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Abstract

     Harvesting quantitative fO2 information from synchrotron μ-XANES measurements of Cr2+/ΣCr 

in olivine phenocrysts requires robust thermodynamic or empirical models that can accurately 

predict Cr2+/ΣCr in basaltic liquids as a function of fO2, temperature, and liquid chemistry. We 

present the results from a combined experimental-XANES study designed to illuminate how 

evolving liquid chemistry and decreasing temperature influence the equilibrium Cr2+/ΣCr ratios 

in crystallizing basaltic liquids. The Cr valence dataset produced from these experiments was fit 

with a symmetric regular solution model; this fitting generated a model equation that predicts 

the Cr2+/ΣCr in basaltic magmas. Using MELTS in conjunction with the newly calibrated Cr valence 

model, we calculated the Cr2+/ΣCr of a tholeiitic liquid undergoing isobaric equilibrium 

crystallization at 2.5°C intervals. The modeling results indicate that Cr2+/ΣCr evolves dynamically 

in crystallizing liquids composition and may be partially decoupled from bona fide changes in 

magmatic fO2.  These calculations suggest that the increasing iron content of the residual liquid 

is the most influential factor influencing the Cr2+/ΣCr of the residual liquid. Olivine normative 

tholeiitic liquids following a liquid line of descent parallel to an oxygen fugacity buffer curve will 

experience significant decreases in the equilibrium Cr2+/ΣCr of their residual liquids. Our 

modeling demonstrates that Cr2+/ΣCr values preserved in early olivine phenocrysts indeed reflect 

magmatic fO2 conditions of their growth; however, the effects of magmatic fO2 are also 

superimposed on the underlying influences of temperature and melt chemistry. 



1.0 INTRODUCTION

Chromium is a minor element that is commonly present in mantle-derived mafic silicate 

liquids and their crystallization products, such as Cr-spinel, clinopyroxene, orthopyroxene, and 

olivine. Contrary to the frequently held assumption that Cr exists solely as a trivalent cation in 

natural silicate liquids, a substantive body of experimental evidence indicates that Cr exhibits 

multivalent behavior. Experimental studies designed to measure the influence of oxygen fugacity 

(fO2) on Cr-spinel solubility in basaltic liquids clearly, albeit indirectly, demonstrate that terrestrial 

basaltic liquids contain both Cr2+ and Cr3+ over a broad range of redox conditions (Roedder and 

Reynolds 1991 and Hanson and Jones 1998).  Likewise, the experiments of Mallmann and O'Neill 

(2009) showed that the pyroxene-liquid partitioning behavior of Cr is highly redox-sensitive, and 

lead the authors to infer that the Cr2+/ΣCr of their experimental liquids varied continuously as a 

function of fO2 from ΔFMQ-5 to ΔFMQ+2.5. In addition to experimental studies that rely on 

inference, several spectroscopic studies utilizing synchrotron μ-XANES (X-ray Absorption Near 

Edge Structure) spectroscopy provide direct evidence supporting the hypothesized presence of 

mixed-valence Cr in basaltic liquids (Sutton et al. 1993, Berry et al. 2003, Berry et al. 2004, Berry 

and O'Neill 2006, Bell et al. 2014, and Bell et al. 2017). The available XANES-derived Cr-valence 

datasets conclusively demonstrate that fO2 fundamentally controls the equilibrium Cr2+/ΣCr of 

the liquid and that Cr2+ may constitute a significant portion of the total Cr budget of terrestrial 

basaltic liquids - even at fO2 conditions as oxidized as the FMQ (fayalite-magnetite-quartz) buffer. 

The emerging consensus from these studies is that Cr2+ is likely a minor, yet ubiquitous, valence 

species in many modestly reduced (i.e., < ΔFMQ+ 0.5) terrestrial basaltic liquids. Equilibrium 

Cr2+/ΣCr ratios in MORB-like liquids equilibrated at ΔFMQ+0 have been determined to range from 

~0.45 at 1400°C (Berry and O'Neill 2006) to ~0.30 at 1300°C (Roedder and Reynolds 1991). 

Knowledge of Cr2+/ΣCr systematics in basaltic magmas has fundamental applications to 

numerous problems in petrology. These applications include: 1) the utilization of measurements 

of Cr valence in olivine as a spatially-resolved, quantitative oxybarometer (e.g., Bell et al. 2014), 

2) the development of new models that accurately predict Cr-spinel compositions and liquidus 

temperatures in basaltic magmas, and 3) the interpretation of Cr stable isotope fractionation in 

magmatic mineral assemblages (e.g., Shen et al. 2019). 



The redox invariant olivine-liquid partitioning behavior of Cr in basaltic magmas indicates that 

olivine phenocrysts act as high-fidelity recorders of the equilibrium Cr2+/ΣCr ratio present in their 

parental liquids (Hanson and Jones 1998 and Mallmann and O'Neill 2009). The recognition that 

olivine has a nearly equal affinity for Cr2+ and Cr3+ spawned the idea that synchrotron μ-XANES 

measurements of Cr2+/ΣCr in olivine may provide a high-resolution, temporally resolved record 

of early magmatic fO2 in primitive basaltic liquids (Bell et al. 2014 and Bell et al. 2017). The 

absence of a model that can accurately translate Cr2+/ΣCr values from olivine phenocrysts into 

numerical fO2 values in the context of its crystallization temperature and liquid composition 

presents a significant obstacle to the implementation of such measurements as a practical tool 

for detailed magmatic redox studies.   

Knowledge of Cr2+/∑Cr systematics in silicate liquids is equally essential for improving our 

understanding of how P-T-X-fO2 conditions control Cr-spinel crystallization. The activity of Cr3+ 

(i.e., aCrO1.5), which is heavily influenced by both liquid composition and fO2, ultimately dictates 

when Cr-spinel appears on the liquidus of basaltic magmas. The ability to predict Cr-spinel 

stability implicitly underpins conceptual models of the formation of chromite horizons in layered 

mafic intrusions as well as interpretations of early magmatic spinel chemistry. Deepening our 

understanding of the connections between fO2, Cr2+/ΣCr, and Cr-spinel solubility are important 

for interpreting the total Cr-budget of primitive basaltic magmas derived from the partial melting 

of spinel lherzolite sources. 

The ability to accurately predict the equilibrium Cr2+/∑Cr ratio in basaltic liquids as a function 

of temperature, fO2, and liquid composition is limited by the relative lack of experimental-XANES 

Cr2+/ΣCr data for FeO-bearing liquid compositions. With this end in mind, we designed this 

experimental-XANES study to expand upon the existing Cr2+/ΣCr data for mafic liquids and to 

address fundamental questions about how temperature and liquid composition influence the Cr 

redox equilibrium.  

2. Experimental and Analytical Methods

2.1 Experimental Methods

      The starting silicate liquid compositions used in this study were synthesized from 

homogenized mixtures of fine-grained, high purity, reagent grade oxide powders. All the 



investigated bulk compositions were simplified by omitting Na2O. From an experimental 

perspective, this choice was made to mitigate inevitable alkali evaporation and loss that occurs 

in low fO2 experiments. Variations in Na2O concentrations in the experimental liquids add an 

unwanted degree of complexity, which may obscure important connections between Cr2+/ΣCr 

and other compositional variables. Four bulk compositions were chosen for this study, a Hi-Al 

basalt modeled after an anorthite normative member of the Columbia River basalt group (CRT), 

an olivine tholeiite (OlT) modeled on a primitive tholeiitic basalt from the Zuni Bandera volcanic 

field NM USA, a simplified MORB (SMOR) composition modeled on the composition of the MORB 

in the Berry and O'Neill (2006) Cr valence study, and a SiO2 enriched composition that was 

intended to serve as an analog for fractionated liquids of tholeiitic parentage (SAN).   

       All experiments were conducted in a Deltech vertical tube furnace, housed in the gas mixing 

laboratory at the University of New Mexico (UNM). The UNM Deltech is equipped with MoSi2 

heating elements and a programmable Eurotherm® controller. The temperature and location of 

the Deltech's hotspot were periodically monitored and evaluated with an S-type thermocouple, 

and it was also calibrated against the melting point of Au wire. The estimated uncertainty for the 

experimental temperatures was ± 3°C. Oxygen fugacity in the experiments was controlled with 

CO-CO2 mixtures. The molar ratios of the CO-CO2 gas mixtures introduced into the furnace were 

controlled with a Matheson® 7400 series gas flowmeter and mixing manifold using a top to 

bottom flow-through scheme.  The total flow rate of the CO-CO2 mixture ranged from 0.75 to 1.2 

cm3sec-1, depending on the targeted absolute fO2 value of the experiment.  The fO2 of the gas 

mixture was measured with a SIRO2® YSZ (Yttrium Stabilized Zirconia) electrochemical oxygen 

sensor placed in the hotspot of the furnace before the execution of each experiment. The 

precision of the emf measurements from the YSZ sensor is ± 1.5 mV. Propagating the 

temperature and YSZ sensor measurement uncertainties, the reported oxygen fugacity values for 

each experiment are accurate to ± 0.10 log units.    

     All experimental charges were suspended on rhenium wire loops in the furnace hotspot.  

Rhenium wire was chosen to minimize Fe loss from the silicate liquid and its crystalline products. 

Alloy-forming reactions between Re metal and the FeO component of the liquid at reducing 

conditions are minimal and do not result in significant Fe-loss from the starting material. 



Powdered starting materials were mixed with a 3% polyvinyl alcohol solution to form a thick 

paste and loaded onto the wire loop. Each experimental charge was first held at super-liquidus 

conditions (>1350°C) from 2 to 5 hours before being cooled at a fixed rate of 100°C per hour to 

the final, equilibrium soak temperature. The experimental charges were then held at the 

equilibrium soak temperature for a minimum of 20 hours before being terminated by drop 

quenching into a beaker of water. With this method, the experiments were cooled to room 

temperature in under two seconds, giving estimated quench rates of >500°C sec-1.  

     The fO2 values imposed on the experiments were intentionally restricted to values lower than 

ΔFMQ-3.5. The fO2 conditions of the experiments were fixed at ΔFMQ-3.9 ± 0.15.  These redox 

conditions were strategically chosen to eliminate the presence of Fe3+ in the experimental liquids.  

The absence of Fe3+ in the experimental liquids is critical in these experiments, as Berry et al. 

