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Abstract

The change in the stability field of clinopyroxene in mid-ocean ridge basalt
(MORB) as a function of pressure has been used widely as a geobarometer. Based on
results from crystallization experiments using MORB-like compositions it has been
suggested that MORB differentiation occurs at relatively high pressures at ultraslow-
and slow-spreading ridges. However, differentiation requires the loss of substantial
heat and it is unclear how this is possible at elevated pressures. To better understand

the controls on the stability field of clinopyroxene in MORB-like compositions we
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report a series of experiments performed at 0.1 MPa in which the temperature of
clinopyroxene saturation was determined in melts with variable Cr, Ca/Al and fO,.
The results show that increased Cr and Ca/Al lead to an expansion of the
clinopyroxene stability field. Incorporating these results into a new model of MORB
differentiation shows that realistic parental melt Cr contents can increase the
temperature at which clinopyroxene saturation occurs relative to assuming a Cr-free
melt (as is commonly the case). Likewise, high Ca/Al melts will saturate
clinopyroxene earlier than low Ca/Al melts and their crystallization may provide an
explanation for high Mg# clinopyroxene in oceanic gabbros. The newly calibrated
geobarometer gives lower crystallization pressures for MORB at the slow-spreading
SWIR than previous calibrations, but still suggests relatively higher pressures of

crystallization with decreasing spreading rate.

Keywords

Mid-ocean ridge basalt; MORB; clinopyroxene; chromium; crystallization pressure;

geobarometer

1. Introduction

The depth at which upward migrating melts begin to crystallize beneath mid-
ocean ridges provides important constraints on the thermal structure of the lower crust
and upper mantle at mid-ocean ridges; in turn this provides constraints on the
dynamics of many ridge axis processes from mantle and melt flow patterns to
hydrothermal fluid fluxes. The most commonly used approaches to determining the

pressure of mid-ocean ridge basalt (MORB) crystallization revolve around the
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changes in stability of clinopyroxene in MORB with increasing pressure. Based on
comparison of the petrology and geochemistry of MORB, oceanic gabbros and the
results of melting experiments conducted over a range of pressures it is widely
suggested that MORB at slow-spreading ridges differentiate at moderate pressures (3-
10 kbars) but those at fast-spreading ridges differentiate at low (<3 kbars) pressure
(e.g. Elthon, 1993; Grove et al., 1992; Herzberg, 2004; Villiger et al., 2007). This
interpretation contrasts with thermal models that indicate that the release of the latent
heat of crystallization of just small amounts of melt at high pressure will buffer the
temperature of their surroundings (Sleep and Barth, 1997). Since most erupted MORB
have crystallized a substantial fraction of their mass prior to eruption there appears to
be an inconsistency between the petrological and modeling constraints on the thermal
structure of slow-spreading ridges that needs resolving.

Experimental studies have demonstrated that the clinopyroxene phase field
expands with increasing pressure in both simple (Presnall et al., 1978) and natural
(Grove et al., 1992; Tormey et al., 1987; Yang et al., 1996) MORB-like compositions.
This has led to numerous studies comparing the compositions of natural MORB with
the compositions of melts predicted to be saturated with olivine, plagioclase and
clinopyroxene at different pressures to investigate the pressure of MORB
differentiation. It is important to note that this comparison is only valid for MORB
that are co-saturated in olivine, plagioclase and clinopyroxene, and hence have
crystallized a significant amount (and thus lost a significant amount of latent heat).
Using this approach it has repeatedly been found that MORB from slow-spreading
ridges commonly have compositions that are similar to the composition of olivine,
plagioclase and clinopyroxene saturated melts equilibrated at relatively high pressures

(3-10 kbars). In contrast, MORB from fast-spreading ridges generally have
3
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compositions that are similar to the composition of olivine, plagioclase and
clinopyroxene saturated melts generated at low pressures (<3 kbars; Grove et al.,
1992; Herzberg, 2004; Michael and Cornell, 1998; Tormey et al., 1987; Villiger et al.,
2007; Yang et al., 1996). Most of these approaches use some form of multi-
component projection scheme to account for the shifting of the phase boundaries in
composition space with difference in the abundance of other components (e.g. the
expansion of the olivine phase field with increased melt Na content; Grove et al.,
1992). A parallel line of reasoning has been used to conclude that some oceanic
gabbros crystallized at mantle pressures (3-10 kbars; Elthon, 1993; Elthon et al.,
1992). Expansion of the clinopyroxene stability field with increasing pressure means
that, all other things being equal, the first clinopyroxene to crystallize will have a
higher Mg# (molar ratio Mg/(Mg+Fe*" ), total Fe as Fe*") than that formed at lower
pressure because less olivine fractionation will occur prior to clinopyroxene
saturation. Based on the existence of clinopyroxene with Mg# > 0.88 in oceanic
gabbros, high pressure crystallization has been proposed (Elthon, 1993; Elthon et al.,
1992); however, high Mg# clinopyroxene also exist in oceanic gabbros from fast-
spreading ridges that formed at low pressure (Perk et al., 2007).

Alternative models to explain the “high-pressure differentiation” signatures in
MORB and oceanic gabbros have been proposed. These fall into two categories.
Firstly, there are models that invoke more complex magmatic processes in nature than
experiments. Perhaps the most important control is the crystallization process itself
where magma chambers that undergo cyclic replenishment and tapping and/or in situ
crystallization, can erupt magmas with compositions not controlled by the cotectics at
the crystallization pressure (Langmuir, 1989; O’Hara, 1977). For example, erupted

melts from a replenished and tapped magma chamber in which eruption follows
4
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immediately after replenishment can produce lavas with very different Ca/Al than that
of the olivine-plagioclase-clinopyroxene cotectic that the melts lay on prior to
replenishment (Coogan and O’Hara, 2015; Nielsen, 1990). Secondly, there are models
that call on alternative mechanisms to change the phase relations — it is this latter
category that is the focus of this study. This study was designed to investigate changes
in the stability field of clinopyroxene in MORB-like melts with changing: (i) melt Cr
content, and (ii) melt CaO/Al,O;3; fortuitously we also performed experiments at
variable fO, and present these results, too.

Chromium is a highly compatible minor element in clinopyroxene meaning
that increasing the concentration of the Cr-bearing clinopyroxene component in the
melt will tend to stabilize clinopyroxene. This has been demonstrated experimentally
in the system forsterite-anorthite-diopside in which the diopside field expands with
increased Cr content (Onuma and Tohara, 1983). However the Cr content of the
system in most experimental studies of MORB-like melts has not been considered.
Indeed, most experimental studies that have been used to calibrate the role of pressure
in clinopyroxene stabilization have been performed on relatively Cr-poor starting
composition (or Cr concentrations have not been reported preventing evaluation of its
effect). Likewise, most extant models of MORB differentiation do not include a Cr-
bearing clinopyroxene component meaning changes in clinopyroxene stability with
melt Cr content cannot be tested with these. The effect of Cr on the phase relations of
MORB may be important because parental MORB are Cr-rich, generally having Cr-
spinel as a liquidus or near-liquidus phase, and any regions of a crystal mush
containing Cr-spinel will be buffered to high melt Cr-contents. This can also be seen
in databases like PetDB (Lehnert et al., 2000), which shows a range of up to ~1000

ppm of Cr in MORB, and the highest frequency occurs at concentrations between 200
5
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and 400 ppm Cr. The most primitive clinopyroxene in most oceanic gabbros contain
>1 wt% Cr,03; similar to mantle clinopyroxene. Additionally, since the Cr content of
a Cr-spinel saturated basalt is strongly temperature dependent (Poustovetov and
Roeder, 2001; Roeder and Reynolds, 1991), variations in mantle source temperature
may lead to systematic variations in parental melt Cr content. This possibility makes
understanding the role of Cr-spinel in MORB phase equilibria even more important.

Unlike the case just described for Cr, variations in melt CaO/Al,O3; are
accounted for in most MORB-based geobarometers that compare the measured
composition of a basalt with the location of the olivine-plagioclase-clinopyroxene
phase boundary at different pressures for that composition. However, these are based
on empirical projections of phase boundaries in composition space and are calibrated
against existing experimental data on a limited range of starting compositions.
Because changing the CaO/Al,O3 of a melt is intuitively expected to change the
relative stability fields of plagioclase and clinopyroxene, and because the CaO/Al,O;
of MORB vary systematically (Klein and Langmuir, 1987), it is important that any
change in phase equilibria with changing CaO/Al,O; is accurately accounted for in
these models. Further, the Mg# of the first clinopyroxene to precipitate from a MORB
parental melt has been suggested to be as dependent on the parental melt CaO/Al,Os
as on the pressure of crystallization (Coogan et al., 2000). This can be directly tested
by performing experiments specifically designed to vary just this compositional
parameter.

