the ’lanthanide contraction’. Their partition coefficients vary slightly, and the
degree of incompatibility increases with ionic radius. In granites, the rare earth elements are
not incorporated in typical rock forming minerals. Instead, they are incorporated in accessory
minerals such as allanite, xenotime, monazite, and titanite (Bea, 1996). The concentrations of
REE in different types of granites are low, generally less than 100 ppm, and decrease slightly
with decreasing K, O content (Winter, 2001). Partition coefficients of lanthanum, ytterbium, and
yttrium between granitoid melts and the typical granite—forming minerals plagioclase, feldspar,
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and biotite have been determined from phenocryst - whole rock data (e.g., Nash and Crecraft,
1985, Stix and Gorton, 1990, Streck and Grunder, 1997, Ren et al., 2003, Bédard, 2006), from
high-silica rhyolitic glass—feldspar phenocryst pairs (Leeman and Phelps, 1981, Mahood and
Hildreth, 1983, Bea et al., 1994, Ewart and Giriffin, 1994), or from experiments (Blundy et al.,
1998, Bédard, 2006). For lanthanum, determined crystal-melt partition coefficients range be-
tween 0.76 and 3.55 for biotite, 0.026 and 0.15 for K-feldspar, and are 0.07 to 0.17 in the case
of plagioclase. For yttrium, reported crystal-melt partition coefficients vary from 0.1 to 2.4 for
biotite, 0.015 to 0.5 for potassium feldspar, and 0.005 to 0.78 for plagioclase. The available
crystal-melt partitioning data for ytterbium are 0.12 to 3 for biotite, 0.002 to 0.64 for potassium
feldspar, and 0.012 to 0.82 for plagioclase. The large variability in these mineral-melt partition
coefficients is thought to reflect differences in melt and crystal compositions as well as in tem-
perature and pressure (e.g., Albarede, 1975, Green and Pearson, 1983, Blundy and Wood,
1991, Ren et al., 2003).

Much less is known on fluid—melt partitioning of Ba, La, Yb, and Y. There are sporadic
experimental fluid—melt partitioning data for Ba, La, Y, and Yb (e.g., Webster et al., 1989, Bai
and Koster van Groos, 1999, Reed et al., 2000, Bureau et al., 2003). In addition, two studies
present data based on analyses of natural co-genetic fluid and melt inclusions (Audétat and
Pettke, 2003, Zajacz et al., 2008). Webster et al. (1989) studied partitioning of trace elements
between topaz-rhyolite melts and H,0+CO, fluids as a function of Cl concentration at 200
MPa and 769 to 950°C. They found a transition from melt-compatible to fluid-compatible be-
havior with increasing chlorinity from 0.16 to 6.13 m CI for many trace elements including Ba
and Y. Bai and Koster van Groos (1999) determined fluid—melt partitioning of trace elements
between metaluminous melts and various aqueous fluids at 750-800°C and 100—-400 MPa.
For H,O, the reported partition coefficient of La was 0.02 at 750°C and 200 MPa. The La
partition coefficient did not change significantly with addition of NaCl and KCl to the fluid, but
increased strongly with addition of HCl. Reed et al. (2000) studied partitioning of the rare
earth elements between a peraluminous monzogranitic melt and a chloride-bearing aqueous
phase as a function of chloride and major element concentrations at 800°C and 200 MPa.
Their results show linearly increasing partition coefficients of the REE with Cl concentration
in the fluid. Bureau et al. (2003) attempted to determine partition coefficients of barium and
lead between silicate melts and aqueous fluids at high pressures and temperatures using hy-
drothermal diamond-anvil cells and pPIXE (proton induced X-ray emission) mapping on the
quenched glass globules. Although partition coefficients could not be obtained, the Ba content
of the melts was close to the initial content of the starting glass, which suggests a preference
for the melt at high PT conditions.

Audétat and Pettke (2003) used an example from the field and studied the magmatic-
hydrothermal evolution of two barren granites. Based on analyses of coeval fluid and melt
inclusions trapped at 700—-720°C and 110-120 MPa, the fluid—melt partition coefficient of Y
was < 0.006 at a fluid salinity of 4.9 wt.% NaCl,;, . Zajacz et al. (2008) likewise analyzed
naturally occurring co-existing silicate melt and fluid inclusions trapped in quartz crystals at
650 to 700°C and 80 to 170 MPa. The uncertainty in the determined fluid—melt partition coef-
ficient for Ba was large, because the concentration was very close to the limit of detection in
both melt and fluid inclusions. The reported fluid—melt partition coefficient of Ba was 0.49 at
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a fluid salinity of 6.5 wt.%, and increased to 19 at a salinity of ~34 wt.%. For lanthanum, the
partition coefficient decreased slightly from 0.31 to 0.1 with increasing fluid salinity from 6.5 to
~34 wt.%.

In summary, the present knowledge on fluid—melt partitioning of these elements is only
fragmentary, and the data are inconsistent. For example, experimental studies suggest a pref-
erence of the REE and particular yttrium for the fluid at high salinities, but available results from
natural cogenetic fluid and melt inclusions in granites show pf/m distinctly smaller than one.
Therefore, the question is still unanswered if exsolution of an aqueous fluid from a granitoid
melt can significantly change the Ba, La, Yb, and Yb signature of the residual melt.

Here, we experimentally investigated fluid—melt partition coefficients of Ba, La, Yb, and
Y as a function of silicate melt composition, salinity of the aqueous fluid, pressure and tem-
perature. We used a suite of haplogranitic glasses with varying alumina saturation index (ASlI,
Al,O,/(Na,0+K,0O) in moles) from peralkaline to peraluminous, and H,0+(NaCl+KCI+HCI)
fluids as starting materials. The experiments were performed at temperatures between 750
and 950°C and pressures mostly between 200 and 500 MPa, with some experiments up to
900 MPa.

The majority of the presented data is based on the analysis of quenched phases from ex-
periments in high-pressure apparatuses. For Ba, La, and Y, the concentrations in the aqueous
fluid were also determined directly at elevated PT conditions using a hydrothermal diamond-
anvil cell (HDAC) and synchrotron radiation X-ray fluorescence microanalysis (SR-uXRF). This
experimental approach was described in detail by Borchert et al. (2009). In contrast to Rb and
Sr (Borchert et al., 2009, 2010), the analysis of K-lines of the elements studied here requires
a much higher excitation energy. In addition, a small spot size is of advantage to avoid mixed
analyses of fluid and melt. Both, a high excitation energy and a small beam size, were achieved
in this study for the first time via application of a new Kirkpatrick-Baez mirror designed for en-
ergies up to 65 keV. Therefore, the in-situ analyses of Ba, La, and Y in the aqueous fluids were
also used to evaluate the sensitivity of this setup for the analyzed elements, and to obtain
information on the potential and further improvements of this experimental approach.

4.2 Experimental and analytical methods

4.2.1 Starting materials and sample preparation

The starting materials were suites of synthetic haplogranitic glasses with varying ASI from 0.8
to 1.5 and H,O£(NaCl+KCI£HCI) fluids. For quenched experiments, three different glass se-
ries were produced. The glasses were doped with the following trace elements: (I) Ba, (Il) La
and Y, and (lll) La and Yb. For experiments using the HDAC, metaluminous and peraluminous
glasses doped with Ba, La, Y, Sm, and Y were synthesized. Each glass composition was
prepared in two steps. Firstly, an initial glass was produced using powders of SiO,, Al,O,,
Na,CO, and K,CO,. The powders were mixed and stepwise heated to 1600°C for decarbon-
atization (12 h). After quenching, the glass was crushed and melted again for 48 h at 1600°C.
Secondly, trace elements were added to the crushed initial glass. The doped glass powder
was melted at 1600°C for 24 h, then quenched, crushed and melted again for 24 h at 1600°C
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to achieve chemical homogeneity. The compositions of the starting glasses are listed in Tab.
4.1. The H,0+(NaCl+KCI+HCI) fluids were produced from distilled de-ionized water, analyti-
cal grade powders of NaCl and KClI, and 30 vol.% hydrochloric acid. Their compositions were
H,0, H,0 + 1 mNaCl + 1 mKCl, and H,O + 1 mNaCl + 1 mKCI + 0.02 m HCI (pH 1). The
starting fluid compositions of the individual experiments are given in Tabs. 4.2, 4.3, and 4.6.

4.2.2 Quench experiments

Quench experiments were prepared and performed as described previously by Borchert et al.
(2010). Gold capsules (3.0 mm OD, 2.6 mm ID, 20 mm length) and in some cases platinum
capsules (3.5 mm OD, 3.1 mm ID, 20 mm length) were loaded with approximately equal weight
amounts of glass and fluid. The minimum weight of the fluid was 12 mg because smaller
amounts complicated fluid sampling and analysis after the experiment. After loading, the cap-
sules were crimped, welded shut under an electric arc while partly immersed in a bath of ice
water to avoid fluid loss, and weighed again. To check for leakage, the capsules were stored in
a furnace at 120°C for at least 30 minutes. Absence of leaks was assumed if the weight loss
was less than 1 mg. Experiments at 750°C and 200 MPa were conducted in externally heated
cold-seal pressure vessels using H,O as pressure medium and for durations ranging from 120
to 288 hours. Two different setups were used. Slow quenched experiments were done in
horizontal autoclaves. These runs were cooled isobarically with quench rates of ~200°C/min
using a compressed air jet. Rapid quenched experiments were performed in vertical auto-
claves and were cooled from 750°C within a few seconds. Temperature was measured with
external K-type thermocouples and is considered to be accurate to +2°C. Thermal gradients
along the capsules were less than 1°C for horizontal autoclaves and 5°C in experiments using
the vertical setup. Pressure was measured with strain gauges calibrated with a deadweight
pressure gauge and was accurate to +5 MPa.

Experiments at higher PT conditions, up to 950°C and 500 MPa, were conducted using
an internally heated argon pressure vessel with durations from 24 to 144 hours. The tem-
perature was measured with S-type thermocouples and calibrated based on measurements
of the melting points of NaCl at 843°C/200 MPa and 904°C/500 MPa (Akella et al., 1969).
The accuracy is about +5°C at 200 MPa and +20°C at 500 MPa. Thermal gradients along
the capsules were £10°C. Pressure measurement was done with a strain gauge and was
accurate to =7 MPa for experiments up to 500 MPa and to + 20 MPa at higher pressures.
During the experiment, pressure was controlled automatically within £5 MPa. The samples
were quenched isobarically with quench rates of 150—200°C/min.

4.2.3 In-situ experiments

The in-situ experiments were done at ID22, ESRF, Grenoble, France. In these experiments,
the concentrations of Ba, La, and Y in the aqueous fluid in equilibrium with melt were deter-
mined in situ using synchrotron radiation XRF microanalysis and modified Bassett-type HDACs
(Bassett et al., 1993). In these cells, the culet face of the diamond anvil located on the side
of the incident X-ray beam has a cylindrical recess of ~80 um in depth. The recess permits
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collection of the fluorescence signal at 90° to the incident beam and in the polarization plane of
the beam (Bassett et al., 2000, Schmidt and Rickers, 2003). This configuration minimizes the
background in the spectra from elastic and Compton scattering and therefore, provides an op-
timal signal to noise ratio. Furthermore, the recess ensures a well-defined effective excitation
volume, because fluorescence X-rays generated in other portions of the sample chamber are
mostly absorbed by the gasket before reaching the detector. Detailed descriptions of the cells
and the in-situ method are given by Schmidt and Rickers (2003), Schmidt et al. (2007) and
Borchert et al. (2009). Here, starting materials consisted of a peraluminous or metaluminous
glass chip of known dimensions and H,O or a 0.5 m NaCl + 0.5 m KCI + 0.01 m HCI aqueous
solution. The compositions of the starting glasses are listed in Tab. 4.1.

A glass chip of known dimensions and an aqueous solution in excess were loaded in
the sample chamber. Before the sample chamber was sealed, a vapor bubble was allowed
to grow by controlled leaking of the liquid. For experiments with salt solutions, the actual
salt concentration in the fluid after sealing was determined from measurements of the vapor-
saturated ice liquidus temperature, the known ratio of the solutes, and literature data for the
vapor-saturated ice liquidus in the system H,O+NaCl+KCl (Hall et al., 1988). Then, the cell
was fixed on a goniometer on the top of the xyz table at the beamline. The cell was heated
to measure the homogenization temperature (Ty=T; ,,_ ;) of the aqueous fluid, and then to
the experimental temperature of ~750°C. During heating, the glass completely melted and
equilibrated with the aqueous fluid. If the excitation volume was free of melt, the cell was set to
the position for XRF spectrum acquisition. After alignment of the sample chamber to the beam
and the fluorescence detector, the Ba Ka signal was scanned across the recess to verify the
measurement position. Finally, after acquisition of XRF spectra of the fluid, the cell was cooled
down using cooling rates of 100°C/min. The glass transition occurs at ~360°C (calculated
after Hui et al. (2009)). Therefore, we approximately needed 4 minutes to pass through glass
transition. During cooling, the homogenization temperature was measured again. We used
this homogenization temperature and the salinity to approximate the pressure at experimental
temperature. These calculations were based on the slopes of the lines of constant T; given by
Bodnar and Vityk (1994) for salt salt-bearing compositions, and the EOS by Haar et al. (1984).

In this study, we attempted to analyze Ba, La, Sm and Eu via Ka emission. This re-
quired an excitation energy of at least 50 keV due to the high electron binding energies (K
1s), e.g., 46.834 keV for Sm and 48.519 keV for Eu. In our experiments, the excitation energy
was set to 50 keV (the maximum energy presently commissioned for general users) using
a Si(311) double-crystal fixed-exit monochromator. The synchrotron beam was focused with
a new Kirkpatrick-Baez (KB) mirror developed at the ESRF. This new X-ray optical device is
based on a multilayer structure and focuses hard X-rays up to 65 keV into a spot of a few pm.
We achieved a spot size of 5x2 um at 50 keV. The fluorescence spectra were acquired using
a Ge-detector. The advantage of this experimental setup is that K lines can be analyzed, for
which there are less line overlaps in the XRF spectra, particularly in those from samples in a
HDAC, and less absorption of the fluorescence photons along the path towards the detector in
comparison to L lines.
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4.2.4 Analysis of run products

Quench experiments

Capsule opening, separation of the quenched phases, and preparation of quenched fluids and
glasses for analysis was performed in the same way as described by Borchert et al. (2010).