(2004) concluded that Fe3+ interacts with Cr2+ during quench via a thermally driven inter-valence 

charge transfer reaction; the proposed electron exchange oxidizes Cr2+ to Cr3+ and produces 

Cr2+/ΣCr values that do not reflect the equilibrium values in the liquid prior to quench. In addition 

to the low fO2 experiments, several experiments in the OlT series were also conducted at fO2 

values above ΔFMQ-3.5. These “oxidized” OlT experiments were designed to crystallize olivine 

phenocrysts that could be measured by XANES and exploited to infer the equilibrium Cr2+/ΣCr of 

their parental liquids which were undoubtedly afflicted by quench effects. Furthermore, these 

experiments were also were intended to critically evaluate the efficacy of Cr2+/ΣCr in olivine 

phenocrysts as an oxybarometer. In addition to the TiO2 free OlT experiments, several 

experiments were also performed on a TiO2 doped split of the OlT base material. This 

composition contained ~1.5 wt% TiO2.  Experiments performed on this composition were 

performed so that we could directly compare XANES measured Cr2+/ΣCr values of Ti-bearing and 

Ti-free OlT glasses.  

2.2 Electron Microprobe Analysis of Experiments

     The quenched experimental charges were mounted in epoxy wafers and polished for 

backscattered electron imaging (BSEI) and quantitative wavelength-dispersive electron 

microprobe (EMP) analysis. The EMP analyses and BSE images for the CRT, SAN, and SMOR 

experiments were acquired with a JEOL 8200 electron microprobe in the Institute of Meteoritics 



at the University of New Mexico. The EMP analyses of the OlT experiments were conducted using 

a JEOL 8230 electron microprobe in the Department of Geological Sciences at the University of 

Colorado Boulder.   

     Prior to the quantitative wavelength dispersive EMP analysis of the glasses, energy dispersive 

x-ray spectroscopy was used to qualitatively identify the phases present in each of the 

experiments. Quantitative spot analyses of the quenched glasses and olivine phenocrysts were 

conducted with an accelerating voltage of 15 keV, a 10nA beam current, and a 2 μm beam 

diameter.  Standards consisted of a suite of crystalline silicates, oxides, from the CM Taylor 

Company and Astimex Standards Ltd, as well as a USGS (VG2) basaltic glass standard.  The 

accuracy of the spot analyses performed at the University of New Mexico was periodically 

evaluated by analyzing the USGS basaltic glass standard BIR-1 as an unknown. The results of the 

EMP analysis of the quenched glasses as well as the observed phase assemblages are provided in 

Table 1. The olivine analyses from the OlT experiments as well as their calculated Fe-Mg Kd values 

are reported in Table 2.  

2.3 XANES Spectra Acquisition and Data Processing

     Chromium K-edge XANES data were acquired with the x-ray microprobe beamline 13-ID-E at 

the Advanced Photon Source (APS), Argonne National Laboratory, Illinois USA over the course of 

two beamtime allotments. The beam was focused to a final spot size of approximately 2μm by 

2μm with dynamically configured Kirkpatrick-Baez focusing mirrors.  All spectra were acquired in 

fluorescence mode utilizing a cryogenically cooled Si (111) monochromator coupled with a Vortex 

ME4 silicon drift diode array detector offset at a 45° angle from the sample. The monochromator 

energy was calibrated using metallic Cr foil to an absorption edge energy of 5989.02 eV, 

consistent with values reported by Kraft et al. (1996). The incident beam flux was continuously 

monitored during data acquisition using a 200mm length He-filled ion chamber upstream of the 

focusing optics. In the first data collection session, Cr K-edge XANES spectra were collected in a 

continuous scan mode with a one-second dwell time using 2.5 eV steps from 5889-5984 eV, 0.1 

eV steps from 5984- 6004 eV, and 2.5 eV steps from 6004-6360 eV. In the second data collection 

session, spectra were collected in continuous scan mode with a two-second dwell time using 2.5 

eV steps from 5889-5984 eV, 0.2 eV steps from 5984- 6004 eV, 1 eV steps from 6004-6022 eV 



and 2.5 eV steps from 6022-6360 eV. Five to seven spectra were obtained for the quenched liquid 

in each experimental charge; where possible, the locations of the spectra were distributed 

randomly over the area of exposed glass in each sample to evaluate the homogeneity of Cr2+/ΣCr 

in each experimental charge. The replicate analyses were performed to produce a better portrait 

of the mean Cr2+/ΣCr for each experimental liquid and provide additional constraints in the 

intrinsic reproducibility of the measurements. Extra care was taken in experiments that 

contained significant quantities of pyroxene and anorthite to target isolated pools of glass to 

avoid spectral contributions from the crystalline phases. Typically, glass spectra were obtained 

at distances more than 30 μm to 50 μm from adjacent crystalline phases. The careful selection 

and targeting of analytical points helped ensure that the XANES signal from the quenched liquid 

was not contaminated by contributions from Cr-bearing crystalline phases.  Several experiments 

did not contain large enough pools of quenched liquid to produce reliable, uncontaminated 

XANES measurements, thus the XANES data from these experiments are not reported.  In 

addition to the quenched glasses, XANES spectra were also obtained for olivine phenocrysts 

present in the olivine saturated OlT series experiments. The olivine XANES spectra were obtained 

using the same spectral acquisition parameters that were employed for the analysis quenched 

silicate glasses. 

     All resultant Cr-K edge spectra were processed using the LARCH XAS software package 

(Newville 2013). Collected spectra were corrected for detector dead time before being 

normalized to the incident beam flux measured by an upstream ion chamber. Finally, all spectra 

were pre-edge/post-edge normalized and converted into the derivative form. Once in this form, 

the maximum intensities of the 1s-4s absorption feature centered at ~5994 eV were determined. 

     The application of the "internal standard" sigmoidal fitting approach adopted by Berry and 

O'Neill (2004) requires a series of isothermal experiments conducted over a wide range of fO2   

values and liquids of constant bulk composition, or in other words, a suite of experimental liquids 

in which the homogenous Cr2+-Cr3+reaction can be described by a canonical lnK' value. It is not 

possible to apply this data reduction scheme to the crystallization experiments, as lnK' varies with 

both temperature and composition. There are also several reasons that it is not possible to apply 

this sigmoidal fitting approach to the isothermal OlT experiments.  First, it is not possible to 



conduct experiments at the low fO2 (<<ΔIW-1) values that are necessary to attain high Cr2+/ΣCr 

end-member glasses (e.g., Cr2+/ΣCr > 0.95) and maintain a constant FeO concentration in the 

liquid. Under highly reducing conditions, the FeO concentration decreases as dissolved FeO in 

the silicate liquid reacts with CO in the experimental buffer gas to precipitate metallic Fe; 

therefore, liquids of equivalent composition cannot be produced at both high and low fO2 

conditions.  Second, the experiments conducted at fO2 > ΔFMQ-3.0 undoubtedly contain some 

Fe3+, which is known to modify the Cr2+/ΣCr of the quenched glass. The effect of Fe3+ effectively 

limits the range of fO2 and Cr2+/ΣCr values that can be accessed in a suite of isothermal 

experiments. 

     The 1s-4s peak intensities were quantified using the first derivative of the smoothed and 

normalized spectra; measured intensities were converted to Cr2+/ΣCr values using a linear 

interpolation between the 1s-4s absorption intensities measured for a set of standard reference 

glasses. The Cr3+ standard spectrum used in the data reduction was from a CMAS glass produced 

by Hanson and Jones (1998). Two Cr2+ standards were used for data reduction in this study. One 

standard consisted of a glass equilibrated with metallic Cr from the study of Hanson and Jones 

(1998), and the other consisted of a CMAS liquid equilibrated in a Cr metal capsule at 4GPa and 

1750°C in a multi-anvil apparatus at Bayreuth Geoinstitut. Both standard glasses yielded 1s-4s 

absorption intensities that were within the intrinsic uncertainties associated with spectral 

processing. The precision associated with the Cr2+/ΣCr values determined for the quenched 

liquids was estimated from the standard deviations of replicate analyses performed on each 

experimental glass. The standard deviation calculated from each population of analyses suggests 

that the precision of the Cr2+/ΣCr measurements is ±0.020-0.025. The precision of our XANES 

analyses is consistent with those assessed for the Cr2+/ΣCr data reported in Berry and O'Neill 

(2006). The measured intensity of the 1s-4s absorption feature and the calculated Cr2+/ΣCr values 

for experimental liquids and olivine phenocrysts are provided in Table 3. 

     The potential effects of beam damage induced modification of Cr2+/ΣCr were examined by 

obtaining XANES spectra from the quenched glass in OlT-1 using incident beam flux densities that 

varied by roughly three orders of magnitude. The high flux condition spectrum was obtained at 

an ion chamber measured photon flux of 4.4 x 1011 sec-1 with a beam spot size of 2x2um, 



(resultant flux density of 1.1 x 1011 sec-1um-2). The low flux spectrum was obtained at an ion 

chamber measured photon flux of 1.1 x 1011sec-1 with a beam spot size of 20x20 um (resultant 

flux density of 2.8 x 108 photons sec-1um-2). The high flux density condition is analogous to the 

flux density conditions at which the XANES spectra of the experimental glasses were acquired. 

The normalized spectra obtained from the high-flux and low-flux test conditions have nearly 

identical 1s-4s shoulder feature intensities and edge crest energies (Figure 1). If significant beam 

induced oxidation or reduction occurred during the analysis at high flux densities, then a 

noticeable shift in the energy position of the rising edge and edge crest, as well as a change in 

the intensity of the shoulder feature would be observed.  Our comparison of the high and low 

flux test spectra suggests that Cr2+/ΣCr alteration induced by beam exposure is negligible.    

3.0 Results

3.1 Phase Assemblages and Compositional Variation in the Experimental Liquids

     The SMOR experiments were conducted mainly at super-liquidus soak temperatures, and 

therefore contained only quenched liquid. We observed small acicular anorthite crystals in 

experiments SMOR5 and SMOR6, which were equilibrated at 1150°C. The CRT and SAN 

experiments, on the other hand, were intended to simulate isobaric equilibrium crystallization, 

and the crystal to liquid ratios of these experiments varied substantially as a function of 

decreasing soak temperature. The observed crystallization sequence for the CRT experiments 

was: 1) anorthite + Cr-spinel appeared as the liquidus phases between 1300°C and 1250°C, 2) 

anorthite and Cr-spinel were joined on the liquidus by pigeonite or low Ca pyroxene at ~ 1175°C. 

The observed crystallization sequence for the SAN experiments was: 1) Cr-spinel appearing on 

the liquidus at ~1275°C, 2) Cr-spinel was joined on the liquidus by anorthite at 1250°C, and 3) Cr-

spinel and anorthite were joined on the liquidus by a high-temperature SiO2 polymorph at 

~1160°C.  The OlT series experiments were conducted under isothermal conditions and therefore 

contained constant phase assemblages of quenched liquid, olivine, and Cr-spinel. Several of these 

experiments also contained minor quantities of small tabular anorthite crystals, indicating that 

the OlT bulk composition lies near the olivine-anorthite cotectic. Figures 2b and 2c are 

backscattered electron images that illustrate the phase assemblages encountered in the OlT and 

CRT experiments.  



