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ABSTRACT 

Titanomagnetite is a major rock-forming, spinel-structured oxide mineral that is 

ubiquitous in a wide range of rock types. Despite its typically small volumetric 

abundance, titanomagnetite is the chief carrier of magnetic remanence in Earthôs crust.  

Thus, it is a phase of both petrologic and rock magnetic importance. This thesis is a two-

part thesis on titanomagnetite. In Part I, experimentally produced titanomagnetite solid 

solution is subjected to conditions intended to induce subsolidus exsolution. A series of 

experiments was performed in an attempt to quantify the kinetics of the process and 

understanding the mechanism by which exsolution occurs. Additional experiments at 

elevated temperature were performed to evaluate the temperature dependence of the 

exsolution process. The run products are compared with previously synthesized samples 

containing exsolved Fe-Ti-Mg-Al oxides in order to constrain the conditions and 

compositional controls on the exsolution process. Part II is a manuscript that was 

submitted to the Earth and Planetary Science Letters that describes a technique by which 

the Ti content of titanomagnetite may be determined by Raman spectroscopy. 
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1. INTRODUCTION  

Titanomagnetite (Fe3-xTixO4, 0ÒxÒ1) solid solution exsolution is a compositional 

unmixing that produces a cloth-textured intergrowth of two unmixed phases whose 

compositions are close to their end-members, magnetite (Fe3O4) and ulvöspinel (Fe2TiO4) 

(Figure 1.1). Titanomagnetites having undergone this exsolution have been observed 

mainly in massive ore deposits or basic plutonic environment (Price, 1980). However, 

this type of exsolution is rare in the Earthôs crustal because oxidizing conditions favor the 

so-called oxy-exsolution of titanomagnetite that produces ilmenite ótrellisô-type of 

lamellae in magnetite (Haggerty, 1991) (Figure 1.1a). Initially homogeneous 

titanomagnetite grains that have undergone oxy-exsolution are less likely to subsequently 

produce exsolution, sensu stricto (the primary concern of this thesis), because the 

formation of ilmenite solid solution depletes the host in Ti and reduces the 

thermodynamic driving force for additional unmixing. Thus, the process by which 

initially homogeneous igneous titanomagnetite evolves into other phases depends 

critically on the oxidation state of the system. 

One important consequence of the exsolution process is a change in the magnetic 

character of the rock that hosts titanomagnetite crystals. A recent study (Evans et al., 

2006) of the magnetic characteristics of naturally exsolved titanomagnetite confirmed a 

smaller magnetic domain size in an exsolved sample compared to a non-exsolved sample. 

Magnetic domain size is important because it contributes to the strength and stability of 

remanence that a rock may acquire: single-domain (SD) or pseudo-single-domain (PSD) 

grains are good magnetic remanence recorders, in contrast with large, multidomain (MD) 

particles. A change in domain state is intrinsic to exsolution: fine magnetite particles in 



3 

 

 

 
 

Figure 1.1. Back-scattered electron images of a natural titanomagnetite grain with 

exsolution and oxy-exsolution. (a): A whole titanomagnetite grain. The exsolved phases 

are magnetite, ulvöspinel, ilmenite, pleonaste, in the order of increasing darkness. In the 

BSE images, elements with higher atomic number appear in lighter tone. Cloth texture of 

the titanomagnetite solid solution exsolution and trellis texture of ilmenite oxy-exsolution 

are contrasted. (b): A high-magnification image of a region shown with white rectangle in 

(a), exhibiting prisms of magnetite-rich end-members in ulvöspinel-rich host. The sample 

is cumberlandite from Rhode Island, kindly provided by MJ Rutherford. The image was 

obtained using JEOL J5900 scanning electron microscope at University of Hawaiói at 

MǕnoa. Abbreviations: mt=magnetite, usp=ulvöspinel, ilm=ilmenite, ple=pleonaste. 
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 exsolved titanomagnetite are separated by non-magnetic ulvöspinel matrix. Evans and 

Wayman (1974) proposed that the dispersed magnetite particles behave as SD grains. 

However, the link between exsolution textures and magnetic characteristics is not simple. 

Recent direct observations of the magnetic behavior of exsolved titanomagnetite at the 

nanometer scale reveal complex magnetostatic interactions between fine magnetite 

prisms within exsolved grains (Harrison et al., 2002; Feinberg et al., 2006). Such inter-

prism magnetic interactions could result in non-uniform magnetizations similar to PSD or 

MD particles, and could reduce the stability and the intensity of magnetic remanence. 

The collective behavior of prisms also depends on the degree of separation between the 

prisms (Muxworthy et al., 2003; Krása et al., 2009). Evans et al. (2006) revisit the sample 

described by Evans and Wayman (1974), and conclude that although individual prisms 

are SD in size, hysteresis properties of bulk samples are consistent with SD-PSD domain 

state. The explanation for this apparent discrepancy revealed by first order reversal curve 

(FORC) analysis is that magnetostatic interactions increase the effective magnetic 

domain size.  

Intense magnetic anomalies were detected in the crust of Mars by the Global 

Surveyor spacecraft. Mars no longer possesses a magnetic field, so the magnetization is 

remarkable not only for its intensity but because it is a remanent magnetization that has 

persisted for billions of years (Acuña et al., 1998; Acuña et al., 1999; Connerney et al., 

1999; Purucker et al., 2000; Connerney et al., 2001). Considering its likely igneous origin, 

the magnetic remanence in Martian crust is likely to be due to thermoremanent 

magnetization (TRM). TRM is acquired by magnetic minerals cooled below their Curie 

temperatures (TC) in a magnetic field. One possible carrier of strong, stable remanent 
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magnetization is exsolved titanomagnetite, a mineral that is particularly relevant for the 

intrusive environment (Hargraves, 2001). The presence of titanomagnetite in Martian 

meteorites and the moderate oxidation state (corresponding to the solid buffering 

assemblage range between QFM-3 log units and QFM; Herd et al., 2002; Herd et al., 

2006) of the Martian crust make titanomagnetite exsolution a plausible process. Indeed, 

large (MD-size) grains of titanomagnetite crystallize during slow-cooling of synthetic 

Martian basalt, as evidenced bycontrolled-atmosphere experiments performed at quartz-

fayalite-magnetite (QFM) buffer conditions (Bowles et al., 2009). If these grains 

subsequently undergo exsolution (without oxidizing), there is potential for attainment of 

SD-PSD state capable of retaining a strong, stable TRM, as described above. Thus, 

examination of the exsolution process in the titanomagnetite of candidate basalts is a 

necessary first step in evaluating this mineral as the primary carrier of the intense 

magnetization of the Mars crust. 

A first-order concern in evaluating the efficacy of exsolution for affecting the 

thermal remanent magnetization (TRM) of Martian basalt is whether the consolute (i.e., 

peak solvus) temperature of impurity-bearing titanomagnetite solvus occurs above or 

below the Curie temperature of exsolved magnetite grains. Early experimental studies of 

the titanomagnetite solid solution series conclude that this solvus has a consolute point  at 

~600 ºC or less, with the solvus skewed slightly toward the magnetite end-member 

(Kawai, 1956; Vincent et al., 1957; Price, 1981; Lindsley, 1981) (Figure 1.2). The TC of 

magnetite is near 580 ºC, the TC of ulvöspinel is -153 ºC, and the TC of intermediate 

titanomagnetite compositions are linearly proportional to the ratio of magnetite to 

ulvöspinel components (Merrill and McElhinny, 1983; Figure 1.2). Therefore, TRM can  
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Figure 1.2. A schematic diagram of representative solvi of titanomagnetite solid solution. 

Curie temperature (TC) is also shown in the diagram. The solvus in dashed line is 

suggested by Vincent et al. (1957) and solid line is from Price (1981). Modified from 

Price (1981) Fig. 1. 

 

TC 
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be acquired by magnetite that formed due to exsolution at a limited range of temperature 

~450-600 ºC according to the solvus of Vincent et al. (1957). However, titanomagnetite 

in natural systems usually contains some impurities (Deer et al., 1962; Frost and Lindsley, 

1991). The consolute temperature of titanomagnetite is presumed higher in Al -bearing 

oxides, given that the consolute temperature of magnetite-hercynite (FeAl2O4) solid 

solution is ~850 ºC (Turnock and Eugster, 1962). The work by Bowles and Hammer, and 

new data presented here test the hypothesis that oxides forming directly from 

multicomponent basaltic liquids contain sufficient Al and other cations to drive 

exsolution at temperatures exceeding TC, and therefore promote acquisition of TRM of 

the exsolved magnetite-rich phase.  

Other goals motivating this study are the determination of the kinetics and 

mechanism of titanomagnetite exsolution. Earlier works employed homogenization 

experiments (Kawai, 1956; Vincent et al., 1957; Price, 1981; Lindsley, 1981) to infer the 

shape and temperature range of the binary titanomagnetite solvus. In this type of 

experiment, naturally exsolved titanomagnetite or synthetic mixtures of magnetite and 

ulvöspinel are annealed at various temperatures and durations to drive homogenization of 

the two phases. Homogenization experiments allow mapping of the binary solvus in 

temperature-composition space. However, so-called ñforwardò experiments, in which an 

initially homogeneous grain is held at subsolvus temperature to drive exsolution, are 

needed to address the chemical reaction pathway and rate by which exsolution occurs in 

nature. No such experiments have been reported in the literature. The difficulty of 

experimental production of the titanomagnetite exsolution is attributed to sluggish 

reaction rates at the necessary run temperatures (Harrison and Putnis, 1999).  



8 

 

 

Elucidating the mechanism by which exsolution usually requires analysis of 

samples by Transmission Electron Microscopy (TEM) (Putnis, 1992). Two primary 

mechanisms have been proposed: nucleation and spinodal decomposition (Gibbs, 1961). 

Nucleation may be either heterogeneous or homogeneous; heterogeneous nucleation 

occurs when a new phase form at defects (i.e., sample surface and grain boundaries), 

while homogeneous nucleation occurs in uniform bulk material.  Nucleation leads to a 

texture in which the new phase is discrete, localized in space, and chemically uniform. In 

contrast, spinodal decomposition leads to a broader, chemically non-uniform distribution 

of the exsolved phase (Yund and McCallister, 1970). The wavelength of compositional 

fluctuation in spinodal decomposition is characteristically as small as ~100 Å (Harrison 

and Putnis, 1999) (Figure 1.3), whereas the spatial scale separating nuclei is in the order 

of 1000 Å. Note that the exsolution can be either incoherent or coherent, in the later case 

the lattice planes between new phases and matrix phases remain continuous, and the 

exsolution texture is in a predictable crystallographic orientation. For instance, the 

preferred orientation for spinel-structured lamellae forming in a spinel-structured host is 

along {100} according to the observations of coherent spinodal decomposition in natural 

and synthetic samples (Harrison and Putnis, 1999; Golla-Schindler et al., 2005). 

Conditions for which each mechanism takes place are shown in the temperature vs. 

composition phase diagram (Figure 1.4). Thus, if the mechanism and the end-member 

compositions of exsolved phases are known, it allows us to map a solvus that corresponds 

to a particular mechanism as in Figure 1.4 specifically for titanomagnetite solid solution. 

While nucleation can occur anywhere within the chemical solvus (curve 1 in Figure 1.4), 

spinodal decomposition is limited to the field within the chemical spinodal (curve 2 in  
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Figure 1.3. A schematic diagram of a development of compositional fluctuations in two 

mechanisms of exsolution. The distance axes are arbitrary: the wavelength for (a) is 

shorter relative to (b). C0 is the initial composition of the solid solution and C1 and C2 are 

the equilibrium compositions of the exsolved two-phase intergrowth. Adapted from 

Putnis (1992) Figure 11.38.  
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Figure 1.4. A schematic diagram of a chemical (incoherent) and coherent solvi and 

spinodals. The numbers represent: (1) the chemical solvus, (2) the chemical spinodal, (3) 

the coherent solvus, and (4) the coherent spinodal. Modified from Putnis (1992) Figure 

11.40.  
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Figure 1.4). Furthermore, coherent exsolution is constrained at lower temperature due to 

strain energy contributing to the free energy of the solid solution. The upper limit 

boundaries under which coherent nucleation or spinodal decomposition can take place are 

defined as the coherent solvus and spinodal (curves 3 and 4 in Figure 1.4). 