After the experiments, the capsules were weighed to check for fluid loss during the run.
Then, the capsules were placed in glass containers filled with 5 ml distilled de-ionized water
and heated to ~80°C using a heating plate to dissolve water-soluble quench solids without
affecting the glass composition. Subsequently, the capsule was opened under water to release
the H,O soluble capsule content. Then, the diluted fluid was collected using a pipette and
filtered to remove very small glass pieces. Distilled de-ionized water was added to the fluid
until a volume of 25 ml was attained. Capsule material, glass pieces and filters were stored
in a furnace at 120°C for at least one hour. Then, capsule material and glass were weighed
to determine the actual fluid weight after quench by subtraction. No quench precipitates were
found in the filtered material, which contained only small quenched glass globules.

The electron microprobe (EMP) measurements on the polished glasses were carried out
using a CAMECA SX-100. The silicate glasses were analyzed with an electron beam energy
of 15 kV, a beam current of 10 nA, and counting times of 10 s (Na, K), 20 s (Si, Al), and 30 s
(Cl). Then, barium was measured with an electron beam of 15 kV, a beam current of 20 nA,
and 30 s counting time. Subsequently, lanthanum, yttrium and ytterbium were analyzed using
an electron beam energy of 15 kV, a beam current of 100 nA, and 30 s counting time. The
beam was defocused to a diameter of 10 um to achieve insignificant migration of Na and K
during analysis as verified by test analyses. Replicate analyses were carried out on the same
sample (10 to 15 points per sample) to check for compositional homogeneity. During each
microprobe session, standards for each element were analyzed to determine accuracy and
precision. Precision ranged from 0.5 to 2.5 % for Si, Al, K, Na, Ba, La, Y and Yb and was up
to 10 % for Cl (1o confidence level).

The fluids were analyzed by inductively coupled plasma-atomic emission spectrometry
(ICP-AES, Varian Vista MPX) for Na, K, Si, Al, Ba, La, Y, and Y. The CI content in fluids from
experiments with salt solutions was determined by ion chromatography (IC, Dionex 100 or
120).

In-situ experiments

After quenching, the glass droplets were embedded together with the gasket in epoxy resin,
ground and polished. The glass droplets were analyzed using EMP as described for the
quenched experiments but using a one step analysis. The beam current was 10 nA for all
elements and the electron beam was defocused to a diameter of 5 to 10 yum depending on
glass droplet size to avoid migration of Na and K during analysis. For most samples, replicate
analyses (3 to 10 points per sample) were possible. Precision ranged from 0.5 to 2.5 % for Si,
Al, Na, K, Ba, La, Y, Sm and Eu, and up to 11 % for Cl (1o confidence level).

The fluids were analyzed in-situ at 750°C and various pressures using SR-uXRF. The
integrated intensities were obtained for the K fluorescence lines of Ba, La and Y from fits of
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the spectra using PyMCA, a graphical interface for multi-channel analyzer spectra visualization
and analysis developed at the ESRF (Solé et al., 2007). No reliable quantification of Eu and
Sm was possible because the K-lines of these elements were strongly affected by the superim-
posed inelastic scattering signal. The integrated intensities were normalized to the intensity of
the incident beam and then divided by the density of the fluid. The normalized integrated inten-
sities were calibrated using SR-uXRF spectra measured on standard solutions in the sample
chamber of the HDAC. The standard solutions had initial concentrations of 250 ppm Ba and
100 ppm each of La, Y, Eu, and Sm or 500 ppm Ba and 250 ppm each of La, Y, Eu, and Sm,
both in in a matrix of ~6.7 wt.% HNO,. Before the sample chamber is sealed, a small portion
of the H,O of the solution evaporates, which increases the HNO, and trace element concen-
trations. Therefore, the actual concentrations of Ba, La, and Y in the standard solution after
loading into the sample chamber were calculated from the actual HNO, concentration, which
was determined from measurement of the vapor-saturated ice melting temperature (Wolf et al.,
1981). Then, SR-uXRF spectra of the standard solutions were collected on the single-phase
fluid. The obtained integrated intensities of the K fluorescence lines of Ba, La, and Y of the
standard solutions were likewise normalized to the intensity of the incident beam and divided
by the fluid density.

4.3 Results

4.3.1 Quench experiments

For barium, Tab. 4.2 lists the experimental conditions and the compositions of glasses and
fluids after quenching for experiments at 750°C and 200 MPa. For lanthanum, yttrium and
ytterbium, Tab. 4.3 summarizes the experimental conditions and results for experiments at
750-950°C and 200 or 500 MPa. Tables 4.4 and 4.5 show fluid—melt partition coefficients for
Na, K, Ba, La, Y, Yb and Cl obtained from quenched experiments. Differences in the run dura-
tion had no effect on the partitioning data.
The fluid—melt partition coefficient of Ba from quenched experiments at 750°C and 200
MPa is shown in Fig. 4.1 as a function of the ASI after the run, taking into account high-
pressure device, quench method, used capsule material, and use of chloridic or non-chloridic
solutions. In experiments with chloridic solutions, the ng/am shows a sharp increase with ASI
from 0.002 at an ASI of 0.8 to 0.55 at an ASI of 1.07. At higher ASI, the Ba partition coefficient
decreases slightly to 0.2 at an ASI of ~1.3. In the case of non-chloridic fluids, the Dg/f is one
to two orders of magnitude lower for ASI > 1. For lower ASI values, partitioning data obtained
with chloridic and non-chloridic solutions are similarly low. For non-chloridic solutions, an ap-
parent dependence on the capsule material is observed in experiments using rapid quench
autoclaves (Fig. 4.1), with a difference in the Ba partition coefficient of one order of magni-
tude. The reason for this difference remains unclear as we did not find any correlation with
other parameters.
For La, Y, and Yb, fluid—melt partition coefficients from quenched experiments at 750°C
and 200 MPa using chloridic fluids are shown in Fig. 4.2.1 as function of the ASI of the melt
after the run and for slow and rapid quench rates. The data show a sharp increase of partition
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Figure 4.1: Barium partition coefficient at 750°C and 200 MPa obtained from rapid and slow
quenched experiments for chloridic and non-chloridic fluids vs. melt composition expressed as
ASI. Errors (+10) are, in some cases, smaller than symbol size. RQ - rapid quench, IHPV -
slow quench, (Pt) - Pt capsule, (Au) - Au capsule.

coefficients with melt composition by more than one order of magnitude at an ASI of ~1.1 to
~1.2. The onset of that increase appears to depend on the quench rate. For slow quenched
experiments, Di/a‘fly increase from 0.002 at an ASI of ~0.8 to ~0.1 at an ASI of 1.2. In the
same ASI range, the Yb partition coefficient increase to maximum values of 0.02. In the case
of rapid quenching, all fluid analyses of samples using peralkaline starting glasses show trace
element contents below detection limit, and therefore, no partition coefficients could be calcu-
lated. For rapid quenched experiments using metaluminous or peraluminous starting glasses,
the strong increase in the partition coefficients is shifted to higher ASI of ~1.3, but with similar
DfL/:‘Y,Yb (Tab. 4.5). For experiments using H,O as starting fluid, concentrations of La, Y, and
Yb were always below detection limit. In Fig. 4.2.2, the fluid—melt partition coefficient of La is
shown as function of the ASI of the melt after the experiment for various pressure and tem-
perature conditions (200 and 500 MPa, 750, 850, and 950°C). The data indicate no effect of

temperature, but a drop of Di/a”‘ with increasing pressure by one order of magnitude.

4.3.2 HDAC experiments - evaluation of sensitivity

Figure 4.3 shows XRF-spectra collected on glass standards SRM NIST 612 (Pearce et al.,
1997) and MPI-DING ATHO-G (Jochum et al., 2000, 2006). With the excitation conditions of
this study, fluorescence lines of elements with atomic numbers from 20 to 63 were detectable.
Concentrations of trace elements in SRM NIST612 vary between 5 to 120 ppm (Pearce et al.,
1997). Only calcium, the element with the highest intensity in the spectra, has a concentration
of 12 wt.% in the standard glass. Element concentrations in MPI DING ATHO-G are much
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Figure 4.2: Partition coefficients from chloridic fluids of La, Yb and Y in the fluid vs. melt
composition at 750°C and 200 MPa (Fig. 4.2.1), and La partition coefficient obtained from
qguenched experiments for various PT conditions (Fig. 4.2.2). Error bars - +10.

more variable (Jochum et al., 2000, 2006). The highest concentrations are those of Fe (3.27
wt.% FeO), Zr (512 ppm), and Ba (547 ppm). The concentrations in the standard glass SRM
NIST612 are 38 ppm Ba, 34 ppm La, 39 ppm Y, 36 ppm Sm, and 33 ppm Eu (Pearce et al.,
1997). The MPI-DING ATHO-G standard glass contains 547 ppm Ba, 55.6 ppm La, 94.5 ppm
Y, 14.2 ppm Sm, and 2.76 ppm Eu (Jochum et al., 2006).

Figure 4.4 shows XRF spectra of HDAC experiments at high PT, and a spectrum of a
standard solution loaded in a HDAC containing 630 ppm Ba and 315 ppm La, Eu, Sm and
Y each. These spectra show a very broad inelastic scattering peak between 35 and 50 keV.
This signal mostly stems from Compton scattering of the incoming beam on the path through
the diamond anvil. In the spectra of the standard solution and the experiment with chloridic
fluid, the fluorescence lines of Ba, La and Y are clearly distinguishable from the background.
However, Sm (at ~40 keV) and Eu (at ~41 keV) peaks are hardly visible due to the very strong
contribution by the inelastic scatter signal to the background in this energy region. In the case
of H,O as initial fluid, there is only a very small signal from Y, and the signals from Sm and Eu
are superimposed by the high background from inelastically scattered radiation. Due to these
constraints on the sensitivity and further reasons as explained below, the fluids of the in-situ
HDAC experiments were only analyzed for Ba, La and Y.

In order to estimate the sensitivity of the experimental setup, a minimum detection limit
MDL was calculated using the equation

MDL(x)=cX-3-\/|E
X

where B is the background signal, | the intensity of the signal from element x, and c is the
concentration of x. The MDL were calculated for the two standard glasses (SRM NIST612
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Figure 4.3: XRF spectra of a standard glasses SRM NIST612 and MPI DING ATHO-G. Both
spectra were collected with counting times of 500 seconds.

A - standard solution (630 ppm Ba, 315 ppm La, Y, Sm, Eu)
B - melt + 26 wt.% NaClgq, (750°C/700 MPa, sample E)
C - melt + H,O (750°C/500 MPa, sample D)

Ba
La

normalized intensity

I I I I I
10 20 30 40 50

energy [keV]

Figure 4.4: XRF spectra of a standard solution (A) and two samples using a chloridic solution
(B) or H,O (C) as starting fluid loaded in a HDAC.

and MPI DING ATHO-G) and a standard solution measured in two hydrothermal diamond-
anvil cells (Fig. 4.5). For the standard glasses, the minimum detection limits were < 20 ppm
for elements with atomic numbers (Z) between 25 and 47, and ~1 ppm for elements with
48<Z<60. The minimum detection limits of the standard solution measured in the HDAC were
generally higher, with values of ~30 ppm for Y, ~15 ppm for Ba and La.

4.3.3 HDAC experiments - partitioning data

For the in-situ experiments, Tab. 4.6 lists the experimental conditions, results of fluid and melt
analyses, and calculated fluid-melt partition coefficients of Ba, La and Y. Figures 4.6 and 4.7
present the partition coefficients from HDAC experiments, in which the trace element con-
centrations in the fluid were determined in-situ at high PT. For these experiments, we used
peraluminous and metaluminous starting glasses doped with Ba, La, Y, Sm and Eu (Tab. 4.1).
As described in the previous paragraph, the SR-uXRF analyses were limited to elements with
photon energies < 35 keV due to the high background from the inelastic scattering peak. Bar-
ium partitioning data at 750°C and various pressures are shown in Fig. 4.6.1 for experiments
using peraluminous starting glass, and in Fig. 4.6.2 for metaluminous compositions, in both
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Figure 4.5: Minimum detection limits (MDL) determined for various elements from two stan-
dard glasses (SRM NIST612 and MPI DING ATHO-G) and a standard solution in HDAC2 and
HDACG. The slightly different MDL"s from HDAC experiments are due to different excitation
volumes (different depths of recesses).

figures as a function of the initial salinity of the fluid.

Considering only data from HDAC experiments, the Df;;“ increases slightly from 0.03
for H,O to 0.3 at a Cl molality of the fluid of 6 for peraluminous melts. The few data suggest
that pressure does not have a large effect. For metaluminous compositions, the Ba partition
coefficient also increases with salinity of the fluid from 0.06 at 1.7 m (Na,K)Cl to 0.79 at 6 m
(Na,K)CI. In this case, there may be a small effect of pressure. At a salinity of 6 m (Na,K)Cl,
the partition coefficient of Ba increases from 0.33 at 300 MPa to 0.79 at 700 MPa. The same
is observed at a salinity of ~1.6 m (Na,K)Cl, at which the Ba partition coefficient increases
from 0.03 at 250 MPa to 0.06 at 750 MPa. The Dl};/;‘ from experiments using peraluminous
and metaluminous melt compositions show no significant differences in their dependence on
salinity.

For lanthanum, a similar behavior is observed. The partition coefficient from exper-
iments using peraluminous melt compositions increases from 0.03 for water to 0.13 at m
(Na,K)Cl of 6 (Fig. 4.7.1). No effect of pressure is discernible. For metaluminous melts,
the DfL/am is similar and may depend slightly on pressure (Fig. 4.7.2). At a salinity of 6 m
(Na,K)Cl, the DfL/am increases from 0.03 at 300 MPa to 0.12 at 700 MPa.

The yttrium partition coefficient for both metaluminous and peraluminous melts is of
same order of magnitude as that of La, and scatters between 0.05 and 0.43 (Fig. 4.8). The
in-situ data have substantial errors (Tab. 4.6) because yttrium concentrations were close to the
minimum detection limit. Therefore, these data represent maximum values, and it remains un-
clear if the D¥m depends on salinity or pressure (Fig. 4.8.1 and 4.8.2). During some of these
experiments, (REE,Y)-rich crystals formed (cp. Fig. 4.9), which caused a depletion in these
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Figure 4.7: Fluid—melt partition coefficient of La at 750°C and the indicated pressure vs.
initial Cl-molality of the fluid. Data from HDAC and quenched experiments are shown for
peraluminous (Fig. 4.7.1) and metaluminous melt (Fig. 4.7.2).

elements in the melt and the fluid. The formation of the (REE,Y)-rich crystals was observed
in experiments A and E, which were characterized by a high fluid salinity of 6 m (Na,K)ClI
and high pressures of 830 and 750 MPa (Fig. 4.9). In these cases, repeated measurements
showed that the Y concentration in the fluid first increased to a maximum of 114 ppm and
subsequently decreased to ~30 ppm, which is close to detection limit. A similar behavior was
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found for lanthanum. The La concentration increased during the experiment to a maximum of
230 ppm, and then decreased to ~30 ppm. The minimum detection limit of La is ~15 ppm,
and therefore obtained La contents in the fluids are somewhat more reliable than those for
yttrium. Samarium and europium were not analyzed for the reason given in section 4.3.2.