     The compositions of the quenched liquids from the CRT and SAN experiments changed as a 

function of decreasing soak temperature and increasing degree of crystallization.  The FeO 

concentrations of the CRT liquids showed the most variability, monotonically increasing from 

11.2 wt.% at 1300°C to 18.1 wt.% at 1150°C. The CaO and Al2O3 concentrations of the CRT liquids 

also show a monotonic trend as a function of temperature, decreasing steadily with increasing 

modal abundance of anorthite in the experimental charge.  In contrast to the simple monotonic 

trends observed for FeO, CaO, and Al2O3, the MgO content of the CRT experiments initially 

increases with decreasing soak temperature, roughly until the appearance of low Ca pyroxene on 

the liquidus ~1185°C, after which MgO steadily decreases. The SiO2 content of the CRT liquids 

shows the smallest variation of any of the major oxide constituents, gently increasing by ~2.1 wt. 

% over the 150°C experimental temperature range. 

     The SAN series experiments generally show much less compositional variation than the CRT 

liquids, despite that these liquids also experienced a significant degree of crystallization. The SAN 

experiments equilibrated at 1125 °C and 1100 °C are the exceptions to this observation. These 

two low-temperature experiments contain relatively small portions of residual liquid that is 

significantly enriched in FeO and depleted in SiO2. With the exception of the two low-

temperature experiments with low residual melt fractions, the most significant compositional 

variation in the SAN liquids was manifested in their Al2O3 concentrations, which steadily 

decreased from 17.4 wt. % at 1300°C to 14.1 wt.% at 1150°C. The FeO, CaO, and MgO content of 

the SAN liquids also vary with soak temperature; however, the concentrations of these oxides 

changed less than 2.5 wt.% relative to their concentrations in the starting composition.      

     In addition to the systematic variation in the concentrations of the major oxide components, 

the concentrations of Cr in the CRT experiments drop as a function of decreasing soak 

temperature. The Cr concentrations of the SAN series liquids also show a general downward 

trend with temperature, although with more scatter than the CRT experiments.   The observed 

reduction in the Cr content of the liquids likely arises from a combination of 1) temperature-

dependent changes in the modal abundance of Cr-spinel and 2) the partitioning of Cr into 

pigeonite. 



     The concentrations of the major oxide constituents in the OlT liquids show relatively minor (< 

1.0 wt%) inter-experiment variations, thus the compositions of these liquids are effectively 

constant.  The total Cr concentration in these liquids shows a distinct downward trend as a 

function of increasing fO2. The correlation between total Cr concentration and experimental fO2 

mirrors the results of the spinel solubility results of Roedder and Reynolds (1991) and Hanson 

and Jones (1998). The reduction in total Cr concentration is caused by decreasing equilibrium 

Cr2+/ΣCr, which in turn leads to increasing modal abundances of Cr-spinel. 

      We also observed that the color of quenched glasses varied with changing fO2 and liquid 

composition. The quenched TiO2-bearing SMOR and OlT glasses were always black to dark brown. 

In contrast to the TiO2-bearing glasses, the SAN glasses were typically an intense sapphire blue, 

and the CRT glasses were a deep greenish-blue. The TiO2-free OlT experiments displayed a 

systematic shift in color from deep blue-green for experiments conducted at the most reducing 

conditions to dark brown color redox conditions above ΔFMQ-3.5. The effect of TiO2 on the color 

of the quenched glasses are consistent with the results reported in Berry et al. (2004).

3.2 Approach to Equilibrium    

     True chemical equilibrium is difficult to demonstrate without performing reversal 

experiments, however, numerous lines of evidence suggest our experiments attained a steady 

state. The calculated standard deviations of the EMP glass analyses indicate that the liquids 

present in each of the experiments were homogenous (see Table 1). The locations of the EMP 

analytical points were deliberately distributed randomly over the exposed area of quenched glass 

so that we could assess the degree of homogeneity of the liquid. Most glasses were analyzed at 

a minimum of 10 locations. The population of analyses for each experimental glass showed little 

if any significant compositional dispersion, suggesting that the liquid compositions had attained 

a steady-state and that any reactions between the liquid and crystalline phases had largely 

ceased. 

     We have also measured the compositions of the pyroxene and olivine phenocrysts in the CRT 

and OlT series experiments (see Table 2).The pyroxene phenocrysts in CRT experiments showed 

no evidence of significant chemical zoning in either high contrast backscattered electron images 

or in their EMP measured compositions. The population of EMP analyses for the 1175°C pigeonite 



include a ten-point linear analytical transect set across the length of a 100 μm (maximum 

dimension) pigeonite phenocryst.  The EMP analyses of the pigeonite from the CRT experiments 

are plotted in Figure 3. The calculated olivine liquid Kd values for the OlT experiments were also 

calculated and provided in Table 2. The calculated values are in good agreement with the 

canonical value of 0.30 ± 0.02 (Roedder and Emslie 1970). No correction for the effect of Fe3+ was 

applied in the calculation, therefore the Kd values of the more oxidizing experiments (i.e., OlT-2 

and OlT-3) are slightly lower than the values from the low fO2 counterparts. In aggregate these 

observations suggest kinetic crystal-liquid disequilibrium from the rapid cooling rates is negligible 

and chemical equilibrium was likely attained in all experiments.    

3.3 The Cr2+/ΣCr of the Quenched Liquids 

The Cr2+/ΣCr values of the CRT series show a significant downward trend as a function of soak 

temperature. The measured Cr2+/ΣCr values monotonically decrease from 0.82 at 1300°C to 0.56 

at 1150°C. XANES spectra for the CRT experiments are shown in Figure 4 and the Cr2+/ΣCr of the 

CRT series experiments are plotted as a function of soak temperature in Figure 5.  The initial slope 

of the downward trend in the Cr2+/ΣCr values is relatively shallow until the slope steepens at 

~1175°C, which is roughly coincident with the appearance of pigeonite on the liquidus. The 

downward trend in these experiments correlates with the evolution of the liquid composition 

driven by crystallization. It should be stressed that the downward trend is the result of the 

superimposed effects of decreasing temperature, changing liquid composition, and changing 

absolute fO2. Thermodynamic modeling of the Cr2+/ΣCr dataset is required to better disentangle 

the individual contributions of liquid composition and temperature to the observed trend.   

     The SAN liquids, which contained ~ 59.0 wt. % SiO2, consistently displayed the highest 

measured Cr2+/ΣCr of any of the compositions investigated in this study. Except for the glass from 

the 1100°C SAN experiment, the Cr2+/ΣCr of the SAN liquids were consistently < 0.90.  In contrast 

to the high Cr2+/ΣCr measured majority of the SAN liquids, the Cr2+/ΣCr for the 1100°C SAN liquid 

is substantially lower than the other measure values. The measured Cr2+/ΣCr from this 

experiment was 0.52. The composition of the 1100°C SAN liquid is notably different from that of 

the other liquids of the SAN series. It is difficult to assess the quality of the measured Cr2+/ΣCr 

value determined for the glass in experiment as it is derived from only two measurements made 



on a small pool of residual liquid (~50μm maximum dimension). Although this result should be 

considered with a skeptical eye, the low-temperature SAN, OlT, and CRT experiments have 

notably similar liquid compositions and Cr2+/ΣCr values. The XANES spectra and the calculated 

Cr2+/ΣCr of the SAN experiments plotted as a function of soak temperature are also plotted in 

Figure 5. 

     The Cr2+/ΣCr of the OlT liquids equilibrated below ΔFMQ-3.5, where little to no Fe3+ was 

present in the liquid, show a small monotonic decrease with increasing experimental fO2. XANES 

spectra for the OlT experiments are shown in Figures 6 and the measured Cr2+/ΣCr values are 

plotted against fO2 in Figure 7.  There are several other notable results from the OlT series 

experiments. One of the more curious and un-anticipated findings from these experiments is the 

outsized effect of TiO2 on Cr2+/ΣCr.  Several additional OlT experiments were doped with ~1.5 

wt% TiO2. The Cr2+/ΣCr of the TiO2-bearing experiment OlT-6 is ~0.07 lower than that of its TiO2-

free counterpart. The depression in Cr2+/ΣCr is also accompanied by a change in the color of the 

quenched glass from deep sapphire blue in the case of TiO2-free experiments to a dark brown in 

the TiO2-bearing experiments. This observation strongly resembles the effect of TiO2 on the color 

and Cr2+/ΣCr of anorthite-diopside liquids reported by Berry and O'Neill (2004). The substantial 

difference in the measured Cr2+/ΣCr of the liquid in OlT6 and its TiO2-bearing counterpart, OlT-7, 

suggests that the presence of even small quantities of Ti may depress measured Cr2+/ΣCr values. 

There are several possible explanations for the depression of Cr2+/ΣCr observed in the Ti 

bearing OlT liquid. It is difficult to determine if the addition of TiO2 to the starting composition is 

causing an actual change in the equilibrium Cr2+/ΣCr of the liquid, or whether this effect is related 

to quench modification or some other effect. At ΔFMQ-4.7, the OlT liquids likely contain a mixture 

of Ti3+ and Ti4+  (Mallmann and O'Neill 2009, and Krawczynski and Grove 2012, and Simon and 

Sutton 2017). The co-existence of mixed-valence Ti and Cr in the liquids raises the possibility that 

the Cr2+/ΣCr has been impacted by an inter-valence charge transfer reaction that converts Cr2+ 

and Ti4+ to Cr3+ and Ti3+. Curiously, the reduction potentials of Schrieber (1987) predict that 

electron exchange reactions between Cr and Ti should reduce Cr3+ in the liquid to produce excess 

Ti4+.  This prediction is the opposite of what is observed in our experiments, as well as the Ti-

doped An-Di experiments of Berry and O’Neill (2004). It is also possible that the direction of the 

https://www.sciencedirect.com/science/article/abs/pii/S0016703711006429#!
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Cr-Ti valence exchange reaction, itself, is temperature-dependent - much like the quench 

dependent Fe3+-Cr2+ electron exchange reaction observed in Berry et al (2004).  Alternatively, the 

presence of Ti in the liquid may indirectly influence the coordination symmetry of Cr2+, thus 

altering the intensity of the 1s-4s absorption feature used to quantify Cr valence ratios without 

(or minimally) altering the equilibrium Cr2+/ΣCr of the liquid. The use of the 1s-4s absorption 

intensity as a measure of Cr valence in quenched glasses is predicated on the assumption that 

the highly Jahn Teller distorted coordination symmetry of Cr in silicate liquids remains constant. 

