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Abstract

:

In a ground-interacting nuclear explosion, elements derived from environmental and anthropogenic material, such as iron, silicon, and aluminum, can be incorporated into the fireball. When significant amounts of metals are entrained, the resulting melt may display immiscible textures. The composition of these textures is a record of the temperature of formation and cooling rates (or thermodynamic stability) of the melts and can provide unique constraints on the early cooling conditions of these events. Here, a thermodynamic approach using calculated phase diagrams, the CALPHAD method, is used to predict temperature and composition ranges where stable liquid immiscibility might result in the textures observed in nuclear fallout glass. Sensitivity of the immiscibility to the presence of relative Al, Ca, and Mg content is also explored and compared to fallout samples, and partition coefficients are introduced to understand the preferred distribution of components into each liquid phase.
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1. Introduction


In a ground-interacting nuclear explosion, fallout forms from the mixing of local material (e.g., structure, soil, etc.) with vaporized device components [1]. The entrainment of proximate materials may influence the oxygen fugacity, composition of the vapor phase, and cooling rate of the fireball, and in turn affect radionuclide partitioning in the resulting fallout material [2,3,4,5,6,7]. In a situation where sources of silicates and metals are entrained with the fireball vapor, fallout glasses enriched in metallic content can result. For example, in an urban environment, minerals in soil and building materials (i.e., concrete, glass) can provide Si-rich inputs, while significant amounts of iron can originate from steel structures, buildings, and vehicles. Recent studies have documented the presence of metals and metal oxide species [8,9,10] in macroscale and particulate fallout with some samples displaying textural evidence of liquid immiscibility [3,11]. Understanding the physical and chemical nature of how the fallout glass microstructure is influenced by the chemistry of entrained material is useful to predict the local thermal and chemical conditions relevant to the nuclear fireball cooling and debris formation conditions.



Fallout microstructures from nuclear tests conducted in predominantly silicate environments contain on average less than 5 wt% FeO [2,8,12,13], with some microscale inclusions reported at ~40 wt% FeO [8]. However, recent work reported iron-rich fallout compositions with bulk FeO content ranging between 45–53 wt% and microscale metal inclusion textures with >60 wt% FeO [3,11]. Fallout glass microstructures from melts with enriched iron composition preserve unique textures [1] hypothesized to be a product of liquid immiscibility of the iron-silicate system. Early observations of fallout glass from the Trinity nuclear explosion included evidence of liquid immiscibility [8]; however, interpretation of these features to understand fallout formation processes remains essentially unexplored. Similar immiscibility features have been observed in some geological systems where temperature, pressure, and composition play a role in the formation of natural and volcanic rocks, magmas, and lunar basalt, as summarized in [14].



The CALPHAD method (CALculation of PHAse Diagrams) [15,16,17] was previously applied to model phase formation in nuclear fallout [18]. Preliminary constraints on the chemistry/environment of nuclear fallout microstructure formation were achieved through understanding the effects of temperature, oxygen fugacity, and iron-aluminosilicate compositional variance on liquid immiscibility. In this work, we apply computational thermodynamics to elucidate the underlying phase behavior of iron-silicate melts in nuclear fallout glass as a function of temperature and composition of interacting species (alumina, calcia, etc.), which provides an understanding of formation conditions and offers an opportunity to determine local fireball conditions associated with fallout. We continue to explore the effects of temperature and composition sensitivity on liquid immiscibility for iron-rich fallout samples that exhibit microstructures referred to as amoeboids, as described by Genda et al. [3], and are depicted in Figure 1 of this work and in Figure 2 of Genda et al. [3]. These glassy fallout microstructures contain two distinct phases: one rich in Si (LSi) and one rich in Fe (LSi). These phases are dispersed in two distinct morphologies, one that consists of LSi particles dispersed in an LFe (LSi-dispersed) and another that consists of LFe particles in an LSi matrix (LFe-dispersed). Thermodynamic modeling of multicomponent melt systems using the CALPHAD method provides insight into formation conditions where immiscible two-phase liquid stability might be the dominant mechanism. This phenomenon might be responsible for the LSi-dispersed/LFe-dispersed features observed in glassy fallout microstructures such as the unique amoeboid textures preserved in Fe-rich fallout glass. It is clear from the presence of SiO2 glass and the absence of precipitated SiO2 crystals that non-equilibrium solidification occurs. However, higher temperature liquid phase separation may or may not occur as a result of equilibrium processes. This work aims to explore whether preserved liquid compositions in the form of solid two-phase compositions are consistent with equilibrium liquid phase separation.