Here we present the results of a low-pressure experimental study aimed at
better understanding the stability of clinopyroxene during MORB differentiation. The
primary goal of these experiments was to test the hypothesis that realistic variations in

melt Cr contents in MORB are sufficient to noticeably change the stability of
6
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clinopyroxene in MORB which we show is the case. A second goal of the
experiments was to better calibrate the role of parental melt CaO/Al,O3 in controlling
the stability of clinopyroxene in MORB. Finally, and fortuitously, due to an oxygen
sensor problem in the furnace during some of the experiments we present results for
some highly oxidized experiments. While these are far more oxidized than any natural
MORB, these kinds of experiments are rarely performed (or at least reported) but
provide useful information about the effect of changing oxygen fugacity. For
example, effects of realistic fO, changes which are difficult to study experimentally
due to their small magnitude, could be easier to resolve in our experiments.
Combining the new experimental results with previously published results we develop
a fractional crystallization model for MORB in which the effect of parental melt Cr
content (as well as other compositional parameters) can be varied. We use this to
demonstrate the small but significant effect of Cr on the temperature of clinopyroxene

saturation in MORB and the pressures extracted from MORB geobarometers.

2. Experimental methods

2.1. Starting materials

All starting materials were synthesized using chemical grade, powdered SiO,,
Ti0,, Al,Os, Fe;03, Mg(OH),, CaCO3; and Na,COs. The average of natural primitive
MORB glass compositions reported by (Presnall and Hoover, 1987) was used as a
base composition, but compositions with slightly different CaO/Al,O3 ratios were also
synthesized (Table 1). Mixtures were homogenized with an agate mortar and pestle
under methanol for ~20 min, subsequently devolatilized in a ceramic Al,Os crucible at

increasing temperatures of up to 900 °C for at least 12 h and homogenized again by
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further grinding. Each mixture was fused in a platinum crucible at increasing
temperatures from 1250 to 1490 °C in air for 50 min, quenched in water, crushed in a
steel mortar and further ground and homogenized in an agate mortar and pestle under
methanol. Starting materials with the same major element composition but different
chromium contents were not separated until after these processes in order to prevent
undesired major element differences. Since preliminary experiments suggested that Cr
is rapidly lost to the atmosphere while fusing the starting materials in air, chromium
was added in sufficient quantities to induce precipitation of chromite, buffering the Cr
content in the melt. Chromium was added to relevant mixtures using a 1000 pg/g
chromium solution. The mixture was continuously homogenized with an agate mortar
and pestle during the evaporation of the solvent using a heat lamp, and subsequently
dried in a ceramic Al,Os crucible at 150 °C for 12 h.

To accurately determine the starting composition, and its homogeneity, small
amounts of the powdered starting materials were fused for ca. 1.5 min at 1350 °C and
quenched in air in order to produce homogeneous glass for analysis (Table 1).
Compositional differences between individual glasses produced from the same
powder were determined to be within the limits of the 95% confidence interval of
analytical uncertainty in almost all cases. As expected, chromite crystals were
observed in the starting materials containing chromium. Mass balance calculations
using the amount of chromium added to the mixture suggest that less than 1 wt% of

chromite (assuming a molar Cr/Al ratio of 0.66) is present in these starting materials.

2.2. Experimental setup
The experiments can be divided into two sets, the first set comprising run

numbers #18 to #37, and run numbers from #57 onwards belong to the second set
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(Table 2). The compositions of the starting materials are similar in these sets (COla/d
and CaAlOla/c vs. C02a/b and CaAl02 in Table 1). However, the oxygen fugacity
(fO,) in experiments of the first set was close to the quartz-fayalite-magnetite (QFM)
buffer, which is comparable to natural MORB melts (Cottrell and Kelley, 2011),
while fO, was ca. 3-5 orders of magnitude higher in the latter (cf. section “Oxygen
fugacity”). In the following text, the first experimental set will be referred to as “QFM
experiments”, and the second set as “oxidized experiments”.

All experiments were conducted at the School of Earth and Ocean Sciences,
University of Victoria, Canada using a purpose built one-atmosphere vertical tube gas
mixing furnace. Using methanol, an amount of (91+30) mg of the starting material
was attached to a loop of a 0.254 mm diameter platinum wire and subsequently
sintered using a blow torch and fused at 1350 °C for 30 min in air. The samples were
transferred into the furnace once it had equilibrated to the desired run conditions (T,
fO») and experiments were terminated by quenching in ambient air.

Sample temperature was measured with PtRh10-Pt and PtRh30-PtRh6
thermocouples located near the samples, which were calibrated against the gold
melting point of 1064.18 °C (ITS-90, 1990) with an uncertainty of £2 °C. The
measured temperatures fluctuated within 4 °C on a time scale of < 10 s, likely due to
convection in the furnace, which may affect the accuracy of the absolute
temperatures. However, relative temperature differences between experiments
reported here are not affected by this effect because temperatures were averaged over
a longer time scale. Oxygen fugacity was controlled by a continuous flow of a CO»-
CO gas mixture and measured using a SIRO2 C700+ solid electrolyte oxygen sensor,

showing fluctuations of 0.3 in log(fO,).
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In order to reduce the loss of iron to the Pt wire (Grove, 1981), each wire was
presaturated for 24 hr at the same conditions as the actual experimental run in a
Deltech DT-31-V-OT vertical gas mixing furnace. After this presaturation run, the
wires were cleaned and reused in the experiment. Loss of sodium to the furnace
atmosphere was limited by reducing the gas flow rates to the lowest possible value
(110-120 cm® min™) that allowed the fO, to be buffered in order to maximize the

buildup of Na in the atmosphere around the sample.

2.3. Analytical methods

All starting materials and phases in experimental samples were analyzed with
a S-spectrometer CAMECA SX-100 electron microprobe at the University of
Freiburg operating in the wavelength-dispersive mode, using a 15 keV accelerating
voltage and a 20 nA beam current. Beam diameter was set to 5 um for glass, feldspar,
olivine and clinopyroxene analyses and focused for oxide minerals and Pt wires. On
and off peak times of 20-40 s were used for major elements, and of up to 140 s for Cr
using both LIF and PET crystals. Data reduction was done using the PAP-@(pZ)
method (Pouchou and Pichoir, 1985). Data for all phases and elements except for Cr
was normalized to USGS BHVO-2G (Wilson, 1997) with its composition taken from
Jochum et al. (2005) based on averages of more than 50 analyses of this standard each
week (Online Resource 1). For the average of 376 replicate analyses, determined
correction factors are SiOz: 0.985, TiOz: 0.989, ALLOs: 0.994, FeO: 1.010, MgO:
0.963, CaO: 1.004, Na,O: 0.991. For electron microprobe data, 1.96 standard errors of
replicate analyses, corresponding to the interval where 95% of the values are expected

to lie, are given and used for error propagation calculations.
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Platinum wires were analyzed at the Department of Earth Sciences of the
University of Minnesota using a JEOL JXA-8900R. Operating conditions were an
accelerating voltage of 15 kV, beam current of 10 nA, a focused beam and on and off
peak times of 40 s. Analyzed X-ray lines were Fe K, and Pt M, as well as Si K, to
monitor mixed analyses with the associated experimental glasses. Calibration
standards were Fe metal, Pt metal and Si metal, respectively. The ZAF matrix

correction method was applied.

3. Experimental results

3.1. Run products

Conditions of experimental runs as well as phases that were identified by
optical miscroscopy and back-scattered electron (BSE) imaging in the polished cross
sections of the samples in this study are listed in Table 2. Compositions of these
phases are reported in Supplementary Table 1. Besides glass, all samples contain
plagioclase and olivine. Therefore, no statement can be made about which of these
two minerals is the liquidus phase for these compositions at atmospheric pressure.
Clinopyroxene is present in the lowest temperature experiment for each starting
material. For higher temperature experiments, it was only identified in samples with
starting compositions that are spinel-saturated or exhibit a higher CaO/Al,0O; ratio (cf.
Table 1). Abundant small chromite crystals are present in all samples with chromium-
containing starting composition. Minor amounts of iron oxide minerals were found in

some Cr-free run products.

3.2. Glass compositions

Since the glass phase in the run products represents the quenched melt, its
11
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285

composition can be used to analyze the melt evolution as a function of temperature
and bulk composition. The evolution of the melts in the QFM experiments and a 24 h
run time is shown in Figure 1, showing that runs with chromite-saturated samples
(CO01d) contain less CaO compared to Cr-free runs at the same MgO contents.
Comparing the glasses produced at different temperatures for the starting
compositions with different Ca and Al content reveals that samples with a higher bulk
Ca/Al ratio have similar glass CaO and Al,Os3 contents at the lowest experimental
temperature, but significantly more CaO and less Al,O; at higher temperatures.
Titanium, sodium and iron show a negative correlation with MgO, with iron showing
some variability in absolute concentration when comparing different compositions.
Similarly, silica concentrations increase with decreasing temperature and MgO,
except for the lowest temperature experiment with the chromite-saturated
composition, showing a decrease compared to the higher temperature experiment.

As was observed in the QFM experiments, in the oxidized experiments the
calcium contents of the glass in the cpx-saturated samples containing chromium
(C02b) are lower than in experimental runs with other compositions (Figure 2). Also,
CaO in the glass in the CaAl02 starting composition (high Ca/Al bulk composition) at
the highest temperature is higher compared to other starting compositions. Titanium
and iron increase with decreasing MgO, however, the patterns show more variability
compared to the QFM experiments. Furthermore, sodium and aluminum do not show
steady trends as function of magnesium in samples of all compositions. Two other
important differences to note are that cpx is found in samples of significantly higher
absolute glass magnesium content despite the relatively similar starting composition.
This is mainly caused by a higher fraction of cpx compared to olivine in the

assemblage at oxidizing conditions. Also electron microprobe totals (calculated
12
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assuming all Fe as FeO) of the glass analyses are consistently lower (<100 wt%),

reflecting the higher Fe** content of the glasses.

