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Abstract

This study presents improvements of internally heated pressure vessels to realize high
pressure experiments at controlled fO, in low viscosity systems such as basaltic ones. The new
design is a combination of two experimental techniques: a hydrogen sensor membrane made
of platinum to measure fH, and therefore fO, and a rapid-quench system to avoid
crystallization of low viscosity melts during quench. The new technique was used to
determine the effect of fO, on water solubility in a melt with MORB composition. The results
show that there isa small but significant decrease of water solubility with decreasing fo, from
MnO-MnzO4- to QFM-buffer conditions in the pressure range 50 — 200 M Pa.

Crystallization experiments were performed at 200 MPa in the temperature range 1150 °C —
950 °C at a fo, corresponding to the MnO-MnzO4- and QFM-buffer to assess the role of
aH,0, fo,, and bulk water content on phase relations and compositions in a primitive (B1) and
evolved (B2; MnO-MnzO4-buffer only) MORB system. Following phases were observed:
glass, olivine, clino- and orthopyroxene, plagioclase, magnetite, ilmenite, and amphibole.

Bl phase relations show that olivine is the liquidus phase followed by
plagioclase + clinopyroxene, independently of fO,. Amphibole is only present at 950 °C and
1000 °C at water-saturated conditions. In experiments at the MnO-MnzO,-buffer, olivine is
not stable at 950 °C but orthopyroxene is always observed. In contrast, a reducing conditions
(QFM-buffer) magnetite and orthopyroxene are not stable.

It is shown that variations of the bulk water content influence significantly phase relations and
compositions, as a result of a simultaneous variation of aH,O, fo,, and melt fraction.
Increasing aH,O results in an increase of X, in olivine and Mg# of the melt due to increasing
fo,. In addition, increasing bulk water content (constant aH,O and fO,) has the same effect
due increasing melt fraction. CaO content of olivine is not only dependent on melt anhydrous
composition and Xg,, but on aH,O. Amphibole was only found to be stable at water-saturated
conditions (melt water content > 5.0 wt% H,0). Its stability is also dependent on the residual
melt composition, which is a function of the bulk water content in the system. Liquid lines of
descent obtained at high and low fO, are mainly controlled by the fO, and only to a little
extent by aH,O. Residual liquids from experiments conducted at a fO, corresponding to the
QFM-buffer show a tholeiitic differentiation trend. The crystallization of magnetite at a fo,
corresponding to the MnO-MnzO4-buffer results in a continuous decrease of the FeO*/MgO
of the residual melt causing a calc-akaline differentiation trend. SiO.—ich residual melts can
be obtained under both, oxidizing and reducing fO, but at least one fractionation step is
required to reach plagiogranitic residual melt compositions.



Zusammenfassung

Die in der ozeanischen Kruste ablaufenden Differentiationsprozesse von subalkalischen
tholelitischen Magmen sind bislang wenig erforscht worden. Inshesondere der genaue
Mechanismus der Entwicklung von SiO,-reichen Schmelzen aus MORB Magmen ist
ungeklért. Vorhandene experimentelle Ergebnisse aus basaltischen Systemen, die meist bei
Dricken von 1 bar unter trockenen Bedingungen durchgeftihrt wurden, reichen nicht aus, um
die ablaufenden Differenzierungsprozesse zu verstehen, da MOR Basalte im initialen Stadium
der Differentiation bis zu 0.5 gew% H,O enthalten kénnen. So zeigen petrographische und
strukturelle Befunde aus Ophiolithen an, dal? die Kristallisation der Plagiogranite bei Driicken
zwischen 100 und 200 MPa und einer Wasseraktivitét (aH.0) > 0.5 erfolgte. Daher kann die
Rolle der fur die SiO,-Anreicherung der Restschmelze sehr wichtigen, fO, -sensiblen Fe-Ti-
Oxide nicht aus 1 bar Studien abgeleitet werden. Um die natrlichen Bedingungen (Druck,
Temperatur, aH,O, f0p) experimentell préazise einstellen und die ablaufenden
Differentiationsprozesse nachvollziehen zu kdnnen, muf3te eine spezielle Apparatur fir intern
beheizte Gasdruckanlagen entwickelt werden. Damit ist es moglich, durch schnelles
Abkuhlen der Probenkapsel nach dem Experiment Ungleichgewichtskristallisation zu
verhindern und durch Einbringen einer Wasserstoffmembrane in die Versuchsanlage unter
Verwendung von Ar/Hx-Gemischen als Druckmedium die Sauerstoffugazitéat (fOy)
entsprechend den natiirlichen Bedingungen (~QFM —Puffer) einzustellen und zu variieren.
Diese neue Technik wurde zunéachst benutzt, um den Einfluld der Sauerstoffugazitét auf die
Wasserloslichkeit in MORB Schmelzen zu untersuchen. Die Versuche wurden dabei unter
sehr oxidierenden, intrinschen fO,-Bedingungen (MnO-MnzO,4-Puffer) und reduzierenden fO,-
Bedingungen (QFM-Puffer) durchgefihrt. Dabel hat sich gezeigt, dald die Wasserloslichkeit
im Druckbereich 50-200 M Pa mit abnehmendem fo, ebenfalls abnimmt.

Fur die Experimente zur Kl&rung der Genese von SiO,-reichen Restschmelzen unter krustalen
Druckbedingungen wurden unter Verwendung der oben beschriebenen Technik
Kristallisationversuche mit einem primitiven MORB Glas (B1) bei 200 MPa und einem
Temperaturintervall von 1150 °C bis 950 °C durchgefiihrt. Die Sauerstoffugazitdt wurde
ebenfalls variiert und entsprach den oxidierenden MnO-Mnz;Os- und den reduzierenden QFM-
Puffer-Bedingungen. Um den Einfluld der Wasseraktivitét zu untersuchen, wurden vier
Startzusammensetzungen mit unterschiedlichen H,O-Gehalten verwendet (zwischen 0.35 und
4.7 gew%). Weiterhin wurden mit einem zweiten, stérker differenzierten MORB Glas (B2)
Versuche durchgefuhrt, das in seiner Zusammensetzung dem erstem, primitiven Glas B1
nach 50% Kristallisation entsprach.



Folgende Phasen konnten in den experimentellen Versuchsprodukten beobachtet werden:
Olivin, Klino- und Orthopyroxen, Plagioklas, Magnetit, IImenit, Amphibol und Schmelze. In
der primitiven B1 Zusammensetzung ist Olivin, unabhéngig von der Sauerstoffugazitét, die
Liquidusphase, gefolgt von Plagioklas und Klinopyroxen. Die Amphibolstabilitét ist auf
Temperaturen von 950 °C (QFM-Puffer) und 1000 °C (MnO-MnzO,4-Puffer) in Versuchen mit
einer Wasseraktivitét = 1 begrenzt. Magnetit tritt nur bei oxidierenden V ersuchsbedingungen
bel Temperaturen zwischen 1100 °C und 1050 °C auf, wahrend das IImenit-Stabilitétsfeld,
unabhangig von der Sauerstoffugazitét, auf 950 °C bel niedrigem Wassergehalt begrenzt ist.
Unter oxidierenden Bedingungen ist Olivin, unabhangig vom Wassergehalt, bei
Versuchstemperaturen von 950 °C nicht mehr stabil und wird durch Orthopyroxen ersetzt. In
der starker differenzierten Zusammensetzung B2, die nur bei oxidierenden Bedingungen
untersucht wurde, ist Magnetit die Liquidusphase, gefolgt von Klinopyroxen, Plagioklas,
[lmenit und Orthopyroxen.

Sowohl hinsichtlich der Phasenbeziehungen als auch der Zusammensetzungen kann
festgestellt werden, dald der unterschiedliche Wassergehalt der Startzusammensetzung
signifikanten Einflu® hat. Dies ist das Resultat der wechselwirkenden Parameter aH,0O, fO,
und Schmelzmenge. Mit ansteigender Wasseraktivitdt steigt zugleich auch die
Sauerstoffugazitdt, welche wiederum die Mg-Zahl der Schmelze und damit die
Olivinzusammensetzung beeinflufdt. Weiterhin ist der CaO-Gehalt der Olivine nicht allein von
der Oxidaktivitét in der trockenen Schmelze abhéngig, sondern wird durch geldstes Wasser,
welches CaO in der Schmelze stabilisiert, reduziert.

Der Vergleich der B1 Restschmelzzusammensetzungen bei Versuchen unter oxidierenden und
reduzierenden Bedingungen zeigt, dal3 die Sauerstoffugazitét, unabhéngig vom Wassergehalt,
der entscheidende Parameter bei der Differentiation ist. Bei reduzierenden Bedingungen
nimmt das FeO/MgO-Verhdltnis kontinuierlich zu und zeigt einen tholeiitschen Trend. Die
Kristallisation von Magnetit bei oxidierenden Bedingungen hingegen bewirkt eine FeO-
Verarmung der Schmelze, was einen kalk-alkalischen Differentiationstrend zur Folge hat.
Bezlglich der Genese von sehr SiO,-reichen Restschmelzen mul? festgestellt werden, dal3 die
experimentelle Differentiation der primitiven B1 Zusammensetzung nur einen maximalen
SiO,-Gehalt von etwa 60 gew% erreicht. Typische Plagiogranite zeigen jedoch SiO,-Gehalte
zwischen 65 und 75 gew%. Diese Schmelzzusammensetzungen konnten experimentell nur
mit der stérker differenzierten B2 Zusammensetzung erreicht werden. Dies deutet darauf hin,
dal’ wenigstens ein Fraktionierungsschritt fur die Entstehung von SiO,-reichen Schmelzen aus
MORB Magmen ndtig ist.
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1. Experimental Techniques

1. Experimental Techniques: A combined Rapid-Quench and H-
Membrane Setup for Internally Heated Pressure Vessels

1.1. Introduction

Experimental investigations on the influence of oxygen fugacity (fo;) and water activity
(aH20) on phase relationships and physicochemical properties of basaltic, low-viscosity,
volatile- and iron-bearing systems at geologically relevant conditions require the development
of special vessel and furnace setups with the following features: 1. The maximum temperature
must at least reach 1200 °C because of the high liquidus temperature of basaltic compositions.
2. Temperature (T) and pressure (p) in the range 0.05 — 1GPa must be held precisely for long
duration if equilibrium crystal-liquid phase studies are performed. 3. pH> has to be controlled
accurately to achieve an exact determination of fo, and fH>O during the experiments. 4. The
iron-loss from the sample to the container must be minimized. 6. The experimental setup has
to be equipped with a rapid-quench system to quench the charges within a few seconds to
avoid the formation of quench crystals in low-viscosity, hydrous compositions. Such design
features can be attained best using internally heated pressure vessels (IHPV).

The general features of IHPV were described by Holloway (1971). The main advantages can
be summarized as follows: p and T uncertainties are smaller than in piston cylinder apparatus,
the relatively large volume of the IHPV under hydrogtatic, Ar-medium pressure allows the use
of highly sophisticated furnace- and sample holder apparatuses; the maximum capsule size is
generally larger in IHPV when compared to piston cylinder or cold seal pressure vessels
(CSPV). Roux and Lefevre (1992) and Holloway et al. (1992) described a rapid-quench
system for IHPV that allows high-temperature and high-pressure experiments with basaltic
liquids and quench rates of about several hundred degrees Celsius per second. A major
weakness of their IHPV rapid-quench setup is the lack of fo, monitoring which is important
for experiments on iron-bearing compositions. The effect of fO, on phase relationships in
basaltic liquids has been the object of numerous studies using 1 atm furnaces (e.g., Osborn,
1959; Presnall, 1966; Juster et a., 1989; Snyder et al., 1993; Toplis and Carroll, 1995; Toplis
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1. Experimental Techniques

and Carroll, 1996;). However, the influence of volatiles is not considered in these studies. The
effect of pressure, H,O, and fO, on basaltic compositions has also been investigated by
numerous authors (e.g., Yoder and Tilley, 1962; Hamilton et al., 1964, Holloway and
Burnham, 1972; Helz, 1973; Helz, 1976) mostly using the double-capsule technique (Eugster,
1957; Eugster and Wones, 1962) or intrinsic buffered fo, -conditions. In these studies the
analyses of liquids and phases were often complicated by the formation of quench crystals
during cooling. Additionally, the lifetime of solid buffers limits the duration of the
experiments (Scaillet et al., 1992) and the large size of the whole sample and buffer charge
can even cause quench crystals using the conventional rapid-quench setup of Roux and
Lefevre (1992) and Holloway et al. (1992).

A further technique for the control and measurement of fO, is the Ho-membrane (Shaw, 1963).
Several studies showed the reliability of this method for experiments under various p, T, and
fo,in CSPV (Hewitt, 1977; Hewitt, 1978; Gunter et al., 1979; Gunter et al., 1987; Schmidt et
al., 1995; Frantz et a., 1977) and IHPV (Piwinskii et al., 1973; Scaillet et a., 1992). Thus, the
combination of a rapid-quench system and the Hz-membrane technique in IHPV was
challenging. It fulfills the criteria discussed above to conduct experiments with low viscosity,

volatile- and iron- bearing basaltic compositions. We developed an experimental design that

pre-pressure total pressure H.-inlet pressure Figure 1.1 Diagram of the rapid-quench-
transducer transducer transducer outlet H,-membrane IHPV assem b|age.
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allows one to perform such experiments, and hence, to investigate the influence of p, T,
fo, and aH,O on phase relationships and physicochemical properties of basaltic systems.

Applications for the determination of water solubilities and phase relationships are presented.

1.2. The Vessl

Schematic illustrations of the complete high-pressure equipment, the vessel, furnace, and the
rapid-quench setup are shown in Figures 1.1 and 1.2.

The double-end designed vessel body consists of two outer cylindrical Béhler W300 Isobloc®
tool-steel parts shrinked on each other and of an inner Inconel 718%-steel cylinder. In
operation mode the vessel is vertically mounted. For easy insertion of furnace and sample
holder the vessel can be turned around into a horizontal position. Internal threads (heat treated
to 60 HRC) and closure nuts (45 HRC) are installed at both ends of the autoclave. The
working space of the vessel isacylinder of 45 mm i.d. and a length of 350 mm.

The maximum operating pressure is 1 GPa. The upper closure head of the IHPV is attached to
the furnace (Fig. 1.3) and contains two ports for power supply of the furnace. The lower

closure head holds the rapid-quench-H,-membrane device (Fig. 1.4) and contains overall four

closure nut Figure 1.2 Schematic cross section of the
pressure IHPV equipped with rapid-quench-Ha-

inlet membrane device.
internal threads

furnace
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ports for S-type thermocouples (Pt-PtRhyg), power lead for rapid-quench function and steel
tubing which is connected to the Ho-membrane inside the IHPV and the Hz-membrane
transducer (Fig. 1.1, 1.2, 1.4). To avoid embrittlement problems due to hydrogen permeation
in steel, the closure heads were made of CuBe2 beryllium bronze (40 HRC). Bridgman type
pressure packings consisting of bronze-Teflon-copper-bronze-rings are used for sealing the

closure heads.

1.3. The Furnace

The vertically operating resistance furnace apparatus (Fig. 1.3) is based on the double wire
element furnaces for IHPV described by Holloway (1971), Holloway and Wood (1988), and
Holloway et al. (1992). The internal ceramic tube (99.9% Al,Os, i.d. 22 mm) is wrapped with
two molybdenum windings (0.d. 0.5 mm) which are connected to electrical leads made of
steel cones insulated by Teflon heat shrink tubing. Ground connection of the windings is done
through the vessel body itself. Separate controlled heating zones (using an Eurotherm 906
EPC controller) combined with radially thermal insulation made of steel foil, mullite, and
quartz wool yield stable isothermal conditions in a large volume ( 5 °C aong 50 mm length
and 22 mm diameter in the temperature range 900 — 1250 °C up to 500 MPa) and a
temperature oscillation 3 °C. Thermal insulation between the hot spot zone and the closure
head, steel cones, and electrical leads is ensured by a ceramic-, a pyrophyllite-, and a Teflon
plate. The position of the capsules is determined by the sample holder (see below) and lies
approximately 15 mm above the boundary between the two windings. The typical heating rate
Is about 30°C/min with a power distribution of about 560 W for the lower and 200 W for the

upper winding (at 200 MPa and 1250 °C).

1.4. The Rapid-Quench Device
General features of rapid-quench devices used in IHPV to avoid non-equilibrium quench
effects such as the formation of quench crystals from the melt or overgrowth of existing

phases were described in detail by Roux and Lefevre (1992) and Holloway et al. (1992).
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Figure 1.3 Schematic illustration of the
furnace: (1) furnace electrodes; (2)
pressure inlet; (3) closure head; (4)
Bridgman seal; (5) steel cone; (6) Teflon
insulation; (7) pyrophyllite insulation; (8)
ceramic plate; (9) upper molybdenum
winding; (10) mullite quartz steel-foil
insulation; (11) ceramic tube; (12) lower
molybdenum  winding; (13)  ground
connection.
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Figure 1.4 Schematic illustration of the rapid-quench
H,-membrane device: (1) Pt-wire; (2) capsule; (3)
Pt-PtRhio thermocouples insulated by two-hole
ceramic capillary; (4) ceramic tube; (5) He-
membrane; (6) ground connection for quench wire
electrode; (7) glass-epoxy printed circuit board; (8)
Ni-CrNi thermocouple; (9) copper block; (10) steel
cone; (11) closure head; (12) Bridgman seal; (13)
thermocouple connectors; (14) H,-pressure capillary
(with connector); (15) copper wire lead for Pt-
quench wire electrodes; (16) Pt-quench wire
electrodes; (17) ceramic loop; (18) outer platinum
tube; (19) Al,Os; powder; (20) inner platinum tube;
(21) ceramic hollow tube; (22) steel plug.
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Some new design features of the experimental setup are presented in this study (Fig. 1.4, 1.5).
A general description of the rapid-quench device can be summarized as follows. The sample
Is fixed to a Pt-wire in the hot spot of the furnace and is quenched by fusing the Pt-wire
electrically. The sample falls on a copper block unit with high thermal conductivity fixed on
the lower closure head which isin direct contact to the water-cooled vessel body.

A K-type thermocouple placed on the bottom of the copper block unit records continuously
the temperature of the cold quench area (20 - 25 °C for typical experiments up to 1250 °C and
200 MPa). This allows to check the successful rapid quench of the sample due to temperature
increase in the cold zone when the capsule drops. All temperatures and pressures of the IHPV
are logged automatically by a LabView computer monitoring system. Thus, a premature drop
of the capsule, temperature oscillations or other temporally occurring failures can be detected.
Four unsheathed S-type thermocouples are placed in the hot spot zone. Two of them,
connected to the Eurotherm unit, are used to control the power supply of the two furnace
windings. Two additional thermocouples are inserted into the ceramic tube (ceramic tube has
been drilled) and are positioned about 2 mm from the capsules to determine the exact
temperature of the samples hanging inside the ceramic tube.

Thin enameled copper wires (0.d. 0.15 mm) pass through the pressure ports to allow the
connection between the thermocouples wires (in the vessel) and the Eurotherm controller.
Only two pressure ports are available for the copper wires which are easily damaged

especially when pressurizing the vessel. To protect these wires, small slits are made along the

— enameled Figure 1.5 Steel cone with slits
copper wires - ;
'y ‘ containing enameled copper wires
1 steel cone which are connected to the
N it thermocouples.

15 mm

Araldite/
Pyrophyllite jacket
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steel cones (angle 7.5°; Fig. 1.5) in which the enameled copper wires are fixed with an
Araldite/Pyrophyllite mixture (Roux, pers.com.). The steel cones are sealed by a second
Araldite/Pyrophyllite jacket. Thermocouple pressure ports made in this way show high
reliability and durability. More than 150 experiments under conditions up to 500 MPa and
1250 °C were performed with the same cones.

The cooling rate of rhyolite melts quenched with the device described above has been
estimated by Benne (2000, unpublished diploma thesis) using the geospeedometer of Zhang et
al. (2000). Results show a quench rate of 150 °C/s with a factor of two uncertainty. Holloway
et al. (1992) calculated a theoretical quench rate of about 500 °C/s for a similar internally
heated rapid quench vessel whereas Roux and Lefevre (1992) estimated that the samples cool
to room temperature in less than 1 minute. However, quench rates depend on the size of the
capsule, heat conductivity of the sample, pressure, and run temperature. Our experimental
design allows one to quench water-saturated MORB liquids containing 9.38 wt% H,O (see

below) from 500 MPa and 1200 °C to ahomogenous, crystal- and bubble- free glass.

1.5. H>-M embrane Design

Only a few H,-membranes for IHPV have been described in detail (e.g., Piwinskii et al.,
1973; Scaillet et a., 1992). Most of them were made of AgPd alloys because of its high
permeability. Despite the lower permeability of hydrogen through Pt when compared to
AgPd-alloys (e.g., Chou, 1986), platinum was chosen as permeable metal for the membrane.
The use of a Pt-membrane is justified by the high experimental temperatures needed for
Investigations of basaltic systems (melting point of Pt a 1 atm: 1772 °C; melting point of
AgsoPdsp at 1 atm and 1330 °C). It is emphasized that the setup described below can only be
used as a hydrogen sensor because of the low volume of the membrane compared to the
vessel. The small space that is available for a H,-membrane near to a rapid-quench setup (Fig.
1.4) requires arelatively small-sized membrane configuration. Therefore, controlling the large

free volume of the IHPV (190 cm®) via the membrane as an H.-reservoir (3.53 cm’) is



1. Experimental Techniques

difficult due to the long equilibration time between the Pt-membrane and the vessel (Hewiitt,
1977; Scaillet et a., 1992; Schmidt et a., 1995).

The Hy-membrane is attached to the rapid-quench sample holder (Fig. 1.4). It is composed of
an outer Pt tube (i.d. 2.8 mm, o0.d. 3.2 mm and 90 mm length) which is welded at its top and
filled with Al,O; powder (grain size 100 - 180 um) along the last 30 mm (part of the
membrane located in the hot spot zone). In the lower part a second Pt tube (0.d. 2.7 mm, i.d.
2.5 mm) containing a ceramic hollow tube (i.d. 0.5 mm) followed by a steel plug isinserted in
the outer Pt tube. A steel capillary connecting the membrane assembly to the Ha-pressure
transducer (Fig. 1.1) is inserted inside the lower part of the steel plug. Inner and outer
platinum tube, steel plug, and steel capillary are brazed at their bottom ends.

First attempts to measure pH; in the hot spot zone were made using porous AlSiMag rods
(described by Scaillet et al., 1992 and Schmidt et d., 1995) instead of Al,Os powder. But high
run temperatures of more than 1000 °C at 200 MPa lead to afast recrystallization of AISiMag
which completely hampered the diffusion of hydrogen through the membrane into the H-line.
As aresult of the failure of these AISiMag rods at high temperatures it could be deduced that
the ceramic hollow tube which islocated in the lower part of the membrane is impermeable to
hydrogen. Thus, the H,-diffusing zone is restricted to the porous Al,O; powder filled

membrane section lying in the hot spot zone near the samples.

1.6. Experimental Procedure and Achievement of Equilibrium

Experiments with the described setup were performed at pressures of up to 500 MPa from
900 °C to 1200 °C. After loading the IHPV and flushing with pure hydrogen, the vessel is
first charged with hydrogen up to the initial pH,. After isolation from the Ha-reservoir, the
vessel is loaded with argon until about 50 % of the final pressure (depending on the run
temperature) is reached. The vessel isthen completely isolated from the Ar-pressure line. The
Ha-line is air-evacuated (Scaillet et al., 1992) before raising the temperature to the desired
value. At the end of the experiment the quench wire is fused electrically and the samples drop

down to the cold quench area. In experiments with duration shorter than the time needed to
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attain hydrogen equilibrium between the vessel and the H,-membrane, the H-equilibrated
samples are quenched and stay on the bottom of the sample holder (Fig. 1.4) under pressure
(in the cold area of the vessel) until equilibrium is reached for exact pH, measurement in the
membrane. Due to the low temperature in the cold quench zone (20 — 25 °C), which is far
below the glass transition temperature, no reaction takes place in the experimental charge.

To test the reliability of the H,-membrane response, several experiments using the solid redox
sensor technique after Taylor et a. (1992) and capsules charged with solid oxygen buffer
assemblages (Ni-NiO and Co-CoO) have been carried out. The intrinsic fH, buffering capacity
in IHPV s used at Hannover has been measured with Ni-Pd solid sensors (Taylor et al., 1992)
and is equivalent to the MnO-MnzO4 solid oxygen buffer in the temperature range 900 °C -
1200 °C at 200 MPa and 500 MPa (identical values for IHPV were found by Webster et al.
(1999). Solid redox sensor measurements in the IHPV equipped with the H,-membrane have
been carried out a 1000 °C and 1150 °C at 200 MPa but were not successful. The adjusted
fH2 was slightly above the Ni-NiO buffer (using Ni-Pd sensor) and at the QFM buffer (Co-Pd
sensor), respectively. Analyses of the resulting sensor alloys as well as of the used capsule
material (AugoPd2 and Pt) showed that the reactive metal component was almost completely
lost to the capsule wall despite placing the sensor mixtures in an inert ZrO;, jacket (probably
due to the high run temperatures at low oxygen fugacities).

Further experiments were carried out to verify the pH, values measured by the H,-membrane

(Tab. 1.1). Charges (25 mg) of NiO and Co (with an excess of H,O) were sealed separately in

Table 1.1 Experimental results for the reaction Co + H,0 = CoO + H,
and NiO + H, = Ni + H,0.

run T duration  Pyta pH> logfO, AQFM reactants products
[°C] [h] [MPa] [bar] [bar] [bar]

145a 1000 82 207 18.68 -10.77 +0.01 Co Co.CoO

145b 1000 82 207 18.68 -10.77 +0.01 NiO Ni. (NiO)

128a 1150 79 205.7 20.50 -8.60 +0.12 Co (Co). CoO

128b 1150 79 205.7 20.50 -8.60 +0.12 NiO Ni. (NiO)

128c 1150 5* 205.7 20.50 -8.60 +0.12 NiO Ni. (NiO)

* charge quenched after 5 h to compare results with 128b
phases in parentheses have been identified qualitatively

10
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AugoPdyo capsules and placed inside the rapid-quench-Hz-membrane device. Two capsules

were heated at 1000 °C and 207 MPa (run 145) and three capsules at 1150 °C and 205.7 MPa

(run 128). Following the experimental procedure described above, the vessel was loaded with

the calculated pH, corresponding to the QFM solid oxygen buffer. Results in Table 1.1 show

that NiO has been reduced to Ni and Co has been oxidized to CoO at both temperatures. This

indicates that the measured pH, corresponds roughly to the QFM buffer because of the

approach of both, the Ni-NiO and Co-CoO buffer assemblages towards the QFM buffer lying

between the Ni-NiO and Co-CoO buffer curve.

A method to check the validity of performed pH,-measurements in IHPV has been used

25
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S 15 X t measured pH, in E
= I membrane
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Figure 1.6a Predicted and measured
pH> response of the H-sensor
membrane at 1000 °C. Grey zone
marks the QFM solid oxygen buffer
zone = 0.15 log units. Note that pH. is
constant after reaching osmotic
hydrogen equilibrium between
membrane and vessel.

Figure 1.6b Predicted and measured
pH2 response of the H;-sensor
membrane 1150 °C. For detailed
comments see Figure 1.6a.



1. Experimental Techniques

successfully by Scaillet et al. (1992). The theoretical H,-mass transfer from the vessel through
H,-membranes was calculated and compared with the measured membrane response. Results
of Scaillet et al. (1992) showed a good agreement between the predicted and measured
evolution of pH, in IHPV using Pt and AgsoPdso membranes at 400 MPa and 700 - 750 °C.
Similar calculations to model the mass transfer of hydrogen have been done for experiments
no. 145 and 128 (Tab. 1.1, Fig. 1.6a, b). The calculation procedures have been described in
detail by Scaillet et al. (1992) using the equation of Harvie et al. (1980; see appendix). The

main assumptions made in this calculation procedure can be summarized as follows: 1. The

calculation follows an iterative procedure where f. (membrane or capsule) is initially zero

and fj, (vessel) istheinitial fH, of the vessel after loading the IHPV with calculated pH, and
Ar considering the run temperature. Due to the permeation of H, through the membrane
during Dt, f,,, increases whereas f,°, decreases until equilibrium is reached. 2. The intrinsic

oxygen buffer capacity of the vessel is neglected (pH2 for MnO-MnzO, buffer conditions at
relevant p-T conditions is < 1 bar, see above). 3. Ideal mixing of H, and Ar isassumed. 4. The
run temperature in the hot spot zone is believed to be the uniform temperature in the free
vessel volume. The predicted and measured evolutions of pH, at 1000 °C and 1150 °C plotted
in figures 1.6a and 1.6b are in good agreement and support the validity of the results obtained
from experiments using the Ni-NiO and Co-CoO buffer assemblage.

Figures 1.6a, b can also be used to analyze the possible hydrogen loss by diffusion of
hydrogen through the vessel walls in long duration experiments. In contrast to observations
made by Scaillet et al. (1992), no decrease of pH, in the vessel after osmotic equilibrium
between vessel and membrane could be detected (e.g., a 1150 °C pH- is identical after 40 and
80 h runtime; Fig. 1.6b). This is confirmed using calculations based on the equation of Harvie

et a. (1980; k for Inconel® 718 from Robertson, 1972 in Gunter et al., 1987) which shows that

only 6.9x107" mol H; (in 80 h assuming a uniform temperature of the vessel body of 100 °C
and a pH; of 20.5 bar in the vessel, which corresponds to QFM buffer conditions at 205.7

MPa and 1150 °C run temperature) will be lost through the vessel walls. This minor pH-

12
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decrease of about 2x10™* bar cannot be detected. A possible explanation for the decrease of
pH, observed by Scaillet et al. (1992) is that hydrogen escaped through the sheathed

thermocouples which were used in their setup.

1.7. Applications

1.7.1. Determination of Water Solubility in Basaltic Liquids

Water solubility determinations have been carried out at intrinsic buffered fo, conditions
(MnO-Mnz04 buffer, see above) and at fO, corresponding to the QFM buffer to investigate the
influence of oxygen fugacity on water solubility in a primitive MORB composition (Tab. 1.2).
A powder (size 100 - 200 um) of synthetic dry MORB glass (composition B1, Tab. 1.3) was
used for the solubility experiments.