To date, the kinetics of spinel oxide exsolution are unconstrained by experiment 

or theory. By comparison, clinopyroxene exsolution is a well investigated and similar 

problem (Weinbruch et al., 2003). However, even for clinopyroxene, no consensus on 

rate laws has emerged. The conventional determination of the kinetics of exsolution uses 

the wavelength of exsolution lamellae, measured by TEM. Because TEM analysis is 

beyond the scope of this work, we sought to observe development of exsolution by either 

the nucleation or spinodal decomposition mechanism through evolution of the bulk 

magnetic properties of samples created in time-series experiments.  We anticipated that 

TC would help identify the mechanism.  Because TC corresponds closely to the 

compositions of magnetic minerals, changes in bulk TC could indicate the emergence of 

titanomagnetite or magnetite during the incipient stages of exsolution. Theory predicts 

that if the exsolving phase evolves gradually from titanomagnetite toward magnetite with 

increasing volume fraction at a given temperature, then the exsolution mechanism is 

spinodal decomposition.  Conversely, if the exsolving phase composition is immediately 

rich in the magnetite component and unvarying through time, then the mechanism is 

more consistent with the nucleation mechanism.  

JA Bowles and JE Hammer conducted exsolution experiments to test whether the 

consolute temperature of non-pure titanomagnetite solvus is indeed higher than for pure 

titanomagnetite, and to evaluate the ability of exsolved titanomagnetite to acquire TRM. 
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Two starting materials were utilized: basalts synthesized having the compositional 

character of (a) the SNC meteorites, and (b) the Martian surface ascertained by Thermal 

Emission Spectroscopy (TES) applied to Martian surface similarly to the previous 

experimental study by Bowles et al. (2009). The results included observation of 

micrometer scale exsolution textures in oxide phases and changes in bulk magnetic 

properties compared to the starting materials. These experiments will be termed ñGroup 

1ò of which a representative pair has been selected for detailed analyses in this study: 

samples MAm-E-03 and MB2-E-03. The starting materials for these runs are samples 

MAm-36 and MB2-31, respectively. Both the starting materials and run products were 

characterized petrologically and magnetically in this study. 

New time-series experiments (MAm/MB2 -E-09 ï E-13) were conducted to infer 

exsolution mechanisms and investigate the time-dependent changes with a growth of the 

exsolution texture, as described above. In addition, two sets of experiments (MAm/MB2 -

E-14 ï E-15) were conducted at different temperatures as a part of a planned series of 

experiments in which temperature is the primary variable. The new exsolution 

experiments are conceived similarly to the Group 1 experiments (with important 

differences to be described in detail in this thesis), and termed Group 2 experiments. 

Group 2 also employed two bulk compositions (MAm-51 and MB2-48) based on the 

characteristics of the SNC meteorites and TES basalts, with the intention of matching the 

starting materials used in Group 1.  

The ensuing sections of Part I of this thesis provide detailed experimental 

methods, petrologic and magnetic analytical results, new constraints on the position of 

the solvus in multicomponent Fe-Ti-Al -Mg spinel-structured oxide, and discussion of 
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titanomagnetite exsolution occuring in both pilot (Group 1) and follow-on (Group 2) 

experiments.  
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2. METHODS 

2.1 Experimental Methods 

2.1.1 Starting Material Synthesis 

 The steps of starting material synthesis procedure are summarized as follows, 

where the product for each step is denoted in parentheses.  

(1) Mixing of raw reagent powders (reagent mixture) 

(2) Fusion of reagent mixtures to check composition (fused glass beads) 

(3) Conditioning of reagent mixtures to reduce Fe and drive off CO2 (conditioned 

reagent) 

(4) Conditioning of a Pt crucible with Fe (conditioned crucible) 

(5) High temperature treatment on conditioned reagents for production of starting 

materials for subsolidus annealing experiments, or exsolution experiments 

(crystalline starting materials) 

The procedure is the same for Groups 1 and 2 experiments except where noted.  

2.1.1.1 Starting Material Composition Selection 

 The starting materials with two different bulk compositions were employed for 

the Groups 2 experiments similarly to Group 1. They are namely ómeteorite-typeô or óM-

typeô composition and óterrestrial-typeô or óT-typeô composition, where the former is 

characteristically Fe-rich and Al-poor (atomic ratio Fe/Al = 1.5) and the latter has an 

opposite nature to the former (Fe/Al = 0.4). The values of wt.% for all other elements 

except Ca are the same for both compositions (Table 2.1). The purpose of having two 

different bulk compositions was to cover a range of possible compositions of basaltic 

crustal materials in Mars. Although T-type composition has recently been suggested to be  
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Table 2.1. Bulk compositions of starting materials and CIPW normative mineralogy

Groups 1, 2 Group 1 Group 2

A*a A*modb MAm-34 B2b MB2-30 MB2-50

SiO2 51.40 51.16 53.64 51.20 52.31 43.08

TiO2 1.63 1.61 1.30 1.60 1.47 2.28

Al2O3 9.13 8.70 8.99 17.01 16.65 20.89

FeO(t) 18.90 18.90 17.69 8.48 8.53 8.40

MnO - 0.53 0.48 0.53 0.50 0.59

MgO 7.27 7.04 6.32 7.04 7.46 8.84

CaO 8.77 8.44 8.48 10.50 10.36 13.35

Na2O 2.13 2.28 1.88 2.28 2.00 1.56

K2O 0.75 0.76 0.75 0.76 0.71 0.52

P2O5 0.49 0.50 0.50 0.50 0.47 0.52

Cr2O3 - 0.10 0.04 0.10 0.04 0.03

Total 100.5 100.0 100.1 100.0 100.5 100.1

Fe/Al 1.47 1.54 1.40 0.35 0.36 0.29

Normative mineralogyc

Quartz 2.73 2.97 8.92 1.97 4.14 0.00

Total feldspar 35.29 35.02 34.06 57.66 55.12 59.64

Total feldspathoid 0.00 0.00 0.00 0.00 0.00 2.68

Total pyroxene 53.25 52.60 48.15 34.07 34.81 11.60

Olivine 0.00 0.00 0.00 0.00 0.00 18.60

Apatite 1.06 1.09 1.09 1.09 1.02 1.13

Ilmenite 3.08 2.21 2.46 3.04 2.78 4.33

Magnetite 4.53 5.93 5.27 2.08 2.05 2.00

     b Desired SNC-like and Earth-like composition for this study, which was also used in

Bowles et al. (2009).

Meteorite-type Terrestrial-type

     a SNC-like composition used in Hammer (2006) and Brachfeld and Hammer (2006).

     c FeO and Fe2O3 were computed from FeO(t) using method of Kilinc et al. (1983) and

assuming 1200 °C and f O2 at QFM for the samples with superscripts a and b (Bowles

et al., 2009), and 1070 °C and QFM for the rest. The program Magma by Wholetz was

used for the CIPW norm calculation for the last group.  
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unlikely composition for the most of the Martian crust (McSween et al., 2009), it will still 

be introduced here as a part of our work. The selection of compositions, chemical 

characteristics, and CIPW normative mineralogies of the starting materials are described 

in detail in Bowles et al. (2009).  

2.1.1.2 Mixing of Reagents 

 The starting materials were synthesized from powdered oxide, carbonate, and 

phosphate reagents. First, the target oxide wt.% values of the starting material was 

converted into proportions of weights of the reagent powders and a Microsoft Excel 

spreadsheet was prepared for calculation. This was used to calculate the target weights 

for each reagent given a desired total weight of the mixture. Then, slightly excessive 

amounts of the reagents were placed in Coors porcelain crucibles with lids (~4-cm-tall) 

individually and then held in an oven (Type F6000 Furnace, Barnstead International) at 

temperatures and durations specific to reagents to eliminate hydration and carbonation 

(Appendix A). At the end of the heating treatment, the reagents were taken out from the 

oven and placed in a portable desiccator to transport to another oven (single wall 

laboratory oven, Blue M) at ~100 ºC or a desiccator in which the reagents were kept. The 

least hygroscopic reagents were the first to go through this procedure, and the most 

hygroscopic reagent MgO was the last. The reagents were taken out of the oven or the 

desiccator and transported to the scale for weighing using a portable desiccator. The same 

scale (AG 135, Mettler Toledo) was used for all weighing procedures in this study. The 

hygroscopic reagents were the first to be weighed. The actual weight of MgO (the first 

reagent weighed) was used to obtain the target weights of the rest of the reagents using 

the spreadsheet. The reagents were weighed in turn and were immediately poured into a 
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mortar half-filled with ethanol to avoid an escape of the powders. The reagents in the 

mortar were gently mixed with a pestle to obtain a homogeneous mixture. The mortar 

was lightly covered with a piece of paper to avoid contamination, and was placed on the 

top of the oven (Blue M) at ~30 ºC for a few hours to hasten the ethanol evaporation from 

the mixture, then stored in a desiccator. Only reagent mixture for T-type sample was 

prepared for Group 2 sample. The same reagent mixture as Group 1 experiment was used 

for Group 2 M-type sample (Table 2.1).  

Fused glass beads of the each reagent mixture were produced to obtain more 

accurate composition (Table 2.1) compared to the composition obtained from weights of 

the reagents (Appendix B). The fusion was conducted at 1215 ºC for M-type (sample 

MAm-34) and 1280 ºC for T-type (sample MB2-30) for Group 1 by Bowles. It was 

conducted at 1340 ºC for Group 2 T-type material (sample MB2-50). They are all above 

liquidus (TL) obtained using MELTS algorithm (Ghiorso and Sack, 1995). They were 

conducted at quartz-fayalite-magnetite (QFM) buffer curve using a Deltech furnace with 

flowing H2-CO2 to control fO2. The detailed settings and procedures for Deltech furnace 

are described in Appendices C and D. The sample ~0.005 g was held at the experimental 

condition for 1, 1, and 2 h for each mixture, and drop-quenched (Table 2.2). The 

temperature and duration were considered to be sufficient to obtain homogeneous, 

crystal-free melt and yet not enough for significant amount of Fe in the sample to migrate 

toward Pt wire on which the sample was placed. This migration of Fe to Pt will be 

discussed in detail in section 2.1.1.4. The temperature and duration values for the latter T-

type material were higher than the ones used for the former because the former had not 

been analyzed and suspected to be insufficiently heated to obtain a homogeneous mixture.  
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For the Group 2 T-type material, the bead did not fall into the water upon quench and 

remained attached to the zap wire. Thus, the sample holder was pulled to near the top of 

the furnace chamber to cool sufficiently fast while the gas was flowing. The retrieved 

glass beads were naturally dried and a grain mount or thin section was made for the each 

bead using epoxy for electron probe microanalysis (EPMA). 

2.1.1.3 Conditioning of the Reagent Mixture 

The mixtures of the reagents were conditioned at 925 ºC and fO2 at QFM 

controlled by flowing H2-CO2 for ~4 h to decarbonate reagents and reduce ferric/ferrous 

ratio. 

First, the Deltech furnace was heated to the experimental temperature (925 ºC) 

and H2-CO2 gas was inserted to attain QFM condition measured by a fO2 sensor 

(Appendices C and D). Approximately 3.5 g and 4.0 g for M- and T-type reagent 

mixtures were placed in a boat-shaped ceramic container (VWR Combustion Boat 7 mL, 

VWR International) and were inserted at the center of the alumina tube. Upon 

conditioning, both ends of the alumina tube were sealed with rubber plugs to which short 

cupper tubes were inserted to lead one side to the H2-CO2 gas input from the Deltech 

furnace and another to the output bubbler (see Appendix D). The bubbler side of the 

alumina tube was filled with Alumina-Silica Bulk Fiber (Zircar Ceramics) to delay gas 

escape to the output and to enhance gas mixing within the tube. The gas valve from the 

Deltech furnace was opened and the alumina tube was placed in the Mini -Mite Tube 

Furnace (Lindberg/Blue M) at 925 ºC at the center of the furnace where the K-type 

thermocouple was located. This horizontal tube furnace was located inside a fume hood 

in case of gas leakage. The furnace setting is illustrated in Appendix E. The temperature 
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displayed by the horizontal tube furnace was monitored and the time at which the 

temperature recovered to the target value was considered to be the starting time of the 

conditioning. A subsequent overshooting of the temperature usually observed for this 

type of furnaces was neglected for the determination of the starting time because of a 

short duration (a few minutes) of the overshooting. The sample was held for ~4 h at this 

temperature. At the end of the conditioning, the alumina tube was taken out from the 

furnace while gases were flowing, and air-cooled. Subsequently, the gas supply was 

terminated.  