The success of the Berry et al. (2006) Cr valence study demonstrated that this assumption 

generally holds for a wide range of liquid compositions, however, Ti-bearing liquids may be an 

important exception to this conclusion. Krawczynski and Grove (2012) postulated that Ti3+, Ti4+, 

and Fe2+ form associated complexes in basaltic liquids. The presence of Fe-Ti complexes in the 

liquid may indirectly control the symmetry of adjacent Cr2+ coordination polyhedra and by 

extension impact interpretation of the resultant XANES spectra. Quench induced coordination 

modifications may further complicate this relationship. A combined XANES valence study and 

EXAFS coordination study of Cr in Ti-bearing liquids is likely required to fully interrogate this issue.   

The XANES measurements from the quenched liquids equilibrated above ΔFMQ-3.5 indicate 

that these glasses contain small but measurable quantities of Cr2+, even though the liquids were 

equilibrated at fO2 conditions where Fe3+ was undoubtedly present. The Cr2+/ΣCr of the 

experiments performed at conditions more oxidized than ΔFMQ-3.5 are significantly lower than 

their anticipated equilibrium values (illustrated by the model curve plotted in in Figure 7). This 

finding also suggests that, contrary to the assumption that Cr2+ is completely oxidized to Cr3+ 

during quench, a small portion of the original Cr2+ content of the liquid may be preserved through 

the glass transition - provided that the quench rate is sufficiently rapid. From a practical 

perspective, this result suggests that any record of Cr2+ in glassy melt inclusions is effectively 

erased for all but the most rapid quench rates.  

3.4 The Cr2+/ΣCr of the OlT Olivine Phenocrysts

In addition to the XANES measurements of the quenched glasses, we have measured Cr2+/ΣCr 

in the olivine phenocrysts present in the OlT series experiments. Cr-valence measurements in 

olivine can effectively provide proxy Cr2+/ΣCr data for their equilibrium liquids (Bell et al. 2014); 



thus, we have employed this approach to generate proxy Cr2+/ΣCr data for the OlT experiments. 

The intensity of the 1s-4s absorption feature for olivine is also dependent on the crystallographic 

orientation of the olivine relative to the electric field polarization vector of the beam (Bell et al. 

2017). The apparent Cr2+/ΣCr of a given olivine phenocryst is connected to the crystallographic 

orientation of the crystal when it was measured. Anisotropic absorption effects on Cr2+/ΣCr 

values can be corrected using the Bell et al. (2017) anisotropy correction model for olivine. 

Without in-situ electron backscattered diffraction measurements for the olivine phenocrysts in 

the OlT targeted for XANES analysis, it is difficult to accurately deduce the crystallographic 

orientations of the small skeletal olivine crystals from their morphology and interfacial angles. As 

such, we did not apply a crystallographic orientation correction to the olivine Cr-XANES spectra. 

The XANES spectra and resultant Cr2+/ΣCr values obtained for a population of olivines in a single 

experiment predictably showed significant dispersion in the intensities of the 1s-4s absorption 

feature (see Figure 8). The calculated mean and range of Cr2+/ΣCr values of phenocrysts from 

each OLT experiment are plotted in Figure 9 along with the sigmoidal Cr2+/ΣCr curve of their 

equilibrium liquids.

     To explore how anisotropy impacted the mean Cr2+/ΣCr of the olivine phenocrysts 

obtained for each OlT experiment, we employed Monte Carlo simulations to predict the 

stochastic effects of analyzing olivine phenocrysts in random crystallographic orientations.  The 

purpose of these simulations was to better understand how anisotropy influences the mean 

Cr2+/ΣCr value derived from small population of measurements. The Monte Carlo simulations 

assigned two thousand hypothetical olivine phenocrysts random orientations relative to the 

electric field polarization (i.e., θ and φ angles from Bell et al. 2017). The effective absorption 

intensity and apparent Cr2+/ΣCr of each phenocryst were calculated from the randomly generated 

θ and φ angles using the anisotropy model of Bell et al. (2017). Assuming the equilibrium Cr2+/ΣCr 

of the experimental olivine in each experiment is equivalent to equal to that of its parental liquid, 

several iterations of the Monte Carlo simulation were run to predict the expected range and 

distribution of Cr2+/ΣCr values for the olivine in each OlT experiment. The range of Cr2+/ΣCr values 

produced in the simulations effectively constrains the range of values that could be measured 

for the analysis of single randomly oriented phenocryst. Each of these simulations produced 



Cr2+/ΣCr distributions in which ~45-50% of the phenocrysts fall within ±0.05 of true Cr2+/ΣCr of 

the simulated population, thus small sample sizes are more likely to include phenocrysts in 

orientations that produce mild anisotropy effects. On the other hand, the range of Cr2+/ΣCr 

generated in the simulations is notably asymmetric. This asymmetry suggests that there is a ~20% 

probability that a given phenocryst will yield an apparent Cr2+/ΣCr value with an extreme upward 

bias, thus larger sample sizes are more likely to include extreme outliers that artificially inflate 

the mean Cr2+/ΣCr of the population. The range of measured Cr2+/ΣCr from the olivine 

phenocrysts in the OlT experiments fall within the anisotropy uncertainty envelope predicted 

from the Bell et al. (2017) model.  The mean olivine Cr2+/ΣCr calculated for each experiment are 

consistent with the values predicted or measured for the equilibrium liquid; however, several 

experiments have Cr2+/ΣCr values that are higher than their liquid counterpart. Experiments with 

small sample sizes tend to better match the predicted curve for the liquid, whereas the mean 

Cr2+/ΣCr from experiments with larger sample sizes consistently plot above the liquid curve. 

 If the Cr2+/ΣCr values that plot above values of their equilibrium liquids are not a statistical 

artifact of the olivine included in the sample population, then these values suggest that Cr2+ is 

slightly more compatible in the experimental olivine than is Cr3+. Olivine-liquid partitioning data 

reported by Mallmann and O'Neill (2009) show that DCrtotal
ol-liq decreases with increasing fO2. 

This result also suggests that olivine slightly prefers Cr2+ over Cr3+. The DCr2+
ol-liq/DCr3+

ol-liq values 

calculated from the Mallmann and O'Neill (2009) partitioning data range from 1.3 to 1.5. The 

elevated Cr2+/ΣCr of the olivine from OlT-5, OlT-6, and OlT-2 suggest a  DCr2+
ol-liq/DCr3+

ol-liq of 1.45 

- a value remarkably similar to that calculated from the Mallmann and O'Neill (2009) data.  

The Cr2+/ΣCr data from the super-liquidus SMOR show little significant variation as a function 

of decreasing temperature. The Cr2+/ΣCr of the SMOR liquids decrease slightly from a value of 

0.71 at 1400°C to 0.68 at 1150°C. The total variation in the Cr2+/ΣCr of the SMOR liquids is nearly 

identical to the uncertainty associated with Cr2+/ΣCr measurements. This result is somewhat 

strange as it superficially suggests that temperature has little discernable influence on the Cr-

redox equilibrium. The absence of an observable temperature effect suggests that the Cr2+/ΣCr 

of the SMOR experiments may have been compromised by the presence of titanium in the liquid. 

As previously suggested this effect may be the result of electron exchange reactions occurring 



between Cr and Ti, or alternatively it may reflect changes in Cr2+ coordination symmetry.   The 

potential complications arising from the presence of Ti in the SMOR experiments are considered 

and discussed in more detail in the presentation of the thermodynamic analysis and modeling of 

the Cr2+/ΣCr dataset.      

3.5 Thermodynamic Analysis and Modeling the Cr2+/ΣCr of the Experimental Liquids

     The equilibrium Cr2+/ΣCr of silicate liquids may be described by the homogenous redox 

reaction:

R.1 CrOliq +0.25O2
system = CrO1.5

liq

Following the derivation presented in Berry et al. (2006), the homogenous Cr valence equilibrium 

can be re-cast into standard thermodynamic notation as:

Eq. 2                                    Cr2 +

ΣCr

liq
=    [1 + exp[∆rG°(P, T)

-RT  +  0.25ln(fO2) - ln
γCrO1.5

γCrO ]] -1

where ΔrG(P, T) is the Gibbs energy in Eq. 1 at one bar and the temperature of interest, and γCrO1.5 

and γCrO represent that activity coefficients of the macroscopic oxide components CrO1.5 and 

CrO in the liquid. In this expression, the Cr2+/ΣCr of the liquid is defined as a function of fO2 and 

ΔrG°, which is implicitly a function of temperature and pressure. The activity coefficients account 

for the influence of the silicate liquid's bulk composition (i.e., the effect of the solvent medium 

in which Cr redox reaction occurs) on the Cr valence equilibrium. With a few modifications, the 

experimental Cr2+/ΣCr data can be fit to a version of Eq. 2, which produces a model equation that 

describes Cr2+/ΣCr as a function of temperature, liquid composition, and fO2.  Assuming that a 

regular symmetric solution model  adequately describes the excess enthalpies of mixing for CrO 

and CrO1.5, the γCrO1.5 /γCrO term in Eq.2 can be expressed in terms of the liquid's bulk 

composition using Margules-type binary interaction parameters (Mukhopadhyay et al. 1993, 

Jayasauria et al. 2004, and Borisov et al. 2015) with the expression: 



Eq. 3                                                  ln
γCrO1.5

γCrO =  ∑i
Xi(WCrO1.5 - Xi  -  WCrO - Xi)

-RT =  
∆rHex

-RT

where WCrO1.5-Xi and WCrO-Xi are binary interaction parameters describing the excess enthalpy of 

reaction arising from interactions between CrO1.5, CrO, and the other macroscopic oxide 

components of the liquid. Substituting Eq. 3 and Eq. 5 into Eq. 2, splitting the ΔrG°(P, T) into 

enthalpy and entropy terms (ΔrH° and ΔrS°) and combining the difference in the interaction terms 

for CrO and CrO1.5 yields:

Eq. 4                                 Cr2 +

ΣCr

liq
=    [1 + exp[∆rH°

-RT +
∆rS°

R  +  0.25ln(fO2) -  ∑
XiWCrXi

-RT ]] -1

The Cr2+/ΣCr dataset from the experiments was fit to Eq. 5 using a non-linear GRG 

(Generalized Reduced Gradient) least squares regression algorithm.  In the initial fitting of the 

dataset, the values of ΔrH° and ΔrS° were optimized as adjustable parameters in addition to the 

binary interaction parameters for the major oxide components of the liquid (this has been termed 

the “open market” approach as all of the adjustable parameters were allowed to assume their 

“market” values). For comparison purposes, the Cr2+/ΣCr data were also fit using prescribed 

values for ΔrH° and ΔrS° that were calculated using high-temperature (1500°C to 1650°C) 

thermodynamic properties of the phases in the Cr-O system determined by Toker et al. (1991). 