Charges of about 70 mg powder with an excess of H,O (Tab. 1.2) were sealed in AugoPdxo
capsules (Kawamoto and Hirose, 1994). A significant problem for phase equilibrium
crystallization experiments in basaltic systems is the loss of iron to the sample container (e.g.,
Ford, 1978; Grove, 1981; Johannes and Bode, 1978; Ratgjeski and Sisson, 1999). It can be

shown that there is no iron loss to the AugoPdzo capsule material at oxidizing conditions

Table 1.2. Experimental results for water solubility in MORB at 1200 °C.

MnO-Mn;0,* QFMTt
run 125 25 24 23 27 26 121 122 126
wt basalt powder [mg] 74.33 80.19 59.88 72.88 63.88 65.66 87.44 69.44 79.48
H,O loaded [ml] 2.69 4.38 6.66 9.09 6.98 11.58 3.24 3.74 7.08
H,O [wt%] in charge 3.49 5.18 10.01 11.09 9.85 14.99 3.57 511 8.18
wt charge before experiment [mg] 623.85 697.69 688.40 1045.81 676.67 702.82 646.02 536.73 669.45
wt charge after experiment [mg] 623.88 697.73 688.42 1045.84  676.69 702.86 646.12 536.85 669.53
duration [h] 15 24 20 24 22 20 15 15 15
Ptotal [MPa] 50.5 53.2 102.3 202.1 304.3 500.9 55.4 101.9 203.3
PH, [bar]*, T 0.05 0.06 0.10 0.17 0.22 0.30 10.20 16.10 26.40
log fo, [bar]§ -3.86 -3.86 -3.83 -3.78 -3.73 -3.63 -8.37 -8.29 -8.18
A QFM [bar] +4362 +4361 +4.357 +4344 +4331 +4.307 -0.140 -0.103 +0.064
H O [wt%] in glass || 2.20 (0.08) 2.23 (0.09) 3.32 (0.09) 4.8 (0.07) 6.27 (0.09) 9.38 (0.06)  2.23 (0.04) 3.05 (0.05) 4.46 (0.02)
duplicate 2.28 (0.06) - - - - - 2.14 (0.04) 3.18 (0.04)

* intrinsic buffering capacity of used IHPV corresponds to the MnO-Mn O solid oxygen buffer (measured with solid oxygen sensor
method of Taylor et al., 1992)

T PH, was monitored using H,-membrane

T weight gain of the capusles after experiments is caused by small adherent pieces of Pt quench wire

§ based on equation for MNnO-Mn;0, (Chou 1978) and QFM (Schwab and Kiistner 1981) buffer curve

|| uncertainty from Karl-Fischer-Titration given in parentheses ( 0,02ug/s) ; for further comments see text

13
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(Berndt et al., 2000). For the experiments at reducing conditions, the capsules were
presaturated in iron at fO, conditions similar to the desired redox conditions in solubility
experiments. Presaturation was performed for 3 days at 1200 °C in an 1 atm gas mixing
furnace (H»/H,O) and the capsules were placed in a ceramic crucible containing a MORB
glass (with composition given above). The capsules were subsequently extracted from the
surrounding glass by placing them in HF. Microprobe analysis of glasses obtained by
hydration runs at 1200 °C and 203 MPa (aH-»O = 1, fO, corresponding to the QFM buffer) in
capsules treated by this method showed that iron loss is small (about 3 wt% relative). The run
duration at reducing conditions was short (1.5 h) to minimize iron loss. By using a powder of

maximal 200 pum grain size, it can be shown that a duration of 1.5 h is long enough to attain
equilibrium distribution of water at 1200 °C and 200 MPa (assuming 2¢/Dt andD,,, values

in basaltic melts with 0.2 wt% H,0 from Zhang and Stolper, 1991). Additionally, experiments
no. 25 (24 h runtime) and 125 (1.5 h runtime) at MnO-MnzO, buffer conditions show similar
results for water solubility and are evidence for achievement of equilibrium distribution of
water in the glasses. The experimental products were crystal- and bubble- free glasses and the
water contents were analyzed by Karl-Fischer-Titration (KFT; Behrens, 1995; Holtz et al.,
1995; Behrens et al., 1996). Water solubility data results at oxidizing conditions are in good
agreement with previous data of Hamilton et al. (1964) in the p-T range 50 - 400 MPa
(Tab. 1.2; Fig. 1.74). Our results show that Hamilton et a. (1964) probably underestimated
the water solubility at higher pressures due to their analytical method (weight loss at 110 °C,
see discussion in Holtz et al., 1995). The evolution of water solubility as a function of
pressure (MPa) in the range 100 - 500 MPa at 1200 °C is almost linear and can be modeled by
the following equation: y=0.01515x+1.8 wherey is the water content of the melt and x is
the pressure in MPa. The data obtained up to 200 MPa a& MnO-Mnz;O4 and QFM redox
conditions show that water solubility is slightly higher a high fo, (MnO-MnzO4) than at the
QFM buffer (Tab. 1.2; Fig. 1.7b). Although the absolute differences are low, they are not

considered to be an artifact. Water contents determined by KFT show a good reliability
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especially in the range 2 - 8 wt% water (Behrens, 1995) and the precision of the KFT analyses
are below + 0.15 wt% H,0 absolute (for a total measured amount of H,O of 500 — 1000 ug).
The uncertainties given in Table 1.2 are always below this value and the results from
duplicate analyses are also within this range. Due to the low viscosity of hydrous basaltic
liquids, the glasses are bubble free and the analysis cannot be influenced by the presence of
water in bubbles. At 200 MPa the uncertainty of the determination is lower than the water

solubility difference between high and low fO,. There are two possible explanations for the

/% 1 Figure 1.7a Water solubilities for the
9r ¥ --7+ 1 MORB system at 1200 °C between 50
. _ 7 1 and 500 MPa and redox conditions
8[ this study (fo, = MnO-Mn,0,) Pt - ] corresponding to the MnO-MnzO4
71 ,i’ | buffer compared with solubility data of
~.< | Hamilton et al. (1964) for Columbia
< 6} -7 \ { River basalt.
= ol Hamilton et al. (1964)
o, °[ £ ]
T 4} .
3+ 3 ]
2t 2 .
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r 1 MORB system at 1200 °C in the
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effect of fO, on water solubility: 1. The water activity is reduced by the higher pH, at QFM
redox conditions when compared to low pH, (<1 bar) at oxidizing conditions. However, it has
been shown by Schmidt et al. (1999) that such a low variation in pH; (less than 30 bar, see
Tab. 1.2) does not influence significantly the water solubility. 2. The Fe**/Fe** ratio in the
melt is responsible for the different water solubility. Melts at higher fo, contain more Fe* and
are therefore more polymerized at dry conditions. The dissolution of water involves reaction
with bridging oxygens. Because of the higher Fe** content in melts at oxidizing redox
conditions (higher amount of bridging oxygens) it can be expected that more water is
incorporated at such high fO, conditions. In addition it has been shown that water solubility
increases with increasing polymerization of the anhydrous composition (from basalt to
andesite, Ohlhorst et al., 2000). Our water solubility results can also be compared with those
of Dixon et al. (1995; Fig. 1.7b). Depending on their calculation method, the fO, calculated by
Dixon et al. (1995) is between QFM and QFM+2. Our results are in general good agreement
with those of Dixon et al. (1995), but it is difficult to extract information on the effect of fO,
from the study of Dixon et al. (1995) because of the relatively high uncertainty on fo,

determination. Furthermore, the composition is slightly different from that used in this study.

1.7.2. Determination of Phase Relationsin Basaltic Systems

The experimental setup described above has been used to understand kinetic controls on
crystallization in iron-bearing basaltic systems. In most high pressure experiments designed to
investigate phase relationships, the starting material is a glass synthesized at 1 am in air.
Such starting glasses have low Fe**/Fe** ratio corresponding to a log fo, = -0.68. The
fo,range adjusted in the high pressure experiments is 10 to 15 log units below this value.
Consequently the Fe**/Fe** ratio changes strongly in the first minutes of experiments. Because
crystallization of basaltic systems is fast, the osmotic hydrogen equilibrium between vessel
and capsule needs to be reached directly after heating up. If this condition is not fulfilled, it
can be expected that the individual crystals will not be homogenous (the core of the minerals

crystallize at higher fOp) which may influence the interpretation of the experimental results.
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The best method to attain rapid osmotic Ho-equilibrium is to pressurize the vessel with a
mixture of Ar and H, and to use the membrane as a low-volume hydrogen sensor (which
corresponds to the technique described in this study) because the desired fH, in the vessel is
reached immediately after heating up (in contrast to other techniques where the membrane is
used as Hy-reservoir). However, even if fH, is reached immediately in the vessel, the Fe**/Fe®*
ratio in the starting glass is not necessarily that corresponding to the desired fO5.

We performed a crystallization experiment using a hydrous MORB glass powder (see
composition in Tab. 1.3) synthesized at log fO, = MnO-Mns;O4 buffer, at 1200 °C, 200 MPa,
and aH,O = 1 (with approx. 4.8 wt% H,0). A powder (size 100 - 200 um) of this glass was
sealed in a Fe-presaturated AugPdy capsule, and the crystallization experiment was
performed at following conditions: 200 MPa, 1000 °C, log fo, = QFM - 0.1 for 5 h. Figure
1.8 shows a BSE image of the experimental products composed of plagioclase, olivine,
clinopyroxene, glass and oxides. Microprobe analyses of glasses and AugoPdyo capsule
materials in experiments conducted under these conditions showed that no significant iron

loss occurs.

Table 1.3. Starting material, selected olivine and melt compositions.

SC B1* Phase ol rim ol core ol small meltt
ni 18 o) no.§ 1 2 3 nit 2 o)
wt%
Sio 49.64 0.27 40.17 40.78 39.55 53.67 0.13
TiO, 0.87 0.05 0.02 0.04 0.04 1.33 0.02
Al O 16.07 0.16 0.72 0.02 0.04 18.64 0.31
FeO 8.63 0.07 21.10 15.36 23.24 8.37 0.07
MnO 0.15 0.07 0.24 0.40 0.35 0.22 0.14
MgO 9.77 0.09 37.50 43.29 38.27 4.01 0.12
CaO 12.44 0.16 0.31 0.19 0.28 9.76 0.06
Na,O 2.28 0.09 0.10 0.00 0.00 3.85 0.07
K O 0.08 0.03 0.02 0.00 0.04 0.16 0.03
P,05 0.08 0.05 - - - -
Total 100.00 100.18 100.08 101.81 100.00
X Fo 0.76 0.83 0.75
Mg# 82.35 Kd || 0.316 0.199 0.341 Mg# 50.53

Experimental conditions: 200 MPa, 1000°C, PH = 20.5 bar,

log fo, =-10.87 (QFM - 0.1) aH,0=1;

* Starting composition synthesized at 1200 °C and 200 MPa with aH O =1 and
log fo, = -3.78 (MnO-Mn;0,- buffer); T melt analyses are normalized to 100 wt%;
T number of analyses; § see Figure 8; || Kd Ol-Melt/Mg-Fe
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Large olivine crystals show compositional zonation. The composition of olivine cores
(Xpo 0.83, see Tab. 1.3 and Fig. 1.8) is different from that of the rims (Xg, 0.76) and of small,

probably later grown, olivines (Xg, 0.75). The Mg#, defined as Xug/(Xmg + XeLh), of the
basaltic glass is 50.5 (Tab. 1.3). At equilibrium conditions, the Kd 2 " for basaltic melts

with Mg# = 50.5 should be about 0.3 (Ulmer, 1989; Roeder and Emslie, 1970; Toplis and
Carroll, 1995). Such a Kd-value is obtained between olivine rims (and small olivines) and the
analyzed melt, suggesting equilibrium conditions between these phases. The higher Mg# of
the olivine cores is interpreted to result from fast crystallization from the melt before osmotic
hydrogen equilibration with the prevailing oxygen fugacity in the vessel is reached. Different
fo, conditions in the first stages of the experiment are also confirmed by the presence of
oxides in olivine cores only. The higher Xg, of the olivine cores is consistent with
crystallization under higher fo,. This higher fo, results from the initial Fe**/Fe** of the melt
which is lower than at equilibrium conditions (see above).

The chemical zoning of the large olivine crystals shows that fH; in the charge was not reached

Figure 1.8 BSE picture of MORB
crystallization experiment (1000 °C,
200 MPa, = QFM = -0.1 log units,
buffer conditions, aH.O = 15 h
- ¥ duration). pl plagioclase, ol olivine, ilm

y P ™ ilmenite, mt magnetite, cpx
e o7 ¥ =% = % &, clinopyroxene, m melt. Numbers
L g W Pl indicate olivine analyses in Table 1.3.
o fTm/nmte

%

B1, 1000°C, 200 MPa, log fo,= OQFM -0.1 30 ym

18



1. Experimental Techniques

immediately after heating up. This delay is most probably due to the relatively slow
permeation of hydrogen through AusoPdy aloys (the diffusion of hydrogen through a basaltic
liquid is probably faster than through the noble metal; Chekhmir et al., 1985). No diffusion
data for hydrogen in AugPdy aloys for temperatures of 1000 °C are available. For
temperatures up to 112 °C, Maestas and Flanagan (1973) and Sakamoto et al. (1982) showed
that with decreasing Au content, the diffusion coefficient of hydrogen increases for alloy
compositions from AusoPdsp to AuipPdg. Permeation of hydrogen through pure Au and Pd
capsules (i.d. 0.28 cm, o.d. 0.32 cm a 1.5 cm length) using the equation of Harvie et al.
(1980) shows a different behavior between these two metals: at the experimental conditions
described above the osmotic fH, equilibrium with Au and Pd capsules is attained after about
1.5h (1 h 28min; k for Au from Chou, 1986) and a few seconds (6s; k for Pd of Holleck, 1970
in Gunter at al., 1987), respectively. The calculations above show that the use of AugyPdx
capsulesto avoid iron loss and to perform experiments up to 1200 °C requires several minutes
before osmotic H-equilibration is reached. Thus, a starting glass preequilibrated at fO,
conditions similar to the desired redox conditions has to be used to perform successful phase
equilibrium studies and to avoid disequilibrium effects due to dow fH, equilibration between

capsule and vessel.

1.8. Conclusions

The setup for IHPV described in this study is a new combination of two established
experimental techniques: hydrogen sensor membrane to measure fH, (e.g., Shaw, 1963;
Piwinskii et al., 1973; Scaillet et al., 1992) and rapid-quench-system to avoid crystallization
of low viscous melts during quench (Roux and Lefevre, 1992; Holloway et al., 1992). The
high temperature membrane setup allows experiments in basaltic compositions to be
performed routinely at fo, and aH>O conditions which can be varied accurately in small
intervals without being fixed to fO, values controlled by solid oxygen buffers (double capsule
technique). The experimental setup has been tested in the pressure range 50 - 500 MPa and

1200 °C for more than 80 runs. High temperature experiments in this pressure range could
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2. Influence of H,O on Differentiation of MORB at High fo,

only be performed with piston cylinder apparatus in which the adjustment of oxygen fugacity
Is difficult. In addition, the use of IHPV allows the synthesis of large experimental samples.
Using a low-volume hydrogen sensor membrane has the main advantage to attain rapidly the
desired fH; in the vessel which is important for phase relation investigations due to the fast
crystallization of basaltic systems. Furthermore, the low volume of the sensor membrane does
not influence the fH, in the vessel. When compared with AgPd-membranes, the osmotic
equilibration time of Pt-membrane (necessary for high run temperatures) is longer. However,
this is not a problem with our setup, because of the possibility to quench and store the sample

in the cold part of the IHPV (copper block) until osmotic hydrogen equilibrium is reached.

2. Influence of H,O on Differentiation of MORB at 200 M Pa and High
Oxygen Fugacity (MnO-M n304 -Buffer Conditions)

2.1. Introduction

In the last decades, many experimental studies have been focused on the investigation of
phase relations in natural basaltic systems for a better understanding of the differentiation
mechanisms under crustal pressure and temperature conditions. Most of these experiments
have been carried out a a pressure of 1 atm (e.g., Osborn, 1959; Grove and Bryan, 1983;
Grove and Baker, 1984; Thy and Lofgren, 1994; Toplis and Carroll, 1995; Toplis and Carroll,
1996; Juster et al., 1989; Snyder et a., 1993), assuming that the small pressure difference
between shallow magma chambers and the surface does not influence significantly the results
and implications drawn from these studies. In other words it was considered that the low
volatile content of basaltic melts (which can only be incorporated in melts at high pressure)
has little influence on phase relations in MORB systems. One of the benefits of these 1 atm
studies was to evaluate the role of fo, which greatly effects the Fe-Ti oxide stabilities and the
related iron / silica enrichment of the melt. Concerning the role of volatiles, especially H,0O,
the broadly absence of amphibole in tholeiitic plutonic complexes (e.g., Skaergaard, Kigplait,
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Pleasant Bay, typical oceanic crust) is believed to be an evidence for very low water activities
during fractionation of these melts.

Recent studies on water contents in basalts from Kovalenko et al. (2000) showed that even
primitive MORB have an average H,O content of 0.31 wt%. Sobolev and Chaussidon (1996)
have reported water contents for primitive MORB up to 0.51 wt%. Assuming an initial water
content for a primitive MORB liquid of 0.5 wt% at a pressure corresponding to shallow level,
the crystallization of 60 wt% of water-free solid phases results in an increase of water activity
(aH20) up to about 0.23 (calculated after Burnham, 1979) for MORB at 1100 °C and
100 MPa; see below). Thus, it can be expected that the water activity of MORB liquids
increases to values which influence phase relations in these systems (especially in later sages
of fractionation) even if the stability field of amphibole may not have been reached.

Very little experimental data are available to understand the effect of aH,O on the
differentiation trends of primitive MORB’s at moderate pressure. To our knowledge, only
Spulber and Rutherford (1983) performed experiments using a primitive MORB from
Galapagos Spreading Center to assess the origin of plagiogranites in oceanic ridges, but aH>O
has not been varied systematically. Experimental investigations have been carried out in more
alkali-rich compositions. The comparison of results from melting and crystallization
experiments of Holloway and Burnham (1972) on the 1921 Kilaueatholeiite at an aH,O ~ 0.6
with those of Yoder and Tilley (1962) and Helz (1973, 1976) at water-saturated conditions
show that water influences phase relations and that the occurrence amphibole influences the
differentiation processes from andesite to rhyolite residual melts. Sisson and Grove (1993a)
and Sisson and Grove (1993b) investigated experimentally phase relations in calc-alkaline
systems at water-saturated conditions and Kawamoto (1996) carried out melting experiments
a aH,O < 1 in similar systems. These authors emphasized the dramatic role of water and
pointed out the absence of amphibole in these systems not necessarily mean that dry

conditions are prevailing.
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The lack of experiments in basaltic systems at moderate pressure (100 — 500 MPa) in the
presence of volatiles is due to experimental problems. The crystallization of quench products
IS a serious problem when performing experiments with low-viscosity basaltic compositions
and often hampered the interpretation of results from former phase equilibrium studies (e.g.,
(Helz, 1973; Helz, 1976; Holloway and Burnham, 1972; Hamilton et al., 1964). In this study,
experiments were carried out in internally heated pressure vessels (IHPV) using a rapid-
guench sample holder to avoid the formation of quench crystals during cooling the
experimental charge (Roux and Lefevre, 1992; Holloway et al., 1992; see chapter 1). The
study was planned to provide information on the influence of aH,O on phase relations in a
primitive MORB system at 200 MPa and fo, corresponding to the MnO-MnzO, buffer. We
performed crystallization experiments in the temperature range 1150 - 950 °C using both, a
primitive and a fractionated synthetic 10-component MORB glass. For each composition the
phase relations and phase compositions have been determined for four different bulk water
contents (ranging from 4.70 down to 0.74 wt% H»0). The results are used to improve our
knowledge on the influence of water on liquid lines of descent in a primitive MORB and on

crystallization processes in basaltic systems.

2.2. Experimental Techniques

2.2.1. Apparatus

All experiments were performed in a large volume, vertically mounted IHPV with pure Ar as
pressure medium. A detailed description of the apparatus is given in chapter 1. Total pressure
was recorded continuously with a Burster® Typ 8221 transducer (relative error < 0.5 %).
Different transducers from multiple IHPV were calibrated against each other and showed no
discrepancy. At 200 MPa, pressure uncertainty is about 1 MPa. A doubly wound resistance
furnace (Holloway, 1971; Holloway and Wood, 1988; Holloway et al., 1992) controlled by an
Eurotherm 906 EPC unit allows a large isothermal volume in the hot spot zone (£ 5 °C along

50 mm length and 22 mm diameter). Temperature oscillation is below 3 °C. Temperatures
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were read with four unsheathed S-type (Pt-PtRh;o) thermocouples. Two of them are connected
to the Eurotherm unit for controlling the power supply of the furnace. Two additional
thermocouples are positioned about 2 mm away from the capsules for an exact determination
of the sample temperature. To avoid the formation of quench crystals during cooling the
experimental charge, a rapid-quench system was used (Roux and Lefevre, 1992; Holloway et
al., 1992; see chapter 1) in which up to six capsules are fixed to a Pt-wire in the hot zone of
the furnace. By fusing the Pt-wire electrically, the capsules drop onto a copper block placed at
the bottom of the sample holder (the temperature in this part of the vessel is about 25 °C).
Quench rates achieved using this method completely avoid the formation of quench crystals.
Basaltic glasses containing high water contents (up to 9.4 wt% H,0) could be quenched
perfectly with this technique (see chapter 1). Intrinsic fO, of the IHPV has been measured at
four temperatures (900 — 1200 °C) using the Ni-Pd solid redox sensor technique after Taylor
et a. (1992) and is found to be equivalent to the MnO-MnzO4 solid oxygen buffer (Fig. 2.1).
The experiments have been performed using both Pt and AugoPdyo capsules. Results show that
fO, values obtained in AugoPdy capsules are slightly lower than in Pt capsules but are within

the error of the method of Taylor et a. (1992).

Figure 2.1 Intrinsic fo, in the used
IHPV measured by solid sensor
technique after Taylor et al. (1992) and
calculated fo> using coexisting
magnetite/iimenite pairs (Andersen et
al., 1993). Solid lines show MnO-
Mn3;O4 and QFM buffer curve. Dashed
line shows the shift of fo, relatively to

L MnO-MnzO, buffer curve at lower
8 water activities (aH2.O = 0.3) towards
more reducing conditions in
-10 | @ Sensor - Pt-capsule 1 experiments. Note that fo, values
1L & Sensor - AuPd-capsule| |  calculated _aftgr An(_jerse_n et al. (1993)
O B1-aH,0 =1 for magnetite/ilmenite pairs crystallized
A2k ol 1 at aH,0 < 1 show clearly more

[0 B2-aH,0 =1 . " : ;
reducing conditions in charge. NiPd
131 W B2-aH0 < 1 Sensor measurements after Taylor et
L L ! ! ! ! ! al. (1992) have been performed using

900 950 1000 1050 1100 1150 1200 both Pt and AugoPd2o capsules.

Temperature (°C)

23
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2.2.2. Starting Material

Two synthetic starting compositions (Tab. 2.1) have been used for the crystallization
experiments: a primitive MORB glass B1 for the first set of experiments and a more evolved
MORB glass B2 corresponding to a residual glass composition obtained after 50%
crystallization at 1100 °C (run no. 42; Tab. 2.1, 2.2). The starting materials have been made
from synthetic oxide and carbonate powders. The oxide powder mixtures have been placed
into a Pt crucible and fused at 1600 °C, 1 atm, and a log fO, corresponding to about -0.68
(air). The resulting glass was removed from the Pt crucible and grounded. This glass powder
was melted a second time (same conditions as above). To avoid alkali loss from the glass,
melting duration has not exceeded 1.5 h. Microprobe analyses of chips extracted from the top,
middle and bottom of the glass showed them to be homogeneous (see standard deviation in

Tab. 2.1). The glass B1 lies within the compositional range of natural primitive MORB's.

2.2.3. Sample Preparation and Experimental Procedure

For the crystallization experiments a powder was made of the starting glasses (grain size
<50 um). First attempts were made by preparing the samples with dry powder and a given
amount of water added with the help of a syringe in Aug)Pdx capsules. After loading the

capsules into the rapid-quench sample holder, they were first held for about 1 h above the

Table 2.1. Composition of natural primitve MORB and synthetic MORB B1 and B2 (starting material)

n® SO, TiO, AlLO, FeO*®  MnO MgO ca0 Na,O K,O P,Os

natural MORB® 49.47c (16)° 0.83(10) 16.35(54) 8.71(49) 0.16(9) 9.80(26) 12.35(33) 2.16 (12) 0.07(5) 0.09 (5)
synthetic MORB B1 18 49.64(27) 0.87(5) 16.07(16) 8.63(7) 015(7) 9.77(9) 12.44(16) 2.28(9) 0.08(3) 0.08 (5)
glass run no. 42 10 51.38(57) 1.46(11) 15.97 (57) 10.98 (25) 0.19 (15) 6.16 (29) 10.50(30) 3.06 (24) 0.12(7)  0.18 (12)

synthetic MORB B2 12 51.17(23) 1.43(6) 15.93(16) 10.72(26) 0.21(7) 6.49(7) 1057 (13) 3.13(11) 0.15(@) 0.19(7)

& number of analyses

® average composition of primitive MORB compositions from: Frey et al. (1974), Bryan and Moore (1977) and Natland and Melson (1980), all in
Ethon (1991); Melson and O’Hearn (1986) in Brooks et al. (1991); Langmuir et al. (1977); Spulber and Rutherford (1983); Christie and Sinton
(1986); McKenzie and Bickle (1988)

¢ oxide concentrations from microprobe are normalized to 100 wt% with all Fe as FeO* (total iron)

9 number in parantheses are one standard deviation of replicate analyses in terms of least units cited
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liquidus temperature at 200 MPato obtain a homogeneous distribution of H>O in the melt and
to alow redox equilibrium of the melt. In a second step, the temperature was lowered to the
desired run temperature. The resulting products clearly showed disequilibrium features.
Clinopyroxene minerals were zoned. Compositional variations for Al,O; with concentrations
of 5 -9 wt% within a single crystal were measured. To avoid these effects, charges with dry
glass plus water have been brought directly to the desired run temperature. Results for
relatively high temperatures (1050 — 1150 °C at 200 MPa) did not show disequilibrium
features, but the mineral size and distribution were heterogeneous at lower temperatures and
low aH»O. This is probably due to a crystallization which takes place before equilibrium
distribution of water was achieved in the glass powder.

Therefore, the experimental strategy used in this study consisted in using pre-hydrated glass
powder as starting materials. Large amounts of dry glass powder were placed into AugoPd2o
capsules (i.d. 0.5 cm; o0.d. 0.54 cm at 3 cm length) and stuffed with the help of a steel piston.
Distilled and deionized water was added to the charge using a microsyringe in five steps to
achieve homogeneous H,0O distribution within the capsule. The sealed capsules were heated at
1250 °C and 200 MPa (above liquidus) for 24 h in an IHPV equipped with the rapid-quench
device described above. Homogeneous crystal- and bubble free glasses were obtained and the
water content were determined by Karl-Fischer-Titration (KFT; for technique and precision
see Behrens, 1995; Holtz et al., 1995; Behrens et al., 1996). For B1, glasses containing 4.70
wt% (water-saturated), 2.53 wt% (aH,O = 0.47), 1.49 wt% (aH,O = 0.21), and 0.89 wt% H,O
(aH20 = 0.09) have been synthesized. For B2, glasses containing 4.50 wt% (water-saturated),
2.05 (aH,0 = 0.34), 1.25 wt% (aH,0 = 0.15), and 0.74 wt% H,O (aH,O = 0.06) have been
synthesized. For each starting glass only one KFT analysis has been made. Thus, the
homogeneous distribution of water has not been checked. However, this technique has proved
to be successful for the synthesis of large homogeneous hydrous glass samples (e.g.,

Schulze et al., 1999). In addition, the whole batch of each hydrous glass was crushed and
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Table 2.2. Experimental conditions and results for composition B1(MnO-Mn304)

run wit% H O® wt% H O° aH O fH O logfo ¢ AQFM® phases detected and modal proportions ©f SR2
bulk in melt [bar] [bar] [bar]

1150°C; 205.4 MPa; 23.8 h

66 470 4559 1 2074 -4,38 +433  gI(100) fi

65 2,53 256 047 971 504 +3.67  I(98.7) ol(1.3) 0,52

64 1,49 154 021 441 573 +2.99  gI(96.5) 0l(3.5) 0,30

63 0,89 1,01 010 214 -6,36 +2.36  I(88.5) 0l(4.7) cpx(2.6) pl(4.2) 0,31

1100°C; 202.1 MPa; 21 h

45 4,70 457 1 2011 -5,03 +432  gl(98.2) ol(1.8) fl 0,42

a4 2,53 313 061 1218 -547 +3.89  gI(80.8) 0l(5.2) cpx(9.6) pl(4.4) 0,52

43 1,49 245 043 861 577 +359  I(60.9) 0l(8.2) cpx(15.4) pl(15.5) 0,27

42 0,89 1,79 027 544 617 +3.19  I(49.6) 0l(8.9)  cpx(17.6) pl(23.9) 0,15

1100°C; 203.8 MPa; 72 h

62 4,70 456 1 2029 -5,03 +432  gI(98.5) ol(1.5) fl 0,40

61 0,89 1,72 025 506 6,24 +311  gI(51.8) 0l(8.6)  cpx(17.4) pl(22.2) 0,21

1050°C; 201.7 MPa; 20.75 h

41 4,70 473 1 1964 -5,73 +431  gl(77.5) ol(7.4)  cpx(10.5) pl(3.9)  mt(0.7) fl 0,33

40 2,53 484 1 1964 -5,73 +431 gl(51.4) 0(9.7)  cpx(18.1) pl(18.8) mt(2.0) fl 0,35

39 1,49 363 070 1373 -6,04 +4.00 gl(41.0) 0l(8.9) cpx(23.8) pl(24.7) mi(1.6) 0,20

38 0,89 234 038 752 656 +3.48  I(38.1) 0(8.3) cpx(24.7) pl(26.4) mi(2.5) 0,28

1000°C; 205 MPa; 20 h

37 4,70 509 1 1947 -6,48 +430 gl(47.6) 0l(5.8) cpx(25.9) pl(15.1) mi(3.5) am(2.1) fl 0,17

36 2,53 508 1 1947 6,48 +4.30 gl(34.7) ol(8.0) cpx(25.8) pl(27.7) mt(3.8) fl 0,34

35 1,49 521 1 1947 -6,48 +430  g(24.9) 0l(7.9)  cpx(27.8) pl(33.2) mi(4.3) opx(1.9) fl 0,32

34 0,89 519 1 1947 -6,48 +430 g(17.0) 0l(5.7)  cpx(29.9) pl(37.4) mi4.5) opx(5.5) fl 0,25

950°C; 202.5 MPa; 20 h

49 4,70 519 1 1862 -7,29 +4.28  gl(20.4) cpx(17.4) pl(25.8) mt(3.9) opx(3.9) am(28.6) fl 0,10

48 2,53 525 1 1862 -7,29 +428  gl(12.6) cpx(16.7) pl(35.7) mi(4.4) opx(7.1) am(23.5) fl 0,21

47" 1,49 524 1 1862 -7.29 (-7.91)i +4.28 gl(4.8) cpx(26.0) pl(44.3) mt(4.1) im(2.4) opx(13.9) am(4.5) fi

46" 0,89 524 1 1862 -7.29 (-7.99) +4.28 gl(4.2) cpx(26.3) pl@45.5) mt(3.1) iIm(2.9) opx(13.6) am(4.4) fi

2wt% H O in starting glasses determind by Karl-Fischer-Titration
® water content of the residual glasses estimated by mass balance calculations (see text)
®log fo based on equation for MNO-Mn O buffer curve (Chou 1978) assuming intrinsic buffering capacity of used IHPV

corresponding to the MnO-Mn;0, buffer (see text)
9 A QFM indicates log fo (experiment) - log fo (QFM buffer) as estimated by Schwab and Kistner (1981)
€ gl glass, ol olivine, cpx clinopyroxene, opx orthopyroxene, pl plagioclase, mt magnetite, ilm iimenite, am amphibole, fl fluid (H,0)

f phase proportions calculated by mass balance are given in wt%
9 numbers in italics indicate runs with aH,O = 1 where water content was calculated using the Burnham model (Burnham 1979)

" melt composition was calculated using ImageAnalysis (see text)

"log fo, values in parentheses are calculated using experimentally crystallized coexisting ilm/mt pairs (Andersen et al. 1993)

! phases in parentheses have been identified qualitatively

mixed, so that the bulk water content is identical in all charges performed with the same

starting glass.