For the Group 1 experiment conducted by Bowles, the Deltech furnace was used 

instead of the horizontal tube furnace for this procedure. Also, an alumina crucible with a 

lid was employed for the sample container. Because the sample must have been manually 

inserted or withdrawn from the top of the open furnace chamber, the sample insertion 

was conducted without flowing gas and at very slow rate to avoid damage on the 

chamber due to a thermal stress. The air-cooling of the sample was conducted by keeping 

the sample near the top of the furnace at cooler temperatures while gases were being 

turned on or off. 

2.1.1.4 Production of Crystalline Starting Materials 

A Pt crucible (~2-cm-tall, bucket-shaped) was selected for the sample container 

for this procedure, firstly because Pt had a melting point above the maximum 

experimental temperature (1290 ºC) and reacted minimally with starting materials under 

the experimental conditions. Secondly, it could accommodate large amount of sample (>3 

g for both compositions) compared to capsules made of Pt tubing (O.D. = 5 mm, length = 

= ~3 cm) that was employed by Bowles for Group 1 which accommodated only ~0.5 g of 
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sample. As a matter of fact, the crucible allowed us to produce enough starting materials 

for the whole series of exsolution experiments (7 runs in total for each composition with 

each run containing >0.1 g of starting material), while it can induce sample heterogeneity 

due to large sample size (see section 3.1.1).  

Although Pt has low reactivity with samples in contact, it is known that Fe in 

samples tends to migrate into Pt where the amount of Fe at saturation in Pt is a function 

of temperature and fO2 (Hammer, 2006) as mentioned in the previous section (see section 

2.1.1.2). Therefore, the crucible was conditioned by saturating Pt with Fe at experimental 

condition before the crystalline starting material production step, which will be described 

here first. This procedure was also conducted for Pt capsules in experiments for Group 1 

by Bowles. This process also lowered a recyclability of their Pt capsules for experimental 

runs compared to the crucible because of accumulating damages on the capsules upon 

sample recovery. Sample recovery from the Pt capsules and crucible was conducted by 

pressurizing the containers over the samples inside using a pair of pliers for the capsules 

and a vise for the crucible to break samples into pieces. The Pt malleability apparently 

decreased after conditioning of Pt and the capsule wall sometimes tore after a few 

experimental runs although crucible was not damaged.  

The conditioning of the Pt crucible was conducted by annealing the Pt crucible 

containing a material with a similar Fe concentration and bulk composition as the starting 

materials at temperature >TL and QFM for 6 h in the Deltech furnace with flowing H2-

CO2. Only one Pt crucible was employed to synthesize both M-and T-type starting 

materials. Because T-type starting material had lower Fe content, the conditioning of Pt 

crucible was first conducted for T-type composition, followed by a synthesis of the T-
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type starting material. The crucible was then conditioned for M-type composition, 

followed by a production of M-type starting material. The conditioning was repeated 

twice for the initial one to make certain that the crucible was saturated with Fe under the 

first experimental condition. Natural basalt lava erupted and quenched at the ocean in 

2008 in the Island of Hawaiói (HI), collected and provided by JE Hammer in 2008 was 

used for the initial conditioning of the Pt crucible. The Fe2O3 content of this basalt was 

assumed to be 12.5 wt.%, the reported average Hawaiian basalt erupted recently (Garcia 

et al., 2000). Therefore, it is not too far from the T-type starting material in both FeO(t) 

concentration and bulk composition (Table 2.1). This basalt was powdered (<0.124 mm) 

using a mortar and pestle, and approximately 6.0 and 6.5 g were used for the T-type 

conditionings of the Pt crucible. The conditioning for the M-type composition was 

conducted using the same powdered natural basalt (~5.9 g) with additional FeO by 

adding Fe3O4 oxide powder (~0.6 g) in order to replicate FeO(t) content of M-type 

composition (~19 wt.%). Two holes were made on the upper facing walls of the Pt 

crucible to accommodate a handle made of Pt wire. This allowed the crucible to be hung 

from the sample holder by its handle (Appendices C and D). The crucible was then 

deformed manually to have an elliptical opening at its top in order to fit in the Deltech 

furnace chamber without a contact with an inner chamber wall. Basalt or modified basalt 

powder was manually packed into the Pt crucible that reaches ~6 mm from the top of the 

crucible. A general annealing procedure using Deltech furnace is described in 

Appendices C and D. The furnace was set to reach the target temperatures for the actual 

samples 1290 ºC and 1225 ºC (furnace set point 1340 ºC and 1267 ºC) for the T-type (the 

first two conditionings) and M-type (the last conditioning before the actual M-type 
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starting material) compositions, respectively. After duration of 6 h at the target 

temperature and QFM, the sample was quenched while the gas was flowing. The basalt 

used for this Pt crucible conditioning procedure were retrieved from the crucible in a 

manner described earlier, kept aside, and new basalt powder was used for each 

conditioning. Before the crucible was used for synthesis of the starting materials, it was 

soaked in fluoroboric acid (50%) for 4-5 days to remove silicate residue from the 

conditioning. The crucible was rinsed with distilled water in an ultrasonic bath a few 

times after an exposure to the acid. 

The procedure for the synthesis of the Group 2 starting material (MAm-51 for M-

type and MB2-48 for T-type) was similar to that of the conditioning of the Pt crucible, 

except for the temperature treatment (Table 2.2). The temperature was programmed to 

first reach the target value for each composition, 1290 ºC for T-type and 1225 ºC for M-

type, dwell for 6 h, and cool to 1070 ºC at the rate of 4 ºC h
-1

. The sample was drop-

quenched after being held for 100 h at the final temperature to attain crystalline starting 

materials that were analogous to slowly intruded materials with analyzable crystal size. 

These were all at QFM using flowing H2-CO2. The sample recovery and cleaning of the 

Pt crucible are also as described above.  

The crystalline material synthesis method used by Bowles for Group 1 (MAm-36 

for M-type and MB2-31 for T-type) is as appears in Bowles et al. (2008). The 

temperature and duration settings were the same as Group 2. The differences from Group 

2 is that it was conducted using Deltech furnace as well, but the evacuated silica capsule 

with solid state buffer was used to maintain fO2 at QFM instead of flowing H2-CO2. 
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2.1.2 Exsolution Experiments 

2.1.2.1 Sample Preparation 

The split of the starting material was sealed in an Ag capsule along with a solid 

state QFM buffer placed in a Pt capsule to monitor fO2 (Figure 2.1). The Ag capsule was 

sealed in an evacuated silica capsule along with Fe
0
 reagent powder placed in an Ag 

capsule as an oxygen getter to avoid departure from QFM toward higher fO2.  

More than ~0.1 g (>7-8 pieces) of splits of the starting material was selected and 

placed in an Ag capsule (O.D. = 5 mm) whose bottom had been welded-closed. Welding 

of Ag capsule as well as any welding involved in the course of procedure in this study 

was conducted using an oxy-acetylene torch (Smith Equipment) where the both gases 

were 5 psi. The selection of the splits from the starting materials was made so that there 

were enough numbers of splits for the exsolution runs for a thin section and magnetic 

analyses, and ideally some left-over as a back-up. Also, the grains that seemed to have 

been in contact with the Pt crucible upon production of the starting material and the other 

part were included in each exsolution run to avoid a possible bias of the starting material 

selection. The two types of grains were distinguished by an obvious smooth surface of 

the former type. A solid state QFM buffer was prepared to be sealed in the Ag capsule 

along with the sample. The buffer consisted of fayalite (Fe2SiO4) (~0.08 g), silica (SiO2) 

(~0.008 g), and magnetite (Fe3O4) (~0.008 g) reagents. Fayalite was natural mineral and 

coarse-grained (0.06-0.19 in, Alfa Aesar) unlike other reagent powders, therefore, they 

were powdered in a similar way as natural basalt (see section 2.1.1.4) in order to 

maximize its surface area and an efficiency of the buffer assemblage. The buffer works  
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Figure 2.1. A schematic diagram of the exsolution experiment sample assemblage. The 

sample is sealed in an Ag capsule along with QFM buffer in a Pt capsule. This capsule is 

enclosed in an evacuated silica capsule together with iron powder in a crimped Ag 

capsule that works as an extra oxygen getter. For precise size of the parts, see section 

2.1.2.1.  
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by the following chemical reaction: 

3Fe2SiO4 + O2 = 3SiO2 + 2Fe3O4 Eq. (2.1) 

As oxidation takes place, the reaction proceeds forward, and the compounds on the right 

hand side of the equation start to dominate in the buffer assemblage. The weight 

proportion of fayalite was made an order of magnitude larger compared to the other 

compounds to avoid oxidation in the system based on the susceptibility of long-duration-

experiments to oxidation reported from the previous experiments. Weighed buffer 

constituents were combined and it was placed in a Pt capsule (O.D. = 4 mm) whose 

bottom was closed by welding. The capsule was tapped to compact the buffer, and the top 

was loosely crimped. The Pt capsules were recycled for the following experimental runs 

after removal of the buffers from the previous runs. The removed buffers were kept aside 

to make a grain mount to be observed under transmitted light photomicroscope. A 

departure from QFM buffer curve could be recognized by disappearance or dominance of 

buffer constituent(s) of only one side of Eq. (2.1). The Pt buffer capsule was placed in the 

Ag capsule on the top of the starting material, and the top of Ag capsule was welded to 

shut. Upon welding to seal the Ag capsule, ~2/3 of the capsule from its bottom was 

wrapped with a wet paper towel to avoid alteration of the sample and the buffer due to 

heating. In addition to QFM solid state buffer, Fe
0
 reagent powder (~0.5 g) was employed 

as an oxygen getter to make certain to avoid oxidation of the sample. The Fe
0
 powder 

was placed in an Ag capsule (O.D. = 5 mm) whose bottom was welded-closed. It was 

tapped to compact the powder and the top of the capsule was crimped to close. Unlike the 

Pt capsules used for a QFM buffer, the Ag capsule for Fe
0
 was not recycled mainly due to 

its low cost. The sealed Ag capsule containing the starting material and buffer was gently 
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slid into a silica tube ({I.D., O.D.} = {7 mm, 9 mm} or {I.D., O.D.} = {6 mm, 11 mm}) 

whose bottom end had been welded-shut. Then, a few pieces of broken silica tube were 

inserted as a spacer between the sample Ag capsule and the Ag capsule containing Fe
0
 

that was inserted next. The part of the silica tube where the sample and the oxygen getter 

were located was wrapped with a wet paper towel upon welding of the silica tube to 

narrow the channel of the tube that would become another end of the silica capsule. A 

part of the silica tube ~1cm in length was heated by a torch flame by moving and rotating 

the silica tube over the torch fixed in position with a holder. A care was taken try not to 

tilt the tube too much and spill Fe
0
 powder. Once the silica tube started to glow in orange, 

it was gently stretched while still being heated and rotated to make a narrow channel (<2-

3 mm), and removed from the flame before the channel closed. A silica tubing with a 

thicker wall was employed for the longest duration run for a further protection form 

anticipated oxidation by an invasion of oxygen into the silica capsule from the 

surrounding. However, it was not efficient in welding probably because the torch was not 

powerful enough to keep the entire circumference of the larger-outer-diameter-tubing to 

be hot enough. Also, the welded ends could have been as thin as those of the tubing with 

a thinner wall because welding of the thicker-walled tubing was forced by an extreme 

stretching of the tube. Therefore, the effect of this alternative was uncertain. When the 

temperature of the welded part was cooled enough to be handled safely, the open end of 

the silica tube was connected to an evacuator (model 5KC36LN26J, GE Motors and 

Industrial Systems). Between the evacuator and the silica tube, a glassware that worked 

as a vapor getter was placed in the line. The glassware was placed in a container ~1/3 

filled with liquid N2. A manometer (model TCG531, Duniway Stockroom) was coupled 
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with the evacuator for pressure readings. Complete sealing of the connections by rubber 

hoses was ensured using grease. The evacuation of the silica tube was conducted for >20 

min to achieve pressure lower than 30 mtorr. Once the target pressure was reached, the 

narrowed portion of the silica tube was welded to close with the torch fixed in position 

while it is still under evacuation. The silica capsule was rested to cool down in a beaker 

to keep its vertical position. The evacuator was turned off and the other part of the silica 

tube remained attached to the evacuating system was removed after it cooled enough and 

the pressure recovered near 1 atm. This silica tube was used for another exsolution run. 