3.3. Mineral compositions

Plagioclase anorthite contents show limited variation, from 0.72 to 0.80,
across all the experiments. Iron contents in plagioclase of oxidized experiments are
relatively high (up to 2.15 wt%) compared to QFM experiments, where iron contents
are mostly below 1 wt%, consistent with previous studies in oxidized systems (e.g.
Sugawara, 2001). There is also a compositional difference between olivines of the
two experimental sets at different fO,: Mg#, (molar ratio Mg/(MngFe%) in olivine,
total Fe as Fe*") are 0.85+0.03 in QFM experiments, and 0.93+0.03 in the oxidized set
of experiments.

Clinopyroxene (cpx) is augite in all samples, and its major element
composition does not differ significantly when comparing the experimental sets
except for Mg#, which is higher in the first cpx to crystallize in experiments with a
high Ca/Al bulk composition. As expected, cpx in samples with chromite-saturated
starting composition show significantly higher amounts of Cr,0O3, the maximum being
1.14(14) wt% (values in parentheses are uncertainty on the last digits) in sample
C01d#20. Clinopyroxenes from QFM experiments contain higher Cr content than

those from oxidized runs, which show a maximum of 0.45(9) wt% Cr,0;. However,

no significant systematic difference in g;x_Liq (defined as ng Efq, where T is

the molar cation fraction of Cr in phase 1) is observed comparing these two sets of
experiments. Chromium in cpx is below 0.10 wt% Cr,Os in most experiments that
were not doped with Cr, with the exception of sample COla #18 where 0.41(4) wt%

Cr,0; was measured. This is still lower than in all chromite-saturated QFM
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experiments; the most likely reason for this high Cr content is the exchange of
chromium with a Cr-containing sample through the furnace atmosphere at high

temperatures, facilitated by the small distance between the samples.

3.4. Oxygen fugacity

The systematic differences between glass and mineral compositions in the two
sets of experiments, especially the higher iron contents in plagioclase and higher
Mg#, and Mg#.,x in the second set strongly suggests that fO, during these
experiments was significantly above the QFM buffer, although fO, values calculated
from oxygen sensor readings are close to QFM for these experiments. Since iron
partitioning into Pt is dependent on fO, (Corrigan and Gibb, 1979; Donaldson, 1979),
platinum wires from the relevant experiments were analyzed for their iron and
platinum contents in order to calculate the true fO, value using equilibrium
expressions for the liquid-metal Fe exchange by (Grove, 1981). The validity of this
method of fO, estimation was tested using random samples from the first set of
experiments, for which fO, measured by the oxygen sensor and values calculated
from wire analyses show a reasonable agreement (Figure 3). The higher fO, values for
the experiments with run numbers #57 onwards are also in agreement with
estimations using the model of (Toplis, 2005) for the olivine-liquid Mg-Fe exchange
equilibria, which is dependent on fO, (Figure 3). Thus, we use these high fO,
experiments to investigate the role of fO, in controlling phase equilibria in MORB
like compositions. An uncertainty of £ 1 in log(fO,) was assigned to this parameter in
further calculations for all experiments so that propagated uncertainties account for

the variability shown by the different fO, estimates.
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3.5. Loss of sodium and iron

Mass balance calculations were used to estimate the loss of sodium and iron
from the samples during the experimental runs. Results indicate that up to 8.1(24) %
(relative) of the sodium was lost in 24 h experiments, and up to 12.1(21) % (relative)
was lost in 96 h runs. However, mass balance calculations indicate a gain of sodium
for some samples of up to 13.6(39) % (relative), demonstrating that these values have
to be treated with caution. A possible reason for this is the difficulty of analysis of
sodium contents (e.g. caused by migration of Na under the electron beam, e.g. Spray
and Rae, 1995) which might not be completely reflected in the standard deviations of
analyses.

Loss of iron is up to 15.9 % (relative), but is not systematically higher in the
longer running experiments. Experiment #34 (96 h) is an exception, with mass
balance indicating a loss of 22 % (relative) FeO (Table 2). Estimates of iron loss are
lower or even negative (i.e. suggesting Fe gain) for oxidized samples in most cases.
This suggests that Fe may have been released from the Pt wires during experiments in
which the pre-saturation was performed at more reducing conditions than the
experimental conditions, which is consistent with the solubility of Fe in Pt (Corrigan
and Gibb, 1979; Donaldson, 1979). Although iron oxides were identified in some
samples, these minerals were not included into the mass balance calculations because
it is not possible to distinguish between Fe-loss and abundance of iron oxides using
mass balance. Therefore, the iron loss estimates should be regarded as maximum
estimates, and must be partly caused by the presence of (metastable) iron oxides.
Spinel was included in the mass balance calculations, adding uncertainties to the Fe-
loss estimates because of the limited number and complexity of spinel analyses: The

spinel compositions which were used for mass balance calculations are from averages
15
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of multiple analyses with variation in iron content between 18% and 40% for QFM

samples and 50% and 65% for oxidized samples.

3.6. Attainment of equilibrium

It is not possible to prove equilibrium in experiments such as those performed
here. However, since inhomogeneities in minerals are inconsistent with
thermodynamic equilibrium, phase homogeneity provides some insight into whether a
close approach to equilibrium was attained. The vast majority of analyzed minerals in
this study do not exhibit zoning or other inhomogeneities as verified through BSE
investigations and which is reflected in the low standard errors calculated from
analyses distributed through the mineral grains from core to rim. Individual
plagioclase grains from the QFM experiments do show zoning of iron with higher Fe
in the core compared to the rim. Since iron contents in plagioclase show a positive
correlation with fO, (Sato, 1989; Sugawara, 2001), this zoning can be explained by
initial growth of plagioclase under high oxygen fugacity due to the inevitable
introduction of air into the furnace while the sample is being inserted and because the
starting material was fused in air. However, this effect could only have been avoided
by longer run times, which in turn lead to an increase in iron and sodium loss, and

thus 24 h experiments were chosen as a compromise between homogeneity of phases

24
and loss of components from the sample. Furthermore, f;_Liqu (Table 2) are

consistent with data from previous equilibrium studies, and the similarity of results
obtained from 24 h and 48 h runs (see below) suggest that the samples represent a

state close to equilibrium.
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4. Discussion

The experiments in this study were designed to test for the effect of Cr (and
Ca/Al ratios) of MORB melts on the relative temperature of saturation of
clinopyroxene, compared to olivine and plagioclase, in MORB. The chosen
temperature range from 1175 to 1217 °C produced samples with crystallinities
ranging from 9.5% to 52.6%, and MgO contents of quenched melts lie between 7.17
wt% and 9.79 wt%. The general crystallization sequence of olivine and plagioclase at
higher temperatures, followed by saturation of clinopyroxene at lower temperatures is
consistent with previous experimental data with MORB compositions (e.g., Grove
and Bryan, 1983; Sack et al., 1987; Yang et al., 1996). Comparing experiments of
different starting composition, systematic and reproducible variations in the cpx

saturation temperature can be observed (Figure 4).

4.1. The role of Cr in controlling clinopyroxene saturation in MORB
Clinopyroxene was found in Cr-containing samples at higher temperatures
(1190 °C for C01d, 1205 °C for C02b) than in the equivalent Cr-free samples (1175
°C for COla, 1198 °C for C02a). Furthermore, mass balance calculations (Table 2)
suggest that a larger amount of cpx is present in chromite-saturated samples in
comparison to the Cr-free bulk compositions in the respective runs at the lowest
experimental temperature in each series. These results suggest that the very low
abundance of Cr in the starting materials of most previous experiments will have led
to later cpx saturation than in natural samples. This is consistent with abundant
evidence that the first clinopyroxene to form grows from Cr-rich melts or in a reaction
relationship with Cr-spinel. The absence of a Cr-bearing clinopyroxene component in

most models used to simulate MORB differentiation (e.g. MELTs, Petrolog) neglects
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the significant effect of Cr on the stability of cpx during MORB crystallization which
could lead further to systematic errors in the results of these models, most importantly
an underestimation of the cpx saturation temperature. The effect of chromium on the
stability of cpx can be explained by the high compatibility of this element in the
mineral as indicated by partition coefficients from ~ 3 to 36 (e.g., Duke, 1976; Hart
and Dunn, 1993; Skulski et al., 1994), which suggests that Cr stabilizes
clinopyroxene; i.e. the Cr-bearing component of clinopyroxene has a much lower

activity coefficient in pyroxene than melt.