2. Sample Selection and Characterization


Fallout samples exhibiting textures that could potentially be attributed to liquid immiscibility, as seen in the works of Genda et al. [3,11], were investigated. Sample selection and preparation are reported in detail in Genda et al. [3,11]. Briefly, millimeter-scale samples were collected from a historic near-surface nuclear test. Several iron-rich samples with aerodynamic morphologies (smooth surface and spherical or tear-drop shaped) were chosen for analysis [11]. Samples were mounted in epoxy and polished to expose their approximate mid-plane cross section. After polishing to a 1 μm surface roughness and carbon coated, backscattered electron images were obtained by Scanning Electron Microscopy (SEM) (Figure 1) with compositional analysis achieved by X-ray Energy Dispersive Spectroscopy (EDS) through SEM and Transmission Electron Microscopy (TEM) methods [3].
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Figure 1. Backscatter electron images of typical amoeboids ((A)—LSi-dispersed, (B)—LFe-dispersed) observed in iron-rich fallout glasses. Bright regions represent Fe-rich regions (LFe), whereas darker regions are more Si-rich (LSi). 
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For this work, additional sample analysis was performed on selected samples using an FEI Inspect F Scanning Electron Microscope with an annular solid-state silicon backscatter electron (BSE) detector for imaging and an XFlash 6-60 Silicon Drift Detector for EDS analysis. For BSE imaging analysis, an electron beam of 20 keV was used, and EDS analysis was performed using a 10 keV electron beam for better spatial resolution. Additional measurements using a FEI Titan 80-300 S/TEM enabled two-phase EDS measurements for the LFe-dispersed amoeboids and offered better compositional estimates for LSi-dispersed amoeboids. TEM measurements were performed under 300 kV accelerating voltage. TEM samples were prepared using an FEI Nova 600i dual beam focused ion beam (FIB) to obtain 100 nm thick foils. Compositional analysis was obtained for bulk and liquid-immiscibility features of the samples using TEM-EDS mapping under STEM (Scanning Transmission Electron Microscopy) mode. Regions defining the entire amoeboid and each of the two-phase regions were used to estimate the bulk and two-phase compositions [3]. Any compositional analysis performed using SEM-EDS and S/TEM-EDS analysis will here on out be referred to as SEM and TEM, respectively.



Two predominant microstructures were analyzed from the samples and denoted as follows: (1) LSi-dispersed where the silicon rich features (LSi) are dispersed in an iron-rich (LFe) matrix (Figure 1A) and (2) LFe-dispersed, where the iron-rich features are dispersed in a silicate-rich matrix (Figure 1B). Semi-quantitative estimates of the entire exposed amoeboid cross section compositions for both LFe-dispersed and LSi-dispersed amoeboids were obtained by EDS. The electron beam was rastered over the amoeboid exposed cross sections during SEM and TEM measurements. The amoeboid compositions were assumed to be combinations of standard stoichiometric oxide compositions: SiO2, FeO, Al2O3, CaO, MgO. Compositional data for each of the two liquid phases (LFe and LSi) of the LSi-dispersed microstructures were obtained using both SEM and TEM methods. However, only TEM data were obtained for the liquid compositions of LFe-dispersed microstructures because the small diameters (sub-micron) of the dispersed features were beyond spatial resolution of EDS. Bulk compositions for LFe-dispersed and LSi-dispersed microstructures were obtained using both SEM and TEM.



The amoeboid bulk compositions are listed in Table 1 in oxide weight percent for the two types of amoeboids. Average bulk compositional data were obtained from the average SEM measurement of 23 LSi-dispersed amoeboids, with error reported as the standard error of the mean. For the LFe-dispersed bulk compositions, SEM measurements on 11 amoeboids were averaged, with uncertainties calculated using the standard error of the mean. A single measurement of the bulk for each amoeboid morphology was made using TEM, which are reported in Table 1, with uncertainties representing instrument analytical uncertainty. To estimate individual LFe and LSi compositions in the LSi-dispersed amoeboids, quantitative data of the two liquid phase compositions were obtained by averaging TEM spectra of 11 Si-rich (LSi) and 2 Fe-rich (LFe) data points. To estimate individual LFe and LSi compositions in the LFe-dispersed amoeboids, measurements were obtained by averaging 5 Si-rich and 13 Fe-rich data points (see Appendix in [11]).