100 + Yttrium 100 + Yttrium
B HDAC (metaluminous) B HDAC (metaluminous)
A HDAC (peraluminous) A HDAC (peraluminous)
/A quench (peraluminous) A\ quench (peraluminous)
O Webster et al., 1989 O Webster et al., 1989
- symbol size = pressure [MPa] (0200, A 900) = symbol size = m Cl (fluid) (- 0.2, A 6)
S 10 4 s 10+
© S
£ i o4 g B
2 8
8 8
c
s 1 S 1 _
s £ P
g ) 5 t T A
= 5 [ ]
(]
g g
5 0.1 ] 0.1 ¢
E - 3
0.01 4 i 0.01 4
0 1 2 3 4 5 6 200 300 400 500 600 700 800 900
initial m Cl in the fluid pressure [MPa]

4.8.1: Y at 750°C and various pressures vs. fluid salinity  4.8.2: Y at 750°C and various fluid salinities vs. pressure

Figure 4.8: Yttrium fluid-melt partition coefficient at 750°C and indicated pressures vs. initial
Cl-molality (Fig. 4.8.1) and at 750°C and indicated fluid salinities vs. pressure (Fig. 4.8.2).
Figures show data from HDAC and quenched experiments (this study). For comparison, we
also show the Y partition coefficient obtained using F-rich starting material (Webster et al.,
1989).
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Figure 4.9: XRF intensity maps of fluorescence lines as indicated of sample chamber of HDAC
after experiment (E) indicating the formation of REE-bearing silicates.

74



Partitioning of Ba, La, Yb, and Y between haplogranitic melts and aqueous solutions

4.3.4 Comparison of quenched and HDAC runs

For barium, fluid—melt partition coefficients from quench and HDAC experiments are in good
agreement for experiments with peraluminous melts and chloridic solutions (cp. Fig. 4.6.1). If
water was used as starting fluid, partitioning data from quenched experiments are one to two
orders of magnitude lower than comparable HDAC results. For metaluminous compositions,
quenched experiments show up to one magnitude higher D%/;“ than comparable HDAC runs
with similar fluid salinities and pressures (Fig. 4.6.2). No HDAC data for Cl free fluids could be
obtained for these melt compositions. Altogether, the data for Ba from both techniques show
qualitative agreement, i.e., melt compatible behavior (D < 1) for all melt and fluid compositions,
even at high fluid salinities.

For lanthanum and yttrium, the concentrations in the quenched solutions after the run
were below detection limit in experiments using H,O as starting fluid. Therefore, no partition
coefficients could be obtained that could be compared to HDAC data. For chloridic fluids, La
partition coefficients from both techniques are in relatively good agreement and show a melt
compatible behavior at all studied fluid salinities. The observed maximum fluid—melt partition
coefficient of La is associated with high salinities, high pressures, or both, and scatters around
0.1. Results for metaluminous and peraluminous melts are similar for HDAC experiments, but
quite different for quenched experiments. For yttrium, the HDAC data represent maximum
partition coefficients, and are also associated with a substantial error due to Y contents in the
fluid that are close to detection limit. Therefore, it remains unclear if there is a quench effect.
Nevertheless, HDAC and quenched data are roughly similar, and show always a preference
for the melt.

4.4 Discussion and conclusions

4.4.1 Fluid—melt partitioning

This study presents the first systematic dataset for Ba, La, Yb, and Y partitioning between
aqueous fluid and haplogranitic melt as function of temperature, pressure, fluid and melt com-
position. Furthermore, we also present the first data for Ba, La, and Y that are based on the
direct determination of trace element contents in the fluid at elevated PT conditions.

In the following, we will compare the results of this study to literature and discuss pos-
sible effects of composition and quenching on trace element partition coefficients. Then, we
present some ideas about trace element complexation in chloridic and non-chloridic aqueous
fluids. Finally, we will draw some possible conclusions for natural systems.

Compatrison to other experimental data

Only a few experimental data are available on fluid-melt partitioning of Ba, La, and Y. Most of
these studies report data from quenched experiments using hydrothermal autoclaves (Web-
ster et al., 1989, Bai and Koster van Groos, 1999, Reed et al., 2000) except Bureau et al.
(2003), who applied hydrothermal diamond-anvil cells and xPIXE mapping to determine fluid—
melt partition coefficients. All these studies also use different analytical techniques (plasma
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emission spectrometry, uPIXE, or instrumental neutron activation analysis) or apply mass bal-
ance to recalculate the trace element contents in the fluid (Webster et al., 1989). Thus, a
comparison of data is further complicated by the potentially different systematic errors of the
experimental and analytical procedures applied. Furthermore, all these studies use different
starting material and slightly differing PT conditions, which also complicates comparison of
data and their discussion.

Bureau et al. (2003) studied Ba partitioning between silicate melts and water or saline
fluids. Their data suggests a preference of Ba for the silicate melt. An effect of fluid salin-
ity was not detected. This is in contrast to Webster et al. (1989) who studied partitioning of
trace elements between fluorine-rich topaz—rhyolite melts and H,O0+CO, as a function of Cl
concentration. They found a transition from melt-compatible to fluid-compatible behavior with
increasing chlorinity for Ba and also for Y. Bai and Koster van Groos (1999) studied element
partitioning between metaluminous melts and various aqueous fluids and reported partition
coefficient of La of 0.02 for H,O. The DfL/am did not increase by addition of NaCl and KCI to
the fluid, but addition of HCI lead to a significant rise of La partition coefficient. Reed et al.
(2000) used peraluminous monzogranitic melt and a chloride-bearing aqueous volatile phase
as starting materials. Their REE partitioning data linearly increase with CI~ concentration in
the fluid and showed a preference for the aqueous fluid at high salinities.

The Ba partitioning data of this study show a preference for the silicate melt at all stud-
ied fluid salinities and therefore, confirms the suggestions of Bureau et al. (2003). However,
the D;/;“ slightly increases with salinity of the fluid. In contrast to Webster et al. (1989), we
do not observe a change to fluid-compatible behavior. The lanthanum data of this study are
partly different to results by Reed et al. (2000), who found a preference of La and other rare
earth elements for the fluid at high salinities (Fig. 4.7.2). At lower fluid salinities, the La parti-
tion coefficients from this study and from Reed et al. (2000) are in relatively good agreement.
The La data from Bai and Koster van Groos (1999) show no difference between H,O and
(Na,K)ClI fluids. This is in contrast to the data of Reed et al. (2000) and also to the results of
this study, which show increasing values with increasing salinity. Nevertheless, their DfL/am of
0.02 for H,O as starting fluid is in very good agreement with in-situ data of this study. The
Yttrium partition coefficient determined by Webster et al. (1989) shows a preference for the
fluid at most fluid salinities studied and found a strong dependence on fluid salinity. This is
a distinct difference to the results of this study (Fig. 4.8) because the Di,/”‘ is always smaller
than one even at high fluid salinities. The most probable explanation for distinctions of Y and
also Ba partition coefficients is the presence of up to 1.25 wt.% F in the starting material of
Webster et al. (1989), whereas our experiments were performed in a F-free system. Fluor
is known to be fluid-compatible and is a suitable complexing agent for many trace elements
in hydrothermal solutions (e.g., Christiansen et al., 1984, Keppler and Wyllie, 1991, Bau and
Dulski, 1995, Williams-Jones et al., 2000). Moreover, Christiansen et al. (1984) suggest that
the trace element evolution of rhyolitic magmas is sensitive to F/Cl in the melt. That is, with
differentiation, F-dominated systems display increases in Al, Na, Rb, Li, Cs, Be, Ta, and Th,
while Cl-dominated systems are usually peralkaline and are associated with enrichments of
e.g., LREE, Fe, Ti, Zn, Nb, and Zr. Althrough magmas with variable proportions of H,O, F, Cl
and CO, exist, topaz rhyolites as the one Webster et al. (1989) used for their experiments, rep-
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resent a fluorine-dominated end member (Christiansen et al., 1984). The differences between
the results of this study and the data by Bai and Koster van Groos (1999), Reed et al. (2000)
and Bureau et al. (2003) are most probably related to slightly different system composition
and may also be caused by the usage of different experimental and analytical techniques as
described earlier in this paragraph.

Comparison to data of natural cogenetic fluid and melt inclusions

A comparison of the experimental results to natural data is very limited because only two
studies report Ba, La, and Y concentrations in cogenetic fluid and melt inclusions (Audétat and
Pettke, 2003, Zajacz et al., 2008). Zajacz et al. (2008) analyzed co-existing silicate melt and
fluid inclusions, entrapped in quartz crystals for a series of elements including Ba and La. The
fluid—melt partition coefficient of Ba is 0.49 at a fluid salinity of 6.5 wt.%, and increases to 19 at
a salinity of ~34 wt.%. For Lanthanum, the partition coefficient slightly decreases from 0.31 to
0.1 with increasing fluid salinity from 6.5 to ~34 wt.%. Audétat and Pettke (2003) studied the
magmatic-hydrothermal evolution of two barren granites using analyses of coeval fluid and melt
inclusions trapped at 700-720°C and 110-120 MPa. Here, the fluid—melt partition coefficient
of Y is max. ~0.006 at a fluid salinity of 4.9 wt.% NaCl,;, . All in all, these data show a
distinct preference of Ba, La, and Y for the melt at salinities of at least up to 6.5 wt.%, which is
in good quantitative agreement with the data of this study.

Effects of chemical composition

Any effect of the melt composition on the partitioning can be explained by i) changes in the in-
corporation of the trace element in the melt or ii) changes in the complexation of trace element
in the fluid.

i) Silicate melt.

Flynn and Burnham (1978) and Ponader and Brown (1989) figured out that the incorporation of
rare earth elements in silicate melts strongly depends on the availability of highly-coordinated
sites, which increase as a function of the melt depolymerization. This hypothesis is in agree-
ment with our data that show significantly higher fluid—melt partition coefficients of La, Yb, and
also Y for experiments using peraluminous melts (ASI > 1) than for those with peralkaline
melts. The reason for that is the lower degree of polymerization of peralkaline melts compared
to peraluminous melts. That is, these melts offer a higher quantity of sites coordinated by non-
bridging oxygen (NBO). Therefore, peralkaline melts can incorporate higher REE contents than
peraluminous melts. For barium, such studies are still missing. However, one can speculate
that the barium incorporation in silicate melts will also depend on the degree of polymerization.
The reasons are the divalent character of Ba and it’s large ion radius of 149 pm that is similar
to that of K™ (152 pm). This means, barium likely prefers also NBO to be incorporated in sili-
cate melts, and therefore, Ba should preferentially be incorporated in peralkaline melts due the
higher quantity of NBO sites compared to peraluminous melts. This surmise is supported by
the Ba fluid—melt partition coefficient of this study that increases with ASI and thus increasing
polymerization of the melt. However, the strong correlation between partition coefficients of Ba,
La, Yb, and Y and ASI of the melt was only found in the case of chloridic fluids. Therefore, one
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has also to discuss the structural role of ClI™ in different silicate melts. Stebbins and Du (2002)
studied chloride ion sites in silicate and aluminosilicate glasses by 3°Cl solid-state NMR. They
found similar 3°Cl peak positions in Al-free and Al-containing alkali glasses and suggested that
even in the latter, most of the CI™ ions are coordinated only by the alkali cations. Webster
and De Vivo (2002) found a strong influence of doubly charged alkaline-earth metals on ClI
solubility in the melt. They suggested that Cl interacts with and removes these divalent ions,
previously associated with network-forming Al, to form alkaline earth metal-chloride species
in the melt. One can speculate that this reaction might be stronger in the case of peralkaline
melts due to the higher degree of depolymerization.

ii) Aqueous fluid.

Tracking down the effect of fluid composition is more complex, because apart from trace ele-
ments also major components are exchanged between the silicate melt and the aqueous fluid.
Alkali ions will fractionate stronger into the fluid than Al and Si. The degree of this exchange
varies with pressure on one hand side as the mutual solubility of melt and fluid increases. On
the other hand, the effect of this exchange on the fluid composition will certainly vary with the
ASI of the starting melt. Consequently, the ASI of the resulting melts will shift. In the case of
H,O as starting solution, small amounts of sodium partition into the aqueous fluid and thus,
the ASI of the melt is shifted to higher values. Part of the of alkalis might be exchanged with
protons from the fluid leading to a change of the pH of the solution. For runs with H,O only, this
exchange is relatively small as can be deduced from data of Borchert et al. (2010) who report
quench pH of 6 to 7.9 for experiments with H, O independent of the ASI. It should be kept in
mind, that at high PT conditions, H,O is nearly completely associated (Tagirov et al., 1997),
so that the measured pH does not equals the one at PT. Still, as shown below, the quench pH
shows some systematic variation offering insight to the exchange equilibria between melt and
fluid.

For chloridic fluids we observed a much more complicated behavior of the major com-
pounds that can be directly related to the composition of the melt. Here, the ASI is shifted
to higher values in the case of peralkaline starting glasses, but decreases in the case of per-
aluminous starting material (cp. Tab. 4.2 and 4.4). In experiments using initially peralkaline
compositions, on one side alkalis will strongly partition into the aqueous fluid, and on the other
side some of the Cl will be incorporated in the silicate melt. The incorporation of Cl in the melt
is favored by the presence of divalent cations (Webster and De Vivo, 2002). For these fluids,
the pH will increase because on the one hand alkalis strongly partition into the aqueous fluid
which leads to a decrease of the activity of CI~ and on the other hand protons are incorporated
in the melt producing OH™ in the fluid. The latter is consistent with a basic quench pH of 9.5
in the case of peralkaline melts (Borchert et al., 2010). In the case of peraluminous melts, the
ASIl is shifted to lower values. Here, alkalis partitions from the aqueous fluid into the silicate
melt, which is correlated with a release of protons and highly charged trace elements from the
melt into the aqueous fluid. The release of protons can be deduced from the acidic quench pH
of 2 for fluids equilibrated with peraluminous melts (Borchert et al., 2010). The highly charged
elements are only weakly bonded in peraluminous melts due to the lower amount of NBO
coordinated sites compared to peralkaline melts. The solubility of Cl in peraluminous melts
is somewhat lower than in the case of peralkaline melts. In addition, fractionation of alkalis
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from the fluid into the melt increases the activity of CI™ in the fluid. Thus, highly charged trace
elements can be complexed more efficiently by Cl in the aqueous fluid.