Absence of holes at the welded tip of the silica capsule was usually confirmed visually. If 

incomplete sealing was still suspected, the capsule was submerged into water for a further 

confirmation.  

2.1.2.2 Experimental Setting and Procedure 

The Group 1 representative was run at 710 ºC for 54 days (samples MAm/MB2 -

E-03) (Table 2.2 and Figure 2.2). The Group 2 experiments consist of time-series 

(samples MAm/MB2 -E-09 ï E-13) and high-temperature series (samples MAm/MB2 -E-

14 ï E-15) (Table 2.2 and Figure 2.2). The temperature for the time-series, 650 ºC, was 

selected so that it was high enough for the kinetics and yet low enough to be subsolvus 

for non-pure titanomagnetite system based on the Group 1 experiment that yielded 

optically observable exsolution. The durations for the time-series runs were 21, 32, 48, 

111, and 158 days. The duration in order of days was selected assuming the kinetics to be 

relatively slow. The time intervals between the runs were made so that they are natural-

log-linear, assuming that the reaction rate generally slows down with prolonged duration 

passing a reaction peak. The high-temperature experiments run at 750 and 790 ºC for 88  
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days were originally intended to be part of planned temperature-series experiments in 

relation to Group 1. Thus, the temperature and duration of the high-temperature series 

seems to be inconsistent with the time-series of Group 2. It is introduced in this thesis 

because of their common starting material and an attainment of titanomagnetite in one of 

the samples. 

The isothermal annealing experiments were conducted using horizontal tube 

furnace (Figure 2.3). The samples for each composition were paired and placed in an 

alumina tube, where the samples were located ~1 cm inward from the edge of the tube. 

The tube containing the samples was placed near the center in a tube furnace that had 

been heated beforehand to the target temperature. Five of the horizontal furnaces were 

used in the series of experiments. For each furnace, a furnace temperature set point that 

corresponds to the target sample temperature at the sample position (center of the furnace, 

or hot spot) was determined. It was conducted by trial and error, adjusting the furnace 

temperature set point to obtain the right temperatures at the sample position measured by 

an external K-type thermocouple. An alumina tube with a pair of dummy silica capsules 

were placed at the sample position and the K-type thermocouple was inserted to read the 

temperature at the center of the furnace.  

The alumina tube containing samples was taken out of the furnace and air-cooled. 

The silica capsules were taken out of the alumina tube immediately after to hasten the air-

cooling. Once the capsules were cool enough, they were broken to retrieve the samples. 

All materials in the silica capsule were kept. The QFM buffer was examined for sample 

oxidation status as described in section 2.1.2.1. The Fe
0
 powder was also checked if there 

is no significant difference before and after annealing. Usually a few pieces of the sample 
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Figure 2.3. A schematic diagram of the exsolution experiment. The diagram is showing a 

top view of the tube furnace when the lid is opened. Samples for the same anneal 

duration from M- and T-type compositions were paired and placed in the center of the 

furnace inside an alumina tube (cut away view here), at the furnace hot spot. 
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were selected for compositional analyses, and thin section was made. 

 

2.2 Analytical Methods 

 The analytical techniques introduced here are standard methods. Therefore, the 

descriptions are brief. In addition to the following techniques, Raman spectroscopy was 

employed to infer structure of the oxide phases. The method is identical to that in Part II. 

Additional techniques employed whose data were determined not to be essential are listed 

in Appendix F. 

2.2.1 Electron Probe Microanalysis 

 The electron probe microanalysis (EPMA) was performed on thin section or grain 

mount of fused glass beads of reagent mixtures for Groups 1 and 2, and thin sections of 

the crystalline starting material samples of Groups 1 and 2 using JEOL JXA-8500F Field 

Emission Hyperprobe at the University of Hawaiói at MǕnoa. For the crystalline starting 

materials and the annealed samples, only oxide crystals were the target of the spot 

analysis. An accelerating voltage was 15 keV for all the samples. Electron beam current 

and diameter were 10 nA and 10 µm respectively for the glass analyses, and 8-25 nA and 

near zero-1 µm for the oxide crystals. The lower values for the beam current and 

diameter were used for small grains or finely exsolved phase attempting to minimize data 

contamination from the surroundings. Other detailed measurement information is listed in 

Appendix G. Na was measured first to minimize its loss before measurement. A possible 

loss of Na and K was corrected by time-dependant intensity corrections incorporated in 

ProbeForWindows software (Donovan, et al., 2007). Compositions were obtained from 

raw counts using a ZAF intensity correction.  
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The glass bead for the Group 1 M-type composition was found to contain Fe-Ti 

oxide crystals that were decided to be negligible since they were ~0.6 % of the whole 

area of the sample in BSE image, as determined using software ImageJ. The bead for the 

Group 2 T-type composition did not fall into the water upon quench as mentioned above 

(see section 2.1.1.2). However, its compositional homogeneity and absence of crystals 

were confirmed by EPMA. For fused beads, 10 measurements were obtained for each 

sample. Similarly, obtainment of (1) at least 10 spot analyses on different grains and (2) 

possibly multiple analyses within grains were attempted, for oxide phases. For some 

samples, the attempt (1) was not achieved due to a scarcity of the measureable grains 

(e.g., Group 2 T-type high-temperature run at 790 ºC (MB2-E-14)). Attempt (2) was 

achieved for exsolved oxide phases. It was also achieved for some samples of Group 2 

time-series runs with shorter duration. However, it was not carried out for the longer 

duration runs since no intra-grain compositional heterogeneity was observed for the 

shorter-duration samples. SiO2 content was measured for the oxide grains to evaluate the 

quality of the spot analyses. The data with SiO2 > 0.5 wt.% were considered to be 

contaminated by the surrounding silicates or glass and they were not included for data 

interpretations.  

 

2.2.2 Bulk Magnetic Measurements 

 The data for the Group 1 samples were collected by JA Bowles and the Group 2 

high-temperature samples were collected by LT Petrochilos at the Institute for Rock 

Magnetism, University of Minnesota. The Group 2 starting materials and the time-series 

samples were collected by DM Cuomo at the Montclair State University. 
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 A split or multiple splits of >20 mg (a few pieces) of the sample were allocated 

for the bulk magnetic measurements. The measurements by Bowles or Petrochilos were 

conducted on the whole spilt. Those by Cuomo were performed on individual chips to 

obtain the average. 

Magnetic hysteresis curves, coercivity of remanence (Hcr) and saturation 

magnetization (Ms) versus temperature curves (Ms-T) were measured on a Princeton 

Measurement Corporation Vibrating Sample Magnetometer (VSM) for all samples. The 

hysteresis curves were measured at room temperature with a peak field of 1 T and 

increment of 2 mT for the Group 1 and Group 2 high-temperature samples, and 5 mT for 

the Group 2 time-series samples. The hysteresis parameters (Ms, saturation remanent 

magnetization (Mrs), coercivity (Hc)) were obtained using a linear paramagnetic 

correction derived from the high field slope. The Hcr was measured by demagnetizing the 

imparted 1-T isothermal remanence with a back field until the remanence vanishes. The 

increment of the back field was 0.5 mT for Group 1 starting materials, 1 mT for Group 1 

annealed runs, 10 mT for the Group 2 starting materials and the time-series samples, and 

2 mT for the Group 2 high-temperature runs. The Ms-T curves were measured from 30-

600 ºC at 1 T for Group 1, 30-700 ºC at 50 mT for Group 2 starting materials and the 

time-series samples, and 30-700 ºC at 1 T for the Group 2 high-temperature runs. Curie 

temperatures (TC) for Group 1 and Group 2 high-temperature runs were determined by 

the intersecting-two-tangents method (Grommé et al., 1969).  
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3. RESULTS 

The key aspects of the results can be classified into 2 categories that pertain to: 

(1) the experimental variables (bulk composition (M-type vs. T-type), annealing time, 

and annealing temperature) and (2) non-pure titanomagnetite exsolution, respectively. 

For the first category, the different modal abundance of minerals in crystalline starting 

materials corresponding to a difference in bulk compositions was confirmed in both 

Groups 1 and 2. It was as expected from the previous studies (Hammer, 2006; Brachfeld 

and Hammer, 2006; Bowles et al., 2009). In addition, difference in oxide phase 

assemblages between Groups 1 and 2 crystalline starting materials were observed. None 

of the experimental variables listed above seem to be responsible for this. The reasons are 

examined in Discussion section (see section 4.1). A progressive oxide composition 

change with time and temperature was present in Group 2 samples. For the second 

category, non-pure titanomagnetite exsolution was present in Group 1 M-type annealed 

sample and Group 2 M-type high-temperature run at 790 °C. The detailed experimental 

results are described in the sections below.  

 

3.1 Petrologic Characterization 

3.1.1 Starting Material Bulk Compositions 

 The bulk compositions of M-type starting material for Groups 1 and 2 (MAm-34), 

and Group 1 T-type material (MB2-30) were nearly the same as their target compositions 

(Table 2.1). That for Group 2 T-type material was distinct from the target value or Group 

1 sample. For the T-type starting materials, Group 2 has lower SiO2 (-9.23 wt.%) and 

higher Al2O3 (+4.24 wt.%) and CaO (+3.00 wt.%), with respect to Group 1. It has olivine 
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and feldspathoid as normative minerals (18.6 and 2.68 wt.%, respectively), but lacking 

quartz, where the opposite is true for Group 1. 

The rest of petrologic descriptions in this section are focused on oxides. Identities 

of the oxide phases were determined based on their compositions from EPMA 

(Appendices H-J) as well as structure inferred from Raman spectra (Appendix K). From 

EPMA data, Fe (atoms per unit formula) was calculated into Fe
2+

 and Fe
3+

 with 3 and 4 

oxygen bases (3=rhombohedral, 4=spinel) using a method of Droop (1987), and corrected 

oxide totals were obtained. The oxygen basis that yielded a more reasonable corrected 

oxide total (usually closer to 100 wt.%) was decided to be the right one. Raman spectra 

have distinct peaks dependant on structure of the materials. Spinel oxide is known to 

have 5 distinct peaks at maximum depending on its composition, where the major peak is 

at ~670 cm
-1

 (see Part II of this thesis). Hematite has ~7-9 major peaks, where the 

prominent peaks are at ~230, 300 and 1300 cm
-1

 (de Faria et al., 1997; Wang et al., 2004). 

Ilmenite has 4 distinct peaks where the prominent ones are at ~230 and 690 cm
-1

 (Wang 

et al., 2004). The approximate spectral peaks were compared to known spectral peaks of 

the magnetite (titanomagnetite) and hematite to determine the structures of measured 

oxide grains. Determination of oxide phase structure form EPMA and Raman agreed well. 

The validity of the compositional data with relatively low corrected totals is supported by 

the fact that the standard magnetite used for EPMA calibration (Magnetite, Minas Gerais, 

USNM 114887) has a low corrected oxide total (98.1 wt.% as a published value. But 

EPMA data on the same standard as a bench standard were always below 98 wt.%). 