The glasses and capsule walls have been analyzed by microprobe to check for iron loss or

enrichment, respectively. No iron was detected in the capsule material and the Fe content of

the hydrous glasses is equivalent to that of the dry starting material. Thus, the oxidizing

conditions in the IHPV and the use of AugoPdy capsule material completely prevent iron loss

(Kawamoto and Hirose, 1994).
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Table 2.3. Experimental conditions and results for composition B2 (MnO-Mn;0, buffer)

run - wit% H,0% wit% H,0° aH,0 fH,0 log fo,° AQFM? phases detected and modal proportions ©f SR2
bulk in melt [bar] [bar] [bar]

1150°C; 203.1 MPa; 20.15 h

86 4.50 4589 1 2058 -4.38 +4.33  gl(100) fl

87  2.05 2.05 034 695 -533 +339  gI(100) mttr)’

88  1.25 1.25 015 309 -6.03 +2.69  gl(100) mt(tr)

89 074 0.75 0.06 127 -6.80 +191  gl(98.7) mt(1.3) 0.32

1100°C; 200.8 MPa; 21.5 h

90 450 4.63 1 1997 -5.03 +432  gl(97.8) mt(2.2) fi 0.41

91 205 2.10 034 688 -5.96 +3.40  gl(97.7) cpx(1.2) mt(l.1) 0.52

92 125 1.84 028 554 -6.15 +321  gl(68.1) cpx(12.5) pl(16.5) mt(2.9) 0.21

93 074 1.45 019 386 -6.46 +2.90 gI(51.0) cpx(18.5) pl(27.2) mt(3.3) 0.45

1050°C; 204.4 MPa; 20 h

94 450 4.80 1 1992 -5.73 +431  gl(92.5) cpx(2.5) mt(5.0) fi 0.61

95  2.05 2.65 043 861 -6.45 +358  gl(77.5) cpx(15.7) mt(6.8)  pl(tr) 0.74

9%  1.25 2.48 0.38 765 -6.56 (-6.97)i +3.48 gl(50.5) cpx(19.8) opx(1.9) pl(20.6) mt(6.5) ilm(0.7) 0.37

98 074 2.22 032 644 -6.71(-7.28) +3.33 gI(33.2) cpx(18.9) opx(4.7) pl(35.4) mt6.7) ilm(l.1) 0.60

1000°C; 203.9 MPa; 19.75 h

99 450 5.06 1 1936 -6.48 +430  gl(75.1) cpx(18.3) mag(6.6) fl 1.03

100 2.05 5.18 1 1936 -6.48 (-6.91) +4.30 gl(35.4) cpx(23.7) opx(3.0) pl(30.3) mt(6.3) iIm(L.3)fl 0.52

101 1.25 5.26 1 1936 -6.48 (-7.07) +4.30 gl(21.8) cpx(24.4) opx(5.0) pl(40.8) mt(5.4) iIm(2.6) fl 0.38

102 074 4.23 0.78 1516 -6.69 (-7.58) +4.08 gl(17.5) cpx(29.5) opx(2.4) pl(42.3) m7.6) im(0.7) 0.75

950°C;201 MPa; 21.5 h

103 4.50 5.19 1 1848 -7.29 (-7.37) +4.28  gl(41.5) cpx(19.1) pl(19.1) m(5.7) im(2.2) am(14.8) fi 0.61

104 2.05 5.14 1 1848 -7.29 (-7.76) +4.28  gI(16.8) cpx(22.4) opx(6.0) pl(45.7) mt®6.7) iIm(2.4) fl 1.04

105 1.25 5.29 1 1848 -7.29 (-7.92) +4.28 gl(15.5) cpx(24.1) opx(7.3) pl(45.0) mt(E5) Im(2.6) fl 0.20

106 0.74 5.20 1 1848 -7.29 (-8.19) +4.28  gl(14.0) cpx(28.0) opx(3.2) pl(45.4) mt®6.7) iIm(2.7) fl 0.15

950°C; 202.6 MPa; 96h

111  2.05 5.18 1 1863 -7.29 (-7.83) +4.28  gl(19.1) cpx(19.2) opx(6.2) pl(45.8) mt(6.9) iIm(2.8) fl 0.64

for notes and abbreviations see Table 2.2

For the crystallization experiments, the hydrous glasses were crushed in a steel mortar and
sieved to fractions with grain sizes of 100 - 200 pm. About 50 - 80 mg of the hydrous glass
powders were sealed in AugoPdyo capsules (i.d. 0.3 cm; 0.d. 0.34 cmat 1 cm length). A set of
four capsules (corresponding to the four different bulk H,O contents of B1 and B2) have been
fixed to the rapid-quench device and brought directly to run temperature. Phase relations were
investigated at 200 MPain 50 °C intervals in the temperature range 1150 — 950 °C (Tab. 2.2,
2.3). The run duration was 24 h except for runs no. 62 and 61 (B1; 72 h) and run no. 111 (B2;
96 h). Results of these experiments have been compared with 24 h runs conducted at identical

pressure and temperature (runs no. 45, 42 and 104; see below and Tab. 2.2, 2.3).

2.2.4. Calculationsof aH,O and fo»

It has been shown that the thermodynamic model of Burnham (1979) is not aways correct for

the calculation of aH,O and melt water contents, especially at high pressures (e.g., water
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solubility can be underestimated by 20% relative at 500 MPa; Holtz et al., 1995). The
calculated H,O solubilities after Burnham (1979) for synthesized MORB glasses B1 and B2
(at 200 MPa and 1250 °C) are 4.54 wt% H,0 and 4.57 wt% H-0, respectively. Measured H,O
solubilities (determined by KFT) for these glasses were 4.70 wt% (+ 0.09) for B1 and
4.50 wt% ( 0.10) for B2. Due to the good agreement between measured and calculated water
solubilities we have used the model of Burnham (1979) to calculate melt water content at
aH,O = 1 in this study. In addition, water activities have also been calculated for runs in
whichaH,O is< 1.

Oxygen fugacity for experimental charges was computed from the water dissociation reaction,
where fH,0° was extrapolated from Burnham et al. (1969) with a K,, from Robie et al. (1978)
and yH,O from Pitzer and Sterner (1994). fH, is imposed by the vessel (see above) and
corresponds to the MnO-MnzO, solid oxygen buffer (based on the equation of Chou, 1978).
fH0 and thus fO, in water-undersaturated experiments was obtained from aH,O (Scaillet et

al., 1995).

2.2.5. Analytical Techniquesand Determination of Phase Proportions

The electron microprobe analyses of glasses and minerals were performed with a Cameca
Camebax and a Cameca SX 100 microprobe and are listed in Tables 2.4 — 2.11. Analytical
conditions for solid phases were 15 kV, 15 nA beam current, and counting times of 5 sfor Na
and K and 10 s for all other elements. Glasses have been analyzed with a defocused beam of
20 pm with a5 nA beam current and counting times of 2 s for Naand K and 5 s for the other
elements. In runs with high degree of crystallization (typically melt fraction below 30 wt%)
the beam was defocused as much as possible. Loss of akalis was observed for spot sizes
below 15 pum. In this case analyses were corrected by a loss factor using the B1 hydrous

starting glasses as standards with known water contents.
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Figure 2.2 Comparison of melt water

8 i | contents for B1 and B2 obtained by the

| + | mass balance calculations (aH20 < 1;

A B1 dots, B2 open squares) and melt

| water contents calculated using the

% AA “Burnham model” (aH.O = 1; B1 filled

N triangles, B2 open triangles) with the

H,O contents obtained from the “by-

A difference” method. Error bars

correspond to the average errors

L A | obtained for values using the “by-

3L Y | difference” method (= 1.23 wt%) and

PY 1 mass balance calculations (+ 0.74

O [ ] 4 wt%) assuming an error of 20%

L J relative for phases with 1 — 10 wit%
1k [ 4 abundances.

H,O [wt%] in glass “by-difference” method
O

H,O [wt%] in glass by mass balance calculations/
Burnham model

Phase proportions (wt%) were determined by mass balance calculations (glass analyses were
normalized to 100 wt% for mass balance calculations). Melt water contents in runs with
aH,O< 1 have been calculated from the known melt fractions (from mass balance
calculations) and known bulk water content of the starting materials. No attempts were made
to consider crystal water content in amphiboles, because a fluid phase was always present in
runs within the amphibole stability field (Tab. 2.2, 2.3) suggesting an aH,0 = 1.

In experimental charges in which a fluid phase was present, indicating water-saturated
conditions, the melt water content was calculated using the thermodynamic model of
Burnham (1979) at given pressure (p), temperature (T), and melt composition assuming
aH,O = 1. Additionally, the melt water content was also estimated for al runs with the “by-
difference’” method (Koepke, 1997; Devine et a., 1995). The comparison of melt water
contents obtained by mass balance calculations (aH,O <1) and from the “Burnham model”
(aH20 = 1) with the water contents determined with the “by-difference” method show good
agreement (Fig. 2.2).

In experiments with low melt fractions in which water-saturated conditions are mostly
prevailing (near water-saturated conditions are prevailing because of the high amount of
anhydrous minerals), melt water contents obtained by the “by-difference” method are

relatively higher than those from the “Burnham model” (see trianglesin Fig. 2.2 for runs with
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aH,O = 1). This is probably due to too low microprobe totals resulting from analyses of very
small melt pools with a beam that could not be defocused.

It was not possible to analyze the glass composition of the near-solidus experiments no. 47
and 46, because the remaining glass pools were too small even with a focused beam spot.
Hence, the phase proportions (vol%) have been estimated from back-scattered electron (BSE)
images using ImageAnalysis® 3.0 software (Koepke et al., 1996; Gardien et al., 1995). The
proportion in wt% (Tab. 2.2) was recalculated assuming typical average densities for solid
phases and for melt (melt density of 2.28 g/cm? is estimated from glass composition of run no.
48 after Lange, 1997; Lange and Carmichael, 1990; Ochs 111 and Lange, 1999). For these two
experiments the compositions of the glasses were roughly determined by mass balance

calculations (Tab. 2.11).

2.3. Reaults

2.3.1. General Information on the Effect of H,O on Experimental Results

In this investigation on the influence of water on phase relations, it should be emphasized that
there are different ways to understand the effect of H,O on solid phase compositions and
liquid lines of descent. The effect of bulk water content can be estimated by comparing
experimental charges obtained at identical temperature with different bulk water content of
the charge. However, the comparison of such experiments shows that the crystal amount is
not constant with changing bulk water contents, especially for high temperature runs (e.g.,
runs no. 42 to 45 at 1100 °C, Tab. 2.2, Fig. 2.3a). In these high temperature experiments, the
residual melts have also different water contents and therefore different aH.O prevail
(Fig. 2.3). In contragt, for low temperature runs (e.g., runs no. 34 to 37 a 1000 °C, Tab. 2.2)
the crystal content is always high enough to attain water-saturated conditions (due to
crystallization of mostly anhydrous phases). In this case, the comparison of experiments
performed at a constant temperature of 1000 and 950 °C allows to estimate the effect of bulk
water content for a constant aH,O of 1. In the following, the resultswill be discussed either
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¢ = : Figure 2.3a Back scattered electron
H20_0'61 fie images (BSE) of quench products

obtained at 1100 °C from B1 with
examples of the phases observed.
Abbreviations see Figure 2.4. Images
show variation in modal proportion and
phase stability in experiments varying
bulk water content and thus aH,O of
the charge for a constant temperature.
It is emphasized that the low viscosity
basaltic melts have been quenched to
homogeneous glasses without
disequilibrium quench effects.

B

Figure 2.3b Back scattered electron
images (BSE) of quench products
obtained at 1100 °C from B2 examples
of the phases observed. Abbreviations
see Figure 2.4. For detailed comments
see Figure 2.3a.
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as a function of bulk water content or aH,O. It is emphasized that these two parameters are
not identical.

In addition, a change in water content of the melt (and thus aH,0), while holding all other
parameters constant, can result in a change of fO, (see above). Oxygen fugacity remains
constant in runs with aH,O = 1 at isothermal conditions. In this case the fO, corresponds to
the “intrinsic” fO, conditions of the IHPV (see above). In contrast, a higher temperatures,
when H,O-saturation has not been reached, fO, depends on prevailing aH.O (Scaillet et a.,
1995) (Tab. 2.2, 2.3). Hence, it is difficult to discriminate between the individual effects of

aH,0 and fO,, especially in the discussion on the evolution of iron-bearing phases.

2.3.2. Achievement of Equilibrium

The experimental technique used in this study (crystallization experiments) is known to be the
best method to approach equilibrium conditions (Pichavant, 1987), when compared to melting
experiments in which residual minerals can remain for long duration in the surrounding melt.
In addition, it has been shown above that two step experiments with heating up above the
liquidus and subsequent cooling led to heterogeneous clinopyroxene compositions, which is
evidence for undercooling. In contrast to the method of Pichavant (1987), using dry glass
powder and fluid as starting material, hydrous glass powders have been used in this study.
This procedure has the advantage to provide homogenous H,O distribution directly from the
beginning of the experiments. Furthermore, redox state of the glass has been equilibrated at
given aH,0 (note that fO, decreases with decreasing aH,0; see below).

Following features are evidence for near equilibrium conditions. 1. All phases which
crystallized were homogeneous (or heterogenities were less than analytical precision of the
electron microprobe) and their composition changed with the experimental conditions,
following expected compositional trends. 2. The crystal distribution is homogeneous in all
experiments (Fig. 2.3a, b). 3. Iron loss could be completely avoided due to the high fo,. 4.

Phase relations and compositions were identical for different run duration (24 h and up to 96
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h) at high and low temperatures (for B1 compare runs no. 62 and 61 with no. 45 and 42,

respectively, and for B2 run no. 111 with no. 104; Tab. 2.2, 2.3). 5. Mineral-melt and mineral-

mineral partitioning coefficients (for olivine, plagioclase, amphibole, and Fe-Ti oxides) arein

good agreement with published data from other studies (see below). 6. The formation of

guench crystals was avoided (Fig. 2.3a, b) so that there is no need to distinguish between

guench and stable phases or performing integrative measurements of glassand quench
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Figure 2.4a Phase relationships of
starting material B1 as a function of T-
bulk water content-aH,O at 200 MPa.
Abbreviations: gl glass, ol olivine, pl
plagioclase, cpx clinopyroxene, mt
magnetite, ilm ilmenite, am amphibole.
Solid lines indicate beginning of
crystallization (+) of a phase in
equilibrium with the melt. Dashed
lines mark phase-out boundary,
suggesting phase is no more stable at
given p-T-H,O conditions. Lines of
equal aH»O are determined from aH,O
calculated for each charge after
Burnham (1979; Tab. 2.2, 2.3) and if
necessary for the sake  of
completeness extrapolated.

Figure 2.4b Phase relationships of
starting material B2. For abbreviations
and detailled comments see Figure
2.4a.
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Figure 2.5a-d Modal proportions of phases obtained in Bl crystallization experiments as a function of
temperature, bulk water content (insets), and aH»O. Abbreviations see Figure 2.4. Modal proportions of
phases have been obtained by mass balance calculations. Dashed lines show modal phase proportions of
experiments no. 47 and 46 which have been estimated from back-scattered electron (BSE) pictures using
ImageAnaIysis© 3.0 (see comments in chapter analytical techniques).

crystals, as has been done in previous studies (e.g., Helz, 1976). 7. The redox state of the

starting hydrous glasses correspond to that of the initial conditions of the crystallization

experiments (which is important considering that at identical p and T a decrease in aH,O can

decrease fO, about two log units; e.g. compare runs no. 66 and 63; Table 2.2). This is

particularly important in experiments conducted with depolymerized systems, in which

crystallization occurs rapidly (see chapter 1) showed that compositional zonation of olivine

can result from using starting glass which is not equilibrated with respect to fo, and aH,0.



2. Influence of H,O on Differentiation of MORB at High fo,

2.3.3. Phase Relations

Experimental conditions and results are listed in detail in Tables 2.2 and 2.3. Phase relations
of starting materials B1 and B2 are shown in T-H,O diagrams (Fig. 2.4a, b). Phase boundaries
correspond to the presence or absence of phases in the crystallization experiments (detected
by microprobe). The influence of water on phase relations is represented both in terms of
bulk water content and lines of equal aH,O of the melt (Fig. 2.4a, b). A relation between

aH->0 and water content of the melt can be found in Tables 2.2 and 2.3.

2.3.3.1. Primitive MORB System (B1)

Olivine is the liquidus phase for al bulk water contents in B1 (Fig. 2.4a). At aH,O =1 and
aH,O = 0.6 the saturation boundary is about 1125 °C and 1150 °C, respectively. In runs
below 1000 °C olivine is no longer stable. This is supported by the decreasing calculated
modal abundance of olivine in runs at 1000 °C compared with 1050 °C (Tab. 2.2; Fig. 2.5; see
below). Furthermore, resorption of olivine with changes from euhedral to rounded crystals
could be detected in BSE images (in runs at 1050 °C and 1000 °C). Plagioclase and
clinopyroxene saturation curve are almost identical and the relative order of crystallization is
unknown. However, phase proportions suggest that the curve of plagioclase saturation lies at
slightly higher temperatures. Plagioclase and clinopyroxene start to crystallize between
1100 °C and 1050 °C at aH,O = 1 and at about 1150 °C at aH,O = 0.2. Magnetite was found
in al runs below 1050 °C. Amphibole is stable under water-saturated conditions only. It is
observed in all runs at 950 °C and at 1000 °C in the composition with 4.70 wt% bulk H>O
content. Orthopyroxene (opx) is stable in runs with 0.89 and 1.49 wt% bulk H,O content at
1000 °C and in all runs at 950 °C. The ilmenite stability field is restricted to run conditions of

950 °C with 0.89 and 1.49 wt% bulk H,O content.
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2.3.3.2. Differentiated MORB System (B2)

In contrast to B1, olivine was never observed in the B2 starting composition. Magnetite
crystallizes as the liquidus phase for all bulk water contents (Fig. 2.4b) and its liquidus
temperature is below 1150 °C for bulk water content 4.50 wt%. Clinopyroxene appears
between 1100 °C and 1050 °C at aH,O = 1 and 1150 °C and 1100 °C for aH,O < 0.3.
Saturation curve for plagioclase depends strongly on aH.O. At water-saturated conditions
plagioclase is only stable below 1000 °C. At lower water activities the saturation temperature
of plagioclase increases up to 1100 °C (aH,O = 0.25). The ilmenite saturation curve depends
also on aH,O and is approximately 50 °C below that of plagioclase. In contrast to B1,
orthopyroxene in B2 is observed at higher temperature for low bulk water contents. It appears
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Figure 2.6a-d Modal proportions of phases obtained in B2 crystallization experiments as a function of
temperature, bulk water content, and aH»O. For abbreviations see Figure 2.4 and detailed comments Figure
2.5.
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first a 1050 °C for an aH,O of 0.38 (run no. 96; Tab. 2.3) but is not stable at 950 °C and

4.5 wt% bulk H20. At this last condition amphibole is observed.

2.3.4. Phase Chemistry

2.3.4.1. Olivine

Analyses of olivine are reported in Table 2.4. The evolution of olivine composition as a
function of temperature and bulk water content is shown in Figure 2.7. The forsterite content
in olivine (Xgo) decreases with decreasing bulk water content. For a constant temperature, Xgo
varies considerably as a function of bulk water (e.g., a 1100°C from Xgeg2 t0 Xrosa fOr a bulk
water content of 4.7 and 0.89, respectively). X, falls with decreasing temperature from 1150
- 1050 °C to minimum values of Fogg (4.70 wt% bulk H,O content) and Fogs (0.89 wt% bulk
H>O content) and raises again at temperatures < 1050 °C. This is a consequence of increasing
magnetite crystallization leading to dlightly higher MgO and lower FeO* (total iron)
concentrations in the melt (Fig. 2.5, 2.7, 2.9; Tab. 2.2). One of the most significant minor
component of olivine is calcium (Libourel, 1999), with concentrations depending on X, and

ranging between 0.19 wt% and 0.41 wt% CaO (Tab. 2.4).

Figure 2.7 Olivine composition as a
| ® B1-4.70wt% H,0 1 function of temperature and bulk water
94 | O B1-2.53wt% H,0 1 content. Errors bars correspond to
_g | © B1-1.49wt% H,0 standard deviation of average olivine
= 02| ® B1-089wt%H,0 i cpmposmons. I_f no error bars are
[e) given, the height of the symbols
£ 3.5 wi% mt 0.7 wtth m corresponds to the average error. For
< 0r S 7 bulk water contents of 4.70 and 0.89
2 1 wt% numbers indicate the proportion
g ss | 1 of magnetite (wt% mt) crystallization
Py from mass balance calculations.
2 86| _
2 I
LE 84 _4.5wt%mt |
2.5 wt% mt
82 1 1 1 1
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2.3.4.2. Pyroxene

Clinopyroxenes and orthopyroxenes obtained in runs with B1 vary only moderately with
changing experimental conditions and have an average composition of EnssFs;;Woa3 (£ 1.3
mole%) and (Eng,Fs;Wos £ 0.9 mole%b), respectively (Tab. 2.5, 2.6). En and Fs contentsin B1
clinopyroxene crystals increase in runs with aH,O < 1 (and thus lower fO;) and remains
relatively constant at water-saturated conditions for constant temperatures. Clinopyroxenes in
equilibrium with ilmenite (B1 runs no. 47 and 46) become less Fs-rich at the expense of the
Wo content. For a given bulk H>O content, En-content raises with decreasing temperature
which isin contrast to olivine. The comparison of orthopyroxenes obtained at 1000 °C and at
950 °C shows that the En-content increases at the expense of the Fs- and Wo contents with
decreasing temperature.

Clinopyroxenes synthesized in experiments with B2 are characterized by a larger
compositional variation. At water-saturated conditions clinopyroxenes have an average
composition of EnyoFs;;Woss (£ 2.3 moledo; 4.50 wt% bulk water content) which changes
continuously with decreasing bulk water content to EnggFsi;3Wosg (= 1.4 mole%o; 0.74 wt%
bulk water content). In agreement with results obtained for B1, Fs content varies little in
water-saturated runs and raises slightly for experiments with aH,O < 1. Orthopyroxenes in
equilibrium with the most En-rich clinopyroxenes crystallized at 0.74 wt% bulk water content
have the highest Wo contents (Enz1Fs0Wog = 2.2 mole%). All other orthopyroxenes vary only
little in their mole proportions (EnygFsi6W0s £ 2 mole%), showing slight decreasing Fs- and

Wo contents with increasing bulk water content.

2.3.4.3. Plagioclase

The effect of bulk water content and temperature on the plagioclase compositions obtained in
B1 and B2 (Tab. 2.7) is shown in Figure 2.8. The anorthite content decreases continuously by

~ 0.05 mole%/°C with falling temperature for all bulk water contents. Plagioclase synthesized
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using B1 are generally more An-rich than those crystallized from B2 at similar T-H,O
conditions. The highest An contents of Angg (1050 °C) and Anyg (950 °C) have been obtained
for B1 in runs with 4.70 wt% bulk H,O content (Fig. 2.8a). The most Ab-rich plagioclases
(from Ansg at 1100 °C to Anss at 950 °C; Fig. 2.8b) were stable in B2 with 0.74 wt% bulk
water content. Plagioclase compositions are systematically more Carich with increasing
water content of the melt (in agreement with previous studies of e.g., Turner and Verhoogen,

1960; Scaillet and Evans, 1999; Carmichael et al., 1974; Berndt et al., 2001; Panjasawatwong
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et a., 1995, Martel et a., 1998). However, the plagioclase compositions are also
systematically more Ca-rich with increasing bulk water content, although the same melt water
content (aH>O = 1) has been reached in runs at lower temperatures, independently of bulk
water content. In B1, the difference in An content between plagioclases from experiments
with the highest and lowest bulk water content (4.70 and 0.89 wt% H-0) is approximately
13 mole% (950 °C) at remains relatively constant for higher temperatures. A difference of
17 mole% is observed in B2 at 950 °C. The Or content in plagioclase is usually below
1 mole% and raises with falling temperature and thus increasing K,O content of the melt

(Tab. 2.7).

2.3.4.4. Amphibole

Experimental amphibole analyses of B1 and B2 are listed in Table 2.8. According to the
classification of Leake et al. (1997) the synthesized amphiboles are tschermakites except
amphiboles obtained in run 37 at 1000 °C which are magnesiohastingsites. The Mg#, (for
amphiboles defined as Xwg/Xwg + Xre") of amphiboles crystallized in B1 at 950 °C increases
(from 0.87 to 1) with increasing bulk water content whereas TiO, decreases. The number of Si
atoms on tetrahedral position of amphiboles synthesized at 1000 °C is lower than that of
amphiboles obtained at 950 °C whereas Al"' increases with increasing temperature. Thisis in
agreement with experimental studies of Helz (1981) and Sisson and Grove (1993a). For a
given temperature of 950 °C Si and Al"' remain constant at all bulk water contents (Tab. 2.8).

Sisson and Grove (1993a) emphasized that the tetrahedral AlY'/Si ratio of amphibole is
linearly related to the AIY'/Si ratio of the melt and can be described as KdA™ =
(XaV'IX s)an/ (X a1 IXs)mar. An average KdA™ M of 1.02 (+ 0.09) from coexisting liquid -
amphibole pairs obtained in B1 and B2 agrees well with the Kd 4™ 2" value given by Sisson
and Grove (1993a) of about 0.94 (x 0.06) for liquid-amphibole couples in compositions

ranging from high-alumina basalt to high-silicarhyolite.
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2.3.45. Fe-Ti oxides

Owing to the small size of magnetite and ilmenite crystals, analyses of these phases were
often contaminated by the surrounding glass. However, analyses were not corrected.
Magnetite of B1 and B2 are characterized by relatively low ulvospinel contents (Xug;
calculated after Andersen et al., 1993) ranging from 5 to 19 mole%, depending mainly the
bulk water content and, to a lesser extent, on temperature. Xus Systematically increases with
decreasing bulk water content for all temperatures (Tab. 2.9).

For a given temperature, the difference in Xus between B1 experiments with different bulk
water contents remains relatively constant (e.g., 8 and 9.5 mole% at 1050 °C and 950 °C,
respectively, between runs with 4.70 and 0.89 wt% bulk H,O content). In contrast to B1,
magnetite from B2 shows stronger Xyg Variation as a function of temperature. At 1050 °C
and 950 °C, the difference in Xus between experiments with 4.50 and 0.74 wt% bulk water
content is 14 and 4 mole%, respectively. MgO contents of B1 and B2 magnetite decreases
with falling temperature for constant bulk water contents and with decreasing bulk water
content for agiven temperature. This evolution of MgO content in magnetite isrelated to Mg#
of the melt (melt Mg# is defined as Xwgo/Xmgo + Xreo X 100; the melt Fe;O3 and FeO content
is calculated after Kress and Carmichael, 1991). Al,O; content also falls with decreasing
temperature for a constant bulk water content.

[Imenite content (X;m; calculated after Andersen et al., 1993) of rhombohedral oxides
synthesized in B2 fall regularly with decreasing temperature (from Xjmas a 1050 °C t0 Xjjma3
at 950 °C for 0.74 wt% bulk water content; Tab. 2.10) and increase systematically at constant
temperature with decreasing bulk water content. The same effect of water could be observed
for B1 ilmenite crystallized in runs with 0.89 and 1.49 wt% bulk water content at 950 °C,
which have generally higher X;im than those obtained at similar conditions in B2. Compared
with magnetite, MgO, Al,Os; and MnO contents in ilmenite are generally lower. As for

magnetite, MgO content falls with decreasing bulk water content and temperature.
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The results of Bacon and Hirschmann (1988) can be used as a test for coexisting Fe-Ti oxide
equilibrium using Mg/Mn partitioning between magnetite and ilmenite. Fe-Ti oxide pairs
from B1 and B2 experiments (Tab. 2.2, 2.3) satisfy the Mg/Mn partitioning criterion of Bacon
and Hirschmann (1988), having an average magnetite logwgwmn) of 1.26 (+ 0.13) and ilmenite

logmgmny Of 1.40 (£ 0.08).