Details about these calculations are provided in Appendix 1.   The expressions for the ΔfG° for 

liquid CrO and crystalline Cr2O3 taken from Toker et al. (1991) and the ΔfG° for crystalline Cr2O3 

was corrected to reflect CrO1.5 in the liquid state using the ΔHfus and ΔSfus values obtained from 

the JANAF thermochemical tables. Calculated ΔrG° for R1 were extrapolated down to the 

temperatures of our experiments and converted into lnK values, which were then plotted against 

temperature. From these plots, ΔrH° and ΔrS° values of -147.1 kJ mol-1 and -42.6 J mol-1 K-1 were 

calculated, respectively. These values reference pure CrO liquid, O2 gas, and pure CrO1.5 liquid as 

standard states. Although this approach is grounded in existing thermodynamic data, it is not 

necessarily superior to the "open market" fitting approach as it relies on the extrapolation of the 

ΔfG° values of liquid CrO to temperatures outside of its nominal stability field (i.e., below 1665°C). 



Inaccurate extrapolations may thus yield ΔrH° values that introduce systematic error with respect 

to the model's ability to accurately account for the effects of temperature. 

The Cr2+/ΣCr dataset was split and regressed in two groups – one consisting of a subset that 

only included the TiO2-free CRT, OlT, and SAN experiments, and a second batch that consisted of 

the entire Cr2+/ΣCr dataset. This division was made to isolate and critically evaluate the effects of 

Ti on the Cr2+/ΣCr values measured for the SMOR series experiments. The olivine derived Cr2+/ΣCr 

values from the oxidized (fO2 > ΔFMQ-3.5) OlT experiments were excluded in the fitting of these 

groups.  

The open market regression of the TiO2-free dataset produced a good quality fit, with a χ2/v 

of 1.78. The fitting of the TiO2-free dataset with prescribed ΔrH° and ΔrS° values produced similar, 

albeit slightly stronger χ2/v value of 1.61. The predicted vs. measured values and the optimized 

interaction parameters from these regressions are shown in Figure 11 and Figure 12. The 

consistency between interaction parameters derived from open market and prescribed fitting 

approaches is good; however, there is a notable difference in the WCrAl returned from each of 

these regressions. We suspect that this difference simply reflects how the prescribed model 

compensates for the lower ΔrH° by increasing the value of the interaction parameter for Al2O3. 

The Al2O3 concentration systematically decreases with decreasing soak temperature in the CRT 

experiment, therefore enhancing its impact on Cr2+/ΣCr mimics the effect of a higher ΔrH°.   

The inclusion of the SMOR data in the regression substantially reduced the quality of the 

regression. This fitting approach produced χ2/v of 17.4, as well as ΔrH° and ΔrS° values 

substantially from those determined from the fitting of the TiO2-free dataset (ΔrH° = -109.7 kJ 

mol-1 ΔrS° = -13.2 J mol-1K-1).  This regression also flipped the sign of the optimized WCaCr and 

produced interaction parameters that differed significantly from those determined in the fitting 

of the TiO2-dataset. 

  The prescribed approach produced a better quality with a χ2/v of 4.1. The values of the 

interaction parameters are in good agreement with those derived from the fitting of the TiO2-

dataset. This regression also produced a WTiCr value of -1402 kJ mol-1.  At face value, the large 

WTiCr values imply that small quantities of TiO2 substantially lower Cr2+/ΣCr. This result naturally 

raises questions about why the addition of a relatively minor quantity of TiO2 would elicit an 



outsized response in Cr2+/ΣCr. One possible explanation is that the apparent effect of TiO2 is not 

an equilibrium effect but maybe a quench induced artifact analogous to the effects of Fe3+. A 

direct comparison of the Cr2+/ΣCr measured in the SMOR-6 glass (1400°C and logfO2=-10) to the 

Berry and O'Neill (2006) MORB liquid, which was equilibrated at nearly identical T-fO2 conditions, 

shows quenched SMOR6 glass has a Cr2+/ΣCr that is ~0.21 lower than its in-situ counterpart from 

the Berry and O'Neill study. Translated into terms of fO2, this difference in Cr2+/ΣCr implies that 

the SMOR-6 was equilibrated at an fO2 value two log units higher than its in-situ MORB 

counterpart. 

We recognize that direct comparisons between two datasets generated by different data 

reduction schemes should be treated with some caution; however, the difference between 

Cr2+/ΣCr of our quenched SMOR experiments and the in-situ Berry and O'Neill (2006) experiments 

are substantial and probably cannot be reconciled by an appeal to differences in analytical 

approach alone. The failure of the open market model to robustly fit the expanded dataset, as 

well as the outsized WTiCr returned by the prescribed model likely stem from the inclusion of 

Cr2+/ΣCr data that don't reflect the equilibrium value of the liquid. 

To test this hypothesis, we used the interaction parameters derived from the open market 

regression of the TiO2-free experiments to predict the Cr2+/ΣCr of the Berry and O'Neill (2006) 

MORB liquids. The predicted values are in good accord with the results of the in-situ XANES 

measurements of the MORB liquids (Figure 13). The prescribed parameter model was also used 

to calculate the Cr2+/ΣCr of the Berry and O'Neill MORB experiments. This model consistently 

underpredicted the Berry and O’Neill Cr2+/ΣCr values by 0.06-0.09. The poorer performance of 

the prescribed parameter model is likely an artifact of its higher ΔrH° value.  The ΔrH° of the 

prescribed parameter model produces a dlnK'/dT that is too low to fully account for the intrinsic 

effect of temperature, thus this model consistently generates low Cr2+/ΣCr values. This 

underprediction effect is especially pronounced when the model is extrapolated to the high 

temperatures of (1400°C) Berry and O'Neill MORB experiments. It also is possible that the 

underprediction of Cr2+/ΣCr value by the prescribed model simply reflects differences in the 

Cr2+/ΣCr values of the two datasets caused by differences in the assumed 1s-4s absorption 

intensities of the Cr2+ end-member spectra or differences in the spectral normalization and 



deadtime correction schemes that were used in data reduction. These complications render it 

difficult to determine to what extent the differences between the modeled and measured 

Cr2+/ΣCr of the Berry and O'Neill MORB dataset are causally related to the presence Ti in the 

liquids.     

When the Cr2+/ΣCr of the SMOR series experiments were calculated in the same way, the 

predicted values were a poor match for their XANES derived values. The open market and 

prescribed models both produced Cr2+/ΣCr values that were ~0.15-0.20 higher than the measured 

values from SMOR series experiments (Figure 13). This result highlights the extent to which the 

results of the SMOR series experiments are inconsistent with the results from the other 

experiments of this study. 

The ability of the models calibrated on TiO2-free compositions to predict Cr2+/ΣCr of the Berry 

and O'Neill (2006) MORB liquids and the inability of the same models to predict the Cr2+/ΣCr of 

the SMOR series experiments from this study superficially support the quench modification 

hypothesis (either electron via exchange reactions or quench modification of Cr coordination 

symmetry). Alternatively, it is also possible the internal standard sigmoidal fitting approach 

employed by Berry and O’Neill (2006) effectively normalizes the effect of Ti induced changes in 

Cr coordination and thus render a more accurate assessment of the Cr2+/ΣCr in these Ti-bearing 

liquids. If this is the case, then the actual effect of Ti on the equilibrium Cr2+/ΣCr of silicate liquids 

appears to be rather minor. The fitting of the Berry and O'Neill (2006) dataset suggests that TiO2 

may exert a relatively mild upward influence on equilibrium Cr2+/ΣCr values - at least at the 

modest concentrations encountered in typical terrestrial basaltic liquids.  As is often the case, 

additional experimental work, perhaps in the form of a new set of in-situ XANES measurements, 

are needed to better understand the impact TiO2, especially at concentrations higher than the 

~2.0 wt. %  commonly encountered in most terrestrial basaltic liquids.

4.0 Discussion and Applications 

4.1 The Effect of Liquid Composition on Cr2+/ΣCr

     The values of the optimized interaction parameters derived from the modeling broadly 

indicate that FeO, MgO, and CaO all promote lower Cr2+/ΣCr ratios, whereas SiO2 and Al2O3 

promote higher equilibrium Cr2+/ΣCr ratios. This finding is consistent with qualitative predictions 



from acid-base theory (Duffy and Ingram 1976, and Ottonello and Moretti 2004) and the 

isothermal CMAS experiments of Berry and O'Neill (2006), which showed that increasing Cr2+/ΣCr 

ratios correlate with decreasing optical basicity values. Optical basicity describes the mean 

negative charge borne by the oxygen anions in the liquid or rather is a measure of the ability of 

oxygen anions in the liquid to donate charge to cations in their local coordination polyhedra. With 

respect to homogenous redox equilibria, basic oxides such as CaO and FeO generally promote 

stability of the oxidized cation by providing the liquid with oxygen ligands that have higher charge 

compensating capacity.       

     To examine the degree of correlation between melt basicity and lnK' and to compare our 

results with those of Berry and O'Neill (2006), we have corrected the lnK' to a common reference 

temperature of 1400°C using the van't Hoff equation:

Eq.5             lnK'Tr =  
∆rH°

-R (1
T -

1
Tr) + lnK'T

The resultant values were plotted against optical basicity in Figure 14.  The temperature 

corrected lnK' values show a reasonably good linear correlation with the calculated optical 

basicity of the liquids. The SMOR experiments are also a notable exception to this linear trend, 

plotting above the array formed by the other experiments; this finding reinforces the 

interpretation that the Cr2+/ΣCr have experienced a partial resetting.  The linear relationship 

between lnK' and liquid basicity has also been documented for CMAS glasses (Berry and O'Neill 

2006). 

Although the lnK' and liquid basicity are linearly correlated, the relative effects of FeO, CaO, 

and MgO, inferred from the values of their model optimized interaction parameters, do not 

perfectly align with the hierarchy of theoretical basicity values for these oxides. For example, the 

interaction parameters derived for FeO and MgO suggest that they have a much stronger 

stabilizing effect on Cr3+ than does CaO. The absolute value of WFeCr is roughly a factor of nine 

larger than that of WCaCr, even though the theoretical optical basicity values of CaO (OB=1.0) and 

FeO (OB=1.0) are identical (Duffy 1993). A similar situation is also observed for MgO and CaO, in 



that the optimized WMgCr value suggests that MgO (OB = 0.78) is significantly more effective at 

depressing Cr2+/ΣCr than CaO, even though the relative optical basicity of these oxides suggests 

the opposite would occur. 