Systematically high corrected totals (up to ~103 wt.%) obtained from the exsolved oxide 

phases might be due to stoichiometry close to ideal (i.e., no vacancy or excess oxygen in 



38 

 

 

the structure) because of cation ordering under low temperature annealing and/or 

secondary fluorescence of cations from surroundings. The labeled numbers for some data 

points in these diagrams correspond to those in the BSE images introduced in textural 

descriptions. Magnetite (Mt; Fe3O4), ulvöspinel (Usp; Fe2TiO4), magnesioferrite (Mgf; 

MgFe2O4), hercynite (Hc; FeAl2O4), and chromite (Chr; FeCr2O4) were selected as end-

member minerals of spinel-structured oxide phases for all the experiments. They were the 

most appropriate end-members based on the abundance and partitioning of elements in 

the exsolved oxide crystals in all the experiments. For the rhombohedral oxide phases, 

hematite (Hem; Fe2O3), ilmenite (Ilm; FeTiO3), and Geikielite (Gk; MgTiO3) were 

chosen based on elemental abundance in those phases. The characteristic values of oxide 

compositions in terms of these end-members reported in the text below are median values 

for each sample rather than the average. The median was chosen because of the observed 

textural and compositional heterogeneity in time-series samples attributed to the starting 

material (Appendix L). The maximum differences in major oxides concentrations among 

rock chips in the case in Appendix L are 8.66 wt.% and 6.16 wt.% for TiO2 and FeO(t), 

respectively. If any of the end-members are minor (<5%), they are combined to be 

denoted as component ñZò similarly to the notations appear in Bowles et al. (2009). The 

compositions of the two end-members in the exsolved samples are taken to be those the 

furthest apart as obtained by EPMA. 

 

3.1.2 Experimental Group 1: Pilot Experiments 

3.1.2.1 Meteorite-Type 

 The phase assemblage in the starting material of the crystalline starting material  
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(MAm-36) is clinopyroxene, glass, hematite (Hem87Ilm3Gk10), Fe-Mg-Al spinel oxide 

(Mt16Mgf68Hc10Z6), and plagioclase, in the approximate order of decreasing volumetric 

abundance (Table 2.2). Clinopyroxene crystals in this sample are euhedral feathery 

dendrites with a slight but complex zoning. Plagioclase is a trace phase in this sample, 

which occurs as euhedral and equant, fine decorative crystals on clinopyroxene (Figures 

3.1a and b). The hematite grains are either equant or hopper, and euhedral with ~1-30 ɛm 

in diameter. The hopper grains commonly have melt inclusions. They appear in back-

scattered electron (BSE) images as lighter-toned opaque phase (Figures 3.1a - c). The Fe-

Mg-Al spinel oxide grains are commonly equant, euhedral, and ~1-30 ɛm in diameter, 

but some grains have a hopper texture with little melt inclusions. In contrast to hematite 

grains, they are darker-toned in BSE images, reflecting their compositional difference 

(Figures 3.1a - c). In BSE images, element with higher atomic number appear with a 

lighter tone. Some oxide grains have both phases within the grains with a sharp phase 

boundary based on this tone difference. In such grains, the tone contrast between the two 

phases is accentuated (Figures 3.1a and c). 

 The annealed run from this starting material (MAm-E-03) has the same phase 

assemblage as its starting material (MAm-36), except for the onset of the exsolution in 

oxide phases and devitrification (Table 2.2). The textural changes are also associated with 

these new phases. The devitrified parts of glass appear in the BSE image as clusters of 

possibly equant very fine-grained (submicron) crystals (Figures 3.2a and e). Its identity is 

uncertain since the crystals were too small to be quantitatively analyzed. The exsolution 

of the oxide phases recognized visually in the BSE images took place for many grains but 

not all. There are two texturally distinct exsolved oxide phases in the sample. One has  
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Figure 3.1. Back-scattered electron images of the Group 1 starting materials (MAm-36, 

MB2-31). (a-c): M-type (MAm-36). (d-f): T-type (MB2-31). The images in (d) and (e) 

were obtained by JA Bowles at University of Hawaiói at MǕnoa, using JEOL J5900 

scanning electron microscope. The rest is from electron microprobe (see section 2.2.1). 

See text for detailed textural descriptions. Abbreviations: cpx=clinopyroxene, 

pl=plagioclase, gl=glass, hem=hematite (lighter tone), femgal=Fe-Mg-Al spinel oxide 

(darker tone).  

M-type T-type 
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Figure 3.2. Back-scattered electron images of the Group 1 M-type annealed sample at 

710 °C for 54 days (MAm-E-03). (a-b): Type (1) exsolution, magnetite (light) ï Al -

bearing titanomagnetite (dark). Some grains are highly porous and some have olivine (?) 

reaction rim. (c-d): Type (2) exsolution, Fe-Mg spinel oxide (light) ï Fe-Mg-Al spinel 

oxide (dark). (e): Non-exsolved oxide phases. See text for detailed textural descriptions. 

Abbreviations: cpx=clinopyroxene, gl=glass, gl*=devitrified glass, timt=titanomagnetite, 

ol=olivine, mt=magnetite, femgal=Fe-Mg-Al spinel oxide, femg=Fe-Mg spinel oxide. 
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magnetite (Mt90Mgf7Z3) and Al-bearing titanomagnetite (Mt60Usp29Hc6Z5) as end-

members (Figures 3.2a and b). Another is exsolved Fe-Mg-Al spinel oxide (Figures 3.2c 

and d). The intergrowth of lamellae for this type of exsolution was too fine in this sample, 

therefore, only mixed microprobe analysis was possible. The obtained composition is 

Mt37Usp2Mgf42Hc12Chr7. The non-exsolved grains are Fe-Mg-Al spinel oxide 

(Mt34Mgf49Hc13Z4) (Figure 3.2e). Let us call the two distinct exsolutions Types (1) and 

(2), respectively. The oxide crystals underwent Type (1) exsolution consist of dark-toned 

lamellae of Al-bearing titanomagnetite and light-toned magnetite host in BSE images 

(Figures 3.2a and b). The thickness of Al -bearing titanomagnetite lamellae is ~0.5 ɛm 

and that of magnetite host is usually ~ 0.2-1 ɛm. An intra-grain distribution of the 

lamellae and host is nearly homogeneous. However, there are occasionally large blobs 

(~5 ɛm diameter) of magnetite host within grains. The exsolved grains usually have pores 

along the exsolution texture. In addition, some grains have reaction rim in contact with 

glass. Although this rim is too thin to be analyzed, it was assumed to be fayalitic olivine 

that also occurs in high temperature M-type run at 790 °C in Group 2 (MAm-E-14) as a 

reaction rim on titanomagnetite (see section 3.1.3.2.1). For Type (2) exsolution, the 

exsolved grains consist of light-toned, threaddy lamellae of Fe-Mg spinel oxide and dark-

toned Fe-Mg-Al spinel oxide host (Figures 3.2c and d). The identities of the exsolved 

phases for this type were adapted from texturally and compositionally similar exsolved 

oxide phase in the T-type sample in the Group 1 experiment assuming they are an 

identical solid solution exsolution (see section 3.1.2.2). It was because the Type (2) 

exsolution in this sample was too fine-textured to perform quantitative analyses on each 

exsolution end-member. Unlike Type (1), light-toned lamellae is typically thin (<0.2-ɛm-



43 

 

 

thick) although it can densely populate within a grain as in Figure 3.2d. Also, regardless 

of an apparent preferred right-angle-mutual-intergrowth of the lamella, their orientation 

can vary within a grain in a curvy manner. An intra-grain distribution of the lamellae and 

host is heterogeneous, unlike in Type (1). 

 The compositional characteristics of the oxide phases suggest that hematite in 

starting material is parental to Type (1) exsolution in the annealed run product (Figures 

3.3 and 3.4a - c). Similarly, Fe-Mg-Al spinel oxide in starting material is most likely 

parental to Type (2) exsolution. In Type (1) exsolution, Ti and Al partition into 

titanomagnetite phase whereas Fe partitions into magnetite phase (Figures 3.4a - b and 

3.5). There seems to be a slight co-variation of Fe and Mg although Mg is a trace element 

in this system (Figure 3.5). For Type (2) exsolution, see section 3.1.2.2 in which 

compositional data are available. A minor number of oxide grains in annealed run 

product that do not texturally exhibit exsolution are compositionally similar to the Fe-

Mg-Al spinel oxide phase from its starting material (Figures 3.3 and 3.4a - c).  

 

3.1.2.2 Terrestrial-Type 

The phase assemblage in the starting material of this sample (MB2-31) is 

plagioclase, clinopyroxene, glass, Fe-Mg-Al spinel oxide (Mt16Mgf67Hc8Z9), and 

hematite (Hem85Ilm5Gk10) in the approximate order of decreasing volumetric abundance 

(Table 2.2). In contrast to the M-type starting material (MAm-36), plagioclase is the most 

abundant phase in this sample. Both plagioclase and clinopyroxene occur as feathery 

dendrites with a slight but complex zoning (Figures 3.1d - f). Unlike in the M-type 

starting material, both oxide phases are subhedral dendrites in this sample. Although the  
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Figure 3.3. Quaternary and ternary diagrams displaying compositions of the oxide grains 

obtained by electron microprobe spot analyses on the Group 1 M-type starting material 

(MAm-36) and annealed sample (MAm-E-03). Note that they show abundance of some 

components relative to the others within the selected components, and not the absolute 

abundance. (a-c) are for spinel oxides. They show compositionally distinct two groups of 

oxides. (c) is a base ternary system in (a), or projection through ulvöspinel in (a). (d) 

shows rhombohedral phase as well, which implies rhombohedral phase in the starting 

material is parental to Type (1) exsolution and Mg-Al -rich ferrite in the starting material 

is parental to Type (2) exsolution. (Type (1): magnetite (light) ï Al -bearing 

titanomagnetite (dark), Type (2): Fe-Mg spinel oxide (light) ï Fe-Mg-Al spinel oxide 

(dark)) 
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Figure 3.4. Variation plots of selected oxides against TiO2 [wt.%] for the Group 1 M- 

and T-type starting materials and annealed samples (MAm-36, MB2-31, MAm/MB2 -E-

03). (a-c): M-type. (d-f): T-type. Co-variation pattern is clearer in these binary systems. 

See text for detailed descriptions. (Type (1): magnetite (light) ï Al -bearing 

titanomagnetite (dark), Type (2): Fe-Mg spinel oxide (light) ï Fe-Mg-Al spinel oxide 

(dark), Type (3): Fe-Mg-Al spinel oxide (light) ï Al -bearing magnesioferrite (dark))  
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Figure 3.5. An element line scan of Type (1) exsolution (magnetite ï Al -bearing 

titanomagnetite) in the Group 1 M-type annealed sample (MAm-E-03). The line scan was 

taken at the horizontal line shown in the back-scattered electron image with 5 pixels x 

200 steps. The co-variations of elements are clear in this datum. See text for detailed 

descriptions. Abbreviations: mt=magnetite, timt= titanomagnetite. 
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small size (~1-5 ɛm) is dominant (Figures 3.1d and e), there are some ~1-70-ɛm-

diameter grains (Figure 3.1f). Some small (Figure 3.1d) and large grains (Figure 3.1f) are 

faceted. Similarly to the M-type starting material, the two oxide phases have distinct 

tones relative to each other in BSE images reflecting their compositional difference; 

hematite is lighter-toned and Fe-Mg-Al spinel oxide is darker. Some oxide grains have 

both phases within the grains with a sharp phase boundary based on this tone difference, 

which was also the case for the M-type sample (Figure 3.1f).  

The annealed run from this starting material (MB2-E-03) has the same phase 

assemblage as its starting material (MB2-31), except only for the onset of the exsolution 

in oxide phases (Table 2.2). The textural changes are also associated with these new 

phases. The exsolution of the oxide phases recognized visually in the BSE images took 

place for many grains but not all. There are three texturally distinct exsolved oxide 

phases in the sample. One is Type (2) exsolution with the end-members Fe-Mg spinel 

oxide (Mt45Mgf47Z8) and Fe-Mg-Al spinel oxide (Mt44Mgf34Hc13Z9) (Figure 3.6). 