2.3.4.6. Glass

Compositions of glasses obtained in B1 and B2 experiments are given in Table 2.11 and the
concentrations of SiO,, TiO,, FeO*, and MgO are plotted against temperature in Figures 2.9
and 2.10. Depending on experimental conditions, glass compositions range from gabbroic

through granodioritic to granitic (run no. 106; classification using TAS diagram after Wilson,
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Figure 2.9 B1 melt oxide concentrations of SiO», TiO,, FeO*, and MgO as a function of bulk water content and
temperature. Error bars are from standard deviation multiple microprobe measurements (Tab. 2.11). If no
errors bars are given, the height of the symbols corresponds to the average error. Note that all analyses are
normalized to 100 wt%. Dashed lines indicate calculated melt compositions of experiments no. 47 and 46 (see
comments in chapter analytical techniques).
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SiO,, N&O, and K,O concentrations continuously increase for B1 and B2 with falling
temperature and decreasing bulk water content. However, when compared with B2, SiO;
contents of B1 vary only slightly for a given temperature with changing bulk water content
(Fig. 2.9, 2.10a). The maximum SiO, concentration is about 64 wt% in B1 and 70 wt% in
B2. Despite different initial NaO contents of B1 and B2 the same maximum N&O
concentration of about 5.5 wt% to 4 wt% is reached in both systems for the lowest and highest
bulk water contents, respectively (at 950 °C). Because of general low K,O contents, the
increase in K,O with falling temperature and bulk water content is not as distinct as for SIO;
and NaxO, but KO increases up to values of 0.75 wt% in B2 (run no. 105; Tab. 2.11).

The MgO and CaO concentrations in glasses from B1 and B2 decrease with decreasing

temperature (Fig. 2.9d, 2.10d). In runs with high bulk water contents (4.70 and 4.50 wt% H,O
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Figure 2.10 B2 melt oxide concentrations of SiO,, TiO,, FeO*, and MgO as a function of bulk water content
and temperature. For further details see comments of Figure 2.9.
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in B1 and B2, respectively), the CaO remains constant (B1) or rises slightly (B2), but
decreases once clinopyroxene begins to crystallize. In contrast to SiO,, N&O, and K0, for a
constant temperature MgO and CaO contents fall with decreasing bulk water content. MgO
contents decrease from their initial values of 9.77 wt% (B1) and 6.49 wt% (B2) to aminimum
of approximately 2.5 wt% (highest bulk water contents) and 1.2 wt% (lowest bulk water
content). Al,O3 contents of B1 and B2 glasses do not vary systematically with bulk water
content but show a maximum for B1 and B2 at 1000 °C of about 18.5 wt% and 17.6 wt%,
respectively.

As crystallization proceeds, P,Os concentration in B1 and B2 glasses increases. Due to the
low P,Os concentrations, it is difficult to work out the possible influence of water or
temperature on P,Os contents of residual glasses. It can be noted that the highest P,Os content
in B2 s 0.95 wt% (run no. 102 at 1000 °C).

The TiO, concentrations in Bl glasses (Fig. 2.9b) decrease with increasing bulk water
contents, which can be correlated to the increasing Xys, in magnetite with increasing bulk
water content (see above). For given bulk water contents, the TiO, concentrations first
increase and than decrease with falling temperature (Fig. 2.9b). The maximum value is
reached at 1100 °C for 0.89 and 1.49 wt% bulk water content and at 1000 °C for 2.53 and
4.70 wt% bulk water content. For B2, Figure 2.10b shows that the TiO, concentrations at low
temperatures are mainly controlled by the crystallization of ilmenite. In all experiments
containing ilmenite, the TiO, concentration is below 1.3 wt%. In addition, TiO, contents
show a general decrease with falling bulk water content and temperature.

The evolution of FeO* content in B1 and B2 glasses is similar to that of TiO.. In B1, the
maximum FeO* values are observed at 1100°C (10.19 wt% for 1.49 wt% bulk water content;
10.98 wt% for 0.89 wt% bulk water content; Fig. 2.9c). The FeO* concentration of liquids
from experiments with 2.05 and 4.70 wt% bulk water content show only little variation down

to 1050 °C (about 8.9 wt%). In B2, FeO* contents of all glasses in experiments containing
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ilmenite are below 5.8 wt% (Fig. 2.10c). In addition to the effect of ilmenite, FeO* also
decreases with decreasing temperature (for aH.O = 1, 4.5 wt% bulk water) and with

increasing water content of the melt (cp. runsat 1100 °C; Fig. 2.10c).
2.4. Discussion

2.4.1. Element Partitioning between Olivine and M elt

2.4.1.1. Mg/Fe Partitioning

Partitioning of Fe and Mg between olivine and melt, expressed as Kd g+ (Roeder and

Emslie, 1970); defined as X o x X %52, is known to show only small dependence of

melt composition, temperature, and fo, with a value of about 0.3 (+ 0.02). The Kd g i

determined in this study (at 200 MPa) is slightly higher with an average value of 0.33

(x 0.01). This higher value is in agreement with the results of Ulmer (1989), who showed a

slight positive pressure dependence of Kd2 1", thus suggesting that equilibrium conditions

FeMg *

between olivine and melt have been reached in our experiments. Although Kdg yiis

generally assumed to be constant, implying a linear relationship between Xg, and melt Mg#, it
Is emphasized that small but significant deviations occur as a function of the melt Mg#. This
Is demonstrated in Figure 2.11 showing that Xg, decreases with the melt Mg# over a wide

range of bulk compositions, temperatures, and oxygen fugacities. Toplis and Carroll (1995)

observed, in agreement with data of Longhi and Pan (1988) and Shi (1993), that Kd g "

values increase up to 0.4 for melt Mg# < 30. This shows the non-ideality of Fe**-Mg mixing
either in the olivine (Wiser and Wood, 1991, Toplis and Carroll, 1995) or in the melt (Hoover
and Irvine, 1977), which leads to relative higher Fe*/Mg ratios in olivine than in the
coexisting melt (Fig. 2.11). Our data confirm the non-linear relationship between Xg, and
melt Mg# and extend the available database towards high melt Mg#. Using this database

(obtained various p, T, aH.O, fO,, and bulk compositions), we show that the equilibrium
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Figure 2.11 The variation of forsterite content (Xgo) of olivine as a function of melt Mg#. Olivine compositions
and corresponding melt Mg# from the following studies have been added to the plot: Toplis and Carroll (1995):
1 atm, QFM + 1 to QFM — 2, 1170 — 1050 °C, Ferrobasaltic composition representing parental liquid of
Skaergard intrusion; Tormey et al. (1987): only 1 atm experiments were considered, QFM, 1240 — 1152 °C,
MORB starting composition dredged near the Kane Fracture Zone; Yang et al. (1996): 1 atm, QFM, 1251 —
1110 °C, six various MORB glasses as starting material; Sisson and Grove (1993a): 200 MPa, NNO, H,O-
saturated, 1050 — 925 °C, high alumina basalts were used as starting material; Snyder et al. (1993): 1 atm,
QFM to 0.5 log units above IW, 1192 — 1061 °C, Ferrobasaltic compositions representing parental liquids
Newark of Island layered Intrusion, Kiglaplait intrusion and Skaergard intrusion and a tholeiitic composition
from Langjokull, Iceland; Grove and Bryan (1983): 1 atm, QFM, 1245 — 1131 °C, four different compositions
(primitive basalts from the FAMOUS area, one primitive basalt characterized by “plume-type” geochemistry
and one basalt with typical parental composition near the Kane Fracture Zone). Line shows a logarithmic fit to
all data describing melt Mg# of corresponding olivine composition for anhydrous to water-saturated basaltic
systems crystallizing under low pressure (1 atm — 200 MPa). Insetted plot shows exemplary olivine obtained
at 1000 °C (black dots) and 1100 °C (grey dots) from initially water-saturated runs no. 37 and 45 (4.70 wt%
H,O added) and from experiments no. 34 and 42 (0.89 wt% H,O added). Numbers indicate the experiment
number and prevailing aH;O in the melt (e.g, run no. 37 with aH,O = 1 is written as 37/1). Arrow marks
calculated compositional evolution of olivine with increasing aH»O from 0.27 to 1 (crossed dot).

compositions of olivine-liquid pairs (plotted in Fig. 2.11) can be described as a logarithmic
function of the melt Mg# in the pressure range 0.1 — 200 MPa for both dry and hydrous
systems at various fO,. For a given olivine composition, melt Mg# can be calculated with the

following equation:
X = {Wj +076  [1]
36.7
where x is Mg# of the melt and y is mole% forsterite (Xr) in olivine.

2.4.1.2. Individual Effect of fO, and aH,0 on Olivine and M elt Compositions

Although there is a complex interaction between fO, and aH,O in our experiments, it is

possible to distinguish the individual effects of H,O and fO, on olivine composition. The
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comparison of olivine compositions obtained in experiments no. 34 and 37 (1000 °C,
aH,0 =1, identical fO,) shows that X, decreases from 90.07 to 85.50 with decreasing bulk
water content from 4.70 to 0.89 wt%. This example shows that a variation of the bulk water
content results in a maximum variation of Xg, in olivine of ~ 5 mole% with a corresponding
variation of melt Mg# of 10 mole% (decreasing Mg# from 74.69 to 64.96; see inset Fig. 2.11
and Tab. 2.11).

Experiment no. 42 has been used to estimate the effect of fO, on X, resulting from a variation
of aH,0 (at a given temperature of 1100 °C). In this experiment aH,O is 0.27, log fO, was
calculated to be —6.17 and melt Mg# is 64 (inset Fig. 2.11). For the same temperature and
melt composition at aH,O = 1, the log fOo, would be —5.03. It is known that melt Mg#
increases with increasing fO, (Kress and Carmichael, 1991) and melt Mg# should be 69.68 at
log fO, = —5.03 (FeO/Fe,O3 content of the melt and thus melt Mg# calculated after Kress and
Carmichael, 1991). Thus, increasing the melt water content by 2.8 wt% H,0O (aH,O from 0.27
to 1) results in an increase of melt Mg# of 5.68. Using the inverse function of equation [1],
this increase in melt Mg# results in an increase of Xg, of 3.1 mole% (for an increase of AMg#
= 5.68). Thistheoretical olivine-melt compositional pair for 1100 °C and aH,O = 1 isreported
in Figure 2.11 (crossed circle).

The olivine composition for 1100 °C and 4.70 wt% bulk water content (aH2O = 1) is also
included in Figure 2.11 (run no. 45). It can be noted that the compositional difference between
the theoretical X, value calculated above (87.2) and run no. 45 (93.2) is identical to that
between X, in runs no. 34 and 37 (~ 5 mole%; aH,O = 1; see above). This confirms that the
effect of fO, (via variation of aH,0) on X, calculated above is redlistic. In conclusion, during
differentiation at buffered fO,, increasing aH,O in the melt results in an increase of melt Mg#
and therefore Xg, as a result of two processes: 1. increasing melt fraction and 2. increasing

foo.
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2.4.1.3. CaPartitioning between Olivine and M elt

Calcium partitioning between olivine and melt and its dependence on p, T, fO,, and bulk

composition has been the object of numerous studies. It is generally accepted that neither

oxygen fugacity nor temperature and pressure directly influence the Ca partitioning (Roeder,

1974; Watson, 1979; Libourel, 1999; Jurewicz and Watson, 1988; Longhi et al., 1978). As

demonstrated recently by Libourel (1999), Ca concentration in olivine depends strongly on

olivine compositions as well as on alkali and alumina content of the melt. Generally, partition
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Figure 2.12a D&}Mdt versus the
forsterite content of olivine. Added
data for various natural basaltic
compositions from other studies as in
Figure 2.11. Error for D&}Mdt
typically + 0.004 and has been
obtained from error propagation
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deviation of CaO concentrations in
olivine and melt. Errors of olivine
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2.12b.

Figure 2.12b Calculated ~ LnD* gd_)Mdt
values for olivine-melt pairs obtained in
this study after the model of Libourel
(1999). Solid line shows LnD* 2"
trend calculated using an empirical
function of Libourel (1999) which
describes LnD*gs(_)'vIelt values  of
olivine-liquid pairs obtained in dry
systems. Error bars of olivine
composition correspond to standard
deviation of average olivine
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coefficient D 2" (CaOoiivind CaOwait, iN Wt%) increases with decreasing X, and increasing
melt alkali and CaO content (Fig. 2.12a). Figure 2.9a shows D 2" versus X, obtained in

this study. As expected from the generally high Xg, and low melt alkali content, Ca
concentration in olivine is typically low in our system. Comparison with other data from

experimental studies on more iron-rich, tholeiitic, and other basaltic systems confirm
D 2" values obtained in this study suggesting equilibrium conditions with respect to Ca

partitioning between olivine and melt.

Based on experimental data, Libourel (1999) developed a model which provides an empirical
Ca partition coefficient LnD* 2_"*"taking into account the effect of melt and olivine

composition. Thus, modeling Ca partitioning between olivine and melt allows to predict Ca
contents in olivine during magmatic differentiation or Ca contents of the melt for a given
olivine composition. However, the application of the model of Libourel (1999) on our data
does not systematically reproduce the predicted Ca partitioning (Fig. 2.12b).

Experimental data obtained at low aH,O and with high SiO, content of the melt (maximum
values of 59 wt%; Tab. 2.11) are consistent with the model of Libourel (1999). The maximum
deviation from the modeled Ca partitioning trend is observed for melts containing high water
contents and low SiO; (Fig. 2.12b). A possible explanation for this observation is that water
influences partitioning of Ca between olivine and melt, which has not been considered in the
model of Libourel (1999) since all experimental data were obtained in dry systems.

As emphasized by Libourel (1999), Ca incorporation in olivine depends on the structural
position of Ca in the melt. In anhydrous melts, Ca is usually considered as a network
modifying cation following the reaction SIOSi + CaOCa = 2CaOSi and Libourel (1999) has
assumed this incorporation mechanism. In hydrous aluminosilicate glasses, Behrens and
Schulze (2000) reported a strong decrease of water diffusivity with increasing Ca content of
the melt. They concluded that Caforms complexes with OH groups and H,O moleculesand is
thus strongly bonded with the hydrous species. Hence, the activity of Ca incorporated as Ca-
O-Si species can be lowered in basaltic systems by the presence of water, resulting in lower
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Ca concentrations in olivine. Thisis confirmed by our results showing the highest discrepancy
between experimental and calculated LnD* 22V for water-saturated SiO,-poor melts. This

discrepancy is lower for SiO,-rich melts, because the high SIO, content favors the formation
of CaOSi species in the melt. These observations indicates that the Ca content of olivine can
be potentially used as a hygrometer in basaltic melts if the coexisting equilibrium anhydrous

melt composition is known.

2.4.2. Effect of aH,O on Plagioclase Composition

Plagioclase is one of the most common phases in igneous rocks, and its composition and
stability depends on p, T, and bulk composition and also on H,O content of the melt (e.g.,
Turner and Verhoogen, 1960; Holloway and Burnham, 1972; Scaillet and Evans, 1999;
Carmichael et al., 1974; Panjasawatwong et a., 1995; Martel et a., 1998). It has been shown
that MORB’s may contain significant amounts of H,O (e.g., Sobolev and Chaussidon, 1996;
Danyushevsky et al., 1996; Kovalenko et al., 2000) and understanding the effect of H,O on
plagioclase stability and composition is of importance to interpret crystallization processes in
MORB.

Direct influence of H,O on plagioclase-liquid equilibrium compositions is shown in
Figure 2.13. For a constant Ca/Na ratio of the melt, the An content of plagioclase obtained at
water-saturated conditions (4.55 — 5.25 wt% H,O in melt) is noticeably higher compared with

An contents in plagioclases in runs with about 2 wt% H>O in melt. Consequently,

Kd 2N (defined as (Ca/Na)piagiodase / (CalNa)mer) increases with increasing aH,O of the melt.
Solid lines in Figure 2.13 indicate Kd 2\ values given by Sisson and Grove (1993a) for
plagioclase-melt pairs obtained in high-alumina basalts with 4 wt% H,O in the melt (at
100 MPa , Kd2 N~ 3.4, Data from Sisson and Grove, 1993b) and 2 wt% H,O in melt (at
200 and 500 MPa, KdZ N~ 1.7, Data from Baker and Eggler, 1987). As emphasized by
Sisson and Grove (1993a), it should be noted that the pressure dependence of Kd 2" in dry

systems in the range 1 atm to 20 MPa is always significantly lower than the influence of
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values obtained in this study for given melt water contents over a wide range of liquid
compositions (from gabbroic to granitic, see above) agree well with data of Sisson and
Grove (1993a), Sisson and Grove (1993b), and Baker and Eggler (1987) for high-alumina
basalts. This confirms that plagioclase composition mainly depends on aH,O and melt Ca/lNa
ratio and is widely independent of bulk composition of the system.

Compared with experimental studies in dry systems (e.g. Toplis and Carroll, 1995), the An
content of plagioclase obtained in our study decreases only by about 0.05 mole%o/°C (cp.
0.5 mole%/°C in the study of Toplis and Carroll, 1995) for a given bulk water content with
decreasing temperature (Fig. 2.8), although a strong concomitant depletion in melt Ca/Na
ratio content is observed. As discussed above, in water-bearing systems, for a given bulk
water content, increasing crystal fraction (due to decreasing temperature) results in an
increase of melt water content (see aH,O evolution in Fig. 2.8). Thus, the effect of decreasing
Ca/Na in melt on An content of plagioclase with progressive crystallization (resulting in a
strong decrease of An content in dry systems) is partly compensated by progressive increase
of melt water content in hydrous systems.

It can be noted that after reaching water-saturated conditions in all experiments due to

decreasing temperature and increasing crystal fraction (in B1 at 1000 °C, in B2 at 950 °C;
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Fig. 2.8a, b), plagioclase compositions are still more An-rich in runs with high bulk water
content (despite identical p, T, fo,, and aH,0). This is the result of different coexisting
residual melt compositions. In experiments with high crystal fraction (low bulk water content)
melts are more evolved and plagioclases are less An-rich. This shows that the bulk water
content of a system can also control plagioclase composition in differentiation processes,

despite all extensive parameters are equal.

2.4.3. Effect of aH,O on Fe-Ti oxide Compositions

The influence of Fe-Ti oxides on the differentiation of basaltic systems has been investigated
by numerous authors (e.g., Hill and Roeder, 1974; Grove and Baker, 1984; Thy and Lofgren,
1994; Toplis and Carroll, 1995; Juster et al., 1989; Snyder et al., 1993). It is generally
accepted that the concentrations of iron and silica in the melt are sensitive to the
crystallisation of Fe-Ti oxides and it has been shown (e.g., Toplis and Carroll, 1995) that fO,
greatly influences the stability of Fe-Ti oxides.

HO is not known to have a direct influence on Fe-Ti oxide composition. However, due to the
variation of fo, with aH,O, Fe-Ti oxide compositions are influenced by the H,O
concentration of the melt, too. As discussed above, the magnetite/ilmenite pairs analyzed in
this study have equilibrium compositions (Bacon and Hirschmann, 1988). Thus, the
calculated fO,, applying the oxide geothermobarometer (e.g., Andersen et al., 1993) to the Fe-
Ti oxide pairs for a known temperature, should correspond to values measured by the solid
redox sensor technique (Taylor et al., 1992). As shown in Figure 2.1, the calculated fo, for
Fe-Ti oxides at aH,O = 1 agree well with fO, values obtained by the solid sensor method of
(Taylor et a., 1992) and confirm the intrinsic MNO-MnzO4 buffer conditions prevailing in the
IHPV. Magnetite/ilmenite pairs crystallized in runs with aH,O < 1 show lower calculated fO,
values than those obtained at water-saturated conditions (Fig. 2.1; Tab. 2.2, 2.3). This
confirms that H,O can significantly influence the composition of iron-bearing phases by

influencing the fO, in the system.
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2.4.4. Effect of H,O on Phase Stability, Phase Proportions, and Liquid Lines of Descent

The addition of H,O to asilicate system is not only influencing the composition of phases but
also greatly influences phase stability and proportions. As discussed above, the increasing
crystal fraction with falling temperature leads to water-saturated conditions (aH>.O = 1) in all
experiments (Fig. 2.4a, b). Hence, it could be expected that for a given temperature (e.g.,
1000 °C in B1), all other parameters being equal (p, T, bulk composition, fo,, and aH,0), the
phase assemblage should be identical. This is not the case because melt proportion and the
relative proportions of minerals (Fig. 2.5, 2.6), and therefore melt compositions (Fig. 2.9,
2.10) differ as a function of the bulk water content. This, in turn, influences the compositions
and stability of solid phases and liquid lines of descent. For example, in B1 experiments at
1000 °C, orthopyroxene is only stable at low bulk water contents (0.89 and 1.49 wt% H,0)
and the stability of amphibole is reached only at the highest bulk water content of 4.70 wt%
(Fig. 2.4a). In the following parts, the individual effect of H,O on phase stability, modal
proportion, and its influence on liquid line of descent is discussed.

Owing to the importance of olivine in igneous differentiation processes of basaltic systems
special attention must be drawn to its behavior with respect to water content of the melt. H,O
Is known to depolymerize melts and thus enhance the stability field of depolymerized phases
like olivine (e.g., Kushiro, 1975; Ulmer, 1989). In order to understand the evolution of the
stability field of olivine as a function of water, the texture and modal proportions of this
mineral in experimental products can be used (Toplis and Carroll, 1995). The highest
proportions of olivine in B1 is reached at 1050 °C for all bulk water contents (Tab. 2.2;
Fig. 2.5). At this temperature, olivine textures change from euhedral to rounded crystals
indicating the beginning resorption of these phases. This is supported by the decreasing
olivine abundance estimated by mass balance calculations at temperatures below 1050 °C.
Toplis and Carroll (1995) made similar observations for olivine in a dry ferrobasaltic system
at dightly higher temperatures (1070 — 1130 °C) for fO; in the range QFM +1 to QFM 2.

Toplis and Carroll (1995) observed a decreasing onset temperature of olivine resorption with
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decreasing fO,. However, onset of olivine resorption in our study is observed at lower
temperatures despite fO; is higher than in the study of Toplis and Carroll (1995). A possible
explanation is that the higher depolymerization of our hydrous melts leads to increasing
stability and activity of olivine (e.g., Kushiro, 1975). This is supported by the study of
Spulber and Rutherford (1983) showing that olivine is stable in a MORB composition (DOB8)
until solidus is reached a low fo, (G-CH buffer) and hydrous conditions (aH,O ~ 0.6)
suggesting that the olivine stability field is extended to lower temperatures with decreasing
fO, and increasing aH»O in basaltic systems.

Discussing the stability of olivine requires to turn one's attention to the appearance of
orthopyroxene in B1 and B2 run products. As emphasized by Juster et al. (1989) and Toplis
and Carroll (1995), high silica activities of the melt promote resorption of olivine involving a
reaction of the type Mg,SiO,® + SiO9%= 2MgSiOs”?. In B1, orthopyroxene saturation curve
(opx-in curve; Fig. 2.3a) and olivine out curve are not identical, but overlap at 1000 °C and
0.89 and 1.49 wt% bulk water content. Since the resorption of olivine roughly parallels the
crystallization of orthopyroxene, it can be assumed that the occurrence of orthopyroxene is
related to a reaction as described above. Furthermore, orthopyroxene crystallizes first in runs
with lower bulk water contents and thus higher crystal fraction and silica activity of the melts.
In the fractionated B2 composition, olivine is absent. Therefore, the general higher melt SIO;
contents of the more evolved B2 compositions expand the stability field of orthopyroxene
particularly at low aH,O up to 1050 °C.

Stability of plagioclase as a function of water has been widely discussed (Helz, 1973;
Holloway and Burnham, 1972; Spulber and Rutherford, 1983; Sisson and Grove, 1993g;
Panjasawatwong et a., 1995). In agreement with previous studies, the proportions of
plagioclase relative to mafic phases are depressed with increasing bulk water content in B1
and B2 (Fig. 2.5, 2.6). Thisisrelated to the higher An content of plagioclases coexisting with
water-rich melts (less plagioclase needs to crystallize to adjust the melt CaO content). In

contrast to observations of Spulber and Rutherford (1983), Beard and Lofgren (1991), and
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Gaetani et al. (1993) no Al,Os enrichment with increasing bulk water content due to the
depression of plagioclase could be detected. A possible explanation is that the increasing An
content of plagioclase with increasing bulk water content in combination with the general
high An plagioclases in this study (Fig. 2.8) counteract the relatively lower proportions of
plagioclase at high water contents of the system.

The occurrence of amphibole in natural systems is often used to characterize whether magmas
were “dry” or hydrous in a broadly qualitative sense. Our results support previous
experimental findings in hydrous basaltic and calc-alkaline systems (e.g., Helz, 1973;
Holloway and Burnham, 1972; Spulber and Rutherford, 1983; Sisson and Grove, 1993g;
Johnson et al., 1994) showing that arelatively high amount of H>O in the melt is necessary to
stabilize amphibole (~ 5 wt% in our study). In our study the stability field of amphibole is
always restricted to runs with aH,O = 1 (Fig. 2.3) but not al experiments performed under
water-saturated conditions contain amphibole. This suggests that the amphibole stability is
also very sensitive to melt composition (amphibole crystallizes at higher temperature for high
CaO content of the melt). Thus, in differentiation processes the conditions at which
amphibole starts to crystallize is controlled by both the aH,O and the initial bulk water
content of the system.

The effect of H,O on stability of Fe-Ti oxides has been the object of interest in several studies
(e.g., Helz, 1973; Holloway and Burnham, 1972; Grove and Baker, 1984; Baker and Eggler,
1987; Sisson and Grove, 1993a) due to the significant influence of oxide stability on liquid
line of descent. For calc-alkaline systems, Sisson and Grove (1993a) emphasized that Fe-Ti
oxides crystallize are formed earlier in the crystallization sequence of hydrous melts
compared to dry systems.

Consequently, hydrous residual melts follow a different liquid line of descent which is typical
for the calc-alkaline trend characterized by an early FeO* depletion. For the dry systems,
oxide saturation will occur at lower temperatures resulting in a more tholeiitic differentiation

trend, characterized by an enrichment in FeO* in residual melts. Our results show that this
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assumption is oversimplified and that the compositional trends are dependent on the nature of
fractionated oxides (either magnetite or ilmenite). I[Imenite stability depends mainly on melt
TiO, content (Fig. 2.10) and is less dependent melt oxidation state (Thy and Lofgren, 1994;
Toplis and Carroll, 1995). The saturation curve of ilmenite which can be observed in Figure
2.4b is a result of decreasing temperature and of increasing TiO, content of the melt with
increasing crystal fraction. Thus, because the melt fraction increases with bulk water content,
Ilmenite saturation is indirectly influenced by H,O.

In contrast, magnetite stability in 1 atm experiments depends strongly on fO, (Roeder, 1974;
Hill and Roeder, 1974; Grove and Juster, 1989; Toplis and Carroll, 1995; Juster et al., 1989;
Snyder et al., 1993). In addition, Sisson and Grove (1993a) emphasized that magnetite
stability is also enhanced by H,O. The effect of H,O on magnetite stability in Bl is
demonstrated in Figure 2.4a. This figure shows that magnetite is indeed stable at high
temperature when fO; is high, but that magnetite saturation is independent on aH,O and bulk
water content. In B2, magnetite is not stable at 1150 °C and 4.5 wt% bulk water content but in
all experiments performed at the same temperature with lower bulk water contents. This also
indicates that stability of magnetite in MORB is not enhanced by H,O. This observation is
also confirmed by results of Spulber and Rutherford (1983) for hydrous MORB composition.
The Fe-Ti oxides in their experiments conducted at high water activities under the G-CH
buffer show only a very restricted stability field and were not stable until 955 °C at 200 MPa.
Thus, our data and those of Spulber and Rutherford (1983) indicate that water does not affect
the stability of magnetite, in contrast to the assumption of Sisson and Grove (1993a) for a

calc-alkaline system.

2.4.5. Fractionation Effects

To understand the differentiation processes of basaltic systems it should be borne in mind that
a perfect fractional crystallization path requires a continuous removal of solids from the
systems. In our study we have investigated two compositions, B1 and B2, B2 being

representative of the residual melt obtained in B1 after 50 wt% crystallization and a bulk
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water content of 0.89 wt%. Thus, only one fractionation step has been carried out. This
fractionation event is far to be representative of natural fractionation steps but can show
exemplary the influence of fractionation on liquid line of descent and phase relations.
Experimental results from the evolved B2 composition show that phase relations are different
from B1 (Fig. 2.4). Magnetite is the liquidus phase in B2 due to the high fO, and the melt
Fe;O; content, which is higher than in B1. Thus, saturation temperature of magnetite is
increased in B2. Stability fields of both, orthopyroxene and ilmenite, are enhanced as a result
of the absence of olivine and of general higher melt TiO, concentrations, respectively.
Furthermore, the stability field of amphibole is depressed probably resulting from the lower
melt CaO contents. The lines of equal aH,O are shifted to lower temperatures because of the
general crystal fraction in B2 (Fig. 2.4b). Mineral and melt compositions produced in B2 are
different compared to B1 and are consistent with equilibrium compositions in more evolved
systems. Our results also show that starting with a primitive MORB, a quartz-dioritic melt
can be obtained without any fractionation (e.g., B1, 12.6% melt fraction, run no. 48), and a
trondhjemitic (granitic) melt can be obtained by at least one fractionation step (B2, 14% melt
fraction, run no.106).

However, despite the major difference in phase relations and mineral compositions in B1 and
B2, liquid line of descent shows generally the same trend for both compositions (cp. Fig. 2.9
and 2.10). This supports the assumption that liquid lines of descent obtained by perfect
equilibrium and perfect fractional crystallization are similar over a wide crystallization path,
as emphasized by theoretical considerations of Toplis and Carroll (1996) for ferrobasaltic
systems. Nevertheless, our study shows that phase relations can be greatly influenced by one

fractionation step.

2.5. Conclusions
Experimental results of this study show the effect of H,O on the phase relations in a primitive
MORB system under high fo,. H,O is found to have a large influence on solid phase

compositions and stability. It has been demonstrated that changing aH,O also influences
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significantly the Mg/Fe ratio in iron-bearing phases like olivine as a result of changing fO;.
Furthermore, our data suggest that partitioning of CaO between olivine and melt also depends
on melt water content. This is due a possible stabilization of Ca in hydrous melts when

compared to dry liquids leading to lower D2."* values for olivine crystallizing under

hydrous conditions. As well as for olivine, increasing aH,O influences Fe-Ti oxide

compositions by raising the fo, of the charge. Kd§_ " values for plagioclase obtained in this

study for given melt water contents agree well with previous data (e.g., Sisson and Grove,
1993a) confirming that plagioclase composition mainly depends on melt water content and
Cal/Naratio of the system.