4.2. The role of Ca/Al in controlling clinopyroxene saturation in MORB
In the experiments increasing the Ca/Al of the starting material results in
clinopyroxene saturation at a higher temperature (1190 °C for CaAlOlc, 1205 °C for
CaAl02) (Figure 4). This is also reflected in mass balance calculations, indicating
larger amounts of cpx for higher Ca/Al ratio experiments (Table 2). The first cpx (i.e.
at the highest temperature) identified in experiments with a higher Ca/Al ratio show a
higher Mg#.,x than the respective cpx in runs with lower bulk Ca/Al ratios in both
QFM runs (0.88(1) in high Ca/Al run CaAlOlc #29 vs. 0.85(1) in lower Ca/Al runs
CaAlOla #26 and COla #18) and oxidized experiments (0.84(2) in high Ca/Al run
CaAl02 #78 vs. 0.81(1) in C02a #63). This indicates that higher Mg#.,, can be
crystallized from melts with higher Ca/Al ratios. Because the Ca/Al of a mantle melt
will change systematically with the extent of melting, if melts begin to crystallize
prior to being completely aggregated there is the potential for high Ca/Al melts to
crystallize within the MORB plumbing system. In this event some high Mg#
clinopyroxene are expected to form even if this crystallization occurs at low pressure.

This is consistent with observations of high Mg# clinopyroxene in oceanic gabbros
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formed at the EPR (Perk et al., 2007) and questions previous interpretations that high
Mg# clinopyroxene in oceanic gabbros from slow-spreading ridges record elevated

pressure crystallization (Elthon, 1993; e.g. Elthon et al., 1992).

4.3. The effect of fO, on clinopyroxene saturation

Comparison of the results from the QFM experiments with those from the
oxidized experiments reveals significant differences. In the oxidized experiments,
clinopyroxene was found at higher temperatures, at 1198 °C in the Cr-free run (C02a)
instead of 1175 °C (COla, QFM run) and at 1205 °C with Cr-spinel saturated and
higher Ca/Al starting compositions (C02b, CaAl02) compared to 1190 °C for the
corresponding QFM experiments (Figure 4). However, experiments that were run
under more oxidized conditions also exhibit a higher overall crystallinity compared to
QFM experiments with similar bulk composition at the same temperature, making a
direct comparison of clinopyroxene saturation timing as function of fO, difficult.
Therefore, and due to the uncertainties associated with the determination of fO, (cf.
section ‘Oxygen fugacity’), further experiments are necessary to confirm these
findings and improve our understanding of the role of the oxygen fugacity on MORB

crystallization.

4.4. Effect of melt Cr content and Ca/Al on clinopyroxene geobarometers
MORB geobarometers are largely based on the temperature of cpx saturation,
and numerous formulations exist (Danyushevsky et al., 1996; Grove et al., 1992;
Herzberg, 2004; Michael and Cornell, 1998; Tormey et al., 1987; Villiger et al., 2007;
Yang et al., 1996). The experimental glass compositions from this study were used as
input for the clinopyroxene geobarometers of Herzberg (2004), Villiger et al. (2007)

and Yang et al. (1996) to test how variations in Cr content and Ca/Al impact their
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MORB geobarometers. In case of the geobarometer of Yang et al. (1996), the
correction factors for conversion of analytical data between the Smithsonian
Institution and MIT electron microprobes, published in the same paper, were applied
to our analytical data and this was found to give more consistent values. Results for
the experiments in which cpx was identified are presented in Figure 5. This figure
also shows results obtained with our extended and recalibrated version of the model
by Yang et al. (1996) which includes chromium, and which are discussed in the
‘Modelling differentiation’ section below.

Pressure estimates using the three published geobarometers for the chromite-
saturated samples are systematically higher compared to Cr-free samples with similar
bulk composition (Fig. 5). However, pressures calculated for samples with a higher
CaO/AlL O3 ratio of the starting composition are lower than, or similar to, the normal
Ca/Al samples in most cases. The magnitude of these differences varies among the
geobarometers. The largest pressure differences between the individual compositions
is predicted by the geobarometer of Villiger et al. (2007), and they are smaller for
geobarometers of Herzberg (2004) and Yang et al. (1996). The reason for the large
systematic variation in the Villiger et al. (2007) geobarometer are likely to be caused
by the calculation of pressures using only CaO and Mg#;q in the melt as model
parameters. Since the parameterizations of Herzberg (2004) and Yang et al. (1996)
use a larger set of variables describing the melt composition, they are better able to
account for effects caused by variation of concentrations of these components.
Nevertheless, most of the geobarometers do not account for variability in the Cr
content of the system. The equations of Herzberg (2004) include Cr,O; in the

empirically derived parameters for the projection which is used for the calculation of

20



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

pressures, however higher melt chromium contents lead to higher pressures estimates
in this geobarometer.

Although the experimental data show that a higher bulk CaO/Al,Os3 ratio leads
to earlier saturation in cpx in terms of temperature and Mg#;q, this effect is partly
accounted for by available geobarometers. The fact that melt geobarometers mainly
give lower pressure estimates for samples of higher CaO/Al,O; ratio suggests that the
phase equilibria are partially oversimplified in these models. As the melt CaO/Al,Os
in the calibration dataset of the Villiger et al. (2007) geobarometer are lower than the
highest values in our experiments, this is a potential reason for the observed pressure
differences, while the calibration ranges of the other two published geobarometers
include similar CaO/Al,O; ratios. Additionally, absolute pressure estimates scatter
around the experimental pressure substantially. For example, for the QFM
experiments of this study the Villiger et al. (2007) barometer gives a range from +0.2
to -0.4 GPa and the Herzberg (2004) barometer a range from 0 to -0.3 GPa. This scale
of uncertainty clearly indicates that subtle variations in crystallization pressure (e.g.
Moho pressure versus base of the sheeted dikes) cannot be resolved with these

approaches.

4.5. Modelling differentiation

To account for the effect of chromium, and a broader range of starting
material Ca/Al and range of fO, on clinopyroxene saturation, a fractional
crystallization model was constructed. The model of Yang et al. (1996), which in turn
is based on Grove et al. (1992), was used as a starting point because of the similar
scope and compositional range, the readily available sub-models from a common

source, and the use of equilibrium equations which can be easily inverted to predict
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pressures. Apart from the cpx saturated samples in this study, the new formulation of
the model also includes other experimental data not included in the Yang calibration
and uses data from a total of 254 experiments (Table 3), with pressures ranging from
atmospheric pressure to 1 GPa. In the following, the principle and crystallization
scheme of the model is explained, followed by a detailed explanation of the new
model calibrations.

In the model of Yang et al. (1996) and its parent Grove et al. (1992) as well as
in the new model in this study, the crystallizing phases are determined by the location
of the melt phase relative to the predicted position of phase boundaries in composition
space. In the cpx-ol-plag pseudoternary projection of the cpx-ol-plag-quartz
pseudoquaternary, the olivine-plagioclase-melt (OPM) boundary is predicted as a line
perpendicular to the ol-plag sideline through the common position of the olivine-
plagioclase-augite-melt (OPAM) and olivine-plagioclase-augite-low-Ca-pyroxene-
melt (OPALM) points. The validity of this assumption can be verified by plotting the
predicted olivine/plagioclase ratio in the crystallizing assemblage versus the same
ratio calculated from the projection of the melt to the cpx-ol-plag pseudoternary.
Figure 6 shows that these two values show a good correlation for experiments
saturated in olivine and plagioclase. Depending on the side where the melt
composition is located, olivine or plagioclase is removed from the melt until the
boundary is reached and the respective other mineral (olivine or plagioclase) joins the
crystallizing assemblage. In contrast to the model of Yang et al. (1996), the projection
of the OPAM location is used here to predict the ratio of olivine to plagioclase during
olivine-plagioclase crystallization instead of the OPALM location. This has the

advantage of not requiring a new calibration of the OPALM location while working
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equally well because both points overlap in the cpx-ol-plag projection (Grove et al.,
1992; Yang et al., 1996).

Olivine-plagioclase crystallization proceeds until augite saturation is reached.
This state is predicted by comparing the current predicted melt composition in the
crystallization model with modelled compositions of melts in equilibrium with augite,
olivine and plagioclase (see below) at each step. When the discrepancy between both
compositions reaches a minimum (i.e. when the discrepancy at the next crystallization
step would be larger than during the current step) augite joins the crystallizing
assemblage.

To account for the effect of oxygen fugacity on differentiation, all new or re-
calibrated equations (predicted OPAM compositions, plagioclase and augite
compositions (see below)) treat Fe*" and Fe** individually. For the calibration of these
equations, Fe’"/Fe’™ in the liquids is calculated from the empirical expression in
Kilinc et al. (1983) relating Fe’'/Fe’” in the liquid to the temperature, oxygen fugacity
and bulk composition. Partitioning of Fe into Fe*" and Fe’” in the application of the
model is calculated in the same way at each step in the model run.

Equations for prediction of OPAM compositions as well as for Fe’" in
plagioclase and augite compositions were calibrated from the dataset in Table 3.
Where possible, analytical data from all studies was corrected to match data from the
Smithsonian Institution electron microprobe in order to account for interlaboratory
analytical differences. The calculation of the parameters in the calibrations were
performed using an effective variance technique (Orear, 1982) which is able to
account for uncertainties in all variables. By accounting for analytical uncertainties in
the calibration of the model, the effect of Cr that is seen in our experiments is

represented adequately in the model due to the high precision of our chromium
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concentration data. The criterion of p < 0.05 was used to test for the significance of
parameters. In the new crystallization model constructed in this study, a step size of
1% of crystallization was used, since it was found that smaller step sizes do not affect
the results of the model runs. Temperatures were predicted at each step using the

equations of Ford et al. (1983).