Another exsolution, Type (3) has Al-bearing magnesioferrite (Mgf84Hc6Z10) and Fe-Mg-

Al spinel oxide (Mt34Mgf47Usp8Hc10Chr1) as end-members (Figure 3.7a and b). The 

remainder texturally resembles Type (1) titanomagnetite exsolution identified in the M-

type annealed run product (Figure 3.6a). However, there is no quantitative compositional 

data with SiO2 < 0.5 wt.% for those grains due to their high porosity. One type of non-

exsolved phase texturally and compositionally confirmed was Fe-Mg-Al spinel oxide 

(Mt17Mgf66Hc8Z9) that has similar pore texture as Type (3) exsolution, which is described 

below (Figure 3.7d). For the textural description of Type (2) exsolution, see section 

3.1.2.1. A difference of texture compared to the one in the M-type sample is that the  
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Figure 3.6. Back-scattered electron images of the Group 1 T-type annealed sample at 

710 °C for 54 days (MB2-E-03). (a-d): Type (2) exsolution, Fe-Mg spinel oxide (light) ï 

Fe-Mg-Al spinel oxide (dark). (a) also shows relatively rare highly porous and 

compositionally heterogeneous oxide phase, whose texture resembles that of exsolved 

titanomagnetite in M-type annealed sample (MAm-E-03) in Figure 3.2a. See text for 

detailed textural descriptions. Abbreviations: timt=titanomagnetite, femgal=Fe-Mg-Al 

spinel oxide, femg=Fe-Mg spinel oxide. 
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Figure 3.7. Back-scattered electron images of the Group 1 T-type annealed sample at 

710 °C for 54 days (MB2-E-03) (Continued). (a-b): Type (3) exsolution, Fe-Mg-Al spinel 

oxide (light) ï Al -bearing magnesioferrite (dark). (c) Porous grains that resembles 

titanomagnetite exsolution in M-type sample (MAm-E-03) in Figure 3.2a. (d) Non-

exsolved oxide grains with pores texturally similar to that of grains with Type (3) 

exsolution. The inset in (d) is a magnified region in (d) to show pore morphology of these 

grains. See text for detailed textural descriptions. Abbreviations: femgal=Fe-Mg-Al 

spinel oxide, mgf=magnesioferrite, timt=titanomagnetite, gl=glass, pl=plagioclase, 

cpx=clinopyroxene. 
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grains with Type (2) exsolution in this sample exhibit coarser exsolution texture (Figure 

3.6). The grains with the exsolution Type (3) consist of light-toned, blobby lamellae of 

Fe-Mg-Al spinel oxide and dark-toned Al -bearing magnesioferrite host (Figures 3.7a and 

b). The tone contrast between lamellae and host in BSE images is lower than Types (1) 

and (2), obscuring the boundaries between lamellae and host. The thickness of Fe-Mg-Al 

oxide lamellae is ~0.2-1 ɛm and that of Al-bearing magnesioferrite host is ~0.2-0.5 ɛm. 

The distribution of the lamellae and host is heterogeneous. This type of exsolution also 

accompanies pore formation along exsolution texture similarly to Type (1). Also, it 

shows a step-like or cubic structure of the pores. The oxide crystals that seem to have 

undergone Type (1) exsolution consist of dark-toned (submicron) and light-toned oxide 

phases (submicron-2 ɛm) with undefined shapes in a BSE image and are highly porous 

(Figure 3.6a). There are some grains that do not seem to have exsolution exhibit pores 

with cubic shapes aligning in the same orientation, which resembles pores in Type (3) 

grains as mentioned above (Figure 3.7d). Another group of oxide grains that do not have 

exsolution texture in BSE images is highly porous with a preferred orientation of pores 

with a possible reaction rim (Figure 3.7c), which resembles texture for some of Type (1) 

grains in M-type sample. Quantitative compositional analysis on this group was not 

possible due to high porosity.  

The compositional characteristics of the oxide phases seen in those plots suggest 

that Fe-Mg-Al spinel oxide in starting material is parental to both Type (2) and (3) 

exsolution (Figures 3.4d - f and 3.8). For the starting material, volumetrically subordinate 

large grains were analyzed by EPMA because satisfactory results (SiO2 < 0.5 wt.%) was 

not likely to be obtained for small grains. Regarding the cation partitioning pattern  
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Figure 3.8. Quaternary and ternary diagrams displaying compositions of the oxide grains 

obtained by electron microprobe spot analyses on the Group 1 T-type starting material 

(MB2-31) and annealed sample (MB2-E-03). Note that they show abundance of some 

components relative to the others within the selected components, and not the absolute 

abundance. The type and end-members of the quaternary/ternary system are identical to 

those for M-type samples in Figure 3.3. (a-c) are for spinel oxides. (c) is a base ternary 

system in (a), or projection through ulvöspinel in (a). Although all the oxides are located 

in the similar positions, two types of exsolution, Types (2) and (3), are distinct. See text 

for detailed descriptions. (d) shows rhombohedral phase as well. (Type (2): Fe-Mg spinel 

oxide (light) ï Fe-Mg-Al spinel oxide (dark), Type (3): Fe-Mg-Al spinel oxide (light) ï 

Al -bearing magnesioferrite (dark)) 
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between exsolved phases in Type (2) exsolution, there is a negative correlation between 

Mg and Al (Figures 3.4d and f, 3.8d, and 3.9). There are also positive correlations 

between Mg and Fe (Figures 3.4e and f) and between Al and Ti (Figures 3.4d and 3.9), 

where Ti is a minor element in this system. For Type (3) exsolution, the correlations are 

the same as in Type (2) (Figure 3.10), except for Mg and Fe being negatively correlated 

(Figures 3.4e and f). Also, Mg partitioning between exsolved phases is amplified at the 

expense of Al compared to Type (2) (Figures 3.4d and f, 3.8a and c, and 3.10). The oxide 

grains in annealed run product that do not texturally exhibit exsolution are 

compositionally similar to the Fe-Mg-Al spinel oxide phase from its starting material 

(Figures 3.4d - f and 3.8). 

 

3.1.3 Experimental Group 2 

3.1.3.1 Time-Series Experiments 

3.1.3.1.1 Meteorite-Type 

The phase assemblage in the starting material of this sample (MAm-51) is 

clinopyroxene, glass, plagioclase, and titanomagnetite (Mt44Usp38Mgf11Hc7), in the 

approximate order of decreasing volumetric abundance (Table 2.2 and Figure 3.11a). 

Clinopyroxene crystals in this sample are subhedral, elongated, and blocky with a slight 

but complex zoning. Plagioclase occurs as euhedral tabular crystals. Titanomagnetite 

crystals are euhedral, equant, and ~30-80 ɛm in diameter. There is a subordinate 

population of rounded and equant ~5-15-ɛm-diameter grains that occur as clusters. All of 

these phases tend to have melt inclusions, except the second type of titanomagnetite 

crystals. Thus, the phase assemblage as well as texture is distinct from Group 1 M-type  
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Figure 3.9. An element line scan of Type (2) exsolution (Fe-Mg spinel oxide ï Fe-Mg-Al 

spinel oxide) in the Group 1 T-type annealed sample (MB2-E-03). The line scan was 

taken at the horizontal line shown in the back-scattered electron image with 5 pixels x 

200 steps. The co-variations of elements are clear in this datum. See text for detailed 

descriptions. Abbreviations: femg= Fe-Mg spinel oxide (light), femgal=Fe-Mg-Al spinel 

oxide (dark). 
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Figure 3.10. An element line scan of Type (3) exsolution (Fe-Mg-Al spinel oxide ï Al -

bearing magnesioferrite) in the Group 1 T-type annealed sample (MB2-E-03). The line 

scan was taken with 5 pixels x 200 steps at the center of the field of view. The co-

variations of elements are clear in this data. See text for detailed descriptions. 

Abbreviations: femgal= Fe-Mg-Al spinel oxide (light), mgf=magnesioferrite (dark). 
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Figure 3.11. Back-scattered electron images of the Group 2 M-type starting material 

(MAm-51) and some of the time-series annealed samples at 650 °C (MAm-E-09 and E-

10). The tone of the oxides may appear to be different in the images due to different 

brightness/contrast settings. As in (b-c), some samples have texturally distinct group of 

oxides. Re-crystallization of glass is visually recognizable after annealing. Abbreviations: 

cpx=clinopyroxene, pl=plagioclase, timt=titanomagnetite, gl=glass, gl*=devitrified glass. 
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starting material although the same reagent mixture was employed for the starting 

material syntheses. 

 The time-series annealed runs from this starting material (MAm-E-09 ï E-13) 

have the same phase assemblage as its starting material, except for the devitrification 

(Table 2.2, Figures 3.11b - d and 3.12). The devitrified parts of glass appear in the BSE 

image as colloform aggregates of fibrous crystals, and the amount increases with time. Its 

identity is uncertain since no quantitative data was obtained. There is no other noteworthy 

textural change with time or visually recognizable exsolution in titanomagnetite grains. 

The median compositions of titanomagnetite in the time-series samples are 

Mt49Usp35Mgf9Hc7, Mt50Usp35Mgf8Hc7, Mt51Usp34Mgf8Hc7, Mt49Usp36Mgf8Hc7, and 

Mt53Usp32Mgf8Hc7, in the order of increasing annealing time. 

 There is no compositional change with time in titanomagnetite except for MgO 

and TiO2 contents (Figures 3.13a, 3.14a, and 3.15). The concentrations of MgO and TiO2 

decrease with time, making the composition of titanomagnetite approach the end-member 

magnetite (Figures 3.13a, 3.14a, and 3.15d). Element maps obtained for starting material 

and some of the annealed runs show enrichment of Mg in glass adjacent to 

titanomagnetite grains compared to groundmass glass (Appendix M).  

3.1.3.1.2 Terrestrial-Type 

The phase assemblage in the starting material of this sample (MB2-48) is 

plagioclase, clinopyroxene, glass, olivine, titanomagnetite (Mt17Usp47Mgf27Hc7Chr2), and 

ilmenite (Hem15Ilm64Gk21) in the approximate order of decreasing volumetric abundance 

(Table 2.2 and Figure 3.16a). As for olivine, it is based on a similar but still distinct tone 

from pyroxene in BSE images and the fact that the CIPW norm for this starting material  
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Figure 3.12. Back-scattered electron images of the Group 2 time-series M-type annealed 

samples at 650 °C (MAm-E-11 ï E-13). The tone of the oxides may appear to be 

different in the images due to different brightness/contrast settings. As in (b-c) and (d-e), 

some samples have texturally distinct group of oxides. A progression of the glass re-

crystallization is significant. Abbreviations: cpx=clinopyroxene, pl=plagioclase, 

timt=titanomagnetite, gl=glass, gl*=devitrified glass. 
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Figure 3.16. Back-scattered electron images of the Group 2 T-type starting material 

(MB2-48) and the time-series annealed samples at 650 °C (MB2-E-09 ï E-13). The tone 

of the oxides may appear to be different in the images due to different brightness/contrast 

settings. Relative tone difference of titanomagnetite and ilmenite still holds within each 

image (titanomagnetite is lighter with respect to ilmenite). (d) shows a representative 

chromite grain seen in the sample in inset. There was no change in petrography with 

annealing time for this set of samples. Scale bars are 100 µm for (a) and (e). Those for 

(b)-(d) (including inset in (d)) and (f) are 10 µm. Abbreviations: cpx=clinopyroxene, 

pl=plagioclase, timt=titanomagnetite, ilm=ilmenite, gl=glass, ol=olivine, chr=chromite. 
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has some olivine. Compositional confirmation would eventually be ideal although it was 

not the essence of this study. Plagioclase occurs as faceted, highly elongated hopper 

crystals. Clinopyroxene crystals in this sample are euhedral feathery dendrites with a 

slight but complex zoning. Olivine crystals are anhedral. Titanomagnetite crystals are 

euhedral, equant, and ~5-10-ɛm in diameter. Ilmenite crystals are euhedral and elongated 

~5x30 ɛm in length. There seems to be a preferred orientation in ilmenite grains although 

distance between grains in thin sections is usually more than ~30 ɛm. In BSE images, 

ilmenite appears to be slightly darker-toned compared to titanomagnetite. Similarly to the 

M-type sample, the starting material in Group 2 is distinct from the one in Group 1. In 

this case, it is not surprising considering difference in the reagent mixtures used to 

synthesize the T-type starting materials (see section 3.1.1). 

 In general, the time-series annealed runs from this starting material (MB2-E-09 ï 

E-13) have the identical phase assemblage as its starting material, and there is no textural 

difference from its starting material (Table 2.2 and Figures 3.16b - f). The run annealed 

for 48 days (MB2-E-11) has some grains that have Cr-rich core surrounded by 

titanomagnetite rim (Figure 3.16d) as well as Cr-rich grains without zoning. Considering 

a possible heterogeneity in the starting material mentioned earlier, it is most likely a 

heritage from the starting material, and not something developed during annealing. 