 Our modeling results imply that a simple one to one replacement of CaO by FeO should result 

in a net decrease in the Cr2+/ΣCr of the liquid, even in the absence of a net change in its basicity. 

This somewhat counterintuitive finding may be rationalized if one considers the structural role 

of Ca2+ in basaltic liquids. It has often been pointed out that the activities of macroscopic oxide 

components reflect, at least to some degree, the underlying speciation of these components in 

the liquid. In this way, the weak correlation between CaO and Cr3+ stability may reflect the 

fundamental role that Ca2+ plays in providing charge compensation for tetrahedrally coordinated 

Al3+ in basaltic liquids (Mysen et al. 1985 and Becket 2002). We suggest that the formation of Ca-

aluminosilicate species in the liquid effectively sequesters most of the available CaO in the liquid, 

thereby limiting potential species-forming Ca-Cr3+ interactions that may otherwise enhance Cr3+ 

stability. This interpretation also has some bearing on our assessment of the potential effects of 

Na2O, which plays a charge balancing role in basaltic liquids analogous to that of Ca (Mysen et al. 

1985). The formation of Na-aluminosilicate species in the liquid would limit potential associations 

between Cr3+ cations and oxygen ligands coordinated with Na, dampening its effect on Cr2+/ΣCr. 

If this hypothesis is correct, it implies that the net influence of CaO on Cr2+/ΣCr is controlled by 

the ratio of CaO bound in aluminosilicate complexes to the CaO present as other species not 

associated with the Al-Si tetrahedral network. This hypothesis also raises the possibility that the 

apparent effect of CaO on Cr2+/ΣCr is a function of the molar Ca/Al of the liquid. This may limit 

the applicability of the Cr-valence models from this work to liquids with Ca/Al ratios similar to 

those of our experimental liquids. The extension of the model to high Ca/Al or diopside normative 

compositions, such as the CaO-rich the CMAS liquids investigated by Berry et al. (2006) or low 

Al2O3 martian basalts may require sub-regular or speciation-based solution models.

  In contrast to the relatively muted effect of CaO, the model results indicate that the FeO is 

the oxide component that most strongly subsidizes Cr3+ stability in the liquid. We suggest that 

this association reflects the formation of Cr-spinel-like structural complexes within the liquid. 

Eggins and O'Neill (2002) and O'Neill et al. (2008) invoked a similar argument to explain the 



outsized effect of CaO with respect to enhancing tungsten solubility in CMAS liquids; these 

authors attributed the effect of CaO to the formation of scheelite-like CaWO4 complexes in the 

melt. Similarly, we suggest that the formation of a picrochromite-like complex explains the 

correlation between MgO concentration and enhanced Cr3+ stability. We stress that the proposed 

formation of Cr-spinel-like species in the liquid is only one interpretation of the modeling results. 

Future synchrotron XAFS measurements of Cr-bearing basaltic glasses may provide speciation 

constraints that can be used to deepen our understanding of causal connections between Cr-

speciation and equilibrium Cr2+/ΣCr values. 

      The elevated Cr2+/ΣCr and deep sapphire blue color of the high aSiO2 SAN liquids illustrates 

the connection between SiO2 concentration and increased γCrO1.5/γCrO. The SAN liquids (with 

one exception) all have Cr2+/ΣCr > 0.94. The link between polymerized aluminosilicate liquid 

species and decreased Cr3+ stability is also supported by the optical spectroscopic study of 

Keppler (1992), in which it was demonstrated that Cr-doped albite liquids contained only Cr2+, 

even when these liquids were equilibrated at highly oxidizing, atmospheric fO2 conditions. 

      Trivalent Cr is known to have a strong preference for regular (i.e., undistorted) octahedral 

sites (Burns 1974). Berry and O'Neill (2006) suggested that highly polymerized liquids have 

difficulty accommodating Cr3+ in their preferred coordination environment; therefore, SiO2 and 

Al2O3 concentrations should be strongly correlated with decreases in Cr3+ stability.  The model-

derived interaction parameters for SiO2 and Al2O3 are consistent with this interpretation and 

suggest polymerized liquids impose steric constraints that make it difficult for the liquid to 

accommodate Cr3+. While this mechanism is likely responsible for the elevated γCrO1.5/γCr and 

Cr2+/ΣCr of the SAN liquids, it is not the only plausible explanation. The high-temperature SAN 

liquids are notably enriched in Cr and have relatively low modal abundances of Cr-spinel. This 

suggests that SiO2 enrichment may enhance the ability of the liquid to accommodate Jahn-Teller 

distorted Cr2+ with relative ease.  Given this ambiguity, the underlying structural causes of the 

correlations between γCrO1.5/γCrO, SiO2, and Al2O3 remain an open question. 

Finally, we note that the effects of aSiO2 and melt polymerization inferred from our 

anhydrous experiments may not directly apply to the Cr redox behavior in liquids that contain 

dissolved water.  The presence of small quantities of dissolved H2O depolymerizes silicate liquid 



structures and lowers silica activity. The well-documented suppression of plagioclase liquidus 

temperatures in hydrous basalts (Sisson and Grove 1993 and Almeev et al. 2012) is caused by the 

suppression of the activity of aluminosilicate species in the liquid; such reductions in 

aluminosilicate species activities may blunt the inferred connection between the abundance of 

polymerized aluminosilicate species in the liquid and decreased Cr3+ stability.   

4.2 Predicting the Cr2+/ΣCr in a Crystallizing Olivine Tholeiite - Exploring Cr-Redox Evolution in 

Basaltic Magma Systems 

To explore the consequences of dynamically changing liquid compositions, we have used 

MELTS calculations in conjunction with the newly calibrated Cr valence model to calculate the 

equilibrium Cr2+/ΣCr values of an olivine saturated tholeiitic liquid. The bulk composition used in 

MELTS simulations was patterned after the bulk chemistry of the olivine-phyric McCarty's flow 

basalt from the Zuni Bandera volcanic field, NM USA (Garden and Laughlin 1974). We recognize 

the omission of Na from the experimental liquids introduces uncertainty in the model predictions 

for natural basaltic liquid; however, our modeling is meant to address broader questions about 

how the Cr2+/ΣCr of the residual liquids in crystallizing basaltic magma systems evolves, and how 

one should interpret Cr valence signatures of olivine phenocrysts grown from dynamically 

evolving liquids.  Given the minor concentrations of Na2O in primitive tholeiitic liquids, the 

uncertainties are predicted to be small, and the modeled trends are likely a good approximation 

for Cr2+/ΣCr behavior in natural magma systems.  

The liquid compositions used in our Cr2+/ΣCr model calculations were generated with MELTS 

(Gualda and Ghiorso 2015). The MELTS modeling was intended to simulate the compositional 

evolution of residual liquids in a tholeiitic magma system undergoing shallow isobaric equilibrium 

crystallization at a pressure of 0.50kb (or 1.5 km depth). Liquid compositions were modeled at 

2.5°C intervals from 1250°C to 1140°C. This temperature range spans super-liquidus conditions 

just before olivine saturation at ~1210°C to a ~30% residual liquid fraction that coexists with a 

phase assemblage consisting of olivine, plagioclase, augite, and a magnetite-rich spinel. The 

simulated liquids trend toward ferrobasaltic compositions with increasing crystal to liquid ratios, 

eventually reaching a maximum FeO concentration of 13.5 wt. % at 1140°C. The compositions of 

the residual liquids predicted by MELTS are provided in Electronic Annex 1. 



 Simulations were performed using two different redox constraints. The first set of MELTS 

simulations was performed by fixing the T-fO2 pathway of the simulation to be parallel to the 

FMQ buffer curve. In these simulations the relative fO2 values of the liquid were fixed ΔFMQ+0 

over the entire temperature range. The second set of MELTS simulations was performed under 

more realistic closed system conditions in which fO2 was not fixed to a buffered trajectory. In this 

closed system model, the liquid was permitted to "auto-oxidize" via the accumulation of 

incompatible Fe3+. The initial fO2 value of the liquid in this simulation was also set at ΔFMQ+0. 

The fO2 of the residual liquids incrementally increased to ΔFMQ+0.70 at 1140°C. The Cr2+/ΣCr 

curves calculated for the residual liquids from MELTS simulations are shown in Figures 15 and 16.

For comparison purposes, Cr2+/ΣCr values were predicted with both the open market 

prescribed models. The results of the two models for the fO2 buffered conditions are shown in 

Figure 15. The Cr2+/ΣCr curves predicted from each model are nearly identical to one another. 

Below 1225°C, the Cr2+/ΣCr values predicted by the open market model diverge slightly from 

those predicted by the prescribed model. This divergence is the result of the substantially larger 

WCrAl value used by the prescribed model which effectively emphasizes the effect of increasing 

Al2O3 concentration that occurs before plagioclase saturation.      

The model calculations demonstrate that the Cr2+/ΣCr of liquids crystallizing parallel to an 

oxygen fugacity buffer curve can appear to become more "oxidized" with decreasing 

temperature, even in the absence of a bona fide increase in fO2. For the buffered fO2 model, the 

calculated Cr2+/ΣCr decreases from 0.36 at 1250°C to 0.21 at 1140°C (see Fig. 13), which translates 

to a roughly 40% reduction in the initial Cr2+/ΣCr of the liquid. The modeling results from the 

MELTS open system crystallization simulation show that the auto-oxidation of the liquid 

effectively accelerates the rate at which Cr2+/ΣCr decreases below 1195°C (see Fig. 14); this 

increase in slope coincides with the appearance of plagioclase on the liquidus.  At 1140°C the 

closed system model produces Cr2+/ΣCr values that are ~0.06 lower than those from their 

buffered simulation counterpart. To illustrate the relative importance of decreasing temperature 

vs. changing liquid chemistry, we also performed this calculation for a fictive scenario in which 

the liquid composition was artificially restricted to be constant. The Cr2+/ΣCr of this liquid 

monotonically decreases from 0.36 at 1250°C to 0.31 at 1140°C. It should be stressed that the 



relatively shallow slope of the Cr2+/ΣCr curve is not entirely a function of changes in temperature. 

Intuitively, the large ΔrH° used in the models would suggest that decreasing temperature 

significantly depresses the Cr2+/ΣCr of the liquid, however in the simulations where Cr2+/ΣCr 

values are calculated along a T-fO2 buffer curve, the absolute numerical fO2 also decreases as a 

function of temperature. The covariance of temperature and fO2 in these scenarios effectively 

damps the temperature-dependent decrease in Cr2+/ΣCr.  The differences between the Cr2+/ΣCr 

curve calculated using the fictive scenario in which the liquid cools along an isopleth and the 

more complex curves generated from compositionally evolving liquids vividly illustrates the 

extent to which liquid chemistry dictates the Cr2+/ΣCr of the liquid and its daughter olivine.  