4.5.1. Prediction of augite-saturated melt (OPAM) compositions

Modelling the composition of augite-saturated melts (OPAM) is a key element
in this crystallization model. It is used during olivine-plagioclase crystallization to
calculate the ratio of olivine to plagioclase crystallization, and the OPAM location
also determines the point of augite saturation (see above). The equations that are used
to model the position of melts saturated in augite, olivine and plagioclase (equivalent
to those given in Table 5 in Yang et al., 1996) were recalibrated in this study since the
equations of Yang et al. (1996) do not account for variations in chromium content or
oxygen fugacity and in order to incorporate the new experimental data reported here
(as well as new data compiled from the literature; Table 3). The new equations that
predict the composition of melts saturated in augite (Table 4) include melt chromium
content as well as Fe’" and Fe’" as separate variables. This does not change the
number of equations necessary, since the inclusion of two additional components is
balanced by fixing these as parameters in the equations. P-values for all newly
introduced parameters (Cr, Fe’* ) are below 0.05 and in most cases below 107,
reflecting the significance of these variables in modelling the composition of melts
multiply saturated in plagioclase, olivine and augite.

In comparison to the original calibration of Yang et al. (1996), most

coefficients in Table 4 are of similar magnitude. The largest difference can be seen in
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the IT";I and lslfl * lTl? coefficients in the temperature equation, where both values are
significantly higher in Yang et al. (1996). This effect is largely caused by the
inclusion of experimental data in the CMAS+Ti system (Libourel, 1999) in this study.
Furthermore, values for coefficients Xr. and Xg; in the temperature equation in Table
5 of Yang et al. (1996) have to be interchanged in order to yield reasonable
temperature predictions. Therefore, the change in algebraic sign compared to the new
calibration in Table 4 is only apparent.

. liq liq liq . .
The new equations for ,j, , and y, can be inverted and solved to yield

the pressure during crystallization, which is demonstrated for our experimental liquids
saturated with cpx in Figure 5. Comparison to the equivalent pressures calculated with
the original equations of Yang et al. (1996) indicates a significant improvement,
especially for the pressures estimated for the Cr-containing melts using lclg and 2611,
demonstrating the influence of chromium as a parameter in this type of model. The

errors remain largest for pressures obtained using {\i,?g, as they are highly dependent

on analytical errors.

4.5.2. Olivine crystallization and compositions
Olivine is usually the first mineral to saturate in a cooling MORB parental
melt. In this model, the composition of olivine crystals are calculated as a solid

solution between pure forsterite and fayalite under the assumption of a Fe-Mg

2+
Fet Mg 0.30, which was

distribution coefficient between melt and olivine of Olliq

adopted from Yang et al. (1996). The composition of olivine is recalculated in every

fractionation step.
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4.5.3. Plagioclase crystallization and compositions

In the model, plagioclase is crystallizing from the melt either because the
initial melt composition lies on the plagioclase side of the OPM boundary, or after
olivine crystallization proceeded until the OPM boundary is reached. In the latter
case, the proportion of crystallizing olivine to plagioclase is calculated from the
relative position of the intersection of the OPM boundary with the olivine-plagioclase
sideline. The plagioclase composition is predicted using the expressions of Grove et
al. (1992), plus a new parameterization for the Fe’* content. This parameterization

uses the equation

Pl = —0.055(10) + 0.061(10) * & + 0.039(21) * 3 +0.055(11) *

Fe3t Fe2*
+ 0.297(19) * Eggﬁ + 0.122(21) * IC’C; + 0.070(12) = k&
+0.075(20) *
which was calibrated using melt and plagioclase compositions from the dataset listed
in Table 3. In order to produce stoichiometric crystals, the amount of E?%, calculated

by the equation above is subtracted from the aluminum content calculated by the

expressions of Grove et al. (1992).

4.5.4. Augite composition

Augite compositions are predicted using empirically fitted expressions for the
eight stoichiometrically correct and linear independent cpx components Mg>Si,Og
(enstatite), Fe»Si,O0p (ferrosilite), CaSinOg (wollastonite), NaAlSi»Og (jadeite),
NaCrSi,Og (ureyite), CaAl,SiOg (Ca-Tschermak), CaTiAl,O¢ (Ti-Tschermak) and
Ca(Fe*),Si0¢ (Fe-Tschermak) (Table 5). The parameters in these equations were

derived from the dataset listed in Table 3. For this purpose, the Fe*"/Fe’" ratio was
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estimated by first calculating the cation fractions based on 6 oxygens per formula
unit, and adjusting Fe’" and Fe'* in order to obtain 4 cations (permitting sufficient
Fe’" is present). In a second step, the elemental composition is recast into the eight
cpx components plus SiO,, which effectively sums all errors of the measured
compositions compared to a stoichiometrically perfect clinopyroxene into SiO,. The
resulting component fractions are normalized to 100 %, and expressions for them as a
function of melt composition, temperature and pressure are obtained by regression

(Table 5).

4.5.5. Application to experimental samples and validation of the model

A comparison of the new fractional crystallization model with other existing
models (Ariskin et al., 1993; Ghiorso and Sack, 1995; Langmuir et al., 1992; Yang et
al., 1996) is shown in Figure 7 by running all calculations using the starting
composition COla which is Cr-free and constraining fO, to the QFM buffer. In
addition, the model from this study was run using a bulk composition assuming 10
wt% iron loss, similar to the largest amount indicated by mass balance calculations
for experimental samples. Most models predict only small amounts of olivine or
plagioclase crystallization before the OPM boundary is reached, indicating that the
starting composition lies close to this boundary. Only the MELTS model (Ghiorso
and Sack, 1995) predicts a larger amount of plagioclase crystallization (6 wt%) before
the OPM boundary is reached. Predictions by the model of Yang et al. (1996) are
similar to the new model in this case, which is not surprising since fO, was
constrained to the QFM buffer, no chromium is present in the bulk composition, and
the basic principle of the model as well as a large part of the data sources for the

calibration are the same. The similarity of the differentiation up to the OPM boundary
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also indicates that the use of the OPAM location for the prediction of this point
instead of the OPALM location as in Yang et al. (1996) does not have a significant
influence on the early differentiation estimation (cf. above). The model of Ariskin et
al. (1993) predicts significantly different FeO and ALO; contents during
crystallization. Fractional crystallization modelling in MELTS (Asimow and Ghiorso,
1998; Ghiorso and Sack, 1995) predicts substantially earlier crystallization of cpx, as
well as large discrepancies in concentrations of other components in comparison to
the experimental data. While the trend predicted by the model of Langmuir et al.
(1992) generally lies relatively close to the experimental data, significant deviations
exist in Al,O3 and SiO; concentrations. It should be noted that comparison of the
experimental and model compositions is not strictly valid, explaining differences
between the models and our experimental melt compositions: The aim of the
experiments is to equilibrate the same bulk composition at different temperatures,
more akin to equilibrium crystallization, while the models are all for fractional
crystallization.

The predicted anorthite content of plagioclase varies within ca. £0.03 among
all models, with the trend of decreasing anorthite content with increasing
crystallization being of similar extent in all cases. The new model of this study
accounts for the incorporation of Fe in plagioclase, and the results of the experimental
runs (increasing Fe in plagioclase with progressing crystallization) are consistent with
the plagioclase composition predicted by the model. Predicted augite compositions
vary between the individual models, and some models do not predict sodium or
titanium concentrations. The new model is able to predict the experimental augite

composition relatively well and incorporates a Cr component, unlike most other
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models, and predicts stoichiometrically correct clinopyroxene unlike some other
empirical models.

Therefore, the model developed in this study can be used to test the effect of
Cr on clinopyroxene saturation more accurately relative to other models. However,
crystallization of Cr-spinel is not included in the model, complicating the direct use of
the experimental starting compositions of this study as input for the model. Because
of this, an amount of 0.38 wt% Cr-spinel was mathematically removed from the
starting composition C01d (Cr-saturated) assuming a constant amount of Cr-spinel
during crystallization, and then used as a starting composition for the model. This
value of Cr-spinel abundance is obtained by the difference in chromium in the
analysed CO1d starting material and chromium levels in experimental samples
(approx. 0.07 wt% Cr,03). The composition of the Cr-spinel which was
mathematically removed from the COld was averaged from electron microprobe
analyses of Cr-spinel in experimental samples (Cr,03/Al,03; =0.99, MgO/FeO'=0.55).
A comparison of crystallization model runs at the QFM buffer with this starting
composition, and also with 0.14 wt% and 0.21 wt% Cr,0O; as well as one with the
same composition except for Cr, which was set to zero, is shown in Figure 8. This
clearly suggests that earlier saturation of augite is caused by higher chromium
contents in the melt, and demonstrates the potential effect of chromium on
clinopyroxene saturation and thus on results obtained from geobarometers based on
modelling cpx saturation. Figure 8 also shows that the onset of clinopyroxene
crystallization predicted by the model with Cr,O; amounts of 0.07-0.14 wt% is
consistent with the experimental data. The first augites are predicted to contain 0.95

wt% of Cr,Os3 in the ‘chromite-saturated’ model run with 0.07 wt% Cr,O;, which is
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close to the upper end of chromium contents observed in early cpx in natural MORB

and oceanic gabbros (<1.3 wt% Cr,0; in general, e.g. Lehnert et al. (2000)).