3. CALPHAD Method


CALPHAD modeling is based on a set of models and adjustable parameters to represent Gibbs energy functions for a given phase as a function of composition, temperature, and pressure. Once a model is selected (depending on the phase), the model parameters are optimized by fitting inputs of critically selected thermochemical and constitutive data from the literature, including experiment and ab initio calculations. The assessed functions are compiled in a database for use in computational thermodynamic predictions across multicomponent materials. The strength of the CALPHAD method relies on the ability of the assessed database to be self-consistent and thus can be applied to predict the thermodynamic behavior of multicomponent systems. To demonstrate the applicability of thermodynamic modeling with respect to fallout glass, we modeled the liquid phase behavior of the SiO2-FeO-Al2O3-CaO-MgO system using the thermodynamic description from the Thermodynamics of Advanced Fuels-International Database (TAF-ID) and the solid phases models from the constituent binary and ternary systems [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36].



In more detail, the liquid phase for non-metallic systems is described with a two-sublattice ionic liquid model [37,38] as:


(Al3+,Ca2+,Fe2+,Mg3+,Si4+)P(AlO2−,O2−,SiO44−, VaQ−,FeO3/2, SiO2)Q



(1)







The first sublattice describes the cations of the system and the second considers anions, negatively charged vacancies (Va), and neutral species, with P and Q being the number of sites on each sublattice. The neutral species are introduced to help describe non-metallic liquids. To maintain electroneutrality, P and Q vary with composition such that:


  P =   ∑  i   v i   y   A i    + Q  y  V a    



(2)






  Q =   ∑  j   v j   y   C j     



(3)




where vi is the valency of ion i or ion j, and yi is the site fraction of ion i or ion j, which is the atomic fraction within each sublattice (A denotes an anion, C denotes a cation, and B is for neutral species). The summation over i is made over all anions and the summation over j is made for all cations. The vacancies (Va) are assumed to hold a charge that is equal to the average charge of the cation sublattice (Q). The summation of the constituent fractions on each sublattice is unity. The Gibbs energy of the liquid phase described above can be written as:


   G  l i q   =  G   l i q     r e f   +  G   l i q     i d   +  G   l i q     e x    



(4)
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(7)







In the reference term (Equation (5)),   °  G   C   A    l i q     is the Gibbs energy of (vC + vA) moles of liquid C   v A   A   v C   ,     °  G   C    l i q     is the temperature-dependent Gibbs energy term of the liquid phase for the pure element corresponding to the cation (C), and     °  G   B    l i q     represents the Gibbs energy of the liquid phase for the neutral species B. The reference Gibbs energy terms are taken from [insert Dinsdale Reference]. The ideal term (Equation (6)) corresponds to the ideal configurational entropy on each sublattice; R is the ideal gas constant (J/mol/K) and T is the temperature in Kelvin. An excess term is described by (Equation (7)), where the L-parameters represent interaction between different species in each sublattice, and where commas are used to separate interacting species in a same sublattice. The interaction terms are usually in the form of a polynomial expans. The parameters are stored in a thermodynamic database, and the subsequent calculations are carried out in equilibrium. For this work, the bulk oxide data obtained for the LFe-dispersed/LSi-dispersed amoeboid compositions are used as input for the equilibrium calculations. The equilibrium calculations are presented in Section 4.3, Figure 3 (LFe-dispersed), and Figure 4 (LSi-dispersed). The computed distribution of oxide components in each liquid phase are compared to the measured compositions and are used to predict formation conditions in the fallout microstructures.