Quench effect

The comparison of partitioning data determined with in-situ analysis of trace element contents
in fluids at elevated PT conditions to those from quenched experiments proves that the ex-
perimental fluids change their trace element signature upon cooling ('quench effect’). This is
particularly important if DY/™ values are very different from one. This is highlighted by the
fact, that the concentration of rare earth elements was always below detection limit in analyses
of quenched fluids, whereas small REE contents were determined using the in-situ method
although the minimum detection limit for the latter method was higher. Thus, if analyses of
aqueous fluids are required for a certain experimental procedure, they should be performed
in-situ. An alternative method is recalculation of the trace element contents in the aqueous
fluid via mass balance (e.g., Ayers and Eggler, 1995, Webster et al., 1989, Webster, 1992a,b).
The main advantage of in-situ analyses over mass balancing is the reliable determination of
trace element contents of the aqueous fluid also in the case of formation of trace element-
bearing crystals during the run.

There are two different mechanisms that can account for a quench effect, precipitation of
phases during the quench and at room temperature and back reactions between aqueous fluid
and silicate melt. The precipitation of new compounds from the agueous fluid during cooling
was not observed in our in-situ experiments by microscopic observation. We also did not find
precipitated material in run products of conventionally quenched experiments. Surely, these
negative results do not proof the complete absence of precipitation but reduce their probability.
The data by Borchert et al. (2009) show a rapid equilibration of trace element contents between
aqueous fluid and silicate melt, and thus, prove that back reactions between aqueous fluid and
silicate melt are feasible. The comparison of slowly and rapidly quenched data (conventionally
quenched experiments) show a strong effect of quenching on sodium and potassium in the
resulting melt. Consequently, the ASI of rapidly quenched melts is slightly higher than that of
slowly cooled melts. This caused a shift in the onset of the increase of fluid-melt partition data
of La, Yb, and Y (see Fig. 4.2.1 and 4.2.2, Tab. 4.3 and 4.5). Based on these observations,
we suggest that the observed quench effect is most likely due to back reactions between fluid
and melt during cooling although it could not be proven by spatially resolved analyses on the
quenched melts, most likely because any gradient potentially present is too small to be ana-
lyzed with techniques used here.

It should be noted, fluid—melt partition coefficients from HDAC experiments are still
based in part on analyses of quenched samples, and thus are not free of quench effects. Fur-
ther improvements should be aimed at the in-situ determination of trace element contents in
both the fluid and the melt.

Complexation of trace elements in the fluid

Interestingly, the in-situ analyses show roughly the same La and Y concentrations in chloride-
free and chloridic solutions (cp. Tab. 4.6). In contrast, in conventionally quenched experiments

79



Chapter 4

trace element contents of these elements in Cl-free fluids were always below the detection limit
whereas this was not the case for chloridic solutions. This points to a strong effect of CI™ on
the quench process and suggests a stabilization of REE complexes in the fluid upon cooling
in the presence of chlorine. Moreover, the very similar in-situ fluid—melt partition coefficients
of La and Y for Cl-free and Cl-bearing fluids point to a complexation of these elements with
dissolved silicate melt components. In detail, these complexes may be somewhat different for
fluids with or without chlorine. For barium, the in-situ partition coefficient increases with salinity
of the fluid, and D™ of chloridic fluids are 4 to 10 times higher than those the Cl-free fluid in
the case of peraluminous melts. That is, Ba likely complexes with both, CI~ and with dissolved
melt components in fluids equilibrated with melts with an ASI > 1. For peralkaline melt com-
positions, we suggest a primal complexation with dissolved melt components because of the
strong decrease of the Ba partition coefficient with decreasing ASI of the melt at constant fluid
salinity.

Further implications

Comparison of the data of this study and recent results (Borchert et al., 2010) show a similar
dependence of Sr, Ba, La, Yb, and Y partitioning between aqueous fluids and haplogranitic
melts on fluid salinity and on the melt composition. Therefore, we infer that fluid—melt parti-
tioning of other divalent large ion lithophile elements (e.g., Pb) as well as of other lanthanides
will show a similar dependence on the melt composition. The data show that H,O + (Na,K)Cl
fluids exsolving from peralkaline silicate melts do not have the ability to significantly change
the concentrations of Ba, La, Yb, and Y in the melt, even if the salinity of the fluid is high. The
observed stronger enrichment of rare earth elements in peralkaline melts during exsolution of
an aqueous fluid is also found in nature (e.g., Hedenquist and Lowenstern, 1994, Kovalenko
et al., 1995, Williams-Jones et al., 2000, Tassinari et al., 2001). However, because the weight
fraction of the exsolved aqueous fluids is small, this cannot be the main parameter control-
ling the final trace element content of granitic rocks. Here, fractionation of trace elements into
crystalline phases will have a much larger effect. An enrichment of these elements in resid-
ual granitic melts is mainly controlled by the fractionation of these elements into crystallizing
phases and the abundance of these crystals. For example, Ba will fractionate into feldspar
and mica during crystallization of granites (e.g., Winter, 2001) and therefore, will be depleted
in the residual melt. In contrast to large ion lithophile elements, the REE do not fractionate into
granite forming minerals (except Eu®"). Thus, the exsolution of an aqueous fluid together with
fractional crystallization of feldspars, quartz, and mica will result in an enrichment of the REE
in the residual melt. Due to lower fluid—melt partition coefficients in peralkaline systems, it is
suggested that this effect will be slightly stronger for melts with an ASI < 1. Our experiments
also show that, for hydrothermal REE mineralizations derived from alkali granites, complex-
ing of the REE must take place with other ligands than CI™ to explain the enrichment in the
fluid phase. Such anions are probably F~ and COi_ (Ponader and Brown, 1989, Gieré, 1996,
Williams-Jones et al., 2000).
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4.4.2 In-situ XRF analyses using high excitation energies

Borchert et al. (2009, 2010) demonstrated that Rb and Sr concentrations in aqueous fluids
equilibrated with silicate melts at elevated temperatures and pressures can be determined
with a very good reliability using a HDAC and SR-XRF microanalysis, particularly for CI™ free
systems. The experimental setup used in this study was similar to that used by Borchert et al.
(2009, 2010), but with application of a much higher excitation energy (50 keV instead of 20
keV) to evaluate if analysis of XRF K line of elements with Z > 40 is promising for diamond
confined samples. The utilization of a new Kirkpatrick-Baez (KB) mirror based on a multilayer
structure allowed measurements with spot sizes in the um range and high excitation energies.
At an excitation energy of 50 keV, the spectra showed a very broad background increase,
which was related to Compton scattering from the incoming beam in the diamond anvil, which
precluded analysis of small concentrations of elements with Z > 60. For the analysis of these
elements, the following two improvements are suggested:

+ A shift to a higher excitation energy (~65 keV). This should provide a better background
in the energy range of interest because the inelastic scatter peak will also shift to higher
energies. However, a shift to higher excitation energy will result in less flux and in lower
fluorescence cross sections for low Z elements (like Y), and thus, will decrease the sen-
sitivity for these elements. The use of a pink beam may compensate these trade-offs
because application of the full bandwidth of the undulator harmonics would increase the
flux by a factor of ~100.

» Realization of these experiments using a wavelength-dispersive spectrometer. Wavelength-
dispersive analysis facilitates use of REE L lines because of the much better energy
resolution compared to energy dispersive solid state detectors. For HDAC experiments,
REE L lines can be better separated from each other and from K lines of the 3d-transition
metals (e.g., excitation from gasket or thermocouple). That is, lower excitation energies
can be applied. Another advantage of utilization of a wavelength-dispersive spectrometer
is the lower background. However, the disadvantages are lower fluorescence yields and
a much stronger absorption of lower energy fluorescence lines along the path towards
the detection.
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Appendix

Table 4.1: Composition of starting glasses from EMP analyses and normative composition based on the components albite, ortho-
clase, quartz, corundum and Na-metasilicate.

SiOg Alo03 NagO KoO ASI  Ba La Y Yb normative - composition

Wt.%] [wt.%] [wt.%] [wt%] [ppm] [ppm] [ppm] [ppm]
quenched experiments - glasses doped with Ba
PerAlu2™ | 7504 1682  4.72 389 140 173974 Ab39 930122 980232 .70 + C4.85
PerAlul* | 76.15 1436  4.42 3.80 126 1995+121 Ab37 400r22.450Q235 89 +C2 98
MetAlul* | 7753 1256 434 385  1.11 1957490 Abzg 720r25 75Q237.55 +C1 .25
PerAk2* | 77.3¢ 1248 553 3.54 0.97 2138484 Abgy 480r20.920Q232 95 + Nsg_ 54
PerAlk1* | 7762 1224  7.03 3.14 0.82 206784 Abys 470118 550235 73 +Ns3 og
quenched experiments - glasses doped with Laand Y
PerAu2T | 72.98  16.86  4.87 3.86 1.38 420475 610444 Abg1.800r23.16Q230.30 +C4.73
PerAutt | 7726 1450  4.30 3.94 1.28 1385481  442+58 Abzg.370r93.30Q237.16 +C3.16
MetAlui® | 7868 1267  4.04 3.85 1.17 18334389 513480 Abz4 460122 93Q240.74 +C1 .87
PerAke® | 7921 1265  5.00 3.47 1.06 993+81 413463 Abgo 130r20.44Q236.74 +Co.67
PerAkiT | 7880 1227  7.24 3.31 0.79 1182485 907498 Abg3 960r19.230232 99 + Ns3 g1
quenched experiments - glasses doped with La and Yb
PerAluT* | 7583  14.17 453 3.91 721 1091267 2050+276 Ab3g 920123.46Q235 08 + C2.53
MetAlut* | 77.71 1231  4.46 3.95 1.06 9304241 20024253 Abzg 330123 69Q2z37.25 +Co .72
PerAk2* | 7875 1256  5.41 3.64 0.98 993+175 934461 Abgs 190r21.42Q234 05 + Nsg.33
PerAlk1* | 79.18 1237 7.45 3.38 0.78 1019467 984469 Aby3 730r19.53Q232 57 +Nsyq 16

SiOg Alo03 NagO KoO ASI  Ba La Y Sm Eu ‘ normative - composition

wt%] [wt%] [wt.%] [wt%] [ppm] [ppm] [ppm] [ppm] [ppm]
HDAC experiments - glasses doped with Ba, La, Y, Sm, and Eu
PerAlu2 ‘ 7289 1844 517 35 750 1609F175 1681136 1644F127 1526+ 196 1216114& Abs3.740120.680229 42 + C6.15
MetAlut 7707 1378 554 3.61 1.06 22474215 792130 1604497 1636150 1394110 Absg 870r21.33Q231 03 +Co.76

87

Ab - albite, Or - orthoclase, Qz - quartz, C -corundum, Ns - Na5 SiO3

Table 4.2: Data for Barium from experiments at 750° C and 200 MPa using rapid quench autoclaves (RQ) and internally heated
pressure vessel (IHPV). For each run, the first line of the analyses refers to the quench glass and second line to the quenched