4.5.6. Application to natural samples
In order to evaluate the effect of chromium on estimates of crystallization
liq liq

pressures in MORB, ,;, , and %\i,?g equations derived in this study (Table 4) were

solved for pressure. Similarly to Villiger et al. (2007), the equation of IC]C; was used

here which is least dependent on analytical errors, and applied to analyses of natural
glasses from mid-ocean ridge basalts obtained from the PetDB database (Lehnert et
al., 2000). Pressures were calculated iteratively by approximating Fe%/ZFe ratios
according to Kilinc et al. (1983) and assuming conditions of the QFM buffer, using
temperatures estimated by the last equation in Table 4. Since these equations are only
applicable for liquids in equilibrium with cpx, the criterion of Mg#i; < 0.6 was
adopted from Villiger et al. (2007) in order to eliminate primitive, cpx undersaturated,
glasses from data sets. Although it is likely that cpx crystallized from most glasses
fulfilling this criterion, this cannot be verified and if melts are derived by ‘complex’
magma chamber processes (e.g. including elements of magma mixing) then erupted
melts may not have all expected phases on their liquidus. Additionally, enriched
MORB were removed from the data set by excluding data with weight based
K,O/TiO; ratios greater than 0.2. The number of data is further reduced by the limited
availability of analyses including chromium concentrations yielding a total of 746
data points.

The fast-spreading East Pacific Rise (EPR), the slow-spreading Mid Atlantic
Ridge (MAR) and the ultraslow-spreading South-West Indian Ridge (SWIR) were

selected to represent ridges of different spreading rates (e.g., Miiller et al., 2008).
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Pressures were also calculated for the data set of Jenner and O’Neill (2012), which
provides high precision Cr concentrations and has the added advantage of being
without interlaboratory biases. Only compositions marked as ‘spreading ridge’ were
used, and the same criteria for eliminating primitive glasses and hot spot affected
compositions as for the PetDB samples were applied for this data set. Furthermore,
this data set was subdivided into intermediate- to fast-spreading ridges and slow-
spreading ridges (full spreading rates less than 55 mm/year) based on data of Miiller
et al. (2008). For comparison, pressures were also calculated with the same technique
but with the assumption of chromium free samples, and using the geobarometers of
Villiger et al. (2007) and Herzberg (2004).

The results (Figures 9 and 10) suggest that inclusion of chromium into our
melt-composition based geobarometer significantly affects the pressure estimates. The
mean of the pressure distributions for the EPR calculated with the new model from
this study is 0.27 GPa, whereas a value of 0.35 GPa is obtained when ignoring
chromium contents. The corresponding values for the MAR are 0.38 GPa vs. 0.48
GPa and 0.40 GPa vs. 0.55 GPa for the SWIR. For intermediate- to fast-spreading
ridges in the data set of Jenner and O’Neill (2012), the corresponding values are 0.20
GPa vs. 0.27 GPa, and 0.33 GPa vs 0.42 GPa for slow-spreading ridges. With a
difference of 0.15 GPa, the magnitude of the effect of Cr is largest for the ultraslow-
spreading SWIR, but systematically lower pressures are also derived for the EPR and
MAR when incorporating measured Cr contents into the calculations. The same
systematic difference can be seen between pressures calculated using the data set of
Jenner and O’Neill (2012): The difference of 0.09 GPa, which is obtained when
including Cr into the geobarometer for slow-spreading ridge data, is larger compared

to the corresponding value for data of faster-spreading ridges (0.07 GPa). However,
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these differences in magnitude arise from the higher mean in reported chromium
contents from the slower-spreading ridges, which suggests that the sampled rocks
were subject to a lower amount of differentiation (consistent with the well-known
higher average Mg# of MORB from slow-spreading ridges (e.g., Niu and Batiza,
1993)).

Comparison of absolute pressure estimates of the new model to values
obtained from the equations of Villiger et al. (2007) and Herzberg (2004) (Figures 9
and 10) show that the new calibration including melt Cr content gives similar depths
of crystallization to these previous approaches for all but the slowest spreading ridges
(means of 0.29 GPa and 0.28 GPa for the EPR and equations of Villiger et al. (2007)
and Herzberg (2004), respectively, and means of 0.48 GPa and 0.33 GPa for the MAR
and the same equations). This suggests that pressure estimates resulting from these
two existing geobarometers are not affected significantly by chromium for these
MOR settings. In contrast, our new model predicts systematically lower pressures for
samples from the ultraslow-spreading SWIR, especially compared to Villiger et al.
(2007) (a mean of 0.63 GPa result from application of the equations of Villiger et al.
(2007), and 0.50 GPa using equations in Herzberg (2004)). The distribution of
pressures calculated for the data set of Jenner and O’Neill (2012) using the method of
Villiger et al. (2007) shows a significant number of pressures below zero, which is
likely the result of interlaboratory analytical differences between the MORB data set
and the data used to calibrate the geobarometer or calibration problems in this
geobarometer.

Wanless and Shaw (2012) calculated crystallization pressures for MORB from
the fast-spreading EPR and the intermediate-spreading Juan de Fuca Ridge (JdFR)

based on the volatile composition of melt inclusions. Their results suggest an inverse
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correlation between spreading rate and crystallization depth, which is similar to the
results seen in Figures 9 and 10. However, the absolute median crystallization
pressures calculated using their method (~ 0.05 GPa for the EPR and ~ 0.09 GPa for
the JAFR) are smaller than pressures estimated from our equation and those of Villiger
et al. (2007) and Herzberg (2004). These differences could partly result from different
sampling biases in the used data sets, which cannot be tested in detail as Cr contents

of the host rocks analysed by Wanless and Shaw (2012) are unknown.

4.5.7. Quantifying the influence of Cr on clinopyroxene barometers

The new crystallization model developed in this study (see above) allows us to
test the influence of chromium on the predicted crystallization pressures. In order to
illustrate the magnitude of this effect, pressures were calculated using the lclc;
equation in Table 4 and the same iterative technique described above. The mean of all
glasses from Jenner and O’Neill (2012) after elimination of primitive and enriched
samples was used as base composition, and chromium was varied. Figure 11 shows
the effect of variation in chromium content on predicted crystallization pressures,
suggesting that melt chromium contents at clinopyroxene saturation has a significant

effect on the pressure estimates and should be included in barometric calculations to

obtain accurate results.

4.6. Conclusions

A series of low pressure experiments designed to evaluate the roles of Cr and
Ca/Al in controlling the stability of clinopyroxene in MORB-like melt compositions
demonstrate the following: (i) realistic parental melt Cr contents will lead to
variations in, and generally expand, the clinopyroxene stability field relative to that

determined in most previous studies; (i1) melts with higher Ca/Al will, all other things
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being equal, crystallize clinopyroxene earlier (i.e. at higher temparture) than melts
with lower Ca/Al. Crystallization of high Ca/Al parental melts is a plausible
explanation of high Mg#.x in oceanic gabbros; (iii) incorporation of the new
experimental data into a model of MORB differentiation shows potentially non-trivial
differences in the timing of clinopyroxene saturation and calculated crystallization
pressures occur when Cr is taken into account. Application to natural MORB
compositions suggests that the difference of pressure estimates from our new
geobarometer to those from previous geobarometers is largest for slow-spreading
ridges such as the SWIR, but negligible for the fast-spreading EPR.

We note that while we have demonstrated that the Cr-content of a melt must
be considered when evaluating the conditions under which clinopyroxene will
crystallize, further work is required to fully quantify this. First, Cr is known to
dissolve in a melt as both Cr*" and Cr’’, and likely has at least one more complex
component. Hence the activity of the Cr-bearing clinopyroxene component in the melt
is likely to be a complex function of melt composition, temperature and fO, (Berry et
al., 2006; Colson et al., 2000; Hanson and Jones, 1998). Additionally, we do not know
what the Cr-bearing component in natural clinopyroxene crystallizing from MORB is
and our assumption of ureyite, and of the parameterization developed for this (Table
5), should be further tested. Extending the experiments on the effect of chromium on
geobarometers to higher pressures would help improve our understanding of the
influence of chromium on MORB crystallization at mid-ocean ridges. While we have
investigated the roles of melt Cr and Ca/Al in controlling the stability field of
clinopyroxene we note that other factors (e.g. mixing processes, in situ crystallization)
likely influence clinopyroxene saturation in MORB and oceanic gabbros as well.

However, we showed that the incorporation of Cr can produce small but significant
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effects in the parametrization of geobarometers, which may further resolve
discrepancies between experimental data, thermodynamic considerations and natural

observations.
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Tables

Table 1: Compositions of synthetic starting compositions used in experiments in this study. Values in parentheses are 1.96
standard errors of the mean of replicate analyses in terms of least units cited, corresponding to the interval where 95% of the
values are expected to lie.