4. Results and Discussion


4.1. Inputs for Modeling Fallout Microstructures


The physical measured data from SEM and TEM of the amoeboids are reported in Table 1. These samples were higher than expected with respect to FeO content and exhibited lower levels of SiO2 than typical fallout glasses. The compositions measured using TEM resulted in generally higher iron levels compared with SEM-EDS measurements, which may be due to analytical bias or because the particular amoeboids measured by TEM happened to be more iron rich than those selected for SEM analysis. The bulk values reported here were used as inputs for the CALPHAD modeling. As described above, two-phase liquid compositions for both LFe-dispersed and LSi-dispersed microstructures were only measurable using TEM, therefore the bulk TEM compositions in Table 1 are used as model inputs. These data are the overall amoeboid compositional measurements of each morphology, but are not the compositions of each of the two phases in the amoeboids. The compositions of each liquid were used as comparison for the equilibrium calculations presented in Section 4.3, see dashed lines in Figure 3b,c and Figure 4b,c. We performed the CALPHAD calculations using the TAF-ID thermodynamic database [39] that contains data for the SiO2-FeO-Al2O3-CaO-MgO multicomponent system. While the samples also contain oxides from the alkali group (K2O, Na2O totaling ~2–3 wt%) and transition metals (MnO, TiO2 totaling <1 wt%), the compositions in Table 1 neglect these species and are normalized to account for components within the SiO2-FeO-Al2O3-CaO-MgO system. However, alkali oxides are generally predicted to partition in the silicate-rich liquids and behave similarly to Al2O3 in that they likely further suppress the miscibility gap to lower temperature domains and constrained composition ranges [40,41].
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Table 1. Bulk composition of amoeboids as measured by SEM (average) and TEM in oxide weight percent.
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LFe-Dispersed

	
LSi-Dispersed






	
Component

	
SEM

	
TEM

	
SEM

	
TEM




	
SiO2

	
50.2 ± 3.1

	
44.6 ± 8.9

	
32.5 ± 1.6

	
25.2 ± 0.8




	
FeO

	
41.4 ± 4.0

	
45.2 ± 6.3

	
61.0 ± 3.1

	
67.1 ± 6.0




	
Al2O3

	
5.9 ± 0.5

	
6.8 ± 1.4

	
4.6 ± 0.3

	
4.8 ± 0.1




	
CaO

	
1.0 ± 0.1

	
1.3 ± 0.2

	
0.6 ± 0.1

	
1.8 ± 0.02




	
MgO

	
1.5 ± 0.2

	
2.1 ± 0.4

	
1.3 ± 0.1

	
1.2 ± 0.01










4.2. Compositional Sensitivity


The compositional sensitivity of liquid phase iron-silicate systems with respect to Al2O3-content has been presented previously [18]. Since Al2O3 is known to suppress liquid immiscibility of silicate systems [40], it may be one parameter that explains the presence or absence of immiscibility textures in these fallouts. The Al2O3 content in Table 1 is lower than other compositions reported in non-metallic fallout, where fewer immiscible textures were described by Weisz et al. [6,7]. The combined effects of the amoeboids with compositional variations in alumina (Al2O3), calcia (CaO), and magnesia (MgO) concentrations on liquid thermodynamics, specifically miscibility gap formation and stability, is explored here.



The effect of 5 wt% and 10 wt% Al2O3 additions to the liquid immiscible region of a pseudo-binary FeO-SiO2 system (Figure 2a) is explored using equilibrium calculations. The calculations presented here are a rough estimation of the experimental data with ranges that bound the amoeboid compositions with respect to Al2O3 content. There exists a wide range of stability of the two-phase liquid domain across compositions between 5–67 wt% FeO (black curve). The maximum temperature limit (Tmax or critical temperature of immiscibility) of the two-phase liquid region is calculated to be 1950 °C at a composition of 24 wt% FeO, above which the liquids are completely miscible. The miscibility gap extends across a temperature range of from 1620–1950 °C. Upon cooling from Tmax and 24 wt% FeO composition, the phase boundaries expand and shift so that the majority liquid becomes enriched in SiO2, and the minority liquid is iron-rich in accordance with the lever rule [42]. The addition of Al2O3 alters the stability of the two-phase liquid domain (blue and brown curves), decreasing the maximum temperature of the two-liquid region by 95 and 208 °C for 5 and 10 wt% Al2O3, respectively, but extending the stability range down to lower temperatures (~1420 °C) as seen in [43]. Incidentally, the presence of Al2O3 leads to a contraction of the liquid immiscibility range with respect to composition. The composition range of FeO, where two liquids are stable, is significantly reduced at the lower temperature limits. This is especially pronounced for higher Al2O3-content, such that the two liquids coexist between 14–60 wt% FeO at 1420 °C for 10 wt% Al2O3 (Figure 2a). The composition at Tmax is shifted towards enrichment in FeO (depletion in SiO2), to 27 wt% FeO and 30 wt% FeO for 5 at 10 wt% Al2O3, respectively.