The modeled Cr2+/ΣCr curves from the evolving liquids show three distinct inflection points 

that nicely coincide with the appearance of olivine, plagioclase, and clinopyroxene on the 

liquidus. The first of these inflection points occurs with the onset of olivine crystallization at 

1230°C and reverses the initial downward trend in Cr2+/ΣCr. This reversal is primarily driven by 

the reduction in the MgO content of the liquid. The decrease in the MgO content of the liquid 

effectively overprints the intrinsic thermal effects and produces a subtle increase in the Cr2+/ΣCr. 

The modeling suggests that the effect of MgO depletion is eventually counterbalanced and 

overtaken the far more potent effect of increasing FeO concentration in the residual liquid. The 

increasing FeO concentration in the liquid notably accelerates with the appearance of plagioclase 

on the liquidus at 1195°C. The onset of plagioclase crystallization also produces a small decline in 

the Al2O3 content of the liquid, which further contributes to the decline in Cr2+/ΣCr.  

 The model results imply that records of liquid chemistry are not only preserved in the Mg-Fe 

zoning profiles olivine phenocrysts (unaltered by diffusive re-equilibration) but also may be 

manifested in the spatial distribution of Cr2+/ΣCr. The equilibrium olivine compositions predicted 

by MELTS do correlate with the equilibrium Cr2+/ΣCr in a complex manner. Our modeling predicts 

that the Cr2+/ΣCr inherited by earliest olivine phenocrysts slightly increases from 0.36 to 0.38 (for 

simplicity, we have assumed that The DCr2+
ol-liq/DCr3+

ol-liq = 1.0) as the olivine composition evolves 

from Fo82.5 at 1220°C to Fo81 at 1195°C (see Fig. 14). The correlation between the forsterite 

content of the olivine and Cr2+/ΣCr is reversed when the liquid hits the olivine plagioclase cotectic. 

The Cr2+/ΣCr of olivine grown after plagioclase saturation begins to decrease along with the 



composition Mg# of the olivine. The Cr2+/ΣCr of the olivine co-crystallizing with plagioclase 

decreases from 0.36 when the olivine is Fo81 to 0.30 when the olivine reaches Fo78.5. If 

temperature and liquid composition are not considered, this change would suggest that the liquid 

experienced an fO2 increase of roughly 0.50 log units. The downward trend in Cr2+/ΣCr steepens 

with the appearance of clinopyroxene on the liquidus at 1177°C. The relationship between 

forsterite content of the olivine predicted by MELTS and calculated Cr2+/ΣCr values is complicated 

by the peritectic resorption of olivine that begins below 1170°C. If olivine growth were 

continuous, the Cr valence signatures of the late-stage olivine phenocryst rims would appear 

highly oxidized. It should be stressed that the Cr valence ratio of olivine phenocrysts may be 

heavily influenced by the composition of their parental liquid and crystallization temperature, 

thus fO2 values estimated using simple qualitative interpretations of Cr2+/ΣCr measurements 

from olivine phenocrysts will likely produce low quality or specious results.    

6.0 Conclusions 
The results of our experiments demonstrate that the Cr2+/ΣCr evolution in magmatic systems 

is strongly influenced by changes in bulk composition along their liquid line of descent. 

Interaction parameters derived by our modeling effort indicate that the FeO and MgO content of 

basaltic liquids exert a first-order control on the Cr2+/ΣCr; these oxide components strongly 

subsidize Cr3+ stability in the liquid, perhaps through the formation of stable spinel-like structural 

units. The concentrations of Al2O3 and CaO also influence Cr valence systematics, although to a 

much lesser extent. Melt evolution toward polymerized liquid compositions enriched in Al2O3 

and SiO2 produces the opposite effect of FeO and MgO. The effects of SiO2 and Al2O3 are likely of 

limited consequence for basaltic magmas crystalizing along typical liquid lines of descent, as the 

concentrations of these components in residual liquid are substantially less variable.

  The Cr2+/ΣCr values of basaltic liquids and their equilibrium olivine phenocrysts are 

controlled by fO2, yet this relationship is complicated by other competing effects. The combined 

MELTS Cr-valence modeling reinforces this conclusion and demonstrates that Cr2+/ΣCr values 

decrease down the liquid line of descent.  The XANES analysis of olivine phenocrysts in the OlT 

experiments show that the Cr2+/ΣCr incorporated into growing olivine phenocrysts effectively 

mirrors the Cr2+/ΣCr of its parental liquid. The Cr valence records preserved in olivine phenocrysts 

from erupted basalts that lack glassy melt inclusions constitute an untapped repository of 



magmatic redox information that may supplement knowledge derived from Fe-XANES studies of 

quenched glasses. Detailed μ-XANES studies of Cr-valence in olivine phenocrysts have the 

potential to reveal new insights into the temporal redox evolution of olivine saturated basaltic 

magmas and allow petrologists to investigate causal connections between primitive mantle-

imparted redox signatures and redox signatures that have been modified by fractionation, 

degassing, and assimilation of oxidized or reduced contaminants from crustal sources. Additional 

experimental investigations will undoubtedly lead to more refined Cr valence models that expand 

the applicability of the Cr valence in olivine oxybarometer and improve its accuracy.  
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Table 1

Run ID Temp. (°C) Observed Phase Assemblage SiO2 TiO2 Al2O3 Cr2O3 FeO MgO CaO Total

SMOR1 1225 liq n=10 52.7 1.7 17.2 0.06 9.6 8.0 11.3 100.6
1σ 0.2 0.0 0.1 0.01 0.1 0.1 0.1

SMOR2 1300 liq n=10 52.8 1.7 16.6 0.07 9.5 8.0 11.3 100.0
1σ 0.3 0.0 0.6 0.02 0.1 0.1 0.2

SMOR3 1350 liq n=10 52.9 1.8 16.3 0.07 9.6 8.2 11.4 100.3
1σ 0.3 0.0 0.1 0.01 0.1 0.1 0.1

SMOR4 1150 liq+an n=10 52.4 1.8 16.0 0.06 10.1 8.4 10.8 99.6
1σ 0.2 0.1 0.1 0.01 0.1 0.1 0.1

SMOR5 1400 liq n=10 53.7 1.8 17.1 0.07 9.0 8.0 11.4 101.1
1σ 0.2 0.0 0.3 0.02 0.1 0.1 0.1

SMOR6 1150 liq+an n=10 52.0 1.8 15.8 0.07 10.1 8.4 10.8 99.0
1σ 0.5 0.0 0.3 0.02 0.1 0.1 0.1

CRT-1 1250 liq+spnl+an n=9 48.9 - 17.1 0.43 12.8 6.6 13.3 99.1
1σ 0.5 - 0.2 0.03 0.1 0.1 0.1

CRT-2 1200 liq+spnl+an n=9 49.5 - 15.0 0.30 14.2 8.1 11.8 98.9
1σ 0.4 - 0.1 0.02 0.2 0.1 0.1

CRT-3 1175 liq+spnl+an+px n=9 50.6 - 14.4 0.23 16.1 7.8 11.2 100.3
1σ 0.2 - 0.1 0.03 0.2 0.1 0.1

CRT-4 1150 liq+spnl+an+px n=10 50.6 - 12.8 0.24 18.1 5.9 12.2 99.8
1σ 0.3 - 0.1 0.04 0.2 0.1 0.1

CRT-5 1150 liq+spnl+an+px n=4 51.4 - 13.2 0.24 17.6 6.0 11.9 100.3
1σ 0.2 - 0.1 0.02 0.2 0.0 0.1

CRT-6 1200 liq+spnl+an n=11 49.4 - 16.6 0.38 13.4 7.4 12.6 99.8
1σ 0.2 - 0.2 0.02 0.1 0.1 0.1

CRT-7 1250 liq+spnl n=12 49.0 - 19.2 0.38 11.6 6.9 13.1 100.2
1σ 0.6 - 0.5 0.04 0.1 0.3 0.0

CRT-8 1300 liq n=10 49.0 - 18.7 0.59 11.2 6.3 14.4 100.2
1σ 0.3 - 0.1 0.03 0.1 0.1 0.1

SAN-1 1250 liq+spnl n=16 59.5 - 17.6 0.51 7.0 4.0 10.9 99.5
1σ 0.3 - 0.3 0.04 0.1 0.1 0.1

SAN-2 1200 liq+spnl+an n=14 59.7 - 16.1 0.40 6.9 4.2 11.7 99.0
1σ 0.4 - 0.6 0.04 0.2 0.2 0.3

SAN-3 1150 liq+spnl+an+SiO2 n=15 58.6 - 14.1 0.45 8.6 5.5 12.5 99.8
1σ 1.6 - 0.4 0.06 1.0 0.5 0.3

SAN-4 1160 liq+spnl+an+SiO2 n=10 59.0 - 17.5 0.62 6.9 4.1 12.2 100.3
1σ 0.5 - 0.1 0.05 0.1 0.0 0.1

SAN-5 1125 liq+spnl+an+SiO2 n = 8 54.0 - 12.7 0.22 17.4 4.1 10.4 98.8
1σ 0.2 - 0.1 0.05 0.2 0.0 0.1

SAN-6 1300 liq n = 9 58.7 - 17.4 0.67 6.8 4.0 11.5 99.1
1σ 0.4 - 0.1 0.03 0.1 0.0 0.1

OlT-1 1200 liq+ol+spnl n=8 49.0 - 14.9 0.27 12.2 8.7 14.3 99.3
1σ 0.7 - 0.1 0.02 0.3 0.1 0.1 1.3

OlT-2 1200 liq+ol+spnl n=8 49.1 - 14.7 0.11 12.3 8.7 14.4 99.4
1σ 0.3 - 0.1 0.01 0.1 0.1 0.1 0.6

OlT-3 1200 liq+ol+an-spnl n=6 47.9 - 15.1 0.09 12.2 8.7 14.6 98.6
1σ 0.3 - 0.2 0.01 0.2 0.0 0.1 0.7

OlT-4 1200 liq+ol+an-spnl n=13 48.2 - 14.9 0.08 12.2 8.7 14.5 98.6
1σ 0.1 - 0.1 0.01 0.1 0.0 0.0 0.4

OlT-5 1200 liq+ol+an-spnl n=8 48.0 - 15.5 0.34 11.9 8.6 14.6 99.0
1σ 0.4 - 0.1 0.01 0.1 0.1 0.0 0.6