fluid.
experimental conditions analyses of run products
run technique T starting materials Nag O KyO SiOg Al503 ASI Ba Cl
[MPa] [°C] [melt / fluid] [wt. %] [wt. %] [wt. %] [wt. %] [ppm] [ppm]
PerAlu2HB RQ 200 750 PerAlu2™ 3.21 3.63 71.22 15.36 1.67 1960499 bdl
HaO 0.01 0.03 0.44 bdl 7H1 na
PerAlu1HB RQ 200 750 PerAlut* 3.81 3.70 72.76 13.22 1.29 18914102 bdl
Ho O 0.03 0.05 0.58 bdl 941 na
MetAlutHB RQ 200 750 MetAlu1* 3.87 3.74 74.65 11.67 1.12 1792471 bdl
Ho O 0.04 0.05 0.58 bdl 8+1 na
PerAlk2HB RQ 200 750 PerAlk2™* 4.78 3.45 74.46 11.63 1.00 200837 bdl
HaO 0.06 0.04 0.48 bdl 61 na
PerAlk1HB RQ 200 750 PerAlk1* 6.21 3.04 74.60 11.34 0.84 1954+80 bdl
Hy0 0.07 0.05 0.54 bdl 741 na
PerAlu2LB RQ 200 750 PerAlu2* 3.79 4.95 70.18 14.93 1.29 1642481 13474158
1H+1S 1.41 1.39 0.02 bdl 138+1 2566712567
PerAlu1LB RQ 200 750 PerAlut* 3.66 4.90 71.95 13.03 1.15 1376170 1013+196
1H+1S 228 2.07 0.17 bdl 222+1 5523645524
PerAluL3 EHPV 200 750 PerAlut* 3.56 4.75 71.54 13.28 1.21 1457+86 15104187
1H+1S 278 261 bdl bdl 293+2 4290844291
MetAlu1LB RQ 200 750 MetAlu1™* 3.44 4.89 73.26 11.51 1.05 13834105 8254106
1H+1S 2.56 2.40 0.16 bdl 25441 476634766
PerAlk2LB RQ 200 750 PerAlk2* 4.16 4.67 73.61 11.45 0.96 1885+61 11544155
1H+18 295 252 0.02 bdl 10441 5121445121
PerAk1LB RQ 200 750 PerAlk1™* 5.15 4.43 73.58 10.99 0.83 1919477 13244140
1H+1S 3.00 2.24 0.37 bdl 3741 475874759
PerAlu2HP RQ 200 750 PerAlu2* 4.08 3.72 69.94 16.42 1.53 2055+128 bdl
Hy0 0.04 0.02 0.32 bdl 1£0.1 na
PerAlu1tHP RQ 200 750 PerAlut* 3.70 3.73 72.53 14.01 1.38 1929+96 bdl
HaO 0.02 0.01 0.04 bdl 11+0.2 na
MetAlutHP RQ 200 750 MetAlu1™* 3.77 3.76 74.48 12.32 1.20 17654112 bdl
Ho O 0.04 0.01 0.03 bdl 1401 na
PerAlk2HP RQ 200 750 PerAlk2* 4.84 3.60 73.72 12.46 1.05 2108+162 bdl
Ho O 0.04 0.02 0.01 bdl 1£0.1 na
PerAlk1HP RQ 200 750 PerAlk1* 571 3.06 73.65 11.69 0.92 2045+104 bdl
HaO 0.19 0.12 0.21 bdl 2401 na
PerAlu2LPx RQ 200 750 PerAlut* 3.99 5.18 70.27 14.84 1.22 568+102 13524183
1H+1S 218 2.01 0.04 bdl 189+1 4265314265
PerAluiLP RQ 200 750 PerAlut* 3.75 4.97 71.75 13.87 1.20 15704119 6954190
1H+1S 2.64 2.55 0.06 bdl 26942 4947244947
MetAlu1LP RQ 200 750 MetAlu1™* 3.49 4.83 73.10 12.25 1.12 13564136 19214234
1H+1S 2.07 1.94 0.37 bdl 188+2 3568743569
PerAlk2LP RQ 200 750 PerAlk2* 4.18 4.71 72.91 12.26 1.02 1868+180 1224+150
1H+18 273 2.26 0.02 bdl 84+3 453884539
PerAk1LP RQ 200 750 PerAlk1™* 5.14 4.53 72.39 11.68 0.87 19054212 2044196
1H+ 1S 2.39 1.78 0.06 bdl 6+0.1 3738943739
PerAlu2HPi IHPV 200 750 PerAlu2* 3.38 3.69 70.36 15.78 1.65 586+ 141 bdl
Hy0 0.04 0.02 0.05 bdl 2401 na
PerAlu1HPi IHPV 200 750 PerAlut* 3.53 3.68 72.42 13.21 1.35 417+141 bdl
HaO 0.04 0.03 0.05 bdl 1401 na
MetAlu1HPi IHPV 200 750 MetAlu1* 3.45 3.73 73.99 11.67 1.20 4634151 bdl
Hy0 0.04 0.01 0.07 bdl 340.1 na
PerAlk2HPi IHPV 200 750 PerAlk2* 4.26 3.45 73.28 11.55 1.07 720171 bdl
HaO 0.93 0.53 0.51 bdl 4242 na
PerAlk1HPi IHPV 200 750 PerAlk1™* 5.64 3.10 73.37 11.14 0.88 703483 bdl
HaO 0.14 0.04 0.15 bdl 4+0.1 na
PerAlu2LPi IHPV 200 750 PerAlu2* 4.00 4.98 70.18 15.33 1.28 6014161 11654141
1H+1S 1.67 1.47 0.02 bdl 12641 2776142776
PerAluiLPi IHPV 200 750 PerAlut* 3.73 4.89 72.51 13.18 1.15 4004127 9954130
1H+ 1S 237 2.28 0.04 bdl 1761 4438814439
MetAlu1LPi IHPV 200 750 MetAlu1* 3.49 4.86 74.39 11.67 1.06 3364146 7961125
1H+1S 2.38 212 0.02 bdl 173+1 40393+4039
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Table 4.2 — from p! page
experimental conditions analyses of run products
run technique P T starting materials Nag O KoO SiOo Al503 ASI Ba Cl
[MPa] [°c] [melt / fluid] [wt. %] [wt. %] [wt. %] [wt. %] [ppm] [ppm]
PerAlk2LPi IHPV 200 750 PerAlk2™ 3.79 4.63 73.58 11.48 1.02 6671148 962+ 121
1H+ 1S 1.97 1.60 0.02 bdl 50+4 2822512823
PerAlk1LPi IHPV 200 750 PerAlk1* 4.76 4.31 72.58 11.03 0.88 677+138 13144128
1H+1S 1.98 1.29 0.03 bdl 641 2389242389
MetAlu1HPi2 IHPV 200 750 MetAlut* 3.44 4.00 74.73 11.73 117 412+162 bdl
Hy O 0.08 0.04 0.02 bdl 140.1 na
MetAlu1LPi2 IHPV 200 750 MetAlut1* 3.47 4.86 73.93 11.75 1.07 367+114 75316
1H + 1S 2.85 2.68 0.02 bdl 20042 5157245157
* _initial glass composition as described in Tab.4.1
na — not analysed
bdl — below detection limit
1H — 1mNaCl, 1S — 1mKCl
ASI — Al 03/(Nag O+Kg O) in moles
Table 4.3: Data for Lanthanum, Yttrium and Ytterbium from experiments from 750 to 950° C and 200 or 500 MPa using various
quench apparatus. For each run, the first line of the analyses refers to the quench glass and second line to the quenched fluid.
experimental conditions analyses of run products
run tech. P T starting materials NagO KoO SiOp A0z ASI La Y Yb Cl
[MPa] [°C] [melt / fluid] wt.%] [wt.%] [wt.%] [wt.%] [ppm] [ppm] [ppm] [ppm]
Al EHPV 200 750 PerAlu1™ 3.55 4.80 7138 1326 1.20 893+79 11801189 na
1H+ 1S (pH 1) 3.03 2.48 bdl bdl 11341 26+1 na
A2 EHPV 200 750 MetAlut* 3.42 4.91 7343 1163 1.06 595+99 582+116 na
1H + 1S (pH 1) 213 182  bdl bdl 8+1 441 na
A4 EHPV 200 750 PerAlk2* 3.58 4.79 73.10 1156 1.04 987+75 1080+71 na
1H + 1S (pH 1) 269 208  bdl bdl 4+1 3+1 na
A3 EHPV 200 750 PerAlk1* 5.48 4.61 70.89 11.03 0.79 973182 964168 na
1H+1S (pH 1) 257 1.66 bdl bdl 4+1 3+1 na
B1 EHPV 200 750 PerAIu1T 3.37 5.06 7142 13.02 1.18 997+131 406144 na
1H+1S (pH 1) 2.65 237 bdl bdl 106+1 2841 na
B2 EHPV 200 750 MetAlu1 T 3.34 5.03 73.83 11.73 1.07 354+65 27431 na
1H+1S (pH 1) 212 1.75 bdl bdl 9£1 3+1 na
B4 EHPV 200 750 PerAlk2 3.97 4.77 7344 1163 0.99 1023+64 614+58 na
1H + 1S (pH 1) 262 201  bdl bdl 141 141 na
Cc1 EHPV 200 750 PerAlu* 3.27 4.88 7283 1331 125 8174105 13374136 na
1H+ 18 2.32 1.92 bdl bdl 8241 1941 na
c2 EHPV 200 750 MetAlut* 3.15 4.82 7416 1173 113 467+76 834461 na
1H+ 1S 2.52 2.30 bdl bdl 2+1 bdl na
Cc3 EHPV 200 750 PerAlk1* 5.96 4.72 7279 1127 0.76 10001108 953+110 na
1H+ 1S 3.24 2.18 bdl bdl 241 bdl na
D1 EHPV 200 750 PerAlut T 3.36 4.99 7248 1321 1.21 1152479 550455 na
1H+ 18 2.20 1.95 bdl bdl 8241 21+1 na
D3 EHPV 200 750 PerAlk1 T 4.96 4.67 7175 1091 0.83 1117465 726475 na
1H+ 1S 3.06 217 bdl bdl 141 141 na
Al RQ 200 750 PerAlut* 3.59 5.02 7243 1312 1.16 829+176 1708+131 1210+£102
1H+1S (pH 1) 1.98 1.87 0.01 0.002 1742 741 4066744070
A2 RQ 200 750 MetAlut* 3.24 4.95 7373 11.37 1.06 2744113 4461145 704483
1H+1S (pH 1) 2.16 1.79 bdl bdl bdl bdl 4153244150
A3 RQ 200 750 PerAlk1* 5.60 4.57 69.78 11.07 0.78 900+55 882491 21404321
1H+1S (pH 1) 3.12 2.31 0.03 0.003 bdl bdl 6536416536
BO RQ 200 750 PerAlu2T 3.97 5.00 68.81 1542 129 805+62 544+18 1896+211
1H+1S (pH 1) 271 251 0.001  bdl 10641 38+1 5487045487
B1 RQ 200 750 PerAlut T 3.62 5.09 73.04 1322 1.15 748+170 447454 1128+114
1H + 1S (pH 1) 1.81 1.69 0.06 0.002 1141 3+1 3818943820
B2 RQ 200 750 MetAlut T 3.50 5.00 75.00 11.84 1.06 279+123 bdl 871+91
1H+ 1S (pH 1) 1.88 1.72 bdl bdl bdl bdl 3741343741
B4 RQ 200 750 PerAlk2 4.07 4.52 7279 1148 099 12551120 4954101 14344199
1H+1S (pH 1) 255 1.98 bdl bdl bdl bdl 4829514830
B3 RQ 200 750 PerAlk1 T 5.36 4.82 70.67 11.00 0.82 1031470 771449 16974248
1H+1S (pH 1) 2.16 1.41 0.02 bdl bdl bdl 3612313612
3] RQ 200 750 PerAlut* 3.65 5.10 67.67 1280 1.11 617+160 1530+ 161 986+201
1H+ 1S 1.50 1.51 0.04 0.001 40+4 941 3307043307
c2 RQ 200 750 MetAlut* 3.41 5.09 7418 1170 1.05 5074137 12264273 976 +94
1H+ 1S 3.72 270 0.03 0.002 bdl bdl 6323516324
C4 RQ 200 750 PerAlk2* 3.94 4.71 73.95 11.44 0.99 1062439 921497 12424208
1H+18 3.20 242 0.06 0.02 bdl bdl 6419046419
C3 RQ 200 750 PerAlk1* 5.85 4.45 70.32 1093 0.76 946+71 978+63 2009+271
1H+ 1S 3.09 2.14 0.04 bdl bdl bdl 5705445705
Do RQ 200 750 PerAlu2t 3.77 4.74 68.44 1501 132 695+44 582440 14544175
1H+ 18 2.63 229 0.007  bdl 88+2 3341 5666015670
D1 RQ 200 750 PerAlut T 3.51 5.00 7259 13.09 1.17 622+101 364164 9864133
1H+ 1S 1.64 1.48 0.02 bdl 23+2 541 3350043350
D2 RQ 200 750 MetAlu1 T 3.34 4.91 7437 1159 1.07 557+143 153469 693+91
1H+ 1S 2.21 2.00 0.1 0.001 bdl bdl 4280844281
D4 RQ 200 750 PerAlk2 4.22 4.62 73.83 1152 0.96 1054+79 559+99 1196+360
1H+ 18 3.36 257 0.001  0.004 bdl bdl 4920544921
D3 RQ 200 750 PerAlk1 T 527 469 7099 11.09 081 1077£70 730435 14624199
1H+1S 444 326 004  bdl bdl bdl 7931847932
erf IHPV 500 750 PerAlut* 3.39 4.52 69.90 1452 1.39 1127470 634+74 bdl
1H + 1S (pH 1) 279 219 na na 20+1 5+1 na
F1i IHPV 500 750 PerAlut * 323 436 6928 1427 142 1086484 6884163 bdl
1H + 1S 175 137 na na 1041 3+1 na
Al IHPV 200 850 PerAlu1* 370 48 7205 1334 1.18 943424 1240479 19614191
1H+1S (pH 1) 2.79 245 0.06 0.02 10442 38+1 5408845409
A2 IHPV 200 850 MetAlu1* 3.53 4.81 7246 1198 1.09 713184 11684110 1407 £225
1H+ 1S (pH 1) 2.31 223 0.01 bdl 541 bdl 4866714867
A4 IHPV 200 850 PerAlk2* 4.22 4.66 71.79 1161  0.97 895+50 937476 1655+251
1H+1S (pH 1) 2.94 248 bdl bdl bdl bdl 5638715639
A3 IHPV 200 850 PerAlk1* 5.79 4.49 70.67 11.07 0.77 951457 963+78 28144402
1H+ 1S (pH 1) 0.97 0.74 0.01 bdl bdl bdl 59564 45956
V9 IHPV 200 950 PerAlut T 4.02 5.01 7192 1350 1.12 1042438 571+26 24924333
1H+ 1S (pH 1) 3.00 2.89 bdl bdl 96+1 22+1 5960945961
V10 IHPV 200 950 MetAlu1 T 3.68 4.58 7233 1181 107 1003+36 612458 2238+546
1H + 1S (pH 1) 3.2 73.16  bdl bdl 22+1 241 6029946030
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Table 4.3 - from previous page
experimental conditions analyses of run products
run tech. P T starting materials NagO KgO SiOp A0z ASI La Y Yb Cl
p0.1cm [MPa] [°C] [melt / fluid] wt.%] [wt.%] [wt.%] [wt.%] [ppm] [ppm] [ppm] [ppm]
V12 IHPV 200 950 PerAlk2 T 4.43 4.58 7066 11.66 0.95 1035+34 574433 2235+ 349
1H + 1S (pH 1) 319 263  bdl bal bdl bdl 46958+ 4696
V11 IHPV 200 950 PerAlk1 T 5.72 4.72 7147 1117 077 1075+46 8121436 38621233
1H+1S (pH 1) 3.55 271 0.03 bdl bdl bdl 4677414677
vi9 IHPV 500 850 PerAlut T 3.12 4.37 69.70 1342 1.36 1046437 560+24 710+248
TH+1S (pH 1) 3.45 3.22 0.003  0.004 20+1 2+1 5339345339
V20 IHPV 500 850 MetAlut T 3.12 4.33 72,78 1208 1.23 735446 400454 610+337
1H+1S (pH 1) 3.06 2.82 0.002  0.004 8+1 bdl 4812914813
*/T initial glass composition as described in Tab.4.1
na — not analysed
bdl — below detection limit
1H — 1mNaCl, 1S — 1mKCl
o experiments done at Institut fir Mineralogie, Leibniz Universitat Hannover
ASI — Al303/(Nag O+Kg O) in moles
Table 4.4: Experimentally determined fluid—melt partition coefficients of Na, K, Ba, Cl. and D /D -
experimental conditions Fluid —melt partition coefficients
run P T ASI DNa Dy Dk /DNa Dpa Dcy
[MPa]  [°C]
PerAlu2HB™ 200 750 1.67 0.004 0.009 227 0.003+0.0002 nc
PerAlulHB* 200 750 1.29 0.008 0.01 1.62 0.005+0.0003 nc
MetAlutHB* 200 750 1.12 0.01 0.01 1.37 0.00540.0002 nc
PerAlk2HB* 200 750 1.00 0.01 0.01 0.83 0.003+0.0001 nc
PerAlk1HB* 200 750 0.84 0.01 0.02 1.45 0.003+0.0001 nc
PerAlu2LB 200 750 1.29 0.37 0.28 0.75 0.08+0.004 1943
PerAlu1LB 200 750 1.15 0.76 0.53 0.70 0.164-0.008 55412
PerAluL3 200 750 1.21 0.64 0.44 0.68 0.204-0.01 28+5
MetAlu1LB 200 750 1.05 0.75 0.49 0.66 0.184-0.01 58+9
PerAlk2LB 200 750 0.96 0.71 0.54 0.76 0.06+0.002 4447
PerAlk1LB 200 750 0.83 0.58 0.51 0.87 0.002+0.001 36+5
PerAlu2HP* 200 750 1.53 0.01 0.004 0.39 0.0003+0.0001 nc
PerAluTHP* 200 750 1.38 0.004 0.001 0.37 0.0003+0.0001 nc
MetAlutHP* 200 750 1.20 0.01 0.003 0.27 0.0003+0.0001 nc
PerAlk2HP* 200 750 1.05 0.01 0.005 0.61 0.0003+0.0001 nc
PerAlk1HP* 200 750 0.92 0.03 0.04 1.14 0.001£0.0001 nc
PerAlu2LPx 200 750 1.22 0.55 0.39 0.71 0.331+0.06 32+5
PerAluiLP 200 750 1.20 0.70 0.51 0.73 0.1740.01 71421
MetAlu1LP 200 750 1.12 0.59 0.40 0.68 0.144-0.01 1943
PerAlk2LP 200 750 1.02 0.65 0.48 0.73 0.05+0.003 3746
PerAlk1LP 200 750 0.87 0.47 0.39 0.84 0.003+0.0001 1843
PerAlu2HPi* 200 750 1.65 0.01 0.02 0.55 0.003+40.001 nc
PerAlutHPi* 200 750 1.35 0.01 0.03 0.59 0.003+0.001 nc
MetAlu1HPi* 200 750 1.20 0.01 0.01 0.26 0.006+0.002 nc
PerAlk2HPi* 200 750 1.07 0.22 0.53 0.69 0.064-0.01 nc
PerAlk1HPi* 200 750 0.88 0.03 0.04 0.45 0.006+0.001 nc
PerAlu2LPi 200 750 1.28 0.42 0.29 0.70 0.214+0.06 24+4
PerAlu1LPi 200 750 1.15 0.64 0.47 0.73 0.441+0.14 45+7
MetAlu1LPi 200 750 1.06 0.68 0.44 0.64 0.52+0.22 51+9
PerAlk2LPi 200 750 1.02 0.52 0.35 0.67 0.0840.02 2945
PerAlk1LPi 200 750 0.88 0.42 0.30 0.72 0.01£0.002 1843
MetAlu1HPi2* 200 750 117 0.02 0.01 0.51 0.004+0.001 nc
MetAlu1LPi2 200 750 1.07 0.82 0.55 0.67 0.55+0.17 68+7
nc — not calculated because element concentration in the fluid was below detection limit or was not analyzed
ASI — Al303/(NagO + Ko O) in moles
* - experiments using Ho O as starting fluid
Table 4.5: Experimentally determined fluid—melt partition coefficients of Na, K, La, Yb, Y, Cl. and D /DN, -
experimental conditions Fluid —melt partition coefficients
run technique P T ASI DnNa Dy Dk /DNa Dia Dy Dy D¢y
[MPa] [°c]
Al EHPV 200 750 1.20 0.85 0.52 0.60+0.03 0.1310.01 0.0240.003 nc
A2 EHPV 200 750 1.06 0.62 0.37 0.60+0.03 0.013+0.002 0.006+0.001 nc
A4 EHPV 200 750 1.04 0.75 0.43 0.5840.03 0.004+0.001 0.003+0.0004 nc
A3 EHPV 200 750 0.79 0.47 0.36 0.7740.04 0.004+0.001 0.003+0.0008 nc
B1 EHPV 200 750 1.18 0.79 0.47 0.60+0.06 0.1140.01 0.07+0.007 nc
B2 EHPV 200 750 1.07 0.63 0.35 0.55+0.05 0.026+0.005 0.1040.10 nc
B4 EHPV 200 750 0.99 0.66 0.42 0.64+0.04 0.0002+0.00002 0.002+40.0002 nc
C1 EHPV 200 750 1.25 0.71 0.39 0.55+0.03 0.1040.01 0.01+0.001 nc
Cc2 EHPV 200 750 1.13 0.80 0.48 0.6040.04 0.004+0.001 nc nc
C3 EHPV 200 750 0.76 0.54 0.46 0.85+0.03 0.002+0.0003 nc nc
D1 EHPV 200 750 1.21 0.66 0.39 0.6040.03 0.074-0.005 0.04+0.004 nc
D3 EHPV 200 750 0.83 0.62 0.46 0.7540.04 0.001+0.0003 0.002+0.0007 nc
Al RQ 200 750 1.16 0.55 0.37 0.6740.10 0.024-0.005 0.004+0.0005 34+4
BO RQ 200 750 1.29 0.68 0.50 0.7340.15 0.1340.01 0.07£0.003 29+4
B1 RQ 200 750 1.15 0.50 0.33 0.6740.11 0.015+0.004 0.006+0.001 3445
C1 RQ 200 750 1.1 0.41 0.30 0.7140.11 0.0640.02 0.064-0.001 34+8
DO RQ 200 750 1.32 0.70 0.48 0.69+0.05 0.1340.01 0.064-0.004 39+6
D1 RQ 200 750 117 0.47 0.30 0.63+0.09 0.0440.007 0.0140.003 34+6
E1f IHPV 500 750 1.39 0.82 0.48 0.5940.05 0.017+0.001 nc nc
F1i IHPV 500 750 1.42 0.54 0.31 0.58-£0.04 0.01-0.001 nc nc
Al IHPV 200 850 1.18 0.76 0.50 0.6740.03 0.1340.006 nc 28+3
A2 IHPV 200 850 1.09 0.66 0.46 0.7140.04 0.007+0.001 nc 35+6
V9 IHPV 200 950 1.12 0.75 0.58 0.7740.03 0.094-0.003 nc 2443
V10 IHPV 200 950 1.07 0.89 0.69 0.784-0.04 0.024-0.001 nc 2747
V19 IHPV 500 850 1.36 1.10 0.74 0.67+0.04 0.024-0.001 nc 75+26
V20 IHPV 500 850 1.23 0.98 0.65 0.66+0.04 0.01+0.001 nc 79144