Liquid lines of descent for both investigated starting compositions B1 and B2 differ slightly
from each other, but show similar trends. At a given temperature, melt fraction is strongly
controlled by the bulk water content and is always higher in systems with high bulk water
contents, even if water-saturated conditions are prevailing. We confirm that high melt water
contents need to be reached for the crystallization of amphibole (about 5 wt%), but the
stability of amphibole depends also on anhydrous melt composition (Helz, 1973; Holloway
and Burnham, 1972; Spulber and Rutherford, 1983; Sisson and Grove, 1993a). Concerning
the crystallization of Fe-Ti oxides, there is no evidence that aH,O and bulk water content
increase the stability of magnetite. The occurrence of this mineral is enhanced by high fo,
only in contrast to ilmenite which is also dependent on the proportion of the prevailing phases
(and thus bulk water content). We confirm that high fo, will avoid a strong FeO* enrichment
of the residual melts during differentiation.

Phase relations, crystallization sequence, and mineral compositions obtained from evolved

melt compositions of MORB systems after 50 wt% crystallization are different from the
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primitive MORB composition. In detail, the liquid lines of descent differ slightly (higher SiO,
contents of melts are reached at identical p, T, aH>O). However, the general compositional

trends of residual melts obtained in both compositions are very similar.

3. Differentiation of Hydrous MORB at QFM-Buffer Conditions and
200 MPa: Implications for Fe-Ti Oxide Stability and Liquid line of
Descent in MORB

3.1. Introduction

The trend of liquid composition in differentiation of a basaltic magma under crustal pressure
and temperature conditions has been object of interest in many experimental studies. It is
generally accepted that fo, (oxygen fugacity) is a critical parameter controlling the
crystallization of Fe-Ti oxides in iron-bearing systems. As shown by e.g. Osborn (1959),
Presnall (1966), Toplis and Carroll (1995), and Snyder et al. (1993) in 1 atm experiments for
basaltic compositions, magnetite stability is enhanced at high fo, resulting in an early
depletion of FeO* (total iron) and enrichment of SIO; in residual melts. Thus, these melt
compositions show generally a tendency to follow a calc-alkaline differentiation trend (e.g.,
Miyashiro, 1974; Irvine and Baragar, 1971). At moderate (about NNO-QFM buffer) to low
oxygen fugacities the liquid line of descent derived from experiments in basaltic systems are
generally characterized by an early FeO*/MgO, and to a lesser extent, SIO, enrichment
following a tholeiitic differentiation trend (e.g., Grove and Baker, 1984; Toplis and Carroll,
1995; Juster et al., 1989; Snyder et al., 1993). As outlined in chapter 2 H,O is known to have
a strong influence on phase relations in mafic systems and the effect of H,O on the
differentiation trend of primitive MORB’s at moderate pressure (100 - 200 MPa) is widely

unknown. To the authors knowledge, experiments in this compositional systems and pressure
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range have only been carried out by Spulber and Rutherford (1983), but in this study aH,O
(water activity) was not varied systematically.

Holloway and Burnham (1972) and Sisson and Grove (1993a) emphasized that typical calc-
alkaline differentiation trend can be obtained at geologically relevant fO, if water is present in
this systems because it promotes the early crystallization of Fe-Ti oxides. As shown in
chapter 2 it can be confirmed that magnetite appears early in the crystallization sequence of a
hydrous primitive MORB composition at high fo, (MnO-MnzO, buffer). However, in contrast
to the assumptions of Sisson and Grove (1993a) the stability of magnetite was not found to be
dependent of the ambient aH,O. Experimental results of Spulber and Rutherford (1983) also
show that oxide stability is not necessarily enhanced at high aH,O since Fe-Ti oxides were
not stable until 955 °C at 200 MPain their study.

The two studies in hydrous MORB systems mentioned above have not been conducted at
those fO,, which are supposed to be relevant during the differentiation of MORB in nature.
The experiments of Spulber and Rutherford (1983) were performed at the G-CH buffer, which
Is much lower than the fO, range prevailing in natural MORB magma reservoirs. On the other
hand, the experiments performed at high fO, (see chapter 2) are useful to understand the role
of aH,O on phase relations and compositions, but the ambient fO, conditions of their
experiments are too oxidizing for reliable comparison with nature. Since the fo, of natural
MORB lavas was found to vary generally between QFM-2 and QFM+1 (e.g, Carmichael and
Ghiorso, 1986; Christie et al., 1986), we performed equilibrium crystallization experiments
under redox conditions corresponding to the QFM buffer in the temperature range 1150 °C —
950 °C. As experimental pressure of this study 200 MPa was chosen in order to represent the
pressures of typical reservoirs of MORB magma which occur in Mid-ocean ridge system at
shallow crustal levels at depth between 3 and 6 km (e.g., Fisk, 1984; Nicolas, 1989).

Our knowledge about the real water contents in natural MORB magmas undergoing

differentiation is poor. For primitive, norma MORB, Sobolev and Chaussidon (1996),
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Kovalenko et al. (2000), and Danyushevsky et al. (2000) determined water contents with
average values of about 0.31 increasing up to 0.5 wt%. Moreover, since during the main stage
of MORB crystallization only anhydrous minerals are formed, it is expected that the aH,O
will increase during differentiation. For a better understanding of the role of water during
differentiation of MORB, the initial water content of our experimental system was varied
systematically ranging from 0.35 wt% to 4.46 wt% H,O. The results are used to estimate the

influence of H,O (and fO,) on stability of Fe-Ti oxides and MORB liquid line of descent.

3.2. Experimental and Analytical M ethods

3.2.1. Starting Material and Experimental Procedure

The starting material is the primitive 10-component MORB glass B1 used for experiments at
high fO, (see Tab. 2.1 in chapter 2). We performed crystallization experiments with B1
glasses containing different amounts of H,O.

Before using the B1 glass as starting material the glass was equilibrated in an 1 atm gas
mixing furnace (H./H,O) at the desired fO, of the experiments. For the experiments at
relatively high temperatures between 1150 and 1050 °C, these glasses were loaded in iron
pre-saturated AugoPdyo capsules (see below) and the desired amount of water was added to the
sample container (typically 100 mg glass and 0.35 to about 7 wt% H,0). The sealed capsules
were brought directly to the final run temperature (for detailed information see chapter 2).

For lower run temperatures of 1000 °C to 950 °C this experimental procedure led to
disequilibrium effects due to the fast crystallization in these low-viscosity systems before
reaching a homogeneous distribution of the added water in the anhydrous B1 glass powder.
Therefore, hydrous glasses with defined bulk water contents have been synthesized at 200
MPa, 1250 °C and a log fo, = QFM (for control of fO, see below). The water contents of the
homogeneous crystal- and bubble free glasses were measured by Karl-Fischer-Titration (KFT;

e.g., Behrens, 1995) and are given in Table 3.1 (bulk water contents of experiments performed
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at 1000 and 950 °C). These hydrous glasses were grounded to a powder (100 — 200 um grain
size) and sealed into iron pre-saturated AugoPdy capsules.

To avoid iron-loss to the sample container (e.g., Johannes and Bode, 1978), AugoPd2o capsules
were used because they have a lower Fe-solubility than Pt and a higher melting point than
pure Au which allows to perform experiments up to 1250 °C (Kawamoto and Hirose, 1994).
Nevertheless, at the reducing redox conditions of our experiments a significant iron loss due
to Fe diffusion into the AugoPdyy capsule material was observed. Therefore, the AugoPd2o

capsules were presaturated in iron at fO, corresponding to the QFM buffer at 200 MPa and

Table 3.1. Experimental conditions and results for composition B1 (QFM buffer)

run  duration pressure wt% H,0 wt% H,0* aH,0 fH,0 logfo," AQFM° phases detected and modal proportions ¢ © SR?
[h] [MPa] bulk in melt [bar] [bar] [bar]
1150°C
130 2.2 207.2 6.52' 458" 1 2085 -8.51 +0.2 gl(100) fl
129 2.2 207.2 2.01 208 033 69 -9.46 -0.75  g1(96.7) 0l(3.3) 0.97
128 2 205.7 0.96' 1.02 010 215 -1056 -1.85  gl(94.5) ol(5.5) 0.76
127 2 205.7 0.35 0.38 0.02 36 -12.12 -3.41  gl(91.9) ol(5.9)  cpx(0.3) pl(1.9) 0.83
1100°C
134 3 202.7 6.41' 453 1 1998 -9.27 +0.09  gl(95.6) ol(4.4) fl 0.45
132 3 204.3 2.00 237 040 806 -10.15 -0.80  gl(84.4) ol(7.9)  cpx(4.8) pl(2.9) 0.68
133 31 202.7 1.01 149 020 398 -10.67 -1.31  gI(67.3) 0l(8.2)  cpx(9.0) pl(15.5) 0.82
131 31 204.3 0.47" 0.85 0.07 150 -11.61 -2.26  gI(55.6) ol(11.2) cpx(13.7) pl(19.5) 0.43
1050°C
142 45 207 6.36' 484 1 1999 -10.05 -0.01  ¢I(80.8) ol(7.3)  cpx(11.9) pl (tr) fl 0.42
141 45 207 2.03 3.33 064 1289 -1043 -0.39  ¢gI(60.9) 0l(8.6)  cpx(17.6) pl(12.9) 0.41
140 4.6 207.9 0.96' 290 051 1024 -1057 -0.54  ¢I(33.0) ol(12.1) cpx(24.3) pl(30.6) 0.28
143 4.7 200.1 0.55' 204 032 616 -10.95 -0.91  gl(27.2) ol(12.6) cpx(26.2) pl(34.0) 0.35
1000°C
148 9.2 206.8 4.469 506 1 1947 -10.76 +0.01  gl(48.8) ol(11.4) cpx(24.2) pl(15.6) fl 0.13
147 5.5 206.7 1.91° 501 099 1921 -10.76 +0.02  gI(38.2) ol(11.5) cpx(26.3) pl(24.0) 0.19
146 5.5 206.7 1.12¢9 5.04 099 1946 -10.74 +0.03  g¢l(20.2) 0l(12.0) cpx(31.8) pl(35.9) 0.28
145 5.5 206.7 0.559 352 0.64 1248 -11.13 -0.36  gl(14.5) ol(14.5) cpx(29.1) pl(40.7) 0.40
950°C
153 7.5 205.8 4.46° 512 1 1879 -11.48 +0.09 gl(18.5) ol(4.9) cpx(25.8) pl(28.5) am(22.3) fl 0.56
152 7.5 205.8 1.919 512 1 1879 -11.48 +0.09 gl(14.2) ol(8.2)  cpx(23.3) pl(35.9) am(18.4) fl 0.31
151 7.5 205.8 1.12¢9 517 1 1879 -11.48 +0.09 gl(7.9) ol(8.1) cpx(29.1) pl(36.6) am(17.3) iim(1.0) fl 0.16
150 7.5 205.8 0.55¢ - - 1879 -11.48 +0.09 ol cpx pl am im'

# water content of the residual glasses estimated by mass balance calculations (see chapter 2)

® log fo, based on equation for MnO-Mn,0, buffer curve (Chou 1978) assuming intrinsic buffering capacity of used IHPV
corresponding to the MnO-Mn O buffer (see text)

° A QFM indicates log fo, (experiment) - log fo, (QFM buffer) as estimated by Schwab and Kiistner (1981)

9 gl glass, ol olivine, cpx clinopyroxene, opx orthopyroxene, pl plagioclase, mt magnetite, ilm ilmenite, am amphibole, I fluid
¢ phase proportions calculated by mass balance are given in wt%

"H,0 added to dry glass powder

9'H O content in pre-hydrated glasses measured by Karl-Fischer-Titration

" humbers in italics indicate runs with aH,0 = 1 where water content was calculated using the Burnham model (Burnham 1979;
see details in chapter 2)

' phases have been identified qualitatively

62



3. Differentiation of Hydrous MORB at QFM—Buffer Conditions

1200 °C (conditions similar to the desired fO, in the crystallization experiments at aH,O = 1)
following the procedure described by Ford (1978). To allow saturation with Fe, AugoPd2o
tubes were loaded in a ceramic crucible containing a glass with similar composition as B1 and
held for 3 days at 1225 °C in an 1 atm gas mixing furnace. The capsules were subsequently
recovered by dissolving the surrounding glass in HF.

The experiments were conducted in an internally heated pressure vessel (IHPV) equipped
with a rapid-quench sample holder to avoid crystallization during quenching. Due to the
relatively high intrinsic fO, of the vessel (MnO-Mn;O, buffer), a mixture of Ar and H, was
used as pressure medium to adjust the fO, in the pressure vessel at values which correspond to
the QFM buffer. Therefore, in addition to the rapid-quench setup, an Hz-sensor membrane
made of platinum is attached to the sample holder which allows to measure the pH, prevailing
a run conditions in the vessel. This experimental setup is described in detail in
chapter 1.

The vessel has been loaded with two or four capsules (corresponding to the four different bulk
water contents; Tab. 3.1) and brought directly to run temperature. Phase relations were
investigated in 50 °C intervals from 1150 °C to 950 °C at a pressure of 200 MPa and a fo,
corresponding to the QFM buffer (at aH,O = 1). Experimental duration was limited by the
diffusive Fe-loss to the capsule material and varied with temperature from 2.2 to 9.2 h
(Tab. 3.1). After quenching each capsule was weighed to check for leaks and than punctured
to determine if a fluid phase was present or not. A cross-section of each capsule (including
sample container) was prepared as polished section for electron microprobe analyses of solid

phases and noble metal.

3.2.2. Analytical Techniques

The analytical techniques for water determination in glasses (Karl-Fischer-Titration, KFT;
mass balance calculations; “by-difference’- method) and for major element analyses

(microprobe; correction for alkali-loss) are identical to that described in chapter 2 and are not
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described in detail here. The analyses of glasses in runs with low melt fractions have been
possible because small batches of crystal-free residual liquid were located along the capsule
rim. This was especially the case for run no. 151 containing about 8 wt% melt (from mass
balance calculations).

The fO, was calculated for each charge using the H,O dissociation constant of Robie et al.
(2978) with fugacity coefficients for H, from Shaw and Wones (1964) and H,O from Pitzer
and Sterner (1994). pH, and thus fH, was recorded continuously and the experiments were
stopped when a constant pH, was reached. The time needed to attain osmotic Hz-equilibrium
between vessel and the H,-sensor membrane is typically about 30 h at 1150 °C and 200 MPa.
Because the duration at which the experimental charge is heated has to be lower (Fe-loss to
the sample container) than the time needed for an exact pH.-measurement, the capsules were
guenched with the rapid-quench setup before cooling the pressure vessel (chapter 1). The
guenched capsules stay on the bottom of the sample holder (in the cold area of the vessel with
20 — 25 °C) and no further reaction could take place in the capsule.

At water-saturated conditions, the proportion of H, added to the pressure medium (Ar) was
chosen so as to reach afinal pH, and therefore fO, corresponding to the QFM buffer (Tab. 3.1;
calculation of fO, based on the equation of Schwab and Kustner, 1981). It should be noted that
in water-undersaturated experiments fH,O and thus fO, decrease with aH,O (Scaillet et al.,
1995) resulting in much more reducing fo, conditions at low aH»O. To calculate fO, a water-
undersaturated conditions we have used thermodynamic model of Burnham (1979) for
calculating aH,O. The good agreement between measured and calculated water solubility for
the B1 starting material has been confirmed in an experiment performed at a temperature
above the liquidus (4.46 wt% H»O measured by KFT for a glass held at 1200 °C and
203.3 MPa a the QFM buffer and 4.50 wt% H,O calculated with the “Burnham model”

assuming aH,0 = 1 for the same pressure and temperature conditions).
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The melt Fe**/Fe** ratio has been calculated after Kress and Carmichael (1991). As
emphasized by Baker and Rutherford (1996) and Gaillard et al. (2001) the expression of Kress
and Carmichael (1991) has not been calibrated against hydrous glasses. Baker and Rutherford
(1996) and Gaillard et al. (2001) showed that, for H,O-saturated rhyolitic melts, water has an
oxidizing effect on the melt Fe**/Fe** ratio relative to the Kress and Carmichael (1991)
expression, especially at fo, < NNO +1.5. Concerning the hydrous experiments performed in
this study at the QFM buffer (which is below the NNO buffer conditions), the melt Fe*/Fe®*
ratios were not corrected with respect to the melt water content, because the data of Baker and
Rutherford (1996) and Gaillard et al. (2001) were obtained for water-saturated conditions in
very silicic melts only. Thus, the effect of dissolved H,O on Fe?*/Fe** ratio in basaltic melts,

especially inrunsat aH,O is< 1, isunknown.

3.2.3. Attainment of Equilibrium and Loss of Iron

The experimental strategy in this study performing phase equilibrium experiments with
hydrous low viscosity basaltic compositions is widely similar to that described in chapter 2. In

the former study, in which experiments were conducted at high fo, (MnO-Mnz;O,4 buffer),

Figure 3.1 Phase relations of Bl
composition as a function of
temperature-bulk water content-aH.O
at 200 MPa and an oxygen fugacity
corresponding to the QFM buffer.
Abbreviations: gl glass, ol olivine, pl
plagioclase, cpx clinopyroxene, mt
magnetite, ilm ilmenite, am amphibole.
Solid lines indicate saturation (+) of
phases. Lines of equal aH.O are
determined from aH,O calculated for
each charge after Burnham (1979;
Tab. 3.1).

»
o
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equilibrium conditions have been reached as shown i.e. by mineral-melt and mineral-mineral
partitioning coefficients which are in good agreement with published data from other studies.
It should be noted that iron loss from the melt to the sample container is negligible at these
oxidizing conditions. In the present study performed a more reducing fO, iron loss is a
general problem (for detailed description see Sisson and Grove, 1993a). Following the
procedure described above, iron loss could be limited in our study. A melt composition profile
of run no. 130 (Tab. 3.6) performed above the liquidus temperature at 1150 °C and with about
4.58 wt% H,0 melt water content (Tab. 3.1) showed that iron has been lost mainly from the
rim of the experimental charge which is in direct contact with the capsule material. In the
middle of the capsule the initial iron concentration of the glass was preserved. The average
iron content along the profile is lower by about 4.8 wt% relative when comparing to the
starting material. Iron loss from the other experiments performed at 1150 °C have been

estimated to be between 6 and 8 wt% relative by mass balance calculations. At temperatures

Figure 3.2 Back scattered electron
images (BSE) of phases crystallizing
at 1100 °C at the QFM buffer showing
increasing solid phase proportions with
decreasing aHO for a given
temperature. Abbreviations see Figure
3.1




3. Differentiation of Hydrous MORB at QFM—Buffer Conditions

below 1100 °C, Spulber and Rutherford (1983) and Sisson and Grove (1993a) emphasized
that no significant amount of iron was lost from their samples to the capsule material.
Therefore, iron content of the glasses analyzed in the middle of the capsule are believed to be
realistic. This is confirmed by olivine-melt and clinopyroxene-melt partition coefficients,

which agree with published data for these minerals (see below).

3.3. Reaults

3.3.1. Phase Stability

Phase relations of B1 composition are a function of both bulk water content and aH»O, as
shown in Figure 3.1. Varying aH,O of the melt only, a constant pressure and temperature
changes phase relations significantly (Fig. 3.2). Generally, olivine is the liquidus phase for al
bulk water contents and starts to crystallize between 1125 °C and 1150 °C at water-saturated
conditions. At aH,O < 0.4 olivine crystallizes at temperatures higher than 1150 °C.
Plagioclase and clinopyroxene saturation temperature is about 50 °C below that of olivine.
The crystallization sequence between these two phases is difficult to distinguish and could not
be determined exactly by the runs at 50 °C temperature interval in this study. However, in run

no. 127 (1150 °C, 0.35 wt% bulk water content) there is evidence from texture and phase

96 | | Figure 3.3 Olivine compositions plotted
9 L | against temperature with respect to
| bulk water contents. Error bars
© gol | correspond to standard deviation of
§ i average olivine compositions. If no
O sl | errors bars are given, the height of the
c L symbols corresponds to the average
X 80 1 error.
o
O L
g 76t -
e .l B1 fo, ~ QFM-buffer | |
2 - ¢ ~45wt%H,0
1)
o 681 O ~2 W% H,O |
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64 - o
I @& ~0.5wt% H,0
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proportions that plagioclase crystallizes first whereas in runs no. 132 and 142 (1100 °C,
2.0wt% and 1050 °C, 4.46 wt% bulk water content, respectively) clinopyroxene seem to
crystallize earlier than plagioclase. Amphibole is stable only in experiments at 950 °C in
which water-saturated conditions have been reached even for low bulk water contents
(Fig. 3.1). llmenite crystallizes in runs no. 151 and 150 at 950 °C (1.12 and 0.55 wt% bulk
water content, respectively). Solidus temperature has been reached in run no. 150 and crystals
were too small to analyze correctly. Thus, ilmenite as well as all other phases were only

identified qualitatively in this experiment by back-scattered electron images.

3.3.2. Phase Compositions

Xro In olivine (Tab. 3.2; Fig. 3.3) decreases with decreasing bulk water content and
temperature. Hence, a maximum X, of 88 has been measured in run no. 129 with olivine as
liquidus phase (1150 °C and 2.01 wt% bulk water content). The Mg# of the coexisting melt is
high and reaches a value of 69 (Mg#, defined as Xmgo / (Xmgo + Xreo) X 100 and Fe;O3 and
FeO content calculated after Kress and Carmichael (1991). The minimum Xg, has been
observed in olivine crystallizing at 950 °C and is identical independently of bulk water (with a
Xro Of 66). This is related to melt Mg# which is almost identical in all 950 °C experiments
content (ranging from 38 to 35 for 4.46 and 0.55 wt% bulk water content, respectively). Thus,
decreasing Xgo is a function decreasing melt Mg# with falling temperature and bulk water
content due to the increasing amount of crystals (see below). As emphasized in chapter 2, in
addition to the bulk water content, the water activity also influences olivine compositions in
runs in which aH,O is < 1 since the prevailing fO; is lower than at aH,O = 1 resulting in a

lower melt Mg# (due to the increasing melt Fe** with decreasing f0,). The oliving/melt
partitioning of Fe-Mg, expressed as Kdg(Roeder and Emslie, 1970; defined as

Xoi-reo/ X meit-reo* X meit-mgo/ Xoi-mgo), indicates a close approach to equilibrium. The average

KdZwe'is 0.31 (+ 0.03) which is in good agreement with the value given by Roeder and
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Emslie (1970) of about 0.3 (+ 0.02). As emphasized in chapter 2, D 2" (CaOojivind CaOwmet,
in wt%) differs from the model of Libourel (1999) which is calibrated for anhydrous melts.
Figure 3.4 shows that the calculated LnD* 22V using the model of Libourel (1999) is not
appropriate to describe the Ca partitioning between olivine and melt in our experiments, both
at reducing and oxidizing conditions. As already shown in chapter 2 the calculated
LnD* 2" is the less appropriate for experiments with high aH,O and low SiO, content of
the residual melt. The two trends observed for high and low fo, (Fig. 3.4) show that the
deviation from the model is independent of fO, but mainly a function of aH,O and melt

structure which is influenced by dissolved water.

The clinopyroxenes have an average composition of EnsFs;4Wo4, (£2 mole%) and vary only

Cpx -Melt

slightly with changing experimental conditions (Tab. 3.3). The average Kdg,, " of
cIinopyroxene (deflned as XCpx-FeO/XCpx-MgO*XMeIt-MgO/XMeJt-FeO) is 0.26 but generally
increases with melt Mg# (Fig. 3.5). As reported by Hoover and Irvine (1977) and Toplis and

Carroll (1995) Kd 2}, values increase independent of fo, with increasing melt Mg# up to

0.26 (for melt Mg# of about 40). Figure 3.5 confirms this observation by showing

Ol -Melt

-1.0 Figure 3.4 Calculated LnD*_,

values for olivine- melt pairs
crystallized at oxidizing (MnO-MnzO4
buffer; chapter 2) and reducing (QFM
buffer) conditions after the model of
Libourel (1999). Solid line shows

Ol -Mélt .
LnD* o trend calculated using an

15k

CaO

-2.0 | empirical function of Libourel (1999).

B1 1o, ~ QFM-buffer (this study) LY Dashed lines indicate calculated
& ~45wt% H,0 <>\Q ]  Ol-Méit _
O ~2 W% H,0 & \g\‘ °® LnD* - trends approaching the

25F | ¢ ~1wt%H,0 N 4 described LnD*ga;)Mdtobtained from

-~ 9 P . .
® ~05wt%HO ‘ the empirical function of Libourel

® B1 fo, ~ MnO-Mn,0O,-buffer Py (1999) due to increasing melt SiO,
content and generally decreasing

_30 1 1 1 1 1 1 1 1 .
aH>O. Water contents are given as
60 64 68 72 76 80 84 88 92 bulk water contents.

LnD* Ol-Melt

Forsterite [mole%] in Olivine
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experimental Kd ngh;g”dt values from numerous authors for different bulk compositions and fO5.
For relatively low melt Mg# in this study the obtained Kd &2}, values are in good agreement

with published data. For melt Mg# above 50, the Kd 2" deviates from the linear trend with

values up to 0.41 (Fig. 3.4). The same observation has been made for partitioning of Mg and

Fe?* between clinopyroxene and melt under more oxidizing conditions which confirms that

there is no dependence of Kd ngh;g”dt onfo, (Toplisand Carroll, 1995). It is noteworthy that the
bulk water content has no influence on Kd &2, "*" .

The composition of plagioclase as a function of temperature, bulk water content, and aH,O is
shown in Figure 3.6 and Table 3.4. In agreement with previous studies (e.g., Turner and
Verhoogen, 1960; Carmichael et al., 1974; Panjasawatwong et al., 1995), a a given
temperature, the An content of plagioclase increases with increasing melt water content and

therefore increasing aH>O. However, Figure 3.6 shows clearly that plagioclase composition is

0.50
0.45 | 4
0.40 4 -
OO Toplis and Carroll 1995
- O Tormey et al. 1987
20 0351 1 | O Yangetal 1996
22 A Snyder et al. 1993
© 030+ B Vv Grove and Bryan 1983
E ® B1 fo, ~ MnO-Mn,0,-buffer
0.25 4 B1 fo, ~ QFM-buffer (this study)
¢ ~45wt%H,0
0.20 1 & ~2 wt% H,0
& ~1wit%H,0
015 T T ] | ® ~05wi%H,0
20 30 40 50 60 70 80
Mg-number melt [Mg#]
Cpx —Melt Cpx —Melt

Figure 3.5 Kd Fe-Mg of clinopyroxene are plotted against melt Mg#. Kd Fe-Mg values for clinopyroxene-melt

Cpx -Melt

pairs obtained at high fO (chapter 2) are shown as well as Kd g ,, ~ values of numerous authors for various

basaltic compositions. Water contents are given as bulk water contents.
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also a function of bulk water content, because at 950 °C water-saturated conditions (aH,O =

1) have been reached for all experiments (independently of bulk water content). At this

temperature, plagioclase crystallizing in runs with high bulk water content is An-richer. The

direct influence of H,O on plagioclase composition can be shown in Figure 3.7. Partitioning
o P-Met

coefficient of Ca and Na between plagioclase and melt (Kd, . defined as (Ca/Na)pag /

(CalNa)mer) increases strongly with melt water content. Kd " values obtained in this study

for plagioclase crystallizing from melts containing about 2 wt% and 4.84 to 5.17 wt% H0,
respectively, agree well with trends for high-alumina basalts of Sisson and Grove (1993a) and
Baker and Eggler (1987) under comparable T-H,O conditions (two regression lines for

Pl-Melt

different melt water contentsin Fig. 3.7). This suggests that the relation between Kd ., . and

melt water content found by Sisson and Grove (1993a) for high-alumina basalts is also
relevant to tholelitic MORB systems. Generally, An content falls with temperature for all bulk
water contents dueto the strong depletion in melt Ca content and moderate enrichment in melt
Na concentration (see below) with crystallization.

Experimental amphiboles are tschermakites (classification after Leake et al., 1997).

90 Figure 3.6 Plagioclase composition as

a function of temperature and bulk
0.40 water content. Errors bars correspond
to standard deviation of average
plagioclase compositions from multiple

85

80 | 0.20 | microprobe measurements. Water
contents are given as bulk water
002 5, 1 contents. Numbers indicate aH,O of
75 4 the melt.
032 ¥ 0.07

70

B1 fo, ~ QFM-buffer
¢ ~45wt%H,0

O ~2 wit% H,0
& ~1wt%H,0
® ~0.5wt% H,0

60 1 1 1 1 1
950 1000 1050 1100 1150

65 I

Anorthite [mole%)] in Plagioclase

Temperature [°C]

71



3. Differentiation of Hydrous MORB at QFM—Buffer Conditions

Amphibole Mg# (defined as Xug/(XmgtXre"") X 100) decreases with decreasing bulk water

content (Tab. 3.5). Partitioning coefficient of Al and Si between amphibole and melt (defined

as KdA™ M ((Al/S)am/(Al/Si)vear) have values of about 1 (+0.08) and correspond to

Kdama"® values given by Sisson and Grove (1993a) of about 0.94 (+ 0.06) for melt-

amphibole pairs in compositions ranging from high-alumina basalt to rhyolite.

[Imenite crystals in run no. 151 were relatively small and therefore difficult to analyze.
However, ilmenite content (X;m; calculated after Andersen et al., 1993) could be determined
and is about X;mge. AS emphasized above, ilmenite in run no. 150 has been identified
qualitatively only.