To be more representative of fallout sample compositions, the effects of select other minor elements known to be entrained in the fireball from near-ground explosions were added to the calculation. The combined effects Al2O3 with CaO and MgO additions are compared to the FeO-SiO2 pseudo-binary and FeO-SiO2-5Al2O3 (Figure 2b). In the presence of CaO and 5 wt% Al2O3, the minor CaO additions (orange-curves) further reduce Tmax, 1838 °C to and 1818 °C for 1 wt% and 2 wt% additions, respectively, which is 17 °C and 37 °C lower compared to the Tmax of FeO-SiO2-5Al2O3 (blue curve). However, the FeO wt% composition at Tmax is not significantly affected. The purple curve in Figure 2b corresponds to the liquid phase stability of FeO-SiO2 with additions of 5 wt% Al2O3, 2 wt% CaO and 1 wt% MgO. In this case the addition of MgO further reduces Tmax. The addition of components such as Al2O3, CaO, and MgO lead to significant contractions in the miscibility gap limiting the compositional range of stability where liquid immiscibility is favored. This is in agreement with [14], whose work indicated a suppression of the miscibility gap with the addition of these components. The contraction of the phase boundary with additions of alkaline +2 oxides shifts the phase boundary towards SiO2 (depletion in FeO) as reported by [40].



The bulk compositions for the LFe-dispersed (red-dashed lines) and LSi-dispersed (green-dashed lines) amoeboids, as measured by SEM-EDS (left-dashed lines) and TEM-EDS (right-dashed lines) can be shown relative to these calculations. Superimposing the observed compositions with the model suggests that the LSi-dispersed amoeboid compositions would fail to experience stable phase separation with the combined addition of 5 wt% Al2O3, 2% CaO, and 1% MgO.
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Figure 2. Compositional and temperature sensitivity to (a) Al2O3 and (b) Al2O3 with CaO and MgO. The labels indicate the weight percent composition for each of the oxide species. The dashed areas (b) indicate the bulk composition ranges of the LSi-dispersed (labeled LSi) and LFe-dispersed (labeled Lfe) measured by SEM and TEM-EDS. 
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From the observed fallout microstructures, the LFe-dispersed and LSi-dispersed amoeboid compositions are expected to lie on opposite sides of the miscibility gap compared to their dispersed phase. Where the dispersed phase is the minority phase, such that LSi-dispersed comprises an iron-rich matrix that includes Si-rich dispersed. However, CALPHAD predictions would expect both amoeboid morphologies to be LSi-dispersed, where the majority phase is FeO-rich according to the lever rule [42], since both compositions lie on the iron-rich side of the miscibility gap. From Figure 2b, it can be seen that the experimentally observed compositions of the LFe-dispersed amoeboids lie on the iron-rich side of the miscibility gap. However, the observed LFe-dispersed morphologies indicate that the iron-rich dispersed phase should correspond to the minority phase, although phase fractions of the relative amounts of LFe and LSi liquid phases were not measured experimentally. Conversely, the LSi-dispersed amoeboid morphology is expected to contain an FeO-rich majority phase and a dispersed LSi-rich minority phase; this is accurately represented in Figure 2b. Equilibrium calculations predict an LFe-dispersed phase (where the majority phase is SiO2 rich) at composition <30 wt% FeO, and the LSi-dispersed phase (majority phase FeO-rich amoeboids) at compositions >30 wt%. While these calculations demonstrate immiscibility sensitivity to overall composition, they do not consider alkali components such as Na2O or K2O. These metal oxide species undoubtedly play a role in constraining the miscibility region [40], but they are not represented in our equilibrium calculations due to constraints on the available elements in the TAF-ID database.