nc—not calculated because element concentration in the fluid was below detection limit or was not analyzed
ASI — Al30O3/(NagO + KoO) in moles
* —experiments using Ho O as starting fluid

¥ —experiments done at Institut fir Mineralogie, Leibniz Universitat Hannover
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Table 4.6: Experimental conditions and results of the HDAC experiments fat 750° C. Concentrations of Ba, La and Y in the fluid

were analysed in-situ using SR-.XRF, the glasses were analysed after quench using EMP.

sample A B C D E F G H

Cell HDACG HDAC2 HDAC2 HDACG HDACG HDAC2 HDACG HDAC2
initial glass compositionT PerAlu PerAlu MetAlu PerAlu MetAlu MetAlu PerAlu MetAlu
PoxpatTexp =750°C [MPa] 830 900 250 500 700 750 200 300

m (NaCl + KC1) 6 4.1 1.5 0 6 1.7 24 6

mHCI1 0.06 0.04 0.01 0 0.06 0.01 0.02 0.06

wt.% (NaCl + KCI) 26 19.3 8 0 26 9 121 26

Wt.% glass (initial) 23 25 28 29 29 35 30 33
Pfluig [g/cm‘j] 1.06 0.991 0.621 0.712 0.985 0.903 0.588 0.848
Tm [°C] -0.3 -12.8 -4.4 - -31* -5.0 -7.05 13.2*

Ty [°C] 216 218 391 289 288 234 443 419

cg, [PPM] 292442 31314102 6016 49+4 363+22 116134 224433 365433

c a[ppm] 9631156 13894161 1940498 18134123 459+116 18834304 18411134 10911134
C}fﬁ [ppm] 62+9 50+6 bdl 17413 52+9 2246 41+£10 1946
ey [ppm] 540+217  396+61 408+340  569+76 42674 336+120 937491 7261147
c\n,1 [ppm] 30430 25425 22422 20+20 39430 25425 33430 22422
oy [ppm] 320+23 59439 bdl 188423 bdl 100+19 706178 246+108
DiB/m 0.30+£0.06 0.23+0.08 0.034+0.003 0.034+0.003 0.7940.21 0.06+0.02 0.12+0.02 0.334+0.05
D{,,fm 0.11£0.05 0.13+£0.02 nc 0.03+0.02 0.124+0.03 0.07+0.03 0.04+0.01 0.03+0.01
DY/am 0.09+0.09 0.43+0.51 nc 0.11£0.11  nc 0254025 0.05+0.04 0.09+£0.1
wt.% SiOg 63.58 61.99 70.60 67.16 67.58 68.88 63.44 70.06
wt.% Alo O3 17.21 16.58 13.04 16.58 13.90 13.28 15.90 12.83
wt.% NagO 4.04 3.52 3.59 4.92 2.95 3.09 5.63 3.07

wt.% Ko O 8.37 8.29 6.72 4.00 7.56 7.01 7.78 7.49

ASI 1.10 1.12 0.99 1.33 1.07 1.05 0.90 0.97

T —initial glass composition as described in Tab. 4.1

m—molality

T'm —freezing point depression determined by cryometry

T —Homogenisation temperature measured after collection of XRF spectra at Texp =750°C

T fuid, ™ — melt

* — melting point of Hydrohalite
bdl — below detection limit

nc — not calculated

ASI — Alp03/(NagO + Ko O) in moles
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Discussion and conclusions

The goal of this thesis was the experimental investigation of the partitioning of petrogenetially
important trace elements between aqueous fluids and silicate melts over a wide range of PTx
conditions. This resulted in a comprehensive dataset of fluid—melt partition coefficients par-
ticularly for Rb, Sr, and Ba, and in addition for La, Y, and Yb. An essential part of this thesis
was utilization of different experimental approaches to evaluate their applicability to fluid—melt
partitioning experiments. The presented partition coefficients are always based on analyses
of both, fluid and melt. In all experiments, the composition of the melt was measured after
quenching using EMP analysis. In the case of quenched experiments, the fluid was analyzed
after quenching using ICP-OES and IC. In the in-situ approach, the trace element content of
the fluid was determined directly at elevated PT conditions using SR-uXRF.

The results of this study on fluid—melt partitioning of Rb, Sr, Ba, La, Yb, and Y can be
summarized in the following five points. (1) These trace elements show a preference for the
melt (D‘C/m < 1) at all studied conditions. (2) The D/™ of these elements are up to two orders
of magnitude higher in experiments using chloridic solutions compared to experiments with
H,O as starting solution. (3) For chloridic fluids, partition coefficients of Sr, Ba, La, Y, and
Yb show a clear dependence on the melt composition expressed as ASI. The D/™ of these
elements are distinctly lower for peralkaline melt than for peraluminous melts. (4) Partition
coefficients obtained from quenched experiments display quench rate—related differences. (5)
For H,O as starting solution, distinctly higher fluid—melt partitioning data were obtained in the
cases of in-situ experiments compared to those from comparable quench runs. In the following
paragraphs, | will discuss the results of this thesis with regard to the effects of different exper-
imental and analytical techniques, quench rates, pressure, temperature, salinity of the fluid
and melt composition on fluid—melt partition coefficients. Then, | will compare the results to
literature data. This includes a short discussion of the differences in the light of experimental
difficulties. Furthermore, | will discuss the consequences for the trace element signature of
granitic melts and exsolved magmatic fluids.

1. Effect of experimental and analytical method (in-situ vs. quench):
A major goal of this thesis consisted in the refinement an existing method to measure
trace element contents in an aqueous fluid equilibrated with silicate melt directly at ele-
vated pressures and temperatures. The presented manuscripts show that this objective
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was successfully attained. An important advantage of the in-situ approach consists in
the direct observation of the kinetics of trace element equilibration between aqueous
fluid and coexisting silicate melt. At present, no other experimental technique can pro-
vide such data on trace element behavior in fluid—melt systems. The data presented in
Chapter 2 clearly demonstrate that the equilibration between aqueous fluid and melt is
rapid and can therefore affect partition coefficients obtained in quenched experiments.
The comparison of partition coefficients obtained with different experimental and ana-
lytical methods shows distinctly higher D™ particularly for non-chloridic solutions, if
in-situ analysis of the aqueous fluid was used. Back reactions between fluid and melt
upon cooling were identified as one cause of these differences. In the case of Cl-bearing
solutions, partition coefficients from both methods are in fairly good agreement. This is
likely due to the higher trace element concentrations which make the effect of back reac-
tions less significant.

Nevertheless, the here determined "in-situ partition coefficients" are still not truly
in-situ because the melt had to be analyzed after quench. The equilibration experiments
presented in Chapter 2 clearly show that back reactions between aqueous fluids and
silicate melts occur. Rubidium concentrations in the aqueous fluid slightly decrease with
decreasing temperature and pressure, whereas Sr contents increase at the same time.
Thus, obtained in-situ fluid—melt partition coefficients of Rb represent minimum values,
and Dg/;“ are maximum values. As stated in the previous paragraph, these partition co-
efficients should be considerably closer to the true value and more reliable than most
partition coefficients based only on analyses after quench. For chloridic fluids, one can
reasonably assume that the "in-situ fluid—melt partition coefficients” are do not deviate
much from the true value because the observed changes of trace element concentrations
in the aqueous fluid upon cooling were relatively small.

. Quench rate—related differences:

Quenched experiments were performed in hydrothermal autoclaves with rapid and slow
quench rates. The results presented in Chapters 3 and 4 show that quench rates affect
partition coefficients of the studied trace elements. For experiments with H,O as starting
fluid, the comparison between rapidly and slowly quenched experiments reveals distinct
differences. For example, rapidly quenched fluids contain up to 20 times more Rb and
have Sr concentrations below the limit of detection compared to slowly quenched solu-
tions. In the case of Cl-bearing fluids and peralkaline melts, rapid-quenched experiments
yield, likewise, much lower Sr concentrations in the fluid. The effect of the back reactions
is more obvious at low trace element concentrations in the fluid. For higher trace element
contents in the fluid, concentration shifts due to re-equilibration remain within error. All
in all, these findings can be explained with fast re-equilibration between melt and fluid
upon cooling and are thus consistent with the observations made for Rb and Sr using
the in-situ approach.