Experimental melt compositions are given in Table 3.6. The evolutions of melt SiIO, and
FeO* with temperature as a function of bulk water content are shown in Figure 3.8. Melt
compositions vary strongly with temperature and bulk water content and follow a tholeiitic
differentiation trend (Fig. 3.10, 3.11; Irvine and Baragar, 1971; Miyashiro et al., 1969)
ranging from gabbroic to dioritic compositions (classified after Wilson (1989) using the TAS

diagram). SIO, content of the melt (Fig. 3.8a) increases with falling temperature and bulk

-
-

Figure 3.7 Ca/Na ratios for
plagioclase-melt pairs obtained at
water-saturated conditions (aH.O = 1,
melt water contents calculated after
Burnham (1979; Tab. 3.1) and
approximately 2 wt% H,O in melt. Note
1 that Ca/Na ratios for plagioclase-melt

| pairs obtained at high fo, (chapter 2)
K}q are also shown. Solid lines show

AT Kdg';\N/':t after Sisson and Grove

| | B1 fo, ~ MnO-Mn,O,-buffer

| @ 4.55-525wt% H,0

[|© ~2 wt% H,0

B1 fo, ~ QFM-buffer (this study)
|| @ 4.84-5.17 wt% H,0

& ~2 wt% H,0

-
o

: (1993a) for plagioclase-melt pairs in
L L4 d 5 1 high-alumina basalt (Sisson and
- Yo @ %5% {1 Grove, 1993b); at 100 MPa and about
§ 1 4 W% H,0 in melt (Kdg Ne'~ 3.4)
and about 2 wt% H2O in melt at 200

P P L and 500 MPa (Baker and Eggler,
0 1 2 3 1987;Kd~ 1.7).
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water content up to 61 wt% (run no. 151). FeO* concentration generally increases with

decreasing temperature, but shows significant variations with changing bulk water content

(Fig. 3.8b). For water-saturated melts, FeO* content increases slightly from 1150 °C to 950

°C (8.24 wt% at 1150 °C and 8.97 wt% at 950 °C). For lower bulk water contents, FeO* first

increases with decreasing temperature and decreases at temperatures below 1050 °C. The

highest FeO* is observed for about 0.5 wt% bulk water content with 10.95 wt% FeO* at 1050

°C (run no. 143). The FeO* content in water-saturated melts at 950 °C is identical in runs no.

SiO, in melt [wt%]

FeO* in melt [wt%)]

72
SiO, B1 fo, ~ QFM-buffer
68 | ¢ ~4.5wt% H,0
O ~2 wit% H,0
& ~1wt%H,0
64

® ~0.5wt% H,0

1050

Temperature [°C]

6 B1 fo, ~ QFM-buffer
¢ ~45wt%H,0
O ~2 wt% H,0
Ar & ~1wt%H,0
€@ ~0.5wt% H,0
1 1 1 1 1
950 1000 1050 1100 1150

Temperature [°C]
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Figure 3.8a B1 melt SiO, content as
a function of bulk water content and
temperature. Errors bars are from
standard deviation multiple microprobe
measurements (Tab. 3.6). If no errors
bars are given, the height of the
symbols corresponds to the average
error. Note that no melt SiO, and FeO*
concentrations at 950 °C and 0.5 wt%
bulk water are given since the solidus
temperature is reached in this
experiment (run no. 150; Tab. 3.1).
Water contents are given as bulk water
contents.

Figure 3.8b B1 melt FeO* content as a
function of bulk water content and
temperature. For detailed comments
see Figure 3.8a.
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153 and 152 (no ilmenite present). However, the melt FeO* content is significantly lower in
run no. 151 containing ilmenite. With decreasing temperature and bulk water content, the
melt MgO and CaO concentrations also decrease. In contrast, NaO and KO raise in
concentration with falling temperature and bulk water content. A maximum TiO, content is
reached at 1000 °C and decreases generally in all experiments at 950 °C. Melt Al,O3; content
shows no systematic variation with changing experimental conditions but is slightly higher in

runs performed at 1000 °C.
3.4. DISCUSSION

3.4.1. Comparison of Phase Relations at High and Low fO,

Phase relations obtained for B1 starting composition at oxidizing (MnO-MnsO, buffer; see
chapter 2) and reducing (QFM buffer) oxygen fugacities can be compared to estimate the
effect fO, since all other parameters were equal (pressure, temperature, bulk water contents).
For both oxygen fugacities olivine is the liquidus phase crystallizing at similar temperatures
between 1150 °C and 1100 °C depending on bulk water content. In contrast to B1 phase
relations at oxidizing conditions, orthopyroxene is not stable at reducing fO,. This is in
agreement with previous studies (e.g., Grove and Juster, 1989) which show that decreasing
melt Mg# (due to decreasing fO,) strongly confines the low-Ca pyroxene stability. Since
orthopyroxene is not sable at reducing conditions (melt Mg# of about 35 at 950 °C; Tab. 3.6),
olivine is present in the low temperature runs at 950 °C, in contrast to oxidizing conditions
(melt Mg# of 61 to 68). As discussed in detail below, magnetite did not crystallize at
reducing conditions due to the lower melt Fe**/Fe®* ratio. |Imenite stability is less dependent
on oxidation state of the melt and this mineral is observed at the same temperature and bulk
water contents both at reducing and oxidizing conditions. The clinopyroxene and plagioclase
saturation is also widely independent on fO, since both phases crystallize between 1150 °C

and 1050 °C.
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3.4.2. Influenceof H,O and fO, on Fe-Ti Oxide Stability

Stability of Fe-Ti oxides in basaltic systems has been widely investigated because of its
important influence on differentiation path. Generally, it is difficult to discriminate between
single effects of H,O, fO,, and melt composition (and thus activities of critical components)
on the stability of ilmenite and magnetite. As show by e.g., Toplis and Carroll (1995) and
Snyder et al. (1993) for dry basaltic systems, magnetite stability field is dependent on the
oxidation state of the melt and is strongly expanded to high temperature with increasing fO,
(due to the increasing ferric iron content of the melt). In contrast, ilmenite is stable at lower
fo, and is rather a function of melt TiO, content than of melt oxidation state (Toplis and
Carroll, 1995).

Concerning the ilmenite stability in hydrous MORB systems, it has been shown that even at
oxidizing conditions ilmenite is stable in experiments with B1 composition when melt TiO,

content is high enough (see chapter 2). Combined with results in this study we show that the
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o
N ® Magnetite g

- i urati i
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% K T & ® 47 wt%H,0
L 00F ’@9,;\ 1 |® 089 wt% H,0
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Figure 3.9 Ln Fe,O3 content of melts are shown as a function of the inverse temperature. Ln Fe;O3 contents of
residual melt obtained at high fo, (MnO-Mn3O4 buffer; chapter 2) are also plotted. Only experiments with the
highest (between 4.7 and 4.5 wt%) and lowest (between ~ 0.5 and 0.89 wt%) bulk water are considered. Solid
line indicate experiments conducted at high fo, (MnO-Mn3O4 buffer) in which magnetite was a stable phase.
Dashed line show Ln Fe;O3 contents of magnetite-saturated dry melts from Toplis and Carrol (1995).
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stability field of ilmenite is identical for reducing and oxidizing conditions (Fig. 3.1 and Fig.
2.4Q). This confirms the assumption of Toplis and Carroll (1995) suggesting that ilmenite is
widely independent of melt oxidation state but depends mainly on melt TiO, content. Bulk
water content seems not to have a direct influence on ilmenite stability but controls the melt
fraction at a given temperature. At a given temperature, melts from experiments at low bulk
water content have higher TiO, concentrations than melts in more water rich runs. Therefore,
at a given temperature, ilmenite stability is enhanced with decreasing bulk water content,
independently of fOy.

Magnetite is stable in B1 runs performed at high fO, (chapter 2), but not in the experiments
conducted at the QFM buffer. At high fo,, magnetite crystallizes between 1100 °C and
1050 °C, but is not the liquidus phase since olivine, plagioclase and clinopyroxene are stable
at higher temperatures (see Fig. 2.4a in chapter 2). This is in contrast to studies performed
under dry conditions in basaltic systems at high fO,, in which magnetite is usually the liquidus
or a least a near-liquidus phase (e.g., Roeder, 1974; Grove and Juster, 1989; Juster et al.,
1989) with a crystallization temperature of about 1100 °C, as estimated by Thy and Lofgren
(1994), independently of bulk composition. A possible explanation for the lower saturation
temperature in hydrous MORB systems is that the solubility of magnetite is higher in hydrous
melts than in dry systems. Toplis and Carroll (1995) showed (with additional data of Snyder
and Carmichael, 1992; Thy and Lofgren, 1994; Juster et al., 1989) that the ferric iron content
of magnetite-saturated liquids is a linear function of the inverse temperature for a variety of
dry basaltic compositions, independently of fO, (Fig. 3.9). The results at high fO, (chapter 2)
show that magnetite saturation is reached at lower temperatures for a given melt Fe,Os
content compared to dry systems. This suggests that the activity of Fe;,Os in melt is probably
lowered by H,O compared to dry systems. The absence of magnetite in B1 at the QFM buffer
can be explained by the lower melt Fe,O3 concentration (Fig. 3.9; note that the FeO* contents

are generally higher in B1 melts obtained at the QFM buffer than those from experiments
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performed under oxidizing conditions). It can be noted that magnetite is stable in dry basaltic
compositions at the QFM buffer (although the crystallization temperature is lower when
compared to more oxidizing conditions; e.g., Snyder et a., 1993). This also confirms that the
stability of magnetite may be lowered by the presence of H,O in MORB, both at high and
low fOy.

These observations contrast with results from earlier studies of Holloway and Burnham
(1972) and Sisson and Grove (1993a) obtained in more alkali-rich compositions. A
conclusion drawn from these investigations is that water stabilizes Fe-Ti oxides relative to
silicates. In this study we show that it is the opposite in case of magnetite for hydrous MORB
compositions. Magnetite stability is also found to be dependent on temperature and melt
Fe,Os content (Fig. 3.9) but the magnetite saturation curve is different from that described by
Toplisand Carroll (1995) for dry conditions.

In conclusion, our results suggest that magnetite stability is a function of melt oxidation state

and temperature but also on bulk compositional effects (i.e. alkalinity and H,O content of the

B1 fo, ~ MnO-Mn,0,-buffer

® 4.7 wt% H,0

O 253 wt% H,0
© 1.49wt% H,0
® 0.89 wt% H,0

B1 fo, ~ QFM-buffer (this study)

€ ~45wt%H,0
& ~2wt% H,0
& ~1wt%H,0
® ~0.5wt% H,0

FeO*/MgO in melt [wt%]

48 50 52 54 56 58 60 62 64 66
SiO, in melt [wt%)]

Figure 3.10 FeO*/MgO ratio of residual melts are plotted against melt SiO, content. Data obtained at high fo,
(MnO-Mnz04 buffer) are added. TH (tholeiitic) — CA (calc-alkaline) dividing line is from Miyashiro (1974).
Water contents are given as bulk water contents.
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melt). Thus, the Fe,O3 activity in melt and magnetite stability is dependent on a complex
interplay of H,O and fO, and melt compositional features. The stabilization of Fe-Ti oxides by
H,0 as observed in calc-alkaline systems (e.g., Baker and Eggler, 1987; Sisson and Grove,
1993a), in contrast to MORB systems, may reflect the effect of compositional differences

between these systems.

3.4.3. Differentiation Trend at High and L ow Oxygen Fugacities

Residual melt compositions obtained in runs with high (chapter 2) and low fo, allow to
estimate the influence of H,O and fO, on liquid line of descent since all other parameters
(bulk composition, bulk water contents, temperature, and pressure) were similar. As discussed
above, the stability of Fe-Ti oxides, especially magnetite, depends strongly on fo, and
consequently melt compositions differ as a function of fO,. The residual liquids obtained at
fo, conditions corresponding to the QFM buffer show a general increase in melt FeO*/MgO
ratio with decreasing temperature due to absence of magnetite. These melts follow,
independently of bulk water content, a tholeiitic differentiation trend (Fig. 3.10, 3.11;
classification after Miyashiro, 1974, and Irvine and Baragar, 1971). Thisis in agreement with
previous studies performed in basaltic systems at lower fO, in which Fe-Ti oxides are not
stable until a significant amount of silicates crystallized and the melt is enriched in FeO*
(e.9., Spulber and Rutherford, 1983; Juster et al., 1989; Snyder et al., 1993) causing a
tholeiitic differentiation trend. Residual B1 melts from experiments at high fo, (MnO-Mn;O4
buffer; see chapter 2) coexist widely with magnetite and are consequently depleted in FeO*
following a calc-alkaline differentiation trend (Fig. 3.10, 3.11). Thus, liquid lines of descent
in primitive hydrous MORB’s are primarily controlled by the prevailing fo, (via
crystallization of magnetite) and only little by the bulk water content.

These observations for a MORB composition contrast with results from Sisson and Grove
(1993a) for calc-alkaline systems. Sisson and Grove (1993a) emphasized that for a constant

fo, (corresponding to the NNO buffer) the addition of H,O only changes differentiation path
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B1 fo, ~ MnO-Mn,O,-buffer FeO* FeO*

@® 4.7 wt%H,0
® 0.89 wt% H,0

B1 fo, ~ QFM-bulffer (this study)
€® ~45wt%H,0
@ ~0.5 wt% H,0

Na,O + K,0 50 MgO

Figure 3.11 Experimental residual liquids are projected on the total alkali (Na.O+K;0)-total iron (FeO*)-MgO
ternary diagram (calculated from melt composition in wt%). Only experiments with the highest (between 4.7
and 4.5 wt%) and lowest (between ~ 0.5 and 0.89 wt%) bulk water are shown. Data obtained at high fo,
(MnO-Mn3z04 buffer) are added. TH (tholeiitic) — CA (calc-alkaline) dividing line is from Irvine and Baragar
(2971).

from tholeiitic (dry conditions) to calc-alkalic (water-saturated) by an early stabilization of
Fe-Ti oxides under hydrous conditions. The small effect of water which can be observed in
Figures 3.8b and 3.11 (note that in Fig. 3.11 only melts from experiments with the highest and
lowest bulk water are shown) can not produce a change from tholeiitic to calc-alkaline trend

in primitive MORB'’s.

3.4.4. Mechanismsof Met FeO*-Enrichment

At low aswell as at high fo, the melt FeO* content increases with decreasing temperature in
the initial differentiation stages (Fig. 3.8b; see also Fig. 2.9c in chapter 2). When comparing
the melt FeO* content at a given temperature as a function of the bulk water content, the
highest differences can be observed at 1100 °C at oxidizing conditions and 1050 °C at
reducing conditions. At these temperatures the highest melt FeO* is obtained for the lowest

bulk water content. This can not be an effect of enhanced Fe-Ti oxide stability at high melt
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water contents since magnetite is not stable under these conditions (Fig. 3.1; see also Fig. 2.4a
in chapter 2). Another evidence showing that the melt FeO* enrichment in initial
differentiation stages is not related to the presence of magnetite is given in melts from more
evolved composition B2 obtained at 1100 °C (see Fig. 2.10 in chapter 2). As well as for the
primitive B1 compositions, melt FeO* content increases with decreasing bulk water content.
However, in this case magnetite is present for all bulk water contents and melt FeO* increases
although the proportions of magnetite increase. This shows that magnetite is not responsible
for melt FeO* enrichment ininitial differentiation stages.

An important factor which may control the melt FeO* enrichment in initial differentiation
stages is the proportion of plagioclase and Fe-Mg silicates. As shown by e.g. Yoder (1965),
Sisson and Grove (1993a), and Gaetani et al. (1993), H,O expands proportions of mafic Fe-
Mg silicates (e.g., olivine, pyroxene, amphibole) relative to plagioclase. Thus, crystallization
of higher proportions of Fe-Mg silicates and destabilization of plagioclase at high water
contents depletes the melt in Fe and Mg. The plagioclase/Fe-Mg-silicate ratio for B1 is shown
in Figure 3.12 for the highest and lowest bulk water contents at oxidizing and reducing
conditions, respectively. As expected, plagioclase/Fe-Mg-silicate ratio is higher in runs with
low bulk water content and independent on the fO,. Consequently, residual melts obtained

from experiments performed at low water contents should show systematically higher melt

Figure 3.12 Plagioclase/mafic phase

121 B1 fo, ~ MnO-Mn,O,-buffer 7 ratios are plotted against melt fractions
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FeO* concentrations than more hydrous liquids. This is the case for those runs conducted at
high temperatures, but it is not observed for the low temperature runs since melt FeO*
concentrations are almost similar at temperatures below 1100 °C (MnO-MnzO, buffer) and
1050 °C (QFM buffer; Fig. 3.8b and Fig. 2.9c in chapter 2). Additionally, it can be
emphasized that the plagioclase/Fe-Mg-silicate ratio is a function of bulk water content
because even if water-saturated conditions are reached at low temperatures (due to H,O
enrichment in the melt), plagioclase/Fe-Mg-silicate ratio is still higher in runs with low bulk
water content.

Since increasing magnetite stability and higher proportions of plagioclase relative to Fe-Mg
silicates with decreasing bulk water content can not explain melt FeO* enrichment in initial
differentiation stages, another mechanism must be envisaged. The only possible parameters
controlling this mechanism are crystal/melt ratio and aH,O. Figure 3.13a shows the Amelt
fraction for a given temperature (in wt%, defined as melt proportionmign buik waey — Melt
proportiongow buik water)) from runs performed at the highest (4.7 — 4.46 wt% H»O) and the
lowest bulk water content (0.89 — 0.35 wt% H>0) at oxidizing and reducing conditions. The
highest Amelt fraction is obtained at 1100 °C for high fo, and 1050 °C for low fO,. These
temperatures correspond to those at which the highest difference in melt FeO* between high
and low bulk water content is observed, as shown in Figure 3.13b (in this Figure AFeO* in
wt% is defined as FEO* (igh buik water) — FEO® ow buik waten)). At temperatures above 1100 °C and
1050 °C for high and low fO,, respectively, the AFeO* is relatively small. In these runs the
Amelt fraction is low but aH,O changes strongly as a function of bulk water content. At low
temperatures (950 °C and 1000 °C) AFeO* is aso low. In these experiments Amelt fraction is
relatively low while aH,O is aways close to 1. Thus, the highest AFeO* is observed at
temperatures for which strong changes in aH,O are possible and in a temperature interval in

which the crystallization of the major phases takes place. This shows that the crystal/melt
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ratio (controlled by aH»0) is the main parameter controlling the FeO* content of melts for a
given temperature and fO5.

It can be noted that the AFeO* in experiments between 950 °C and 1050 °C at MnO-Mns;O4
buffer is close to 0 although Amelt fraction changes significantly in this temperature range.
One explanation is that small variation of AFeO* due to variations of plagioclase/Fe-Mg-

silicate ratio (see above) may be compensated by changing Fe-Ti oxide proportions in these

60

Figure 3.13a Amelt fraction is plotted
against temperature. Amelt fraction is
defined as melt proportion from
experiments conducted with highest
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runs. The AFe-Ti oxides proportions (in wt%, defined as Fe-Ti-oxideSpigh buk watery — F&-Ti-
oxideSjow bulk warery) are shown in Figure 3.13b. These values are negative which implies that
higher Fe-Ti oxide proportions at low bulk water contents may compensate the small effect of
melt FeO* enrichment due to the higher plagioclase/Fe-Mg-silicate ratio in these runs.

In conclusion, the addition of water can not change the general differentiation trend which is
determined by the fO, in the B1 MORB composition. Nevertheless, melts from experiments
performed at initially low aH,O (low bulk water content) have a moderate FeO* enrichment
in initial differentiation stages, independently of the fO,. This is, however, not due to a
depressed stability field of magnetite at low aH»O but to a general higher crystal/melt ratio at
low aH,O in the main crystallization interval (and only to a lesser extent to high

plagioclase/Fe-Mg silicate ratio).

3.4.5. Implicationsfor the Origin of SIO,-rich Residual M elts

Leucocratic rocks, such as plagiogranites, are commonly found in ophiolites (e.g., Malpas,
1979; Coleman and Peterman, 1975; Jenner et al., 1991) and are also present in minor
abundances in the oceanic crust (e.g., Dick et al., 1991). The processes discussed to generate
these SIO, —rich melts are 1. A partial melting of gabbro, basalt, or amphibolite (e.g., Flagler
and Spray, 1991; Springer and Seck, 1997) 2. Crystal-liquid differentiation from a basaltic
source magma (e.g., Martin, 1987; Arth et al., 1978) 3. Immiscibility between a Fe-enriched
and a silicic residual liquid (Dixon and Rutherford, 1979). There is, however, no evidence in
the experiments at high fO, and in this study that residual melts become immiscible at later
stages of differentiation. SiO.—ich residual melts containing more than 60 wt% SO, are
produced in the B1 crystallization experiments under oxidizing and reducing fO, conditions at
950 °C (Fig. 3.10). As expected, the B1 residual liquids obtained under high fo, are more
SiO,—rich than those at reducing conditions due to the crystallization of magnetite at high fo,

which causes a stronger SIO, enrichment of the melt (e.g., Toplis and Carroll, 1995; about 64
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wt% SIO; in residual melts at the MnO-MnzO,4 buffer and about 60 wt% SiO, in melts at the
QFM buffer at 950 °C). Typical plagiogranites, however, have slightly higher bulk SiO,
values between 65 and 75 wt% SiO, (e.g., Coleman and Peterman, 1975). Such values have
been obtained using the fractionated B2 starting composition (chapter 2; B2 composition
represents a residual liquid after 50% crystallization of B1) suggesting that fractionating
processes need to be involved for the generation of residual melts with such high SiO, values
(e.g., Barnes et al., 1992). Thus, it can be emphasized that no extreme fractionation of a
MORB magma is required to produce a plagiogranitic residual liquid. A plagiogranitic liquid
can be generated in the later stages of crystallization of a melt extracted from a primitive
MORB system after 50% crystallization.

However, typical bulk FeO* contents in plagiogranites are in the range of 1- 7 wt% which
does not match with the liquids obtained under QFM buffer conditions due to the tholeiitic
trend caused by the absence of magnetite (with about 9 wt% melt FeO* content in the most
evolved melts of B1; Tab. 3.6). In contrast, residual liquids produced under oxidizing
conditions show melt FeO* contents of about 5 wt% corresponding to common bulk iron
contents found in natural plagiogranites. This does, however, not mean that generation of
plagiogranites takes place at such high fO,. A fractionation event of B1 at QFM buffer would
also result in FeO* depletion and SiO, enrichment of the melt as soon as the crystallization
temperature of magnetite is reached. It can be noted that this temperature is significantly

lower at QFM than MnO-MnzO, buffer conditions.

3.5. Conclusions

The comparison of crystallization experiments at QFM and MnO-Mnz;O, buffer conditions in
a MORB system shows that water has no stabilizing effect on Fe-Ti oxides, in contrast to
observations of Holloway and Burnham (1972) and Sisson and Grove (1993a) for calc-
alkaline systems. Liquid lines of descent obtained at high and low fO, are controlled by the fO,

rather than H,O. Residual liquids from experiments conducted a an fO, corresponding to the
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QFM buffer show a tholeiitic differentiation trend (due to the general absence of Fe-Ti
oxides). Higher melt oxidation state (higher Fe**/Fe’* ratio) in liquids obtained an fo,
corresponding to the MnO-MnzO, buffer results in a relative early crystallization of
magnetite. Consequently, the FeO*/MgO ratio continuously decreases with crystallization
causing a calc-alkaline differentiation trend. Although fO, is the main parameter controlling
the differentiation trends, it has been shown that aH,O has a minor effect on melt FeO*
enrichment, independently of fO,. This is due to a general higher crystal/melt ratio at low
aH,0 in the main crystallization interval (and only to a lesser extent to high plagioclase/Fe-
Mg-silicate ratio). SIO,—~rich residual melts can be obtained under both, oxidizing and
reducing fO, but at least one fractionation step is required to reach plagiogranitic residual melt

compositions.
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5. Tables

5. Tables

Table 2.4. Experimental olivine compositions (MnO-Mn30, buffer)

Experiment:
T(°C):

wt% H,0 in melt:
aH,0:

n:

XFo?
Kd Ol-Melt/Mg-Fe®

Experiment:
T(°C):

wt% H,0 in melt:
aH,0:

n:

CaO
Na,O
K,O
Total

a

XFo
Kd Ol-Melt/Mg-Fe®

Bl
65 64 63 45 44 43 42 62 61
1150 1150 1150 1100 1100 1100 1100 1100 1100
2.56 1.54 1.01 4.57 3.13 245 1.79 4.56 1.72
0.47 0.21 0.10 1 0.61 0.43 0.27 1 0.25
4 5 4 8 6 6 7 3 2
4148 0.21 4124 031 4135 022 4149 020 4082 0.11 40.18 0.23 39.98 0.24 4124 0.23 40.12 0.04
0.04 0.02 002 0.02 0.01 002 003 002 002 001 002 0.02 0.03 004 003 001 0.06 0.04
0.04 0.02 005 0.03 0.05 004 004 002 0.08 003 010 0.08 0.08 011 005 0.02 014 0.17
841 0.05 10.00 0.22 1126 0.09 6.72 0.18 10.14 0.21 13.13 0.19 1468 014 6.71 0.14 1469 0.28
015 0.02 0.18 0.04 020 005 021 0.05 022 008 029 0.05 029 002 031 0.07 037 0.09
50.45 0.15 49.08 0.12 48.07 0.15 51.34 040 4883 0.60 4489 0.73 43.64 042 5144 014 4366 0.21
033 0.02 034 0.04 041 003 023 002 033 004 036 0.03 036 004 024 003 035 0.08
0.02 0.02 001 0.00 0.01 001 001 001 001 001 002 0.01 0.01 001 000 001 0.01 0.01
0.01 0.00 001 0.01 001 001 001 001 001 001 001 001 0.00 000 0.00 0.00 0.01 0.01
100.93 100.93 101.39 100.07 100.45 99.00 99.09 100.03 99.40
91.45 89.74 88.38 93.16 89.68 85.90 84.12 93.39 84.12
0.334 0.349 0.331 0.319 0.327 0.339 0.335 0.318 0.343
Bl
41 40 39 38 37 36 35 34
1050 1050 1050 1050 1000 1000 1000 1000
4.73 4.84 3.63 2.34 5.09 5.08 5.21 5.19
1 1 0.70 0.38 1 1 1 1
3 6 2 2 2 2 3 2
4119 0.06 40.44 0.25 40.13 023 39.75 0.11 4116 0.10 4090 0.41 41.07 0.13 40.89 0.00
0.02 0.03 002 0.01 0.05 006 002 002 0.03 004 004 002 0.04 001 0.04 0.00
0.04 003 005 0.03 035 030 008 003 0.07 004 024 028 025 026 0.60 0.60
990 0.14 1192 0.21 1424 024 1560 0.28 966 0.68 11.61 0.01 13.15 017 13.10 0.23
030 0.09 031 0.04 032 004 041 006 033 008 031 0.00 038 005 0.37 0.09
46.70 0.52 4476 0.63 4513 0.62 43.40 047 4916 091 46.86 0.72 4437 038 4334 125
019 003 029 005 032 000 032 003 020 005 024 0.04 023 004 0.19 0.04
0.02 0.02 001 0.01 0.05 001 005 002 001 001 004 0.03 0.03 003 0.06 0.03
0.01 0.01 001 0.00 0.00 000 001 001 001 000 001 0.01 0.01 001 0.01 0.01
98.37 97.81 100.61 99.63 100.61 100.24 99.53 98.61
89.37 87.00 84.96 83.22 90.07 87.80 85.74 85.50
0.338 0.327 0.311 0.330 0.325 0.338 0.332 0.314

#XFo x 100

b partition coefficient describing the distribution of iron and magnesium between melt and coexisting olivine defined as
(XOl-FeO/XMelt-FeO) x (XMelt-MgO/XOI-MgO) after Roeder and Emslie (1970)
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5. Tables

Table 2.5. Experimental clinopyroxene compositions (MnO-MnzO4 buffer)

Bl
Experiment: 63 44 43 42 61 41 40 39 38
T(°C): 1150 1100 1100 1100 1100 1050 1050 1050 1050
Wt% H,0 in melt:  1.01 3.13 245 1.79 1.72 4.73 4.84 3.63 2.34
aH,0: 0.1 0.61 0.43 0.27 0.25 1 1 0.70 0.38
n: 4 4 5 5 2 3 3 3 5
wt%
SiO, 51.67 0.31 4808 032 49.09 0.62 4929 039 4938 0.25 4949 058 5136 0.24 4936 0.70 4953 0.46
TiO, 047 0.09 055 008 063 003 061 005 060 001 064 018 046 021 076 0.07 087 0.15
Al,03 450 0.15 6.70 016 576 058 528 028 528 034 588 033 401 035 518 036 574 0.29
FeO* 611 038 761 026 779 037 816 030 817 019 6.75 005 640 001 7.89 011 858 0.87
MnO 0.18 0.05 0.09 004 015 005 019 004 020 001 028 003 019 005 025 001 020 0.03
MgO 16.84 0.14 1474 0.18 1471 049 1513 023 1528 0.08 1520 056 1518 0.00 1559 0.26 15.09 0.10
CaO 21.11 056 2173 0.14 20.84 040 2040 030 2030 0.25 2122 046 2197 051 20.16 0.24 1889 0.04
Na,O 025 0.03 027 004 037 006 036 003 035 004 032 005 029 006 036 006 039 0.09
K,O 001 0.01 000 001 001 001 001 001 001 001 000 000 0.01 000 000 0.00 0.01 0.01
Total 101.14 99.77 99.35 99.43 99.55 99.77 99.86 99.55 99.30
En® 47.39 42.51 43.08 43.89 44.21 44.19 43.80 44.99 44 .91
Fs 9.93 12.46 13.05 13.59 13.58 11.46 10.66 13.19 14.67
Wo 42.68 45.03 43.87 42.52 42.21 44.35 4554 41.83 40.42
Mg#b 88.81 91.25 85.48 85.79 85.78 87.89 84.21 87.03 79.65
Bl
Experiment: 37 36 35 34 49 48 47 46
T(°C): 1000 1000 1000 1000 950 950 950 950
Wt% H,0 in melt:  5.09 5.08 521 5.19 5.19 5.25 524 5.24
aH,0: 1 1 1 1 1 1 1 1
n: 2 3 2 3 3 2 3 2
wt%
SiO, 4857 0.04 4927 0.15 5046 0.73 50.10 040 51.13 132 5157 041 5237 0.09 5239 0091
TiO, 076 0.03 086 003 093 018 100 0.03 067 007 072 002 062 004 061 0.11
Al,O3 6.19 006 515 029 447 050 451 043 510 016 462 015 453 0.04 460 0.09
FeO* 754 017 741 081 715 042 783 066 712 035 719 012 557 0.03 549 012
MnO 019 0.04 025 002 030 007 023 008 028 005 027 004 028 005 025 0.06
MgO 1563 0.23 1566 042 1567 0.47 1570 023 1584 0.26 1575 033 1492 0.14 1499 0.27
CaO 2050 0.49 2058 128 20.19 053 19.72 029 2050 0.16 20.89 0.21 2058 0.13 20.70 0.17
Na,O 032 0.00 034 006 040 0.01 042 004 035 006 045 009 043 003 041 0.05
K,O 001 0.01 0.00 000 000 0.00 000 001 001 001 000 000 0.03 001 003 0.01
Total 99.70 99.52 99.57 99.51 100.99 101.46 99.32 99.47
En? 45.03 45.07 45.60 45.65 45.62 45.07 45.22 45.30
Fs 12.50 12.37 12.18 13.15 11.95 11.98 9.94 9.74
Wo 42.47 42.56 42.23 41.20 42.43 42.96 44.84 44.96
Mg#b 90.47 88.74 84.30 83.89 84.15 84.54 82.69 82.96