Comment N SiO; TiO, ALO; FeO MgO  CaO Na,O  Cn0s Total CaO/Al, 03

COla® 5 47.88(6) 0.88Q2) 16.67(7) 9.41(9) 9.25(6) 12.77(10) 2.12(5) 0.0090(35) 99.00(18) 0.766(7)
CaAl0la® 6  47.98(6) 0.87(2) 16.85(7) 8.74(10) 9.33(2) 12.74(5) 2.25(4) 0.0111(26) 98.77(15) 0.756(4)
C02a* 7 47.69(17) 0.83(2) 16.43(5) 8.42(12) 9.31(5) 12.74(6) 2.15(3) 0.0014(88) 97.56(23) 0.776(4)
C022° 7 48.88(12) 0.85(2) 16.84(6) 8.63(11) 9.54(5) 13.06(6) 2.21(3) 0.0014(90) 100.00  0.776(4)

C02a° -~ 50.02 082 1638 829 9.73  12.63 2120 100.00  0.77

COld® 5 48.59(16) 0.89(3) 16.72(6) 8.54(12) 8.97(5) 12.63(9) 2.17(4) 0.1745(76) 98.69(24) 0.755(6)
C02b° 13 47.99(11) 0.83(1) 16.40(5) 8.32(10) 9.04(3) 12.62(4) 2.20(2) 0.2247(101) 97.62(17) 0.769(4)
CaAl02® 12 47.81(6) 0.84(2) 15.76(6) 8.41(7) 9.29(3) 13.27(5) 2.13(4) 0.0053(62) 97.52(13) 0.842(4)
CaAl0lc® 6  47.93(10) 0.88(1) 16.05(2) 8.66(11) 9.20(6) 13.62(6) 2.27(3) 0.0087(49) 98.62(18) 0.848(4)

* Analyzed with the electron microprobe at University of Freiburg. Data was normalized to USGS BHVO-2G contents of
Jochum et al. (2005) based on averages of more than 50 analyses of this standard each week. ° C02a®, normalized to 100%. ©
Expected composition of C02a starting material, calculated from weighed masses of raw oxide materials used for mixing.
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Table 2: Experimental conditions, phase proportions, Fe loss (calculated from mass balances using analyses of starting

materials and phases in samples) as well as the calculated

Fe2+—Mg
Ol-Liq

. Bold numbers indicate samples where cpx was

identified in the polished cross-section of the sample. For runs > #50, the oxygen fugacity which was calculated from Fe
partitioning between platinum wires and liquid (‘Calc’) is used for further calculations instead of the value determined from
oxygen sensor readings (‘Sens’) (see text for discussion).

log fO, Phase proportion / wt% _ 2+ _

Run  T/°C t/h Sens Calc Comp. gl ol fsp cpx sp \:tgA)I?rseSl; gi—Liqu
#18 1175 24 -8.65 CO0la 59.0 11.1 27.1 2.8 0.0 11.4(18) 0.288(4)
cold 51.7 7.8 28.2 11.9 0.4 3.0(22) 0.292(4)

#20 1190 24 -8.46 -7.28 COla 70.5 9.5 19.9 0.0 0.0 4.3(12) 0.305(4)
cold 66.2 7.8 21.8 3.9 0.3 10.4(20) 0.309(4)

#22 1204 24 -8.18 CO0la 81.5 6.4 12.1 0.0 0.0 3.8(11) 0.325(4)
cold 89.6 32 6.8 0.0 0.4 13.5(23) 0.347(6)

#24 1205 24 -8.35 -8.16 CaAlOla 78.8 6.5 14.7 0.0 0.0 12.4(13) 0.331(5)
CaAlOlc 90.5 2.8 6.7 0.0 0.0 5.1(15) 0.344(5)

#26 1175 24 -8.33 -5.43  CaAlOla 54.8 11.3 29.9 4.0 0.0 7.1(20) 0.264(4)
CaAlOlc 47.4 8.9 29.4 14.4 0.0 8.1(27) 0.272(7)

#29 1190 24 -8.39 -8.02 CaAlOla 60.6 9.5 25.2 4.7 0.0 16.8(18) 0.283(5)
CaAlOlc 79.3 6.7 14.2 0.0 0.0 0.6(18) 0.317(5)

#32 1186 48 -8.52 CO0la 66.7 9.9 22.5 0.8 0.0 5.3(15) 0.299(5)
cold 67.3 8.7 22.1 1.6 0.3 7.9(22) 0.345(5)

#34 1186 96 -8.59 -896 COla 66.4 10.1 23.5 0.0 0.0 21.9(14) 0.348(5)
cold 61.3 8.5 25.7 43 0.3 21.8(23) 0.369(7)

#36 1188 48 -7.99 CaAl0la 66.1 10.3 23.6 0.0 0.0 6.6(14) 0.338(6)
CaAlOlc 65.9 8.4 20.9 4.8 0.0 2.3(19) 0.301(5)

#37 1190 77 -8.67 CaAl0la 67.3 10.0 22.7 0.0 0.0 4.8(17) 0.323(4)
CaAlOlc 68.0 8.3 19.9 3.7 0.0 -1.6(16) 0.330(4)

#57 1205 24 -8.45 -3.87 CO02a 73.7 7.3 19.0 0.0 0.0 -6.1(13) 0.182(2)
C02b 66.6 3.9 22.1 5.9 1.5 1.6(30) 0.118(2)

CaAl02 68.3 5.4 19.5 6.8 0.0 -1.8(25) 0.152(2)

#60 1217 24 -8.25 -3.45 C02a 77.1 6.0 16.9 0.0 0.0 4.0(17) 0.183(3)
C02b 74.5 1.2 12.9 6.3 5.1 -11.1(90) 0.204(4)

CaAl02 85.6 32 11.2 0.0 0.0 4.6(16) 0.189(3)

#63 1198 24 -8.42 -3.58 C02a 60.3 7.1 26.0 6.6 0.0 3.3(15) 0.118(2)
C02b 56.4 4.8 26.6 10.8 1.5 7.1(29) 0.133(2)

CaAl02 60.1 5.5 21.6 12.8 0.0 -0.4(15) 0.139(2)

#67 1205 48 -8.45 -529 CO02a 70.9 8.1 21.0 0.0 0.0 2.3(16) 0.209(3)
C02b 68.3 22 16.7 9.3 34 -5.9(62) 0.210(7)

CaAl02 68.9 5.8 18.4 6.9 0.0 8.9(27) 0.210(4)

#78 1206 24 -8.45 -3.69 CO02a 73.9 7.0 19.2 0.0 0.0 -6.0(15) 0.126(2)
C02b 67.5 4.4 21.5 5.1 1.5 2.5(30) 0.102(2)

CaAl02 69.9 5.1 19.2 5.8 0.0 -4.3(15) 0.124(2)
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Table 3: Sources of data used to calibrate the equations for the crystallization model.

Source System P/GPa T/°C N
Presnall et al. (1978) CMAS 0.0001 1266-1272 2
Walker et al. (1979) Natural basalt 0.0001 1085-1235 11
Grove and Bryan (1983) Natural basalt 0.0001 1137-1193 22
Onuma and Tohara (1983) CMAS+Cr,05 0.0001 1265 1
Baker and Eggler (1987) Natural basalt 0.0001 1100-1122 4
0.2 1020-1060 4
0.8 1200-1250 4
Sack et al. (1987) Natural basalt 0.0001 1064-1176 20
Tormey et al. (1987) Natural basalt 0.0001 1152-1171 7
Juster et al. (1989) Natural basalt 0.0001 1150-1180 4
Libourel et al. (1989) CMAS 0.0001 1244-1275 24
Grove et al. (1990) Natural basalt 0.0001 1108-1152 4
Shi and Libourel (1991) CMAS+FeO 0.0001 1160-1220 27
Grove et al. (1992) Natural basalt 0.0001 1161 1
0.2 1126-1163 5
0.8 1210-1265 10
1 1235-1250 2
Shi (1993) CMAS+FeO+Na,O 0.0001 1100 16
Yang et al. (1996) Natural basalt 0.0001 1100-1171 17
Reynolds Natural basalt 0.0001 1175 3
(1997)
Thy et al. (1998) Natural basalt 0.0001 1111-1177 15
Libourel (1999) CMAS+Na,0+TiO,+Cr,05  0.0001  1229-1264 14
Sano et al. (2001) Natural basalt 0.0001 1114-1175 17
Scoates et al. (2006) Natural basalt 0.0001 1119 1
This study Natural basalt 0.0001 1175-1206 15
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Table 4: Coefficients of variables for description of gcl', g?v E,?g and T / °C in melts saturated in olivine, plagioclase and clinopyroxene. The equations are of the form
= + 4+ 94 Jay M1 wherey is the variable in the first column and the values of a; b; ... are the coefficients listed in the successive columns. The
symbol ¥ denotes the molar cation fraction of cation i in phase p. Rows labelled with + are parameter errors (95% confidence level) of coefficients in the previous row.