. Effects of temperature and pressure:

Quenched experiments were performed at 750, 850, and 950°C and 200 or 500 MPa.
In this PT range, obtained fluid—melt partition coefficients of all studied trace elements
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show only small or indiscernible variation. Therefore, it can be concluded that temper-
ature and pressure have no strong effect on fluid—melt partitioning of the studied trace
elements. This result is likely due the fact that these PT conditions are well below that of
the critical curve for haplogranite-water. That is, they are located at the steep portions of
the solvus, where compositions of the coexisting phases change little with P and T. This
interpretation is supported by in-situ experiments performed at 750°C and pressures up
to 1 GPa. In these experiments, fluid—melt partition coefficients increase slightly with
pressure, at least in the case of Rb and Sr. This behavior correlates with the increased
solubility of melt in the aqueous fluid, which results in a smaller chemical contrast be-
tween the phases. This also suggests that trace elements form significant amounts of
complexes with melt components in the aqueous phase at higher pressures.

. Effect of fluid composition:

For all studied elements, fluid—melt partition coefficients obtained from experiments with
Cl-bearing solutions are one to two orders of magnitude higher than those at comparable
conditions using H,O as starting fluid. The results of the in-situ experiments also indi-
cate that partition coefficients, at least of Rb, Sr, Ba, and La, increase slightly with the
initial salinity of the aqueous fluid. This finding is confirmed by results of additionally per-
formed experiments in the system albite-quartz (Appendix A). Here, fluid—melt partition
coefficients of Rb and Sr increase slightly and linearly with initial salinity of the fluid to
maximum values of 0.4 at initial NaCl concentrations in the fluid of 3 or 4 m. Therefore,
the data presented here underscore the key role of the Cl™ activity for the partitioning of
most trace elements between aqueous fluids and silicate melts. For the studies trace el-
ements, one can reasonably assume that the presence of Cl~ will result in the formation
of significant amounts of chlorine complexes in the fluid. At higher salinities, however,
the observed changes in the partitioning coefficients with CI~ concentration are often
smaller than reported in the literature, i.e., the studied trace elements still preferred the
melt.

. Effect of melt composition:

The results presented in Chapter 3 and 4 point to a strong effect of melt composition on
fluid—melt partitioning of Sr, Ba, La, Yb, and Y. In experiments with chloridic solutions,
partition coefficients of these elements show a distinct increase with the ASI of the melt.
This dependence on melt composition is either related to changes in the speciation in
the aqueous fluid, or to changes in the incorporation of these elements in the melt, or to
both factors. Dissolution of peralkaline melt in aqueous fluids will result in an enhanced
release of Na™ and K™ into the fluid compared to the release from peraluminous melts.
Therefore, the activities of CI~ and OH™ will decrease more strongly in fluids equilibrated
with peralkaline melts. Thus, less CI~ and OH™ is available in these fluids to form com-
plexes with Sr, Ba, La, Yb, and Y. This explanation is supported by the basic quench pH
of the fluids in experiments with peralkaline melts reported in Chapter 3. Because of the
increasing ion association with temperature, the basic quench pH implies the presence
of significant quantities of NaOH" and KOH" complexes in the fluid at the run conditions.
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In conclusion, this thesis presents the first systematic dataset for Rb, Sr, Ba, La, Yb, and Y
partitioning between aqueous fluid and haplogranitic melt as function of fluid and melt compo-
sition, temperature, and pressure. All investigated trace elements show a preference for the
melt over the studied PTx range, independent of the experimental and analytical technique
even at high salinities. This finding differs from many other experimental studies, e.g., Webster
et al. (1989), Bai and Koster van Groos (1999), Reed et al. (2000) who report a preference for
the fluid particularly at higher salinities. The deviations of the results of this thesis from those
of other experimental studies are probably mostly related to different analytical methods, par-
ticularly for the determination of the element content in the fluid. The sampling and analysis of
the quenched fluid is the most difficult part because of large intrinsic uncertainties caused by,
e.g., back reactions between fluid and melt, the tendency of fluid to unmix, or precipitation of
solutes during cooling. Moreover, the fluid amount is small in these experiments. Therefore,
a small contamination from tiny crystals or melt droplets due to incomplete separation before
analysis can result in much too high element concentrations in the aqueous fluid particularly
for trace elements. The determination of trace elements contents in the fluid via mass bal-
ance (Webster et al., 1989) is also associated with substantial errors, because this approach
requires modeling of undetermined parameters, e.g., H,O solubility in the silicate melt and
dissolution of melt components in the aqueous fluid. In addition, this method requires a very
accurate determination of trace element contents in the initial glass as well as in the quenched
melt because otherwise, small trace element contents in the fluid cannot be calculated without
significant errors. Finally, the mass balance method does not include additional phases that
might form in the fluid during the experiment, but such phases can incorporate large amounts
of the studied trace elements an will lead to an overestimation of partition coefficients.

The presented fluid—melt partition coefficients of Rb and Y are in good agreement with
data from natural cogenetic fluid and melt inclusions (e.g., Audétat and Pettke, 2003, Rickers
et al., 2006, Zajacz et al., 2008, Audétat et al., 2008). For Sr, Ba, La, and Yb, data from natural
samples are either not available or are associated with large errors due to concentrations in
the fluid that are close to or below the detection limit. A probable explanation for this is that
Sr and Ba strongly partition into granite forming minerals, and that the rare earth elements
fractionate into accessory phases, e.g., monazite during progressive crystallization. Modeling
of the behavior of Sr during the evolution of a granitic system shows that the fractionation of
strontium between chloridic fluids and aluminous melts is weaker than the fractionation be-
tween feldspars and melts (Chapter 3). That is, crystallization of Sr-bearing minerals will result
in a depletion of Sr in the residual melt. Barium and strontium are divalent large-ion lithophile
elements, and thus, show a geochemically similar behavior also with regard to fluid—melt par-
titioning (cp. Chapters 3 and 4). In contrast to Sr, barium also substitutes for potassium in
micas. Therefore, one can reasonably assume a similar or even stronger effect of progressive
granite crystallization on barium concentrations in the residual melt. In addition, the weight
fraction of exsolved aqueous fluids is generally small in granites (2 to 3 wt.%). Therefore, the
concentration of divalent LILE in residual granitic melts is mainly controlled by the abundance
of and LILE incorporation into crystallizing phases. The obtained fluid—melt partition coeffi-
cients of divalent LILE are strongly affected by the composition of the silicate melt. Aqueous
fluids reacting with peralkaline silicate melts have little ability to alter divalent LILE concentra-
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tion in the melt, independent of the salinity of the fluid. In comparison, chloridic fluids are able
to more efficiently leach these elements from peraluminous silicate melts (ASI>1). This sug-
gests a slightly higher enrichment of the large-ion lithophile elements in peralkaline melts, and
thus, much higher concentrations of these elements can be expected in minerals crystallized
from peralkaline melts. This is consistent with data from natural samples, which show higher
concentrations of Ba and Sr feldspars in peralkaline granites compared to those from grani-
toids with peraluminous bulk compositions (e.g., Mahood and Hildreth, 1983, Stix and Gorton,
1990, Ewart and Giriffin, 1994, Bea et al., 1994). In contrast, the Rubidium fractionation in
granitic systems between fluids and melts and crystals and melts shows no dependence on
melt composition (e.g., White et al., 2003, and data presented in Chapter 3). Therefore, the
Rb/Sr or Rb/Ba ratios in the melt are also primarily controlled by crystal—melt partitioning, and
can thus be used to obtain information on the stage of evolution and particularly on the degree
of fractional crystallization in a granitic system.

Fluid—melt partitioning of La, Yb, and Y depends both on fluid and melt composition
(Chapter 4). The rare earth elements are characterized by a similar geochemical behavior.
Therefore, it can be inferred that fluid—melt partitioning of all REE will depend in a similar
manner on these parameters. The results presented here show that the preference of rare
earth elements for the melt is much more pronounced than that of the LILE, particularly for
peralkaline compositions. In contrast to large ion lithophile elements, the REE do not fraction-
ate into granite forming minerals, except for Eu?* which substitutes for Ca in plagioclase under
reducing conditions. Therefore, exsolution of an aqueous fluid and fractional crystallization of
feldspars, quartz, and mica will result in an enrichment of the REE in the residual melt in the
absence of accessory phases. This behavior will be much more pronounced in the case of
a peralkaline melt than for peraluminous compositions. REE enrichment in silicate melts will
result to the formation of REE bearing phases as observed in the in-situ experiments (Chapter
4). This conclusion is in agreement with geological observations on REE ore deposits which
are commonly associated with peralkaline granites (e.g., Kovalenko et al., 1995, Williams-
Jones et al., 2000, Tassinari et al., 2001). The stronger affinity of REE to peralkaline melts
is also consistent with their structural role in melts, where they can be considered as network
modifiers due to their large ionic radius and thus high coordination number. Therefore, rare
earth elements will rather coordinate with non-bridging oxygens of depolymerized melts (i.e.,
ASI<1) (e.g., Ponader and Brown, 1989, Anderson et al., 1998, Park et al., 2002, Marchi et al.,
2005). Rare earth element ore deposits are mainly linked to the formation of e.g., parisite and
bastnaesite. Our experiments also show, for hydrothermal REE mineralizations derived from
alkali granites, complexing of the REE must take place with other ligands than CI™ to explain
the enrichment in the fluid phase. These anions are probably CO>~, HCO;, SO?~ and F~,
and fluids rich in these components are mainly of external origin (e.g., Bea, 1996, Gieré, 1996,
Williams-Jones et al., 2000). All in all, the concentration of REE in residual granitic melts is
also strongly controlled by the nature and abundance of crystalline phases.

In conclusion, fluid—melt partitioning of large ion lithophile and rare earth elements were
studied as function of pressure, temperature, fluid salinity, and melt composition using differ-
ent experimental and analytical methods. The presented results extend the current data for Rb
and Sr, and provide new insight into the fluid—melt partition behavior of Ba, La, Yb, and Y, par-
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ticularly the dependencies on PTx conditions. The ability to perform in-situ determinations of
trace element concentrations in aqueous fluids equilibrated with silicate melts is an important
improvement in the study of fluid—melt interactions. The presented results of this thesis en-
hance to knowledge on the role of fluids and their interaction with magma in the late stages of
the evolution of magmatic complexes and also during the formation of magmatic-hydrothermal
ore deposits.
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Outlook

The results of this thesis highlight the importance of an in-situ method to study fluid—melt sys-
tems. In the following paragraphs will discuss further improvements of the in-situ technique.
Firstly, | present some possibilities and their limitations to quantify trace element contents in
aqueous fluids and silicate melts at elevated PT conditions. And secondly, | will show first
results of an ongoing spectroscopic study on the complexation of Sr in the aqueous fluid equi-
librated with silicate melts at high PT conditions.

6.1 Further improvements of the in-situ method

In-situ fluid—melt partition coefficients obtained in this study are based on the analysis of
trace element contents of the aqueous fluid at elevated PT conditions and of the quenched
melt. As described before, back reactions occur between the coexisting aqueous fluid and
the silicate melt upon cooling. Although the observed changes of trace element contents in
the aqueous fluid are small, one need to determine the trace element concentrations at high
pressures and temperatures in both phases to avoid quench effects. At present, the melt
droplets cannot be analyzed in-situ with confidence due to coexcitation of the aqueous fluid
around the droplets. Even if the incident beam is focused, a portion of these X-rays will be
scattered in the diamond anvil, and a contribution from coexcited fluid to the XRF signal is
therefore inevitable. Nevertheless, two improvements can be made to obtain completely in-
situ fluid—melt partition coefficients.

1. At present, the bulk trace element concentration is not known in these experiments. That
is due to the small amount of trace element doped glass used in in-situ experiments, and
to small heterogeneities of the trace element concentrations of the initial glass. One can
determine the bulk trace element concentration in the system by XRF measurements
in a one phase silicate fluid. Therefore, the trace element doped glass should be com-
pletely dissolved in the aqueous fluid at a temperature that is roughly 50°C above the
experimental temperature. This requires smaller glass amounts than used in these ex-
periments. After the collection of XRF spectra of the one phase fluid, the temperature
is shifted to the experimental temperature. Upon cooling, the one phase fluid unmix to
aqueous fluid and silicate melt, and XRF spectra of the aqueous fluid can be taken. This

98



Outlook

technique has two main sources of error. Firstly, one has to know the density of the one
phase fluid, and secondly one needs to determine the fluid/melt ratio at P and T where
spectra are collected. The latter information can be most probably achieved by mapping
of the sample chamber. The density of the one phase silicate fluid can be calculated
using the known initial fluid/melt mass ratio and changes of the sample volume due to
creeping of the recess material upon heating. All in all, one would have to test, if this is
an applicable method, and how large the errors are in comparison to the method used
within this study.

2. The other possibility includes the analysis of coexisting fluid and melt at elevated pres-
sures and temperatures, but requires comprehensive changes of the hydrothermal diamond-
anvil cell. The cell has to be constructed that the diamonds are perpendicular to the in-
coming beam, and both diamonds need to have a recess. If so, one can use gravitational
differences of fluid and melt because the melt will fall in the lower recess. The most criti-
cal point is that the melt has to fill the lower recess completely. This may become difficult
because of the surface tension of the silicate melt and the wetting properties of diamond.

6.2 Strontium complexation in fluids equilibrated with sili-
cate melts at high PT conditions

In Chapter 3 a distinct effect of melt and fluid composition on the Sr fluid—melt partition co-
efficient is discussed. This dependence on melt composition is either related to changes in
the speciation in the aqueous fluid, or to changes in the incorporation of these elements in the
melt, or to both parameters. Kohn et al. (1990) studied structural environments of Srin dry and
hydrous silicate glasses using extended X-ray absorption fine structure (EXAFS) spectroscopy.
For strontium, no changes in the first-shell geometry in these glasses are observed. Thus, they
infer that the melt composition does not play a direct role in controlling the melt compositional
dependence of trace element partition coefficients. Based on the results of Kohn et al. (1990)
we can not explain the effect of melt composition on D/™ presented in Chapter 3. So far,
statements on the complexation of (trace) elements in aqueous fluids equilibrated with sili-
cate melts are based on correlations between trace element contents or fluid—melt partition
coefficients and anion concentrations of the quenched fluid and the derivation of an appro-
priate exchange equilibria. Very often these equilibria are difficult to define because in many
cases several possibilities for element species and element complexes may exist, particularly
in the fluid. Furthermore, the activities of many components are unknown, which makes the
definition of such exchange equilibria more difficult. Spectroscopic investigations may provide
new insights to the nature of element complexes at high PT conditions. X-ray absorption near
edge structure (XANES) analysis is sensitive to the local geometry and atomic position of the
absorbing atom and it’s oxidation state. In comparison to EXAFS scans, XANES spectra are
simpler to measure, the observed features are more intense and concentrated in smaller en-
ergy region, and there are less problems with diffraction peaks from the diamond anvil of a
HDAC. Furthermore, EXAFS analysis could be afflicted by multiple electron excitations (MEE),
e.g., in the case of Sr, the simultaneous excitation of 1s4s, 1s3d, and 1s3p electrons (e.g.,
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D’Angelo et al., 1996).