# calculated after Morimoto (1988)
b mg number for pyroxene defined as XMg/(XMg+XFe) x 100
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Table 2.5. continued

B2

Experiment: 91 92 93 94 95 96 98 99
T(°C): 1100 1100 1100 1050 1050 1050 1050 1000

wt% H,0 in melt: 2.10 1.84 1.45 4.80 2.65 2.48 2.22 5.06

aH,0: 0.34 0.28 0.19 1 0.43 0.38 0.32 1

n: 2 2 2 2 4 5 3 4

Wt%

SiO, 48.42 094 5111 020 5121 054 4792 097 4834 048 4991 048 4983 047 4822 0.65
TiO, 1.06 0.04 0.73 0.04 0.82 0.03 112 0.07 125 0.25 0.99 0.10 0.87 0.13 143 0.11
Al,O3 561 0.68 387 0.62 3.82 0.09 554 0.29 539 0.27 475 217 3.73 081 6.76 0.20
FeO* 8.98 0.01 821 0.06 9.78 0.05 8.20 0.07 7.78 047 8.06 0.15 7.42 049 659 0.74
MnO 0.27 0.01 0.30 0.05 0.35 0.03 0.18 0.07 0.28 0.03 041 0.03 047 0.01 0.26 0.04
MgO 1465 059 17.01 087 1698 0.07 14.07 0.07 1521 029 1516 135 1575 0.22 1426 0.28
CaO 20.12 064 17.78 056 16.66 0.63 22.64 0.07 2048 0.19 1993 055 1943 078 2271 0.38
Na,O 0.45 0.03 042 0.05 0.42 0.02 0.37 0.06 0.46 0.06 059 0.18 041 0.20 041 0.04
K,O 0.02 0.01 0.02 0.02 0.01 0.02 0.01 0.01 0.00 0.00 0.02 0.03 0.03 0.00 0.01 0.03
Total 99.58 99.45 100.05 100.05 99.19 99.82 97.94 100.63

En? 42.70 49.19 49.03 40.15 44.15 44.29 46.12 41.41

Fs 15.14 13.83 16.41 13.43 13.13 13.88 12.97 11.17

Wo 39.57 35.77 40.49 43.64 42.72 41.83 40.91 47.42
Mg#® 85.15 82.63 79.11 91.67 89.66 84.87 85.10 91.80

B2

Experiment: 100 101 102 103 104 105 106 111
T(°C): 1000 1000 1000 950 950 950 950 950

wt% H,O in melt: 5.18 5.26 4.23 5.19 5.14 5.29 5.20 5.18

aH,0: 1 1 0.78 1 1 1 1 1

n: 4 4 3 2 3 2 2 2

Wt%

SiO, 49.66 047 51.03 034 5246 164 4880 045 4870 067 51.09 105 5100 091 5032 1.04
TiO, 1.36  0.19 0.87 0.14 113 011 0.94 0.04 1.08 0.17 1.08 0.15 1.08 0.17 103 0.15
Al,O3 468 1.04 328 0.19 590 0.31 583 044 5.44 0.03 484 0.29 6.86 0.36 470 0.25
FeO* 8.26 0.73 830 0.52 6.04 121 7.02 0.08 7.08 045 6.94 0.49 501 0.21 6.93 0.11
MnO 041 0.02 0.54 0.07 0.46 0.02 0.29 0.00 0.39 0.03 0.39 0.04 043 0.11 041 0.06
MgO 16.27 125 1637 0.02 1537 042 1422 031 1436 020 1476 056 17.01 101 1519 0.30
CaO 17.95 098 1896 055 1553 160 2149 0.26 2087 032 1947 068 1820 0.74 2091 055
Na,O 051 0.13 047 0.01 0.77 0.18 0.56 0.00 0.48 0.05 136 021 0.69 0.25 0.53 0.09
K,O 0.01 0.00 0.01 0.01 0.06 0.03 0.01 0.01 0.02 0.02 0.04 0.02 0.05 0.02 0.00 0.01
Total 99.13 99.82 97.72 99.16 98.44 99.97 100.34 100.03

En? 47.79 46.83 50.93 42.11 42.80 44.91 51.32 44.23

Fs 14.31 14.19 12.09 12.14 12.49 12.52 9.22 12.01

Wo 37.90 38.98 36.98 45.75 44.70 42.57 39.46 43.76
Mg#® 83.34 83.93 81.94 88.12 85.99 86.89 87.03 86.23

for notes see Table 2.5
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Table 2.6. Experimental orthopyroxene compositions (MnO-Mn3O, buffer)

Bl B2

Experiment: 35 34 49 48 47 46 96

T(°C): 1000 1000 950 950 950 950 1050

wt% H,O in melt: 5.21 5.19 5.19 5.25 5.24 5.24 2.48

aH,0: 1 1 1 1 1 1 0.38

n: 2 5 3 2 3 2 3

wt%

SiO, 54.63 0.62 53.94 1.08 55.40 0.32 55.52 0.18 55.43 0.05 55.44 0.33 53.56 0.06
TiO, 0.34 0.08 0.40 0.07 0.24 0.02 0.31 0.02 0.25 0.02 0.25 0.08 0.49 0.03
Al,O3 3.17 0.60 3.35 0.77 3.50 0.35 3.20 0.10 3.02 0.01 2.99 0.29 4.02 1.60
FeO* 9.99 0.03 9.98 0.34 8.35 0.29 8.55 0.08 9.17 0.02 9.30 0.13 10.92 0.49
MnO 0.33 0.01 0.34 0.06 0.35 0.05 0.47 0.09 0.41 0.01 0.45 0.01 0.44 0.07
MgO 29.32 0.54 28.87 0.72 30.81 0.54 30.01 0.54 29.22 0.02 29.99 0.44 27.35 1.50
Cao 2.00 0.40 1.82 0.25 1.60 0.27 1.71 0.18 1.60 0.02 1.60 0.19 2.29 0.62
Na,O 0.05 0.01 0.09 0.04 0.21 0.30 0.08 0.00 0.04 0.00 0.04 0.03 0.24 0.15
KO 0.00 0.00 0.01 0.01 0.05 0.07 0.01 0.01 0.02 0.01 0.03 0.01 0.01 0.01
Total 99.84 98.80 100.52 99.86 99.17 100.09 99.34

En® 80.22 80.27 83.62 82.67 81.74 81.91 81.74 77.31

Fs 15.85 16.10 13.26 13.95 15.04 1495 14.86 18.03

Wo 3.93 3.63 3.12 3.38 3.23 3.14 3.40 4.66

Mg#b 83.95 83.76 87.24 86.22 85.04 85.18 81.70

B2

Experiment: 98 100 101 102 104 105 106 111

T(°C): 1050 1000 1000 1000 950 950 950 950

wt% H,O in melt: 222 5.18 5.26 4.23 5.14 5.29 5.20 5.18

aH,0: 0.32 1 1 0.78 1 1 1 1

n: 2 2 2 2 3 1 1 1

wt%

SiO, 55.62 0.77 54.89 0.18 54.33 0.13 54.32 0.52 54.04 0.28 56.20 54.69 55.03

TiO, 0.46 0.08 0.39 0.03 0.31 0.00 0.31 0.03 0.35 0.13 0.33 0.33 0.35

Al,O3 1.98 0.43 2.99 0.05 3.34 0.74 5.14 0.82 4.68 0.94 3.15 5.72 5.40

FeO* 12.37 0.57 8.69 0.17 10.25 0.33 11.28 0.43 8.79 0.60 11.32 10.98 9.63

MnO 0.62 0.13 0.55 0.07 0.56 0.03 0.53 0.12 0.54 0.06 0.48 0.44 0.51

MgO 26.97 0.08 30.31 0.08 27.98 1.47 23.98 1.55 28.93 2.70 2652 22.88 26.70

Cao 2.70 0.17 1.75 0.16 2.10 0.69 4.30 1.81 1.94 3.08 2.98 5.58 231

Na,O 0.16 0.01 0.06 0.01 0.21 0.22 0.47 0.02 0.22 0.15 0.26 0.49 0.31

KO 0.01 0.01 0.00 0.00 0.01 0.02 0.02 0.02 0.00 0.01 0.02 0.03 0.03

Total 100.89 99.64 99.10 100.35 99.50 101.25 101.15 100.28

En® 74.49 82.46 78.66 71.13 81.31 75.17 68.71 78.39

Fs 20.14 14.12 17.07 19.66 14.71 18.77 19.25 16.72

Wo 5.37 3.42 4.27 9.21 3.98 6.06 12.04 4.88

Mg#b 79.53 86.14 82.95 79.12 85.44 80.68 78.79 83.17

for notes see Table 2.5
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Table 2.7. Experimental plagioclase compositions (MnO-Mn;0, buffer)

Experiment:
T(°C):

wt% H O in melt:
aH,0:

n:

wit%

Sio

TiO

Al O

FeO*

MnO

MgO

CaO

Na,O

K,O

Total

An
Kd Plag-Melt/Ca-Na*

Experiment:
T(°C):

wit% H,O in melt:
aH O:

n:

wit%

SiO,

TiO

Al O

FeO*

MnO

MgO

CaO

Na O

K,O

Total

An
Kd Plag-Melt/Ca-Na?®

Bl

63 44 43 42 61 41 40
1150 1100 1100 1100 1100 1050 1050
1.01 3.13 2.45 1.79 1.72 4.73 4.84

0.1 0.61 0.43 0.27 0.25 1 1

4 5 4 6 3 3 2
4937 098 4642 056 49.29 150 4967 056 49.95 0.08 46.39 0.04 48.06 0.02
0.10 0.02 0.12 0.06 0.06 0.02 0.08 0.05 0.17 0.06 0.06 0.03 0.19 0.05
30.90 050 3147 1.07 3063 0.24 2993 081 2987 020 3355 0.15 3053 0.77
1.39 0.19 1.85 0.52 1.36 0.27 156 0.02 1.34 0.11 1.18 0.06 2.07 0.30
0.02 0.02 0.01 0.01 0.05 0.03 0.04 0.03 0.01 0.01 0.04 0.05 0.06 0.02
0.80 0.20 0.82 0.50 0.41 0.16 0.45 0.19 0.43 0.02 0.18 0.03 0.76 0.21
16.12 067 1705 041 1532 0.79 1494 043 1502 0.07 1824 033 16.36 0.32
239 0.36 1.63 0.08 272 0.54 287 0.27 2.70 0.02 141 0.04 181 0.04
0.02 0.00 0.02 0.01 0.02 0.01 0.03 0.01 0.02 0.01 0.01 0.00 0.04 0.02
101.12 99.39 99.85 99.56 99.48 101.04 99.88
78.7 85.2 75.6 74.1 75.4 87.7 83.1

1.35 2.26 1.33 152 1.67 2.58 2.60
Bl

39 38 37 36 35 34 49
1050 1050 1000 1000 1000 1000 950
3.63 2.34 5.09 5.08 5.21 5.19 5.19

0.70 0.38 1 1 1 1 1

3 2 3 3 3 2 4
4952 043 5070 087 46.33 0.02 4912 030 51.05 044 5155 052 4984 0.19
0.15 0.04 0.11 0.02 0.00 0.03 0.24 0.12 0.13 0.11 0.13 0.06 0.05 0.04
2958 084 3001 034 3290 0.15 2943 135 29.09 160 2961 042 3136 0.64
158 0.13 1.30 0.18 1.25 0.04 1.93 0.31 1.51 0.49 130 0.17 1.32 0.10
0.00 0.00 0.01 0.01 0.04 0.02 0.02 0.01 0.02 0.03 0.04 0.05 0.02 0.01
0.56 0.14 0.45 0.12 0.19 0.04 1.00 045 0.72 0.64 0.50 0.27 0.38 0.15
1432 064 1425 0.1 1741 0.09 1519 057 1433 014 1367 0.02 1597 0.23
3.00 0.0 3.14 0.09 168 0.11 210 0.0 3.01 0.30 3.24 0.10 236 0.18
0.04 0.01 0.04 0.00 0.04 0.03 0.03 0.00 0.03 0.01 0.03 0.00 0.02 0.01
98.76 100.00 99.83 99.06 99.90 100.08 101.33
72.4 71.3 84.9 79.8 72.3 69.9 78.8

1.70 1.79 4.43 3.46 2.70 2.93 4.69

& partition coefficient describing the distribution of calcium and sodium between coexisting plagioclase and melt defined as
(XPlag-Ca/XPlag-Na) / (XCa-Melt/XNa-Melt)
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Table 2.7. continued

B1 B2

Experiment: 48 47 46 92 93 96 98

T(°C): 950 950 950 1100 1100 1050 1050

wt% H O in melt: 5.25 5.24 5.24 1.84 145 2.48 2.22

aH,0: 1 1 1 0.28 0.19 0.38 0.32

n: 2 2 3 2 2 3 3

Wt%

Sio 5157 038 5231 0.16 5339 0.17 5275 093 53.79 029 5366 0.38 54.17 0.30
TiO 0.22 0.06 022 0.04 0.14 0.08 0.11 0.02 0.24 0.20 0.42 0.10 0.10 0.12
Al O 2759 113 2851 0.02 2831 051 28.49 028 27.04 113 2451 0.92 2444 183
FeO* 1.76 0.17 1.20 0.02 1.30 0.11 143 0.09 1.70 0.55 201 0.69 260 0.59
MnO 0.03 0.03 0.00 0.00 0.01 0.00 0.03 0.03 0.01 0.02 0.03 0.03 0.07 0.02
MgO 1.78 0.55 1.23 0.03 0.30 0.05 0.28 0.06 0.50 0.40 165 051 1.83 0.92
CaO 1465 042 1335 0.06 13.01 0.37 1287 035 11.80 032 1157 0.77 1122 0.69
Na O 251 0.07 3.53 0.03 3.71 011 405 0.11 4.62 0.06 405 0.37 440 0.13
KO 0.04 0.01 0.05 0.03 0.05 0.02 0.04 0.03 0.05 0.01 0.08 0.04 0.10 0.02
Total 100.16 100.41 100.22 100.04 99.75 97.99 98.93

An 76.2 67.4 65.8 63.5 58.3 60.9 58.1

Kd Plag-Melt/Ca-Na* 4.50 3.58 3.54 1.27 0.99 1.50 1.53

B2

Experiment: 100 101 102 103 104 105 106 111
T(°C): 1000 1000 1000 950 950 950 950 950
wt% H O in melt: 5.18 5.26 4.23 5.19 5.14 529 5.20 5.18
aH,0: 1 1 0.78 1 1 1 1 1
n: 3 2 3 2 4 1 3 1
wt%

Sio 53.45 071 5460 176 5434 0.35 4954 0.90 56.26 3.24 54.25 55.99 0.89 55.80
TiO 0.29 0.09 0.21 0.02 0.43 0.34 0.15 0.03 0.29 047 0.80 0.21 0.03 0.33
AlL,O,4 26.24 207 2619 0.95 2519 1.08 2956 0.62 24.44 051 2588 24.77 0.91 24.53
FeO* 1.84 0.46 233 0.38 225 0.96 2.87 0.07 1.85 0.89 3.28 0.84 0.45 2.16
MnO 0.01 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.06 0.13 0.02 0.01 0.00 0.01
MgO 0.98 0.60 0.48 0.22 125 1.10 0.47 0.04 1.03 0.09 0.93 0.75 022 231
CaO 12.08 0.80 1090 0.46 10.70 0.25 13.38 0.66 9.78 0.74 1044 9.85 0.83 11.28
Na,O 3.71 0.06 4.44 0.35 456 0.07 3.08 0.32 3.11 012 458 4.61 0.22 3.39
K,0O 0.08 0.02 0.09 0.06 0.10 0.01 0.04 0.01 0.13 0.07 0.10 0.12 0.05 0.09
Total 98.68 99.25 98.84 99.12 96.95 100.29 97.15 3.60 99.89
An 64.0 57.3 56.1 70.4 62.9 55.4 53.7 64.4
Kd Plag-Melt/Ca-Na® 2.06 2.12 2.28 2.80 2.52 2.07 2.90 2.48
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Table 2.8. Experimental amphibole compositions (MnO-Mn3;O, buffer)

Experiment:
T(°C):

wt% H,0 in melt:
aH,0:

n:

wt%

SiO,

TiO,

Al,O3

FeO*

MnO

MgO

CaO

Na,O

K,0

Total

Structural formulae

Si

AlVI
M1-3 site
AlVI

Ti

Fe3+

Mg

FeZ+

M4 site
Ca

Na
A site

Na
Mg#*

Bl B2

37 49 48 a7 46 103
1000 950 950 950 950 950

5.09 5.19 5.25 5.24 5.24 5.19

1 1 1 1 1 1

3 6 3 2 3 4
42.66 0.29 4471  0.37 45.08 0.82 4405 0.24 44.02 051 43.61 1.43
1.77 0.03 1.65 0.12 192 041 209 034 212 0.23 213 017
12.48 0.28 11.60 0.26 11.85 0.69 12.56 0.55 12.39 0.37 1195 0.52
8.21 0.20 9.00 0.48 9.19 0.8 8.96 0.50 9.04 0.21 9.15 0.56
0.13 0.07 0.17 0.07 0.19 0.02 0.15 0.09 0.17 0.02 0.24 0.06
17.71 0.06 17.15 0.10 16.14 0.74 15.33 0.31 15.41 047 16.17 0.56
11.72 0.21 1165 0.21 11.70 0.05 11.62 0.48 11.70 0.31 11.70 0.60
244 0.04 2.24 0.06 2.33 0.06 242 0.12 237 011 233 0.08
0.04 0.02 0.05 0.01 0.06 0.01 0.07 0.02 0.06 0.03 0.06 0.02
97.15 98.23 98.47 97.23 97.28 97.34

6.06 6.27 6.34 6.30 6.30 6.21

1.94 1.73 1.66 1.70 1.70 1.79

0.16 0.18 0.31 0.42 0.38 0.22

0.19 0.17 0.20 0.22 0.23 0.23

0.98 1.05 0.77 0.59 0.61 0.88

3.68 3.58 3.38 3.27 3.29 3.43

0.00 0.00 0.31 0.48 0.47 0.21

1.78 1.75 1.76 1.78 1.79 1.79

0.13 0.23 0.24 0.22 0.21 0.21
0.54 0.37 0.40 0.45 0.45 0.43

1.00 1.00 0.92 0.87 0.87 0.94

magnesiohr=1s'[ingsi'[etl tschermakite

tschermakite

tschermakite

tschermakite

tschermakite

@ mg number for amphibole defined as XMg/(XMg+XFeZ+) x 100

® homenclature of amphiboles after Leake et al. (1997)
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Table 2.9. Experimental magnetite compositions (MnO-Mn O buffer)

Bl

Experiment: 41 40 39 38 37 36 35
T(°C): 1050 1050 1050 1050 1000 1000 1000
wt% H,O in melt: 4.73 4.84 3.63 2.34 5.09 5.08 5.21
aH O: 1 1 0.70 0.38 1 1 1
n: 2 2 2 3 2 2 1
wit%

SiO 0.49 0.20 0.21 0.05 0.16 0.02 0.14 0.03 0.25 0.16 0.22 0.08 0.20
TiO 2.47 0.02 2.45 0.70 3.67 0.75 4.94 0.15 2.49 0.06 3.27 0.07 4.35
Al,O4 7.20 0.74 8.48 1.16 6.48 0.41 6.72 0.52 7.13 0.04 6.06 0.07 5.58
Fe O 57.56 56.33 56.79 52.09 58.66 57.12 54.98
FeO 22.19 0.73 2241 1.47 2451 2.57 25.51 2.01 2151 0.97 22.97 0.44 2494
MnO 0.38 0.06 0.30 0.02 0.29 0.03 0.30 0.07 0.38 0.04 0.38 0.02 0.31
MgO 7.49 0.20 7.15 0.34 6.56 0.31 6.04 0.06 7.84 0.09 6.96 0.02 6.31
CaO 0.45 0.11 0.37 0.03 0.36 0.04 0.34 0.05 0.40 0.13 0.41 0.00 0.34
Na,O 0.02 0.02 0.04 0.02 0.02 0.04 0.06 0.05 0.01 0.01 0.01 0.01 0.00
K O 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00
Total 98.22 97.75 98.83 96.15 98.69 97.42 97.00
XUsp® 7.26 7.49 10.99 15.47 7.20 9.66 13.18

Bl B2

Experiment: 34 49 48 47 46 90 91

T(°C): 1000 950 950 950 950 1100 1100

wt% H O in melt: 5.19 5.19 5.25 5.24 5.24 4.63 2.10

aH O: 1 1 1 1 1 1 0.34

n: 2 4 3 2 1 3 2

wit%

SiO 0.14 0.10 0.28 0.03 0.89 0.58 0.15 0.21 0.17 0.13 0.02 0.22 0.04
TiO, 4.94 0.03 2.17 0.12 2.84 1.47 3.80 10.34 4.58 1.54 0.03 2.83 0.08
AlL,O4 5.49 0.20 4.94 0.01 4.99 0.76 5.82 3.18 5.82 4.85 0.01 7.35 0.05
Fe,03 53.91 60.52 57.12 55.53 53.85 63.02 56.95

FeO 25.09 0.45 23.25 0.67 23.86 4.15 23.94 2.87 25.00 19.84 0.67 22.97 0.42
MnO 0.32 0.02 0.38 0.05 0.36 0.00 0.36 0.09 0.39 0.35 0.01 0.25 0.06
MgO 6.30 0.14 6.22 0.05 6.23 0.29 5.95 1.83 6.09 7.91 0.07 7.01 0.12
CaO 0.30 0.11 0.37 0.05 0.55 0.25 0.32 0.21 0.34 0.36 0.05 0.37 0.01
Na O 0.04 0.00 0.01 0.01 0.07 0.07 0.16 0.05 0.04 0.01 0.01 0.03 0.01
KO 0.02 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.02 0.01 0.01
Total 96.55 98.14 96.91 96.04 96.29 98.02 97.99

XUsp® 15.00 6.07 8.42 11.53 14.01 4.08 8.62

& ulvéspinell content (XUsp x 100) content of magnetite calculated after Stormer (1983)
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Table 2.9. continued

Experiment:
T(°C):

wt% H O in melt:

aH,0:
n:
wt%
SiO,
TiO,
Al,O3
Fe,03
FeO
MnO
MgO
CaO
Na,O
K,0O
Total

XUsp®

Experiment:
T(°C):

wt% H,O in melt:

aH,0:
n:
wt%
SiO,
TiO,
AlL,O4
Fe,O5
FeO
MnO
MgO
CaO
Na,O
K,0
Total

XUsp?

B2
92 93 94 95 96 98 99
1100 1100 1050 1050 1050 1050 1000
1.84 1.45 4.80 2.65 2.48 2.22 5.06
0.28 0.19 1 0.43 0.38 0.32 1
2 3 2 3 2 3 2
0.96 0.75 0.27 0.07 0.18 0.01 0.73 0.35 0.43 0.01 0.12 0.01 0.22 0.04
4.46 0.08 5.49 0.44 1.96 0.04 3.93 0.21 5.85 0.00 6.57 0.16 2.44 0.04
6.59 0.11 6.21 0.27 4.85 0.14 5.88 0.32 4.34 0.17 3.87 0.03 5.91 0.02
52.36 51.67 62.55 56.10 53.87 52.37 59.71
26.23 0.37 27.25 0.90 19.27 0.14 2401 0.82 27.36 0.14  28.73 0.42 19.63 0.01
0.24 0.00 0.28 0.04 0.41 0.02 0.43 0.05 0.46 0.04 0.46 0.01 0.56 0.11
6.19 0.13 5.59 0.08 8.53 0.20 7.08 0.04 5.67 0.05 4.89 0.03 8.46 0.06
0.76 0.37 0.40 0.05 0.32 0.07 0.55 0.18 0.45 0.07 0.30 0.04 0.43 0.02
0.00 0.00 0.01 0.01 0.02 0.03 0.06 0.07 0.05 0.07 0.01 0.00 0.02 0.01
0.00 0.00 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.01 0.01
97.80 97.20 98.10 98.80 98.48 97.34 97.38
14.17 17.10 5.24 11.61 17.18 19.41 6.64
B2
100 101 102 103 104 105 106 111
1000 1000 1000 950 950 950 950 950
5.18 5.26 423 519 5.14 5.29 5.20 5.18
1 1 0.78 1 1 1 1 1
2 3 1 2 2 3 1 2
0.21 0.11 0.18 0.12 0.14 0.39 0.21 2.38 2.61 0.21 0.11 0.97 0.87 0.32
3.44 0.07 3.72 0.09 3.97 2.20 0.03 2.54 0.06 2.74 0.08 3.21 2.87 0.07
4.50 0.04 3.56 0.02 3.37 4.56 0.09 4.17 1.07 3.13 0.55 3.93 4.39 0.25
58.97 58.85 57.36 59.74 55.91 59.66 56.74 58.11
24.06 0.41 26.16 1.28 26.90 22.71 128 27.25 3.11 26.07 0.12 2854 2493 1.25
0.52 0.04 0.53 0.05 0.40 0.72 0.04 0.55 0.02 0.56 0.11 0.39 0.84 0.06
6.30 0.06 4.94 0.08 4.29 6.14 0.05 5.35 0.05 4.05 0.09 3.33 5.22 0.02
0.35 0.10 0.36 0.05 0.36 0.29 0.38 0.73 0.47 0.38 0.46 0.95 0.72 0.16
0.02 0.02 0.03 0.02 0.04 0.03 0.00 0.01 0.16 0.02 0.04 0.04 0.05 0.03
0.01 0.00 0.00 0.00 0.01 0.02 0.01 0.00 0.01 0.00 0.00 0.01 0.04 0.00
98.38 98.34 96.84 96.79 98.89 96.83 98.13  98.05
9.64 10.41 11.54 5.66 7.38 7.51 9.53 7.62
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Table 2.10. Experimental ilmenite compositions (MnO-Mn;0, buffer)

Experiment:
T(°C):

wt% H,O in melt:
aH,0:

n:

wt%

SiO,

TiO,

Al,O3

Fe, 03

FeO

MnO

MgO

CaO

Na,O

K,O

Total

Xlim?

a7 46 96 98 100 101 102 103 104 105 106 111
950 950 1050 1050 1000 1000 1000 950 950 950 950 950
5.24 5.24 2.48 2.22 5.18 5.26 4.23 5.19 5.14 5.29 5.20 5.18
1 1 0.38 0.32 1 1 0.78 1 1 1 1 1

1 1 1 1 2 1 2 2 2 2 2 2
1.18 1.16 0.69 0.48 0.18 0.96 0.13 0.14 0.17 0.42 0.34 0.86
19.49 20.32 22.51 24.90 18.63 19.41 20.92 14.72 17.31 17.81 18.59 18.62
1.46 1.33 1.32 1.08 1.26 1.32 1.59 1.27 1.10 1.82 231 1.14
58.89 57.83 53.87 50.83 61.89 58.50 61.01 69.18 63.01 65.51 62.40 61.92
11.56 13.09 13.50 16.10 10.15 12.49 12.11 8.29 10.02 8.40 9.55 10.61
0.22 0.23 0.25 0.22 0.25 0.18 0.20 0.14 0.23 0.17 0.17 0.35
3.41 2.99 3.67 3.33 3.27 2.87 2.79 2.44 2.79 3.06 2.78 3.25
0.62 0.55 0.48 0.52 0.43 0.54 0.73 0.30 0.39 1.42 1.22 0.69
0.06 0.06 0.03 0.01 0.04 0.02 0.15 0.03 0.01 0.14 0.19 0.02
0.00 0.01 0.00 0.00 0.01 0.02 0.02 0.03 0.00 0.01 0.00 0.02
96.89 97.56 96.32 97.47 96.09 96.30 99.65 96.54 95.03 98.76 97.55 97.48
31.49 34.24 37.21 42.72 29.51 33.07 35.61 23.78 28.32 29.07 32.82 29.03

2 ilmenite (Xllm x 100) of content rhombohedral oxide calculated after Stormer (1983)
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Table 2.11. Experimental glass compositions (MnO-Mn;0, buffer)

Experiment:
T(°C):

wt% H,0 in melt:
aH O:

n:

wit% ®

Sio,

TiO

Al,O4

FeO*

MnO

MgO

CaO

Na,O

KO

P20s

Total®

Mg#°

Experiment:
T(°C):

wt% H,0 in melt:
aH O:

n:

wit% *

Sio,

TiO,

Al,O4

FeO*

MnO

MgO

CaO

Na O

K,O

PO

Total’

Mg#°

Experiment:
T(°C):

wt% H,0 in melt:
aH,0:

n:

wit% *

SiO,

TiO,

Al,O3

FeO*

MnO

MgO

CaO

Na,O

KO

P20s

Total’

Mg#°

B1
66 65 64 63 45 a4 43 42
1150 1150 1150 1150 1100 1100 1100 1100
455 2.56 1.54 1.01 457 3.13 2.45 1.79
1 0.47 0.21 0.10 1 0.61 0.43 0.27
6 3 3 6 4 6 4 10
4967 020 49588 112 5019 019 5034 045 5015 074 5016 047 5096 053 5138 0.57
085 009 077 012 08 010 093 016 082 006 091 014 125 010 146 0.11
1601 021 1629 030 1672 020 1658 0.8 1629 035 1742 040 17.12 080 1597 057
859 009 906 075 851 019 879 028 869 029 947 034 1019 073 1098 0.25
014 008 010 009 017 003 015 017 017 005 021 002 014 013 019 015
983 010 921 008 841 007 800 019 897 018 712 014 612 017 6.16 0.29
1239 021 1241 012 1277 016 1255 0.17 1247 040 1195 020 11.22 029 1050 0.30
233 019 220 024 227 005 251 025 226 028 258 032 264 016 306 024
010 008 003 001 007 005 011 007 011 005 009 006 014 002 012 0.07
009 009 004 002 003 003 005 009 008 009 009 008 022 014 018 0.12
9480 076 97.88 089 9889 0.62 9878 0.75 9498 076 9679 098 9743 111 9754 0.96
8266 120 7815 148 7531 082 7159 215 8131 235 7373 1.86 67.39 233 64.00 3.66