liq liq

Eq. Const.  P/GPa N K T Rt R s () ST 4 ?
},ij 0.239  0.01801 0.162 0.485 -0.304 -0.320 -0.353 -0.130 5.652 1.192
+ 0.004  0.00157 0.011 0.037 0.019 0.006 0.016 0.008 0.889
2?1 1.070  -0.02707 -0.634 -0.618 -0.515 -0.188 -0.597 -3.044 2477 -9.367 0.780
+ 0.034  0.00242 0.016 0.052 0.032 0.009 0.026 0.142 0.146 1.424
}\i/?g -0.173  0.00625 -0.541 -1.050 -0.182 -0.493 -0.028 1.599 -1.873 3.246 1.496
+ 0.023  0.00162 0.011 0.039 0.019 0.005 0.016 0.099 0.105 0.973
T/°C 679.1 46.8 -617.9 -699.1 3022 -627.6 -283.5 2689 -3056 -8228 -4799 4.948
+ 39.5 3.5 14.8 45.5 224 7.4 26.1 166 173 525 1529
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Table 5: Coefficients of variables for description of the augite compositions in melts saturated in olivine, plagioclase and clinopyroxene. The equations give
the molar fraction of the components Mg,Si,O¢ (enstatite), Fe,Si,06 (ferrosilite), Ca,Si,Og (wollastonite), NaAlSi,O4 (jadeite), NaCrSi,O¢ (ureyite),

CaAl,SiOg4 (Ca-Tschermak), CaTiAl,Og (Ti-Tschermak) and Ca(Fe3+ ),Si0¢ (Fe-Tschermak). The equations are of the form = 4+ + kf; + ii(q +

lTlf' + [...], where y is the variable in the first column and the values of a; b; ... are the coefficients listed in the successive columns. The symbol f

denotes the molar cation or component fraction of cation i in phase p. Rows labelled with + are parameter errors (95% confidence level) of coefficients in the
previous row.

Eq. Const. T/°C P/GPa M0 B me e e Mg g O O Wy 2

IC\}[JEZSizoé 0.651 -0.00007 0.061 0.119 -0.415 -1.146 -0.566 0.330 1.686 -0.916 -0.297 -9.677 1.896
+ 0.261 0.00010 0.011 0.219 0.309 0.372 0.222 0455 0.190 0.217 0.177 7.550

;i);Sizoﬁ -0.024 -0.00008 0.055 0.647 0.134 -0.629 0.701 0.720 -0.564 -0.081 0.008 -7.279 1.384
+ 0.243 0.00008 0.008 0.211 0.332 0.381 0.217 0427 0.166 0214 0.157 5.069

gl};sho6 1.916 0.00021 -0.130 -1.954 -2.078 -2.517 -1.251 -4.669 -0.805 -1.480 -0.643 -17.631 0.561
+ 0.464 0.00018 0.019 0.395 0.526 0.645 0.398 0.728 0.355 0.390 0.329 12.074

IC\?;Alsizos -0.244 -0.00005 0.021 0.109 0.764 0.506 0.333 0.735 0.044 0.278 0.320 -25445 0.114 -4.693 0451 0.234
+ 0.239 0.00009 0.010 0.686 0.365 0.305 0.203 0.212 0.238 0.287 0.300 5925 0.654 5500 1.723

CNp:CrSiZOG -0.490 0.00017 -0.039 0.320 0.457 0.489 0.229 0.099 0.181 0.066 0.299 36.836 0.345
+ 0.407 0.00018 0.015 0340 0.695 0.561 0.315 0.377 0313 0424 0.351 6.618

Cclz);\lzsio6 -1.821 0.00026 0.028 1.358 1.515 3.206 1.156 2.852 -0.499 2347 0.746 35.276 0.398
+ 0.417 0.00016 0.016 0348 0474 0.641 0.365 0.458 0303 0.349 0.275 11.761

CCr;XTiAlZOS 0.331 0.00002 -0.002 -0.471 -0.208 -0.165 -0.070 0.011 -0.665 -0.124 -0.102 6.015 1.174
+ 0.128 0.00004 0.005 0.114 0.129 0.209 0.136 0.154 0.138 0.160 0.122 3.026

E:z);eg"sms -0.004 -0.00005 -0.004 0.154 0.329 -0.261 -0.816 0.790 0.020 0.682 0426 -15.453 0.010
+ 3490 0.00130 0.518 3.338 11.007 4.247 2.812 3.190 3939 4806 3.903 1050915

49



Figures

Fig. 1 Plots of MgO contents vs. concentrations of other oxides in glass samples from
24 h duration experiments run at QFM with different starting composition.

Concentrations are weight percent, and FeO is total iron.

Fig. 2 Plots of MgO contents vs. concentrations of other oxides in glass samples from
24 h duration oxidized experiments with different starting composition.

Concentrations are weight percent, and FeO is total iron.

Fig. 3 Plot of log fO, measured by the oxygen sensor versus (a) log fO, calculated
from Fe concentrations of Pt wires used in the experiments, and (b) log fO, calculated

using the model of Toplis (2005) for the olivine-liquid Mg-Fe exchange equilibria.

Fig. 4 Plots of phase assemblages for (a) QFM experiments and (b) oxidized
experiments, determined by electron microprobe, distinguishing samples above and
below clinopyroxene saturation. For both experimental sets, a systematically earlier
saturation with cpx can be observed for Cr-spinel saturated and high Ca/Al
experiments. Furthermore, higher absolute temperatures of cpx crystallization are
evident for oxidized experiments in comparison to samples produced at QFM

conditions.

Fig. 5 Plot of crystallization pressures estimated by cpx geobarometers of Herzberg

(2004); Villiger et al. (2007); Yang et al. (1996) as well as by the new geobarometer
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calibration developed in this study, for experimental samples of this study. The upper
part (a) shows experiments run at QFM, while the lower part (b) shows runs at

oxidizing conditions.

Fig. 6 Olivine/plagioclase ratios (modes) in the crystallizing assemblage predicted by
calculation of the OPAM location using equations in Table 4 versus the same ratio
calculated from the actual melt composition for experiments of this study saturated in
olivine and plagioclase. Both ratios result from the projection of the melt to the cpx-

ol-plag pseudoternary.

Fig. 7 Comparison of predictions of liquid evolution during fractional crystallization
for starting composition COla using models from this study, Yang et al. (1996),
Ariskin et al. (1993), Langmuir et al. (1992) and MELTS (Asimow and Ghiorso,
1998; Ghiorso and Sack, 1995) with glass compositions of experimental samples of
24 h runs. Oxygen fugacity is constrained to conditions of the QFM buffer in all
model runs. In addition, the model from this study was run using a bulk composition
assuming 10 wt% iron loss, similar to the largest amount indicated by mass balances

for experimental samples. All concentrations are in weight percent.

Fig. 8 Comparison of liquid evolution paths predicted by the model in this study with
fO, constrained to the QFM buffer. The solid thin line shows the prediction for
composition CO1d with 0.38 wt% Cr-spinel removed in order to achieve chromium
contents similar to experimental values (i.e. using a starting composition containing
0.07 wt% Cr,03), and dashed lines show predictions by the crystallization model

using bulk compositions with higher chromium contents of 0.14 and 0.21 wt% Cr,0s.
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The model prediction with the same composition, except for chromium, which was

set to zero, is shown by the dotted line.

Fig. 9 Histograms showing the distribution of crystallization pressures calculated
from equations in Table 4 and equations of Villiger et al. (2007) and Herzberg (2004)
for glass analyses from the East Pacific Rise (EPR), Mid Atlantic Ridge (MAR) and
South-West Indian Ridge (SWIR) obtained from the PetDB database (Lehnert et al.,
2000). For comparison, pressures were also calculated using equations in Table 4 but
without Cr. Primitive glasses with Mg#;q > 0.6, analyses without chromium
measurements, as well as data of enchriched MORB (based on K,O/Ti0,>0.2) was
excluded from the data sets (see text for details). The dashed lines and the numbers at
the top at each diagram shows the trimmed means (ignoring the 5% lowest and
highest pressures) of the pressure distributions, which are not located at the most
frequent pressure for most histograms because the distributions are slightly skewed. N

is the total number of samples.

Fig. 10 Histograms showing the distribution of crystallization pressures calculated
from equations in Table 4 and equations of Villiger et al. (2007) and Herzberg (2004)
for glass analyses of Jenner and O’Neill (2012). The data set was divided into
intermediate- to fast-spreading ridges and slow-spreading ridges with full spreading-
rates less than 55 mm/year. For comparison, pressures were also calculated using

equations in Table 4 but without Cr. See caption of Figure 9 and text for details.

52



Fig. 11 Plot of pressures estimated for a typical MORB composition (see text for
details) as function of chromium content, predicted by the ¢! equation in Table 4

(black lines). The red circles show the location of the original chromium content.

Supplementary material

Supplementary Table 1 Electron microprobe analyses of phases in experimental
samples. All concentrations are given in weight percent, and FeO is total iron. N is the
number or replicate analyses. Phase abbreviations are: Glass gl; Olivine ol;
plagioclase plag; Clinopyroxene cpx; Spinel sp. o(x) values are 1.96 standard errors

of replicate analyses.
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