Because such a species occurs only in this sample in the time-series runs and the five 

end-member calculation for compositional characterization of titanomagnetite does not 

apply to it (a deficiency of Fe occurs using the selected end-members), it is not included 

in the compositional descriptions or plots except non-zoned Cr-rich grains in variation 

plot (Figure 3.17). Their compositions are listed in Appendix H. The median  
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Figure 3.17. Variation plots of selected oxides against TiO2 [wt.%] for the Group 2 T-

type starting material (MB2-48) and annealed samples (MB2-E-09 ï E-15). A clear 

decrease in MgO after annealing is visible in this set of samples. Some Cr-rich grains 

were present in this set of sample, and they are obscuring the trend with time due to their 

depletion in FeO(t) and enrichment in Al2O3.  
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compositions of titanomagnetite in the time-series samples are Mt14Usp47Mgf25Hc8Chr6, 

Mt21Usp48Mgf22Hc7Chr2, Mt15Usp50Mgf22Hc7Chr6, Mt21Usp47Mgf21Hc8Chr3, and 

Mt16Usp50Mgf22Hc7Chr5, and those of ilmenite are Hem12Ilm68Gk20, Hem13Ilm68Gk19, 

Hem8Ilm74Gk18, Hem13Ilm69Gk18, and Hem2Ilm81Gk17, in the order of increasing 

annealing time. 

A difference in titanomagnetite composition compared to the M-type samples is 

that the T-type samples contain some chromite component (Figure 3.17c). This feature is 

distinct from Group 1 samples as well. Similarly to Group 2 M-type samlple, the 

compositions of titanomagnetite and ilmenite become depleted in MgO with time and 

approaches to end-member magnetite composition (Figures 3.13b - c, 3.14b - c, and 

3.17d). The titanomagnetite composition approach toward magnetite is less obvious 

compared to M-type samples due to a presence of Cr-rich grains that are depleted in 

FeO(t).  

 

3.1.3.2 High-Temperature Experiments 

 The starting materials for the high-temperature runs are the same as for time-

series runs in the previous section (see section 3.1.3.1).  

3.1.3.2.1 Meteorite-Type 

 The annealed run at 750 °C (MAm-E-15) has the same phase assemblage as its 

starting material, except for the devitrification and an extensive pore and olivine reaction 

rim formation in titanomagnetite grains (Mt50Usp40Mgf3Hc7) (Table 2.2 and Figure 3.18). 

The annealed run at 790 °C (MAm-E-14) showed exsolution texture in some 

titanomagnetite crystals in addition to the devitrification and pore and olivine reaction  
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Figure 3.18. Back-scattered electron images of the Group 2 M-type high-temperature 

annealed sample at 750 °C (MAm-E-15). The tone of the oxides may appear to be 

different in the images due to different brightness/contrast settings. As it was described 

for the time-series samples in Figure 3.11 and 3.12, it is shown in (a-b) that there are two 

texturally distinct groups of titanomagnetites. However, they both show an extensive 

development of pores in oxide grains. Glass is now re-crystallized completely. In (b), 

some grains possess reaction rim, most likely olivine (see text). Abbreviations: 

cpx=clinopyroxene, gl*=devitrified glass, pl=plagioclase, timt=titanomagnetite. 
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rim formation in the oxides similarly to the run at 750 °C (Figure 3.19). The 

devitrification for both runs shows a similar texture as those observed in the time-series 

runs, colloform aggregates of fibrous crystals. In both samples, all the glass including 

melt inclusions in the oxides devitrified, making the whole rock hollocrystalline. Another 

textural characteristic common in these two runs, an extensive development of pores and 

reaction rim in titanomagnetite grains, was also observed in the grains that underwent 

non-pure titanomagnetite exsolution in the Group 1 M-type annealed run (see section 

3.1.2.1).  

 The exsolved titanomagnetite grains in the run at 790 °C underwent magnetite 

(Mt88Usp9Z3) ï Al -bearing titanomagnetite (Mt15Usp69Hc12Z4) exsolution. Therefore, we 

classify this exsolution into Type (1). The exsolved grains consist of dark-toned host of 

Al -bearing titanomagnetite and light-toned, nearly equant, blobby lamellae of magnetite 

in BSE images (Figures 3.19a - e). The size of magnetite lamellae is submicron to 

slightly above 1 ɛm in diameter. A distribution of the lamellae is heterogeneous for a 

whole grain whereas it is homogeneous in a local scale. They seem to align in the same 

crystallographic orientation as the titanomagnetite host titanomagnetite: well-defined 

edges of some magnetite grains are approximately parallel to the edges of the host 

titanomagnetite (Figures 3.19b and c). The exsolved grains usually have pores that tend 

to have cubic structure aligned with the same orientation as magnetite phase (Figures 

3.19a ï d). It seems they tend not to occur near the surface of the host grain, which is in 

contact with the olivine reaction rim. To note, among the three rock chips in the thin 

section for 790 °C run, only one had titanomagnetite oxide grains, and 3 out of ~15 

titanomagnetite grains (including those appeared as fragments in two-dimension) showed  
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Figure 3.19. Back-scattered electron images of the exsolved titanomagnetites in the 

Group 2 M-type high-temperature annealed sample at 790 °C (MAm-E-14). The tone of 

the oxides may appear to be different in the images due to different brightness/contrast 

settings. (a-e): Type (1) exsolution, magnetite (light) ï Al -bearing titanomagnetite (dark). 

(b-c) are regions in (a). An alignment of pores and exsolved magnetite phase is more 

obvious in the high-magnification images as in (b) and (c). All of the exsolved grains 

possess pores and olivine reaction rim. Abbreviations: cpx=clinopyroxene, ol=olivine, 

gl*=devitrified glass, mt=magnetite, timt=titanomagnetite. 
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optically observable exsolution texture by electron microprobe. The non-exsolved (at 

least in BSE images; Figure 3.20) titanomagnetite (Mt51Usp38Mgf3Hc8) was also 

accompanied by the olivine reaction rim.  

Similarly to the time-series runs, there is depletion in MgO and TiO2 for both 

high-temperature runs, and the compositions approach toward end-member magnetite 

(Figures 3.13a, 3.14a, and 3.15d). The partitioning of elements between two exsolved 

oxide phases in Type (1) exsolution in the 790 °C sample is the same as that of the Group 

1 M-type annealed run: there is a clear positive correlation between Ti and Al that is 

negatively correlated with Fe between the exsolved phases (see section 3.1.2.1; Figures 

3.15a and c, and 3.21). From the line scan, there seems to be a slight co-variation of Fe 

and Mg although Mg is a trace element in this system (Figure 3.21). The quantitative 

composition data of olivine rim in this sample was obtained by EPMA, although the 

calibration for oxides (as opposed to olivine) was used. However, it provides us with the 

approximate composition as fayalite-rich olivine (Appendix J).  

3.1.3.2.2 Terrestrial-Type 

Except for sub-micron equant devitrified parts of glass, the annealed runs at 750 

and 790 °C (MB2-E-15 and E-14) have the same phase assemblage as its starting 

material, similarly to the case for the M-type samples (Table 2.2 and Figure 3.22). 

Another textural characteristic common in these two runs is a development of pores and 

reaction rim in some titanomagnetite and ilmenite grains, which are also similar to the M-

type experiments (see section 3.1.3.2.1).  

The median compositions of titanomagnetite are Mt26Usp47Mgf15Hc7Chr5 for 

750 °C and Mt27Usp43Mgf20Hc8Chr2 for 790 °C run and those of ilmenite are  
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Figure 3.20. Back-scattered electron images of the non-exsolved titanomagnetites in the 

Group 2 M-type high-temperature annealed sample at 790 °C (MAm-E-14). The tone of 

the oxides may appear to be different in the images due to different brightness/contrast 

settings. The grains possess olivine reaction rim. Pore formation in oxide grains is more 

visible in the exsolved grains as in Figure 3.19. Abbreviations: gl*=devitrified glass, 

timt=titanomagnetite, cpx=clinopyroxene. 
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Figure 3.21. An element line scan of Type (1) exsolution (magnetite ï Al -bearing 

titanomagnetite) in the Group 2 M-type high-temperature annealed sample at 790 °C 

(MAm-E-14). The line scan was taken at the horizontal line shown in the back-scattered 

electron image with 5 pixels x 200 steps. The co-variations of elements are clear in this 

datum. See text for detailed descriptions. Abbreviations: mt=magnetite, 

timt=titanomagnetite, ol=olivine. 
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Figure 3.22. Back-scattered electron images of the Group 2 T-type high-temperature 

annealed samples at 750 and 790 °C (MB2-E-15 and E-14). The tone of the oxides may 

appear to be different in the images due to different brightness/contrast settings. Relative 

tone difference of titanomagnetite and ilmenite still holds within each image 

(titanomagnetite is lighter with respect to ilmenite). The changes for both samples are 

pore formation in both oxide phases and re-crystallization of glass. (b) is a region in (a) 

shown in a white box. In (c), pore formation in plagioclase is visible. In (d), reaction rim 

on some oxide grains are visible. They are most likely olivine rim. Abbreviations: 

cpx=clinopyroxene, pl=plagioclase, timt=titanomagnetite, ilm=ilmenite, gl*=devitrified 

glass, ol=olivine. 
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Hem4Ilm88Gk8 and Hem8Ilm83Gk9, respectively. These values are possibly biased 

because there were few analyzable grains in the samples, most likely due to extensive 

pore formation in the oxides. Similarly to the M-type high temperature runs, there is 

depletion in Mg and approach toward end-member magnetite and ilmenite that was also 

present in time-series runs (Figure 3.13b - c, 3.14b - c, and 3.17d). 

 

3.2 Magnetic Properties 

 The magnetic properties of the Group 2 starting materials and the time-series 

samples were obtained by DM Cuomo and SA Brachfeld (see section 2.2.2), which will 

be the focus of discussion in Cuomo et al. (in prep.). Although some of their data will be 

mentioned here, the Group 1 and Group 2 high-temperature samples will be the focus of 

discussion in this thesis.  

3.2.1 Curie Temperatures 

 The TC values obtained from Ms-T curves (Table 3.1, Figure 3.23, Appendix N) 

were compared with the TC values estimated for the oxides based on composition 

obtained by EPMA (Appendix O). The most reasonable and comparable TCôs were 

matched to decide corresponding magnetic phase to the TCôs obtained from Ms-T. 

Differences between TCôs from magnetic measurements and those calculated from 

compositions are relatively large in general. This is presumably because of uncertainties 

involved in both determinations. For the Group 1 M-type starting material, TC of ~545 

and 420 °C were detected and the corresponding minerals were interpreted as hematite 

and Fe-Mg-Al spinel oxide, respectively. The TC values for the annealed sample were 

~210, 470, and 580 °C, which were interpreted as Al -bearing titanomagnetite end- 
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Table 3.1. Sample bulk magnetic properties

Sample Tf [ºC]
Duration

[day]

Ms
a

[Am2/kg]

Mrs
b

[Am2/kg]
Mrs/Ms Bc

c [mT] Bcr
d [mT] Bcr/Bc TC

e [ºC]

Group 1

MAm-36 1065 n.a. 1.70E+00 1.00E-01 0.06 2.90 22.44 7.74 420, 545

MAm-E-03 710 54 2.98E+00 6.64E-01 0.07 21.01 52.44 2.50 210, 470, 580

MB2-31 1070 n.a. 6.33E-01 4.72E-02 0.07 2.95 12.80 4.34 400

MB2-E-03 710 54 9.03E-01 2.92E-01 0.32 21.87 46.01 2.10 210, 400

Group 2

MAm-51 1070 n.a. 4.30E+00 1.91E-01 0.04 2.57 9.35 3.63 n.d.

MAm-E-09 650 21 2.91E-01 1.27E-02 0.04 2.48 12.27 4.94 n.d.

MAm-E-10 650 32 2.66E+00 1.02E-01 0.04 2.09 9.40 4.50 n.d.

MAm-E-11 650 48 1.86E+00 8.80E-02 0.05 2.44 9.18 3.77 n.d.