OlT-6 1200 liq+ol+an-spnl n=19 48.9 - 13.9 0.40 12.3 8.6 15.3 99.4
1σ 0.3 - 0.3 0.02 0.1 0.1 0.1 0.9

OlT-7 (+TiO2) 1200 liq+ol+spnl not measured* - - - - - -



Table 2

Run ID SiO2 Al2O3 Cr2O3 FeO MgO CaO Total Fo# Fe-Mg Kd DCrtotal

OlT-1 Oliv n=8 39.9 0.1 0.3 17.4 42.5 0.4 100.6 80.9 0.30 1.10
1 σ 0.4 0.0 0.0 0.8 0.9 0.0 0.15

OlT-2 Oliv n=6 39.5 0.0 0.1 17.0 42.3 0.4 99.4 80.8 0.29 1.14
1 σ 0.6 0.0 0.0 0.5 0.3 0.0 0.22

OlT-3 Oliv n=9 39.1 0.1 0.1 16.6 42.8 0.4 99.1 82.1 0.28 0.81
1 σ 0.4 0.0 0.0 0.4 0.3 0.0 0.34

OlT-4 Oliv n=6 38.9 0.1 0.1 16.3 43.4 0.4 99.2 82.4 0.27 0.89
1 σ 0.2 0.0 0.0 0.3 0.4 0.0 0.30

OlT-5 Oliv n=9 39.8 0.1 0.4 16.5 42.5 0.5 99.8 81.5 0.30 1.01
1 σ 0.5 0.0 0.0 0.9 0.9 0.0 0.15

OlT-6 Oliv n=5 39.1 0.0 0.4 18.5 42.3 0.5 100.9 80.2 0.32 0.98
1 σ 0.3 0.0 0.0 0.6 0.6 0.0 0.15

CRT-3 Pyx n=19 52.9 2.3 0.8 15.7 24.5 2.7 99.1 - - -
1 σ 0.5 0.5 0.1 0.6 0.9 0.4

CRT-4 Pyx n=14 52.4 2.3 0.9 17.2 21.7 4.8 99.3 - - -
1 σ 0.6 0.7 0.1 1.1 0.5 0.5

CRT-5 Pyx n=17 51.9 2.5 1.3 17.5 21.3 4.8 99.3 - - -
1 σ 0.6 0.7 0.3 1.2 0.5 0.6



Table 3

Run ID
Tem

p. (°C)
YSZ sensor EM

F
log fO

2 
ΔFM

Q
 1s-4s intensity - G

lass
Cr 2+/ΣCr G

lass
 1s-4s intensity - O

liv
Cr 2+/ΣCr O

liv

SM
O

R-1
1225

837
-11.98

-3.97
0.1575

0.70
-

-
SM

O
R-2

1300
810

-11.06
-3.85

0.1631
0.72

-
-

SM
O

R-3
1350

789
-10.48

-3.76
0.1558

0.69
-

-
SM

O
R-4

1150
862

-12.9
-4.01

0.1631
0.72

-
-

SM
O

R-5
1400

779
-10.07

-3.81
0.1561

0.69
-

-
SM

O
R-6

1150
864

-12.93
-4.04

0.1496
0.67

-
-

CRT-1
1250

823
-11.59

-3.87
0.1758

0.78
-

-
CRT-2

1200
850

-12.31
-4.01

0.1631
0.72

-
-

CRT-3
1175

853
-12.57

-3.98
0.1399

0.61
-

-
CRT-4

1150
868

-13.11
-4.22

0.1335
0.58

-
-

CRT-5
1150

875
-12.93

-4.04
0.131

0.57
-

-
CRT-6

1200
865

-12.29
-3.99

0.1625
0.72

-
-

CRT-7
1250

848
-11.65

-3.93
0.1767

0.79
-

-
CRT-8

1300
829

-11.09
-3.88

0.1824
0.82

-
-

SAN
-1

1250
823

-11.61
-3.89

0.205
0.93

-
-

SAN
-2

1200
848

-12.28
-3.98

0.2131
0.97

-
-

SAN
-3

1150
866

-12.95
-4.06

0.2015
0.91

-
-

SAN
-4

1160
865

-12.85
-4.08

0.2107
0.95

-
-

SAN
-5

1125
873

-13.26
-4.05

0.1224
0.52

-
-

SAN
-6

1300
 *

-11.12
-3.91

0.2144
0.97

-
-

O
lT-1

1200
842

-12.19
-3.89

0.151
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Figure 1

Figure 1 shows the spectra obtained for both high beam flux density and low beam flux 
density conditions. The spectra are nearly identical in all respects, suggesting beam 
damage at high flux densities is minimal.  



Figure 2

A B

Figure 2a is a macroscale image of a quenched CRT experiment on its Re wire loop; 2b 
is a backscattered electron image of OlT-1 in which olivine and Cr-spinel are both stable 
liquidus phases; 2c is a backscattered electron image of CRT-3 which contains a 
crystalline phase assemblage of pigeonite, anorthite, and Cr-spinel.  
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Figure 3

Figure 3 shows the EMP measured pyroxene compositions from the pigeonite 
saturated CRT experiments plotted on the pyroxene quadrilateral. The EMP data show 
little dispersion. The compositions also evolve to more Fs and Wo enriched 
compositions with decreasing temperature.     



Figure 4

Figure 4a shows the normalized XANES spectra from the CRT series experiments and 
Figure 4b shows a zoomed in view that highlights the systematic differences in the 
spectra. The intensity of the of the 1s-4s feature (centered at 5995 eV) decreases 
systematically with decreasing temperature and changing residual melt composition. 
The main edge crest at ~6005 eV also shows a notable shift to higher energy.  

1s-4s 
absorption 

B
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Figure 5

Figure 5 is a plot of the measured Cr2+/ΣCr vs. temperature for the CRT series experiments and 
the SAN series experiments. The estimated liquid fractions present in each run are provided for 
the CRT experiments and low temperature SAN experiment. 



Figure 6

Figure 6a shows the normalized merged XANES spectra from the quenched OlT glasses; 
6b shows higher resolution view of 6a and highlights differences the edge 1s-4s 
absorption intensity. The intensity of the 1s-4s absorption systematically decreases 
with decreasing fO2.  
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Figure 7

Figure 7 shows the measured Cr2+/ΣCr from the OlT glasses and olivine phenocrysts 
plotted as a function of fO2. The sigmoidal curve was calculated using the mean lnK’ 
value of the three experiments performed at fO2 values below the IW buffer and the 
equation in the upper righthand corner of the plot.  The quench modified (i.e., non-
equilibrium) high fO2 experiments fall below the calculated the equilibrium curve.



Figure 8

Figure 8 shows the dispersion in the intensities of the 1s-4s absorption feature (at 5995 
eV) measured from the olivine phenocrysts in OlT-2. The range of peak heights 
observed for the olivine in this experiment is generated by the anisotropic effects of 
crystallographic orientation on absorption intensity. The mean absorption intensity for 
the population is 0.136; the sampled population has several notable high intensity 
outliers with absorption intensities > 0.17. The inclusion of these spectra in the sample 
population may reflect the preferential exposure of large surface areas of  phenocrysts 
in high intensity orientations.    



Figure 9

Figure 9 is a plot of the mean Cr2+/ΣCr of the olivine population measured in each OlT 
experiment. The range of measured Cr2+/ΣCr is denoted by the vertical line running 
through the mean value. The shaded area on the plot represents range of values that 
generated by anisotropic absorption effects. The measured olivine values fall firmly 
withing the expected range of anisotropic effects and generally follow the Cr2+/ΣCr 
curve predicted for their equilibrium liquid.   



Figure 10

Figure 10 is a histogram of the results of one iteration of the Monte Carlo 

simulation for the olivine from OlT-1 (predicted equilibrium Cr2+/ΣCr of 0.68). The mean 

Cr2+/ΣCr of the 2000 simulated phenocrysts is 0.64. The calculated distribution suggests 

anisotropic absorption effects for randomly oriented phenocrysts generate a wide 

range of apparent Cr2+/ΣCr values. A randomly selected olivine phenocryst has a ~45% 

probability of falling within ± 0.05 of the true or anisotropy corrected Cr2+/ΣCr value.



Figure 11

Figure 11 is a plot of the XANES measured Cr2+/ΣCr of the Ti-free experimental glasses 
vs. the values predicted by the open market model. The optimized values of ΔrH°, ΔrS°, 
and the interaction parameters are provided in the upper left-hand corner of the plot. 



Figure 12

Figure 12 is a plot of the XANES measured Cr2+/ΣCr of the Ti-free experimental glasses 
vs. the values predicted model using values of ΔrH° and ΔrS° obtained from Toker et al. 
(1991). The optimized interaction parameters the are provided in the upper left-hand 
corner of the plot. 



Figure 13

Figure 13 shows the XANES measured Cr2+/ΣCr values of the quenched Ti-free glasses, 
SMOR glasses, and in-situ Berry and O’Neill (2005) MORB experiments plotted against 
their values predicted from the open market model. The open market model predicts 
the Berry and O’Neill data set with good accuracy; the model performs poorly for the 
quenched SMOR glasses of this study.     



Figure 14

Figure 14 shows the temperature corrected lnK’ values calculated from the 
experiments of this work and those of from the Berry and O’Neill MORB experiments 
plotted vs. the optical basicity of the liquid. Note that MORB experiments fall on the 
rough linear trend formed by the quenched Ti-free glasses, whereas the SMOR series 
experiments clearly fall above this trend. 



Figure 15

Figure 16

Figure 15 shows the results the model predicted evolution of Cr2+/ΣCr as a function of 
temperature for an olivine tholeiite crystallizing at 500 bars and under static redox 
conditions of ΔFMQ+0. The results the open market model and prescribed model have 
been potted for comparison.   Both curves show a distinct “oxidation” trend in the Cr 
valence ratio of the liquid below 1195°C. The arrow below the curves depicts the 
Cr2+/ΣCr trajectories that would result if liquid’s composition were not changed by 
crystallization (i.e., it shows the effect of temperature calculated from the ΔrH° from 
the “open-market” model).  



Figure 16 shows the results of the model predicted evolution of Cr2+/ΣCr as a function 
of temperature for an olivine tholeiite crystallizing at 500 bars for both redox buffered 
conditions and open system conditions that give rise to the auto-oxidation of the 
residual liquid. Auto-oxidation leads to a steepening of the Cr2+/ΣCr at a temperature 
that coincides with the onset of plagioclase crystallization. The MELTS predicted 
olivine compositions and abundance of residual liquid are provided immediately below 
the model curves.  
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