B1
62 61 a1 40 39 38 37 36
1100 1100 1050 1050 1050 1050 1000 1000
456 1.72 473 484 3.63 2.34 5.09 5.08
1 0.25 1 1 0.70 0.38 1 1
3 3 2 6 5 2 3 4
4979 004 5135 065 5113 033 5343 0.83 5364 153 5454 121 5617 083 5757 055
082 006 134 003 098 005 095 013 124 011 132 019 1.05 011 1.07 0.01
1607 021 1628 052 1817 0.10 1840 115 1782 151 1817 070 1879 033 1804 0.1
884 004 1068 0.14 862 046 877 066 934 042 882 076 650 027 682 042
019 002 016 007 024 014 020 014 021 005 023 008 013 014 012 004
910 007 620 022 603 004 463 017 424 019 427 039 447 007 388 028
1279 017 1054 037 1219 008 1037 065 973 096 879 083 876 029 805 0.14
211 006 316 032 243 018 299 025 347 028 346 089 374 067 384 023
012 003 013 008 007 001 011 005 023 006 024 006 014 009 029 0.04
017 007 015 009 015 009 015 008 008 006 015 011 024 002 033 017
9515 070 97.92 061 9416 098 94.89 045 9624 111 9695 1.28 9453 150 94.74 1.95
81.31 085 6451 280 7476 079 6866 332 6370 382 6205 6.84 7469 181 7084 6.22

B1
35 34 49 48 47%  46°
1000 1000 950 950 950 950
5.21 5.19 5.19 5.25 524 524
1 1 1 1 1 1
4 3 4 3 - -

5753 059 5868 066 6316 096 63.49 173 63.73 64.16
100 012 135 013 070 006 0.86 010 100 1.15
19.24 143 1812 058 1675 050 17.21 112 16.43 1586
6.43 068 636 006 531 038 524 021 575 570
016 012 027 006 012 013 002 030 002 022
299 027 270 022 252 030 182 034 135 1.29
774 084 709 035 643 033 620 013 578 549
439 029 491 042 445 066 478 067 548 554
026 007 024 013 029 010 023 004 034 039
026 010 027 007 025 025 015 003 015 021
9385 113 9313 165 9294 149 93.05 128 - -
66.63 7.33 6496 642 67.83 9.69 60.82 13.17 5162 50.76

2 oxide concentrations from microprobe are normalized to 100 wt% with all Fe as FeO* (total iron)
® Total from microprobe

¢ mg number for glass defined as XMgO / (XMgO+XFeO) x 100 and Fe,O; and FeO content calculated after Kress and Carmichael (1991)

4 melt composition is calculated (see text for detailed comments)
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Table 2.11. continued

B2
Experiment: 86 89 90 91 92 93
T(°C): 1150 1150 1150 1150 1100 1100 1100 1100
wt% H,O in melt: 4.58 2.05 1.25 0.75 4.63 2.10 1.84 1.45
aH,0: 1 0.34 0.15 0.06 1 0.34 0.28 0.19
n: 10 3 4 8 2 4 4 3
wt% 2
SiO, 51.17 023 5091 061 5143 027 5171 029 5224 074 5200 062 528 007 53.08 0.30
TiO, 1.43 0.06 151 0.05 149 013 141 0.08 141 0.03 161 0.02 1.70 0.08 202 011
Al,O3 1593 0.16 1568 0.24 1580 0.29 1590 0.24 16.14 044 1580 040 1535 0.32 14.74 0.26
FeO* 10.72 0.26 1146 047 1047 043 1045 0.72 9.22 050 10.26 054 1073 0.21 1194 0.21
MnO 0.21 0.07 031 0.13 0.29 0.20 0.23 0.08 031 0.13 0.34 0.07 0.33 0.12 0.28 0.13
MgO 6.49 0.07 6.40 0.18 6.38 0.21 6.39 0.12 6.19 0.30 6.22 0.28 591 0.14 532 0.24
CaO 1057 0.13 1039 0.13 1060 0.15 1054 0.17 11.07 0.04 1036 0.44 9.13 0.8 8.85 0.24
Na,O 313 0.11 315 0.13 3.36 0.16 296 0.29 312 0.12 321 0.26 3.66 0.13 343 0.28
K.O 0.15 0.04 0.06 0.02 0.09 0.02 0.14 0.06 0.16 0.04 0.09 0.03 0.18 0.05 0.22 0.02
P,0s 0.19 0.07 0.12 0.03 0.08 0.04 0.26 0.14 0.13 0.06 0.12 0.04 0.15 0.03 0.14 0.01
Total 9489 038 9785 0.75 98.09 0.87 99.20 046 9419 060 97.85 050 98.04 103 97.84 031
Mg#° 7111 102 6449 227 6378 250 6091 134 7389 457 66.62 244 6371 186 56.86 2.99
B2
Experiment: 94 95 96 98 99 100 101 102
T(°C): 1050 1050 1050 1050 1000 1000 1000 1000
wt% H,O in melt: 4.80 2.65 2.48 2.22 5.06 5.18 5.26 4.23
aH,0: 1 0.43 0.38 0.32 1 1 1 0.78
n: 3 3 5 4 3 3 4 5
wit% *
SiO, 5432 064 56.85 073 59.03 071 59.73 123 56.70 020 6057 091 6217 069 6313 0.96
TiO, 149 0.14 138 0.13 1.19 0.26 0.90 0.23 1.42 0.08 112 0.04 1.23 0.04 1.05 0.08
Al,O3 16.36 052 17.85 219 17.96 223 1792 108 1842 064 1796 057 1794 102 16.18 056
FeO* 7.46 046 599 041 574 0.74 556 0.53 582 0.89 594 0.22 532 056 543 042
MnO 0.15 0.06 0.30 0.12 0.23 0.22 0.09 0.02 0.14 0.05 0.39 0.08 0.25 0.29 0.08 0.06
MgO 588 0.15 417 0.36 3.70 0.32 319 031 421 0.07 230 0.27 193 0.04 170 0.25
CaO 10.74 0.21 9.16 0.01 7.72 077 7.58 042 9.30 0.15 6.84 0.49 567 0.19 559 055
Na,O 331 0.20 394 0.03 4.05 0.11 454 057 3.67 041 432 053 489 0.68 542 0.22
K,O 0.17 0.04 0.28 0.16 0.27 0.11 034 0.21 0.24 0.06 0.36 0.05 0.32 0.08 046 0.01
P,0s 0.13 0.06 0.09 0.04 0.09 0.09 0.15 0.00 0.08 0.03 0.21 0.06 0.28 0.01 095 0.14
Total 9381 090 9725 0.75 97.18 108 97.60 149 9371 034 9528 0.77 9441 103 9539 121
Mg#° 7743 258 7159 778 69.08 754 66.15 7.79 7599 178 6238 862 608 159 56.71 9.77
B2
Experiment: 103 104 105 106 111
T(°C): 950 950 950 950 950
wt% H,O in melt: 5.19 5.14 5.29 5.20 5.18
aH,0: 1 1 1 1 1
n: 3 5 2 3 4
wi% °
SiO, 6487 013 6588 085 6598 118 70.02 113 6536 121
TiO, 0.82 0.23 0.84 0.09 0.78 0.09 0.65 0.09 091 0.12
Al,O3 17.18 025 1594 042 1679 0.06 13.08 105 16.32 0.94
FeO* 392 0.26 411 0.16 3.70 0.25 3.70 0.02 422 0.65
MnO 0.20 0.00 0.07 0.07 0.13 0.13 0.05 0.06 0.18 0.05
MgO 261 0.10 181 0.26 150 0.09 121 0.14 1.73 023
CaO 6.00 0.14 585 0.25 542 0.10 413 0.36 6.03 0.45
Na,O 3.87 0.08 467 0.26 4.94 0.20 560 0.92 449 0.64
K,O 0.24 0.04 0.30 0.02 0.34 0.11 0.82 0.02 0.33 0.08
P,0s 0.29 0.00 0.52 0.06 0.42 0.07 0.75 0.11 043 0.12
Total’ 93.19 166 9362 167 9399 075 9359 142 96.46 142
Mg#° 7434 371 6645 11.67 6452 492 6048 827 64.74 10.34
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Table 3.2. Experimental olivine compositions (QFM buffer)

B1 QFM buffer

Experiment: 129 128 127 134 132 133 131 142 141
T(°C): 1150 1150 1150 1100 1100 1100 1100 1050 1050

wt% H O in melt: 2.08 1.02 0.38 4.53 237 1.49 0.85 4.84 3.33
aH,0: 0.33 0.1 0.02 1 04 0.2 0.07 1 0.64
AQFM: -0.75 -1.85 -341 +0.09 -0.80 -1.31 -2.26 -0.01 -0.39

n: 4 3 5 3 4 9 5 8 8
wt%

Sio, 41.37 0.61 41.20 0.08 4042 0.21 39.92 0.09 39.78 0.17 40.14 0.30 39.01 0.10 39.63 0.33 39.47 0.36
TiO, 0.02 0.02 0.03 0.03 0.02 0.02 0.04 002 004 001 0.02 001 0.03 0.01 0.03 0.02 0.02 0.02
AlL,O4 0.05 0.05 0.09 0.04 0.12 0.09 0.05 007 008 0.03 0.11 0.05 0.18 0.18 0.05 0.02 0.06 0.06
FeO 11.28 0.89 11.43 0.17 13.79 0.25 13.48 101 1473 0.66 16.81 1.86 19.71 0.63 17.33 0.58 19.78 0.56
MnO 0.17 0.04 0.20 0.06 0.22 0.06 0.21 0.02 026 010 0.25 0.09 0.29 0.07 0.24 0.06 0.32 0.05
MgO 4734 0.95 46.93 0.35 4592 0.27 4540 095 4325 0.76 43.10 1.63 39.47 0.64 42.11 0.77 39.43 1.30
CaO 0.34 0.04 035 001 032 0.04 037 005 034 004 035 0.04 0.33 0.08 0.36 0.04 0.32 0.05
Na O 0.02 0.02 0.01 001 0.02 0.02 0.01 002 003 0.02 0.02 002 0.02 0.02 0.01 001 0.09 0.23
K,O 0.00 0.00 0.00 0.00 0.00 0.00 0.01 001 0.00 000 0.01 001 0.01 001 0.01 001 0.01 0.01
Total 100.58 100.23 100.83 99.51 98.52 100.81 99.06 99.77 99.50
XFo? 88.21 87.98 85.58 85.72 83.96 82.05 78.11 81.25 78.04

Kd Ol-MelyMg-Fe®  0.301 0.257 0.295 0.360 0.304 0.359 0.327 0.343 0.365

B1 QFM buffer

Experiment: 140 143 148 147 146 145 153 152 151
T(°C): 1050 1050 1000 1000 1000 1000 950 950 950

Wwt% H,0 in melt: 2.90 2.04 5.06 5.01 5.04 3.52 5.12 5.12 5.17
aH,0: 0.51 0.32 1 0.99 0.99 0.64 1 1 1
AQFM: -0.54 -0.91 +0.01 +0.02 +0.03 -0.36 +0.09 +0.09 +0.09

n: 4 4 4 6 5 10 3 3 3
Wt%

Sio, 38.43 0.14 37.86 0.21 38.26 0.31 37.88 025 37.52 0.54 38.18 0.47 37.19 0.03 36.80 0.10 37.19 0.38
TiO 0.04 0.02 0.05 002 003 0.01 0.04 002 005 0.01 0.06 0.02 0.01 001 0.05 0.01 0.06 0.02
Al,O, 0.08 0.03 0.10 0.08 0.02 0.01 0.06 003 029 0.26 0.27 0.31 0.04 0.00 0.10 0.08 0.34 0.36
FeO 2351 0.28 24.90 1.02 23.60 0.58 25.40 0.38 26.61 0.61 2573 0.82 30.33 0.30 30.73 0.46 30.44 0.29
MnO 0.34 0.09 0.39 004 036 0.04 0.40 003 041 0.05 041 0.04 0.39 0.02 045 0.05 0.40 0.08
MgO 38.16 0.17 36.51 0.52 3851 0.22 37.16 1.33 3564 0.93 34.58 0.76 32.56 0.12 32.14 0.65 32.57 0.91
CaO 0.37 0.03 0.43 002 035 0.05 0.38 004 047 015 043 0.13 026 0.03 0.32 011 0.27 0.18
Na,O 0.02 0.04 0.03 003 002 0.02 0.09 015 0.00 0.00 0.03 0.05 0.00 001 0.00 0.01 0.01 0.01
K,0O 0.00 0.00 0.01 001 002 0.01 0.00 000 000 0.01 0.00 0.00 0.01 0.02 0.01 0.02 0.01 0.01
Total 100.94 100.27 101.16 101.41 101.00 99.70 100.79 100.60 101.28
XFo? 74.56 72.55 75.31 73.52 71.08 70.56 65.77 65.56 65.77

Kd Ol-Melt/Mg-Fe® 0.290 0.282 0.326 0.351 0.308 0.272 0.315 0.298 0.276
#XFo x 100

e partition coefficient describing the distribution of iron and magnesium between melt and coexisting olivine defined as
(XOIl-FeO/XMelt-FeO) x (XMelt-MgO/XOI-MgO) after Roeder and Emslie (1970)
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Table 3.3. Experimental clinopyroxene compositions (QFM buffer)

B1 QFM buffer

Experiment: 127 132 133 131 142 141 140 143
T(°C): 1150 1100 1100 1100 1050 1050 1050 1050

wt% H O in melt: 0.38 2.37 1.49 0.85 4.84 3.33 2.90 2.04

aH O: 0.02 0.4 0.2 0.07 1 0.64 0.51 0.32
AQFM: -3.41 -0.80 -1.31 -2.26 -0.01 -0.39 -0.54 -0.91

n: 5 5 4 3 7 3 5 4

wit%

SiO 5150 1.36 51.27 0.85 5247 081 5054 0.66 5097 1.00 49.67 1.86 50.55 0.91 5037 0.60
TiO 051 005 049 002 059 010 067 008 065 012 075 015 0.74 0.06 0.84 0.02
Al O 490 088 485 062 488 136 486 046 6.02 165 550 143 481 091 49 101
FeO* 633 133 636 079 694 068 842 046 648 066 7.77 079 841 099 894 0.76
MnO 0.14 005 018 007 0.16 0.02 0.24 003 012 003 018 007 0.19 0.03 023 0.07
MgO 16.31 0.74 1499 041 1560 090 1522 0.38 1500 158 1512 0.79 1546 0.33 1491 0.85
CaO 20.63 0.53 20.80 0.72 2049 1.13 19.18 0.42 2039 0.82 21.05 0.77 19.82 0.73 19.39 0.62
Na,O 033 013 022 003 031 0.09 033 003 028 015 021 006 0.29 0.21 034 0.08
K O 001 001 001 001 001 0.02 002 001 002 001 001 001 0.01 0.01 001 0.01
Total 100.67 99.16 101.45 99.47 99.93 100.27 100.29 99.97

En? 46.91 44.60 45.46 44.94 44.97 43.57 44.77 43.87

Fs 10.44 10.91 11.62 14.34 11.10 12.86 13.98 15.14

Wo 42.65 44.49 42.92 40.72 43.94 43.57 41.25 41.00

Mg#° 0.86 0.81 0.80 0.78 0.81 0.85 0.81 0.77

Kd Cpx-Melt/Fe-Mg* 0.30 0.38 0.41 0.32 0.36 0.24 0.20 0.21

B1 QFM buffer

Experiment: 148 147 146 145 153 152 151
T(°C): 1000 1000 1000 1000 950 950 950

wt% H,O in melt: 5.06 5.01 5.04 3.52 5.12 5.12 5.17

aH O: 1 0.99 0.99 0.64 1 1 1
AQFM: +0.01 +0.02 +0.03 -0.36 +0.09 +0.09 +0.09

n: 3 4 10 6 3 3 3

wit%

SiO, 4890 1.36 5043 039 49.73 0.79 51.01 0.86 51.10 0.29 5159 0.19 50.38 0.73
TiO, 117 042 089 007 123 0.13 117 015 062 006 070 0.03 102 0.11
Al,O4 652 182 475 031 649 140 567 189 360 049 337 006 527 0.98
FeO* 710 0.72 825 062 9.07 0.60 848 0.40 1060 052 1003 051 10.38 0.68
MnO 0.13 004 025 004 020 005 020 0.05 029 008 031 0.06 021 0.01
MgO 1426 1.07 1492 054 1360 1.22 1344 1.23 1549 0.15 1517 0.16 1490 0.25
CaO 2178 0.73 2021 092 1802 160 18.88 1.20 17.84 0.67 19.10 0.62 18.07 1.09
Na O 0.21 008 025 018 0.22 021 040 0.10 013 0.11 019 012 048 0.08
K O 0.00 000 001 001 0.02 0.02 003 002 002 001 0.01 0.01 0.02 0.00
Total 100.08 99.97 98.59 99.27 99.68 100.47 100.73

En? 41.98 43.60 42.82 42.15 44.99 43.72 44.05

Fs 11.94 13.94 16.39 15.28 17.75 16.72 17.57

Wo 46.08 42.46 40.79 42.57 37.26 39.56 38.38

Mg#® 0.83 0.79 0.73 0.74 0.73 0.74 0.748

Kd Cpx-Melt/Fe-Mg* 0.19 0.25 0.28 0.23 0.22 0.20 0.18

& calculated after Morimoto (1988)

b mg number for pyroxene defined as XMg/(XMg+XFe) x 100

¢ partition coefficient describing the distribution of Mg and Fe®* between coexisting clinopyroxene and melt defined as
(XCpx-FeO/XCpx-MgO) x (XMelt-MgO/XMelt-FeO)
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Table 3.4. Experimental plagioclase compositions (QFM buffer)

Experiment:
T(°C):

wit% H,O in melt:
aH,0:
AQFM:

n:

wit%

SiO,

TiO

AlL,O4

FeO*

MnO

MgO

CaO

Na O

K,O

Total

An
Kd Plag-Melt/Ca-Na?®

Experiment:
T(°C):

wt% H,0 in melt:
aH,0:
AQFM:

n:

wit%

SiO,

TiO

AlL,O4

FeO*

MnO

MgO

CaO

Na O

K,O

Total

An
Kd Plag-Melt/Ca-Na?®

B1 QFM buffer

127 132 133 131 141 140 143
1150 1100 1100 1100 1050 1050 1050
0.38 2.37 1.49 0.85 3.33 2.90 2.04
0.02 0.4 0.2 0.07 0.64 0.51 0.32
-3.41 -0.80 -1.31 -2.26 -0.39 -0.54 -0.91
2 5 4 6 3 6 5
50.09 051 47.14 043 49.78 057 51.15 1.04 4758 0.88 50.10 056 50.95 0.43
0.11  0.02 0.05 0.05 0.12 0.06 0.18 0.10 0.07 0.03 0.33 0.13 0.14 0.07
30.07 0.22 3242 031 3029 133 2844 170 3254 047 2778 271 2969 0.86
1.19 0.06 0.95 0.08 1.31 0.33 1.32 0.50 0.97 0.24 238 0.78 1.10 0.15
0.00 0.00 0.01 0.02 0.02 0.02 0.04 0.02 0.04 0.04 0.04 0.04 0.02 0.03
0.75 0.05 044 0.11 1.22 0.69 0.95 0.62 041 0.10 156 1.77 0.49 0.16
1574 050 1748 0.16 16.18 0.17 1456 063 17.14 043 1454 110 1437 031
265 0.14 1.64 0.08 213 0.19 3.04 0.38 1.73 0.24 265 0.34 3.04 0.29
0.02 0.01 0.03 0.01 0.03 0.01 0.04 0.02 0.03 0.01 0.04 0.02 0.03 0.02
100.62 100.16 101.08 99.70 100.51 99.42 99.83
76.6 85.4 80.6 724 84.4 75.1 722
1.15 2.02 1.73 1.07 2.72 1.96 1.13
B1 QFM buffer
148 147 146 145 153 152 151
1000 1000 1000 1000 950 950 950
5.06 5.01 5.04 3.52 5.12 5.12 5.17
1 0.99 0.99 0.64 1 1 1
+0.01 +0.02 +0.03 -0.36 +0.09 +0.09 +0.09
4 2 3 5 3 4 2
4820 0.38 4857 0.22 50.88 1.15 5041 051 4921 033 5037 058 5182 0.08
0.03 0.02 0.14 0.07 041 0.23 0.25 0.08 0.14 0.03 0.12 0.05 0.15 0.09
3297 047 3182 070 2737 155 2853 1.06 3084 064 29.68 1.02 2937 1.19
0.70 0.14 0.99 0.15 225 094 1.73 031 1.40 0.08 1.36 0.37 1.34 0.46
0.03 0.03 0.03 0.04 0.06 0.04 0.04 0.04 0.06 0.04 0.02 0.02 0.06 0.06
0.15 0.19 0.46 0.04 1.39 0.60 1.09 057 0.33 0.30 1.01 0.66 0.51 0.45
16.17 040 1582 036 1325 0.86 1361 060 1507 0.26 1424 049 1319 0.22
230 0.21 232 0.01 277 053 3.09 0.25 252 0.05 296 0.27 3.79 0.25
0.02 0.01 0.03 0.01 0.04 0.02 0.03 0.01 0.03 0.02 0.03 0.01 0.04 0.01
100.57 100.18 98.43 98.78 99.59 99.80 100.28
79.4 78.9 724 70.8 76.6 725 65.6
2.89 3.15 2.63 2.79 3.76 3.61 3.26

& partition coefficient describing the distribution of calcium and sodium between coexisting plagioclase and melt defined as
(XPlag-Ca/XPlag-Na) / (XCa-Melt/XNa-Melt)
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Table 3.5. Experimental amphibole and ilmenite compositions (QFM buffer)

Amphibhole B1 QFM buffer limenite B1 QFM buffer

Experiment: 153 152 151 151

T(°C): 950 950 950 950

wit% H,O in melt: 5.12 5.12 5.17 5.17

aH O: 1 1 1 1

AQFM: +0.09 +0.09 +0.09 +0.09

n: 3 6 6 3

wit%

SiO, 43.02 0.51 43.08 0.98 43.12 0.31 SiO, 394 1.67

TiO, 1.97 045 282 1.01 2.73 0.63 TiO, 46.61 1.79

Al O 13.24 0.73 12.08 0.17 12.44 0.99 Al O 1.65 1.25
Fe O 523 0.65

FeO* 11.62 0.13 11.83 0.34 1211 0.27 FeO 34.28 0.07

MnO 0.16 0.05 0.14 0.04 0.14 0.04 MnO 0.43 0.03

MgO 1451 043 14.63 0.22 1421 0.16 MgO 578 0.17

CaO 10.64 0.22 11.37 0.38 11.14 0.46 CaO 1.04 0.48

Na O 252 0.18 237 041 257 0.27 Na O 0.06 0.03

K O 0.07 0.03 0.07 0.01 0.09 0.01 K O 0.01 0.00

Total 97.74 98.40 98.55 Total 99.04

Structural formulae Xilm? 89.22

Si 6.11 6.14 6.14

AlVI 1.89 1.86 1.86

M1-3 site

AlVI 0.32 0.16 0.23

Ti 0.21 0.30 0.29

Fe" 1.21 0.95 0.92

Mg 3.07 3.11 3.02

Fe? 0.17 0.45 0.53

M4 site

Ca 1.62 1.74 1.70

Na 0.38 0.26 0.30

A site

Na 0.31 0.39 0.41

Mg#g? 0.95 0.87 0.85

Kd Am-Lig/Si-Al® 1.02 1.00 0.98 1.00 0.08

tschermakite © tschermakite tschermakite

2 mg number for amphibole defined as XMg/(XMg+XFe?") x 100

b partition coefficient describing the distribution of aluminium and silicium

between coexisting amphibole and melt defined as (XAlI-Am/XSi-Am) / (XAl-Melt/XSi-Melt)
® nomenclature of amphiboles after Leake et al. (1997)

4 ilmenite (Xlim x 100) of content rhombohedral oxide calculated after Stormer (1983)
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Table 3.6. Experimental glass compositions (QFM buffer)

B1 QFM buffer

Experiment: 130 129 128 127 134 132 133 131 142 141
T(°C): 1150 1150 1150 1150 1100 1100 1100 1100 1050 1050
Wt% H,0 in melt:  4.58 2.08 1.02 0.38 4.53 2.37 1.49 0.85 484 3.33
aH,0: 1 0.33 0.1 0.02 1 0.4 0.2 0.07 1 0.64
AQFM: +0.2 -0.75 -1.85 -3.41 +0.09 -0.80 -1.31 -2.26 -0.01 -0.39
n: 16 3 3 5 6 5 9 6 13 11
wit%% 2
SiO, 50.04 0.18 50.60 0.06 50.60 0.07 50.91 0.36 50.32 0.25 50.75 0.40 51.70 0.68 51.26 0.27 5054 0.66 51.34 0.76
TiO, 0.80 0.05 0.84 0.00 0.87 0.05 0.92 008 0.80 0.03 087 0.02 1.04 0.09 1.19 0.14 0.90 0.05 1.07 0.10
Al,O4 16.03 0.23 16.70 0.18 16.76 0.14 16.79 0.40 16.90 0.12 17.62 0.33 16.53 0.82 17.52 1.25 18.78 0.25 17.95 0.93
FeO* 8.24 023 7.84 011 7.95 0.14 804 020 807 024 862 042 877 0.31 9.20 059 854 043 9.45 0.45
MnO 0.11 0.06 0.14 0.02 0.13 0.03 0.15 0.04 0.9 0.07 017 0.05 0.12 0.04 0.19 0.10 0.11 006 0.17 0.07
MgO 9.82 010 871 007 7.74 013 7.73 0.12 811 014 6.78 0.17 7.30 0.67 5.63 0.33 594 0.18 593 0.58
CaO 12.62 0.14 1284 0.14 13.45 0.10 12.78 0.23 13.23 0.18 12.60 0.18 11.72 0.61 12.04 0.29 12.30 0.35 10.84 0.67
Na,O 220 012 222 0.06 234 012 247 0.09 215 009 238 0.10 2.68 0.22 2.70 019 273 041 298 0.26
K,0 0.07 0.02 0.05 0.05 0.09 0.04 0.10 0.02 0.09 0.03 0.08 0.02 0.08 0.03 0.1 0.02 0.08 0.05 0.10 0.04
P,0s 0.08 005 0.05 0.05 0.09 0.04 0.10 0.02 0.13 0.09 0.11 0.08 0.07 0.06 0.16 0.04 0.10 0.06 0.16 0.06
Total® 95.71 0.39 97.97 0.37 98.63 0.15 99.08 0.48 94.69 0.79 97.59 0.22 98.15 0.68 98.89 0.75 93.48 0.79 96.44 0.36
Mg#° 71.65 69.23 65.32 64.09 68.39 61.41 62.14 53.87 59.77 56.5

B1 QFM buffer
Experiment: 140 143 148 147 146 145 153 152 151
T(°C): 1050 1050 1000 1000 1000 1000 950 950 950
Wt% H,0 in melt:  2.90 2.04 5.06 5.01 5.04 352 5.12 5.12 517
aH,0: 0.51 0.32 1 0.99 0.99 0.64 1 1 1
AQFM: -0.54 -0.91 +0.01 +0.02 +0.03 -0.36 +0.09 +0.09 +0.09
n: 4 7 7 6 3 6 3 2 2
wit%% 2
SiO, 53.06 0.49 53.07 0.57 53.26 0.62 53.50 0.29 53.77 1.65 56.14 0.68 58.46 0.33 60.06 0.44 61.33 0.88
TiO, 158 002 201 023 125 0.04 1.49 0.03 1.80 0.7 1.90 0.10 1.18 0.03 1.13 036 1.17 0.16
Al,O4 18.05 059 17.65 1.12 19.25 0.32 18.94 0.23 18.56 1.33 17.23 0.65 17.59 0.16 16.77 0.49 17.98 1.71
FeO* 9.66 0.60 10.95 0.87 855 0.30 8.89 0.41 9.40 0.32 930 0.46 897 0.12 8.93 1.35 7.49 0.98
MnO 014 011 023 0.04 0.17 0.10 0.24 016 0.4 010 012 0.11 0.09 0.04 0.1 0.08 0.10 0.05
MgO 3.95 066 4.06 0.33 3.78 0.24 3.80 041 323 0.33 291 0.35 252 048 2.31 066 1.84 1.27
caO 9.79 034 9.34 056 9.54 0.26 875 0.14 827 0.63 7.39 0.35 6.60 0.12 5.81 0.33 4.98 0.90
Na,0O 3.49 048 223 027 3.93 0.34 405 025 455 021 467 0.26 4.15 054 4.36 0.74 467 0.70
K,0 0.19 0.06 022 0.03 0.16 0.04 0.17 002 0.7 0.03 0.17 0.03 023 0.03 027 003 0.18 0.02
P,0s 0.11 005 025 0.06 0.12 0.06 0.16 0.08 0.1 011 0.17 0.08 021 0.14 025 0.11 0.26 0.09
Total® 96.73 221 97.82 1.35 92.99 1.46 93.23 0.83 94.69 1.97 9557 1.05 92.75 0.10 93.56 1.89 92.89 2.64
Mg#° 45.62 42.40 48.67 47.77 42.42 39.49 37.62 35.71 3453

2 oxide concentrations from microprobe are normalized to 100 wt% with all Fe as FeO* (total iron)

® Total from microprobe

© mg number for glass defined as XMgO / (XMgO+XFeO) x 100 and Fe,0s and FeO content calculated after Kress and Carmichael (1991)
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Equation of Harvie et al. (1980):

dwt,, | _ 2nk|j[(mz)§ _(fgz)i}

dt [re
In| =
r

reand r; are outer and inner radii of the capsule or membrane, k is the permeability constant, |
isthe length of capsule or membrane, f), and f°, are hydrogen fugacities inside and outside

the capsule or membrane
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