X-ray absorption techniques have been widely used to study the local structure of trace
elements in silicate glasses and melts (e.g., Ponader and Brown, 1989, Kohn et al., 1990,
Farges et al., 2001a,b, Wilke et al., 2002, 2007) and aqueous solutions (e.g., D’Angelo et al.,
1996, Seward et al., 1999, Mayanovic et al., 2007a,b, 2009a,b). At present, no attempt has
been made to study the complexation of strontium or any other trace element in aqueous fluids
in equilibrium with silicate melts as a function of fluid and melt composition.

In an ongoing study, the complexation of Sr in aqueous fluids coexisting with silicate
melts is analyzed directly at high pressures and temperatures. This is realized using a HDAC
and X-ray absorption near edge structure (XANES) analysis. The experiments were done at
ID26 (ESRF, Grenoble, France). XANES spectra are collected using an emission spectrometer
with Bragg crystals that spectrally analyzes the fluorescence from the sample and reflects it
onto a photon detector.

Figure 6.1 show Sr XANES spectra of peralkaline and peraluminous glasses. The spec-
tra show distinct differences in the pre-edge region and different positions of the first EXAFS
maximum, which are 16163 eV for the peralkaline glass and 16155 for the peraluminous com-
position. The position of the white line differs slightly from 16119.2 eV for the peralkaline glass
to 16119.7 eV for the peraluminous composition. The white line peak of the peralkaline glass
is smaller and broader compared to that of the peraluminous glass. These variations in the
spectra clearly proof that the incorporation of Sr in silicate melts strongly depends on the ASI of
the melt. Therefore, the XANES data are different to the results of Kohn et al. (1990), who may
not be able to resolve these structures because they collected EXAFS spectra, and studied
also different glass compositions. In addition, comparison of the results reported by D’Angelo
et al. (1996) with the data by Kohn et al. (1990) show that the EXAFS spectra presented by
Kohn et al. (1990) were affected by multiple electron excitations.

Sample spectra were collected in one phase silicate-rich fluids at >750°C and various
pressures. The starting material for the silicate—rich fluids consist of an aqueous solution, H,O
or 1 m (Na,K)CI + 0.01 m HCI, and a peralkaline or peraluminous glass chip. The dimensions
were chosen such that the glass amount was ~10 wt.% of the desired bulk composition. This
small amount is necessary because the melt should be completely dissolve in the aqueous
fluid at run conditions due to a relatively large beam in this case. Three different fluid—melt
systems were studied, peralkaline melt + H,O, peralkaline melt + chloridic solution, and pera-
luminous melt + chloridic solution. The three Sr XANES spectra are presented in Fig. 6.2. The
collected spectra show distinct differences in the pre-edge region and on the high energy side
of the white line. The position of the white line peak also depends on the system composition,
and is 16119.3 eV for the chloride-free peralkaline fluid, 16118.7 eV for the CI™ bearing peral-
kaline solution, and 16119.4 eV for the CI™ bearing peraluminous fluid. The shape of the white
lines distinctly differ in spectra of peralkaline aqueous solutions with or without chlorine, and
also in chloridic solutions containing dissolved peralkaline or peraluminous melt. The peak of
the peralkaline chloridic fluid is broader and smaller compared to those of the other solutions.
The position of the first EXAFS maximums are also variable, and are shifted to higher values
in peralkaline solutions. All in all, the obtained XANES spectra of the three studied silicate
solutions point to different local geometries around strontium as a function of melt and fluid
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starting glasses
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Figure 6.1: Stronium XANES spectra of peralkaline and peraluminous starting glasses.

composition. For chloridic silicate solutions, one can reasonably assume that more than one
Sr complex will form dependent on melt composition because of distinct differences in XANES
spectra of peralkaline and peraluminous chloridic solutions. The spectra of the peralkaline so-
lution is very similar to that of the peralkaline glass, whereas the spectra of the peraluminous
solution does not look like that of the peraluminous glass. The peraluminous solution also do
not resemble the spectra of a SrCl, standard solution measured at 600°C. This is in contra-
diction to interpretations of quench data using metaluminous or mildly peraluminous starting
glasses (Bai and Koster van Groos, 1999, Webster et al., 1989) who suggested that Sr will
form mainly chlorine complexes in the fluid at high pressures and temperatures.

The data analysis of these spectra is still in progress. Quantitative information from the
sample spectra will be obtained in two steps. Firstly, measured XANES spectra of crystalline
references and standard solutions are simulated. Secondly, the spectra from the samples
are compared to these modeled reference spectra to gain information on the local geometry
around Sr.
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Figure 6.2: Strontium XANES spectra of peralkaline and peraluminous silicate fluids.
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Appendix A

Additional fluid—melt partitioning
data - the system albite-quartz

Fluid—melt partition coefficients of Rb and Sr were also determined between the end member
composition albite-quartz (AQ) and various NaCl-bearing solutions at 750°C and 200 MPa.
These experiments were performed to test if the behavior of Rb and Sr vary significantly, if
the system is reduced by one component (in this case K) which means a reduction in the
degree of freedom as determined by the Gibb’s phase rule F = 2 + C - ®, where C are number
of components and @ refers to the number of present phases. Furthermore, these additional
experiments are used to evaluate the effect of CI~ concentration on Rb and Sr partitioning
which was not studied in detail in the system albite-orthoclase-quartz. Therefore, we choose
two starting compositions, AQ1 starting glass is more enriched in the albite component, while
AQ2 is more SiO,, rich (cp. Tab. A.1). The starting AQ glasses were doped with ~2500
ppm Rb or Sr. A detailed description of the glass preparation can be found in Chapter 2.2.1.
The solutions were produced from distilled de-ionized water and analytical grade powders of
NaCl. The molality of the aqueous fluids varied from 1 to 4 m NaCl. Rapid or slow quenched
experiments were conducted in externally heated cold-seal pressure vessels using H,O as
pressure medium, and for a duration of 120 hours. A detailed description of the preparation
of starting materials and samples, and experimental setup can be found in chapters 3.2.1 and
3.2.2.

Table A.1: Composition of AQ starting glasses from EMP analyses
and normative composition based on the components albite, quartz and
corundum. TE - trace element as indicated by sample name.

SiO;  AlO3 Na,O ASI TE normative composition
[wt.%] [wt.%] [wt.%] [ppm]
AQ1_Rb | 76.98 1536 7.66 1.22 26094203 | Abgs.51Qz32.42 + Ca.76
AQ1_Sr 77.38 15.19 7.43 1.24 25174256 Ab62,86Q234_16 + C2,97
AQ2_Rb | 82.04 12.03 593 1.283 3070+329 | Absg.16Qz47.53 + C2.08
AQ2_Sr | 82.18 11.90 5.91 1.283 28994329 | Ab4g.9sQzs7.51 + Co2
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Chapter A

The experimental conditions, the composition of glasses and fluids after quenching, and the
determined fluid—melt partition coefficients of Rb, Sr, and Na are listed in Table A.2. The
fluid—melt partition coefficients of Rb, Sr and Na are shown in Figs. A.1.1 to A.2.2.

In Fig. A.1.1 fluid—melt partition coefficients of Rb, Sr, and Na are compared for experi-
ments with rapid and slow quench rates. The data show a relatively good agreement although
Rb and Sr show a tendency to higher partition coefficients obtained from rapid quenched ex-
periments. In contrast, no clear trend can be found in the case of Na.

The dependence of fluid—melt partition coefficients of Na, Rb, and Sr on the initial salin-
ity of the fluid is illustrated in Fig. A.1.2. In all experiments, except one, partition coefficients
of Rb, Sr, and Na are smaller than one, and therefore, show a preference for the melt even at
high fluid salinity. For all elements, partition coefficients increase with increasing salinity of the
fluid. This increase is much more pronounced in the case of Na than for Rb and Sr which show
D™ smaller than 0.4 using 3 or 4 m NaCl solutions. Nevertheless, Na partition coefficients
show strong scattering that is more pronounced at higher fluid salinities, and is independent of
the melt composition.
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A.1.1: slow vs. rapid quench A.1.2: D vs. initial m NaCl

Figure A.1: Comparison of partition coefficients of Na, Rb, and Sr from slow and rapid

quenched experiments (Fig. A.1.1) and dependence of D™ on the initial NaCl concentra-
tion in the fluid (Fig. A.1.2).

The correlation between Df\{;“ and trace element partition coefficients as a function of melt
composition are shown in Fig. A.2.1 for Rb and in Fig. A.2.2 for Sr. In addition, dependent of
the composition of the melt, feldspar or quartz crystallized in some of the experiments. In the
case of Rb, no effect of melt composition is observed. The Di{f}“ increase with increasing Na
partition coefficient (Fig. A.2.1). The increase can be described by the following linear correla-
tion Di{ﬁ": 0.01 +0.31~ D}C\I/fl For strontium, a strong effect of melt composition is observed.
In experiments with albite-rich melts (AQ1) Sr partition coefficients scatter between 0.01 and

0.04, whereas a linearly increase with DfN/;“ is observed in runs using AQ2 melt composition
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Additional fluid—melt partitioning data - the system albite-quartz

(Fig. A.2.2). The latter can be characterized by the linear equation Dfs/rm= -0.05+0.42" Di{;“
In the case of the albite-rich composition, the very low Sr partition coefficient can easily ex-
plained by the formation of Sr-bearing feldspars.
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Figure A.2: The dependence of fluid—melt partition coefficients on the DfN/;n as a function of
melt composition are shown in Fig. A.2.1 for Rb and Fig. A.2.2 for Sr.

These experiments clearly show that neither Rb nor Sr preferentially partition into the
fluid even at high fluid salinities. Partition coefficients of Rb and Sr at similar fluid salinity
are only slightly lower than the data from experiments in the system albite-orthoclase-quartz.
Another observation in the AQ system is that Rb and Sr partition coefficients are almost similar,
whereas in the AOQ system D}/™> D™ at similar fluid salinity. The main difference between
experiments in both systems besides the composition is a reduction of the number of trace
elements in a experiment to one (AQ) whereas AOQ compositions were doped with four trace
elements. Therefore, the results suggest that interactions between trace elements themselves

may also contribute to fluid—melt partitioning. In general, this may be of minor importance.



Appendix B

Methods for fluid analyses in
quenched experiments

Inductively-coupled plasma—optical emission spectrometry and lon Chromatography are used
to determine the element concentrations in fluids from quenched experiments. Due to the
relatively high fluid amount that is needed for the analyses, measurements are carried out in
H,O—diluted samples. The results are recalculated to the weight of the undiluted fluid. This is
done by subtracting the weight of capsule material and quenched glass from the weight of the
unopened capsule after the run.

B.1 Inductively-coupled plasma - optical emission spectrom-
etry

The measurements were performed with a simultaneous inductively—coupled plasma — optical
emission spectrometry (ICP—OES, Varian Vista-MPX, Institut fir Geowissenschaften, Univer-
sitdt Potsdam) coupled to a V-groove nebulizer and equipped with a charge coupled device
(CCD). The ICP conditions are shown in Tab. B.1.

Table B.1: ICP—OES instrumental conditions

Plasma Argon
RF generator power [kW] 1.2
Plasma gas flow rate [L min—!] | 15.0
Auxiliary gas flow rate [L min—!] | 1.5

Nebulizer flow rate [L min—1!] 0.75
View high [mm] 10
Replicates 3
Sample uptake [s] 30
Rinse time [s] 10
Pump rate [rpm] 15

The fluids are analyzed for Na, K, Si, Al, Rb, Sr, La, Yb and Y. The calibration for each element
was performed using a blank and two standard solutions. Standard solution one (two) contains
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Methods for fluid analyses in quenched experiments

10 (25) mg/l Na and K, 2.5 (10) mg/l Si and Al, 1.25 (2.5) mg/l Rb and Sr, and 0.5 (1) mg/l
La, Y and Yb. Argon was used as internal standard. For each element an emission line was
chosen, preferably the most intensive one and undisturbed by emission lines of other elements
(Tab. B.2). The detection limit (di, B.2) of each element was determined experimentally using
replicate measurements of a standard solution that contains 0.1 mg/l of each element, and
calculated using

diy =cy-3-VB/I

net

where cy is the concentration of element X in the standard solution, B is the mean value of
the background signal, and I, is the mean signal from the net intensity.

Each sample was measured three times, and the mean value is used for determination
of element concentrations.

Table B.2: Emission lines (upper line, [nm]) and detection limits (lower line, [mg/l]) for ICP
analyses.

Na K Si Al Rb
588.995 | 766.491 | 288.158 | 396.152 | 780.026
0.02 0.23 0.05 0.06 0.14
Sr Ba La Y Yb
407.771 | 455.403 | 408.671 | 360.074 | 328.937
0.0004 0.002 0.01 0.01 0.004
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Chapter B

B.2 lon Chromatography

lon chromatography (IC, DIONEX DX 100 or 120, Helmholtz-Zentrum Potsdam Deutsches Ge-
oForschungsZentrum) is used to determine the anion concentrations, e.g., fluoride, chloride,
nitrate, and sulfate in aqueous solutions. The anions are separated based on their differential
affinity for a low capacity, strongly basic anion exchange resin (Small et al., 1975). Here, we
determine the concentration of SrCI™ in fluids from experiments using chloridic starting so-
lutions. The operating conditions are listed in Tab. B.3. The calibration is accomplished by
five standard solutions containing 20 to 100 mg/l SrCI~. The calibration curve is determined
from the peak area acquired for each different calibration level using a linear interpolation. The
correlation coefficient (R?) has a value of 0.995. The concentration of SrCl™ in the sample is
determined using
Xor = (K, -areay) + K,

where x., is the concentration of SrCl™ in the sample, area, is the area of SrCl™ in the
sample, and K, and K, are the slope and the y—axis intercept of the chlorine calibration curve.

Table B.3: Operation conditions for determination of chloride by lon Chromatography

Guard column AG9HC

Analytical column | AS9HC

Suppresser ASRS 300 Anion self-regenerating suppresser
Eluent 9 mM Na,CO, sodium carbonate

Flow rate 1.0 ml/min (eluent)

Detector cell DS4 Detection stabilizer

Sample loop 50 ul

Sampler AS50 Automated sampler
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