MAm-E-12 650 111 5.00E+00 2.80E-01 0.06 3.06 9.53 3.11 n.d.

MAm-E-13 650 158 9.24E-01 4.00E-02 0.04 2.13 9.16 4.31 n.d.

MAm-E-14 790 88 5.33E-01 4.60E-02 0.09 3.85 9.94 2.58 314.3

MAm-E-15 750 88 7.76E-02 7.29E-03 0.09 3.83 12.00 3.13 297.1

MB2-48 1070 n.a. 9.52E-02 8.71E-03 0.09 2.56 8.77 3.42 n.d.

MB2-E-09 650 21 1.26E-01 1.35E-02 0.11 3.30 10.36 3.14 n.d.

MB2-E-10 650 32 3.64E-02 4.27E-03 0.12 3.86 12.11 3.14 n.d.

MB2-E-11 650 48 1.01E-01 7.37E-03 0.07 1.90 7.92 4.18 n.d.

MB2-E-12 650 111 1.80E-01 1.76E-02 0.10 3.04 8.50 2.80 n.d.

MB2-E-13 650 158 9.13E-02 8.23E-03 0.09 2.64 8.56 3.25 n.d.

MB2-E-14 790 88 2.05E-02 3.95E-03 0.19 5.26 14.96 2.84 none

MB2-E-15 750 88 3.47E-02 6.09E-03 0.18 5.75 13.81 2.40 none

     a Saturation magnetization

     b Saturation remanent magnetization

     c Coercivity

     d Coercivity of remanence

     e Curie temperature  
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Figure 3.23. A plot of Curie temperature (TC) vs. annealing time for the Group 1 samples 

(MAm-36, MB2-31, and MAm/MB2 -E-03) and Group 2 high-temperature M-type 

samples (MAm-E-14 and E-15). The annealing temperatures are labeled for the Group 2 

samples. The T-type equivalents for Group 2 did not exhibit clear TC, and therefore are 

not plotted here. See text for explanations. Phase abbreviations: hem=hematite, 

femgal=Fe-Mg-Al spinel oxide, mt=magnetite, femg=Fe-Mg spinel oxide, 

mgf=magnesioferrite, timt=titanomagnetite. (Type (1): magnetite ï Al -bearing 

titanomagnetite, Type (2): Fe-Mg spinel oxide ï Fe-Mg-Al spinel oxide, Type (3): Fe-

Mg-Al spinel oxide ï Al -bearing magnesioferrite) 
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member in Type (1) exsolution, exsolved and non-exsolved Fe-Mg-Al spinel oxide, and 

magnetite in Type (1) exsolution, respectively. Note that TC at 210 °C is much lower than 

expected value for Type (1) titanomagnetite (316 °C) (Appendix O). As for the T-type 

samples, starting material had a TC of ~400 °C which corresponds to Fe-Mg-Al spinel 

oxide. The annealed sample showed TC of ~210 and 400 °C. The lower TC could 

correspond to exsolved or non-exsolved Fe-Mg-Al spinel oxide whose expected TC is the 

lowest among the petrologically characterized oxides in this sample (Appendix O). 

Although it is much lower than its expected TC (>370 °C), if it is true, the same TC 

detected for M-type sample was also contributed from Fe-Mg-Al spinel oxide, 

considering the absence of titanomagnetite in T-type sample. Another TC for T-type 

anneal sample at 400 °C was interpreted as either Fe-Mg spinel oxide in Type (2) or Al -

bearing magnesioferrite in Type (3) exsolution, or some combination of the two. For the 

Group 2 high temperature runs, only M-type samples had detectable TC. The run 

annealed at 750 °C showed TC at ~300 °C and the run annealed at 790 °C showed TC at 

~315°C, where both correspond to titanomagnetite. Note that the TCôs are higher than the 

expected for both samples (230-240 °C) (Appendix O). Although it is petrologically 

confirmed that the latter sample has titanomagnetite exsolution, that is, nearly pure 

magnetite phase, its corresponding TC was not detected.  

3.2.2 Magnetic Domain State 

 The Day plot (Day et al., 1977) was obtained using hysteresis parameters (Table 

3.1) in order to infer a magnetic domain state of magnetic phases in the samples (Figure 

3.24). A datum of a naturally exsolved titanomagnetite and that of homogenized sample 

from Evans et al. (2006) were plotted in the same graph as a comparison. For the Group 1  



76 

 

 

 
Figure 3.24. Day plots of the Group 1 samples (MAm-36, MB2-31, and MAm/MB2 -E-

03) and Group 2 samples (MAm-51, MB2-48, MAm/MB2 -E-09 ï E-15). (a): All the 

samples are shown. The natural sample with exsolved titanomagnetite and homogenized 

sample from Evans et al. (2006) are also shown for comparison. (b): The Group 2 time-

series samples are shown with their anneal times labeled. Note that the starting material 

data points for the Group 2 high-temperature are the same as Group 2 time-series. The 

Group 1 samples and Group 2 high-temperature samples show a domain behavior shift 

toward single-domain field after annealing. See text for detailed descriptions. 

Abbreviations: Mrs=saturation remanence magnetization, Ms=saturation magnetization, 

Hcr=coercivity of remanence, Hc=coercivity, SD=single-domain, PSD=pseudo-SD, 

MD=multidomain. 
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samples, both M- and T-types showed an approach toward the SD field similar to that of 

natural example. As for the Group 2 high temperature samples, they also showed a 

similar behavior but to a less degree. Again, the M-type sample annealed at 790 °C did 

not show a significant difference in behavior here compared to the 750 °C run regardless 

of a presence of petrologically confirmed titanomagnetite exsolution. The time-series 

data did not exhibit any systematic change in domain state with respect to time, and all 

are further away from the SD field compared to the high-temperature annealed samples 

for each composition. 
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4. DISCUSSION 

 The discussion consists of three sections. In the first section, unintended 

experimental parameters are discussed. They are responsible for the observed difference 

in the modal abundance of minerals and oxide phase assemblages in the crystalline 

starting materials between Groups 1 and 2. In the second section, three topics of non-pure 

titanomagnetite exsolution are interpreted. The topics are 1) exsolution process, 2) cation 

partitioning pattern between the exsolution end-members, and 3) their magnetic 

properties. The third section describes the effect of isothermal annealing on oxide 

compositions seeking for a geological relevance.  

 

4.1 Implication of the Distinct Run Products from the Two Experimental Groups 

 The experimental variables, pressure, temperature treatment, and fO2, were aimed 

to be the same for synthesis of Groups 1 and 2 starting materials, intending to reproduce 

the identical starting materials as Group 1 for Group 2. Distinct crystalline starting 

materials obtained for T-type sample is attributed to different reagent mixture 

compositions (Table 2.1). However, there was also a petrologic difference in M-type 

starting materials although the same reagent mixture was employed. Among the 

experimental variables listed above, pressure and temperature treatment were almost 

identical for both groups (Table 2.2). Thus, distinct fO2 in the two groups was suspected 

to be a cause of different outcomes and investigated. As a matter fact, the method of 

controlling and monitoring fO2 was different for the two groups: QFM buffer was used 

for Group 1 whereas a flowing gas and a sensor were used for Group 2 (see section 

2.1.1.4 and Table 2.2). Considering a presence of hematite in Group 1 starting materials 
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and a consistent starting material preparation method within each group, it is most likely 

that oxidation took place in Group 1 which is related to the fO2 control method. 

Maghemitization of titanomagnetite was also reported in the experiments by Brachfeld 

and Hammer (2006) for the long duration QFM runs using a similar experimental settings. 

To test this possibility, QUILF calculation (Anderson et al., 1993) using software quilf95 

was performed for M- and T-type samples for Group 1 and T-type sample for Group 2, in 

which there are spinel and rhombohedral oxide composition data available for the 

calculations (Table 4.1). The input parameters used for the quilf95 are: pressure, 

temperature, spinel oxide composition in terms of Ti, Mg, and Mn in the number of 

atoms per unit formula, and rhombohedral oxide composition in terms of molar fractions 

of hematite and geikielite, where the output parameter is fO2. For the oxide compositions, 

median values rather than average values in each sample were employed due to 

heterogeneity observed in Group 2 sample (see section 3.1.1). The obtained fO2 values 

for Group 1 M- and T-types are QFM + 7.284 (± 0.805) and QFM + 6.387 (± 1.204) in 

log unit, respectively. That of Group 2 T-type is QFM + 0.263 (± 0.333). These results 

clearly show an oxidized state to near hematite-magnetite (HM) buffer curve of the 

Group 1 starting materials as opposed to Group 2 T-type that is nearly at the aimed fO2. 

Although Group 1 M-type starting material fO2 was not examined due to a lack of 

rhombohedral oxide or any other mineral compositions that can be used for QUILF 

calculation, it is likely to be equilibrated near QFM as well considering the identical fO2 

treatments to the T-type material for the same group. Therefore, it is most likely that the 

distinct oxide phase assemblages in the starting materials were derived from different fO2 

in the final step of preparing crystalline starting material. Considering a confirmed  
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Table 4.1. QUILF calculations for the starting materials

NTi NMg NMn XIl XHem XGk

MAm-36 1065 1 -2.740 0.805 7.284 0.04 0.69 0.07 0.03 0.88 0.09

MB2-31 1070 1 -3.568 1.204 6.387 0.09 0.57 0.06 0.05 0.84 0.11

MB2-48 1070 1 -9.691 0.333 0.263 0.46 0.26 0.04 0.64 0.15 0.21

     Inputs are in regular font and outputs are in bold italic font.

     a In terms of number of cations

     b In terms of mol fraction of the endmember

Sample T [°C] P [bar]
f O2

[log unit]

f O2

Uncertainty

[log unit]

ȹFMQ

[log unit]

Spinel Oxidea Rhombohedral Oxideb
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presence of all three phases in QFM buffer in the starting material synthesis run, it raises 

question to the reliability of fO2 control method. These contrasting results of Group 1 and 

2 indicate that it is preferred to use gas mixture for fO2 control if possible. 

 

4.2 Non-Pure Titanomagnetite Exsolution 

Three types of spinel oxide exsolution were observed in the course of experiments 

(Figure 4.1).  

Type (1), magnetite ï Al -bearing titanomagnetite exsolution was present in Group 

1 M-type sample annealed at 710 °C for 54 days and Group 2 high temperature M-type 

sample annealed at 790 °C for 88 days (see sections 3.1.2.1 and 3.1.3.1.1). These samples 

have a common reagent mixture, but different crystalline starting material production 

procedures; Group 1 at ~HM and Group 2 at QFM. The precursor oxides were also 

different: hematite for Group 1 and titanomagnetite for Group 2. The cation partitioning 

pattern is Mg-Fe and Ti-Al positive correlations and a negative correlation between these 

pairs, where the Fe and Ti present major partitioning. The exsolved grains in the Group 1 

sample are characterized by lower Ti/Fe and Al/Fe ratios and higher Mg/Fe ratio relative 

to the Group 2 sample.  

Type (2), Fe-Mg spinel oxide ï Fe-Mg-Al spinel oxide exsolution was present in 

Group 1 M- and T-type samples annealed at 710 °C for 54 days (see sections 3.1.2.1 and 

3.1.2.2). The crystalline starting materials for these samples were prepared at ~HM. The 

precursor oxide phase is Fe-Mg-Al spiel oxide. The partitioning pattern is Fe-Mg and Al-

Ti positive correlations and a negative correlation between these pairs, where Mg and Al 

present major partitioning.  
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Figure 4.1. A quaternary diagram summarizing the exsolution types obtained in the 

Group 1 annealed samples (MAm/MB2 -E-03) and Group 2 M-type high-temperature 

sample annealed at 790 °C (MAm-E-14). The furthest compositions obtained are taken as 

end-member compositions in this diagram. The back plane (Mt-Usp-Hc ternary system) 

is base of prism of Figure 4.2. (Type (1): magnetite (light) ï Al -bearing titanomagnetite 

(dark), Type (2): Fe-Mg spinel oxide (light) ï Fe-Mg-Al spinel oxide (dark), Type (3): 

Fe-Mg-Al spinel oxide (light) ï Al -bearing magnesioferrite (dark)) 

 