4.3. Temperature Sensitivity


The temperature dependence of the two immiscible liquid phases for an LFe-dispersed and LSi-dispersed amoeboid composition was computed. Such predictions bound the temperature ranges over which the amoeboid morphologies might be stable under thermodynamic equilibrium conditions. Prediction of the liquid phase fractions was performed for the amoeboid compositions obtained by TEM (Table 1), only. The computed results for LFe-dispersed compositions (Figure 3) predict that the Fe-rich phase is predominant (Figure 3a), contrary to analytical measurements, which show the matrix phase to be Si-rich and the dispersed phase to be Fe-rich. Average compositions lie on the FeO-rich domain of the miscibility gap (Figure 2b), as discussed in the previous section. The two-phase liquid domain is stable between 1400–1600 °C, above which the two liquids are completely miscible. Upon cooling, the amount of Fe-rich liquid is reduced but remains dominant, and the Si-rich liquid increases in phase fraction.
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Figure 3. Temperature dependence of (a) phase fraction of LFe-dispersed amoeboids and composition of (b) Fe-rich and (c) Si-rich liquids. Dashed curves correspond to analytical measurements from TEM and colors correspond to different components (FeO-red, SiO2-green, Al2O3-blue, CaO-orange, MgO-purple). 






Figure 3. Temperature dependence of (a) phase fraction of LFe-dispersed amoeboids and composition of (b) Fe-rich and (c) Si-rich liquids. Dashed curves correspond to analytical measurements from TEM and colors correspond to different components (FeO-red, SiO2-green, Al2O3-blue, CaO-orange, MgO-purple).



[image: Applsci 13 03220 g003]





The composition of each liquid as a function of temperature is plotted in Figure 3b,c for the FeO- and SiO2-rich liquids, respectively. The dashed lines are the analytically measured compositions of each liquid phase based on TEM. Figure 3b reveals that the predicted iron content in the Fe-rich liquid is significantly underestimated and the SiO2 and Al2O3 content is overestimated compared to chemical analysis (dashed lines). MgO and CaO contents are in relative agreement with compositions measured by TEM for the FeO-rich liquid. The computed results indicate the Fe-rich liquid becomes increasingly enriched in FeO and depleted in SiO2 as a function of decreasing temperature.



Broadly, better agreement between compositions obtained by TEM and our computed results is observed at reduced temperatures, such as 1400 °C. The Si-rich liquid is calculated to be the minority phase (Figure 3a) and the predicted values for each component are in relative agreement with the analytically measured compositions, except for CaO, which is underestimated (Figure 3c). The Si-rich liquid becomes slightly enriched in SiO2 as a function of decreasing temperature.



From these predictions, we can propose a constraint in temperature for the formation of these amoeboids. The dispersed phase (FeO-rich) forms at 1400 °C, as the computed composition approaches the analytically measured composition with decreasing temperature. However, the SiO2-rich phase is in better agreement with compositions achieved by chemical analysis (TEM) at temperatures ~1600 °C, as seen in Figure 3c. The relative amounts of computed phase fraction, i.e., that the Fe-rich liquid is the majority phase, is in contrast with the observed morphologies, which would expect the dispersed phase (Fe-rich liquid) to be present in smaller amounts compared to the matrix phase. This deviation could point to non-equilibrium formation conditions for the amoeboid morphologies in the fallout glass. CALPHAD predictions indicate that the dispersed phase (LFe) forms at lower temperatures than the Si-rich matrix phase. This would mean that the dispersed phase might nucleate within the matrix phase as the fireball condenses.



The computed results for LSi-dispersed compositions (Figure 4) show that the compositions of these amoeboids are predicted to lie outside of the stability limit of the FeO-SiO2 miscibility gap (see Figure 2b). However, contrary to the calculations above (Figure 2 and Figure 3), if no solid phases are included in the calculation to constrain the solidus and all phases other than the liquid phase are suspended, a small metastable region of two-phase liquid stability can be induced between 1120 °C < T < 1265 °C. While this can be used to provide some preliminary insight into compositional constraints of LSi-dispersed amoeboids, the metastable low-temperature range of formation provides an indication that non-equilibrium conditions are likely the contributing factor for amoeboid morphologies in the fallout glass. The calculations indicate that the predominant phase is predicted to be Fe-rich (Figure 4a), in agreement with experimental findings where the primary/matrix phase contains high levels of iron and the minor dispersed-phase is Si-rich. As temperature decreases in Figure 4a, the amount of Fe-rich liquid is reduced but remains dominant, and the Si-rich liquid increases in phase fraction. The composition of each liquid as a function of temperature is plotted in Figure 4b,c for the FeO and SiO2-rich liquids, respectively. The dashed lines are the experimentally observed compositions of each liquid phase based on TEM measurements and are inherently temperature independent. While the FeO content in Figure 4b is underestimated compared to experiments, we achieve reasonable agreement at temperatures around 1120 °C for most of the components in the Fe-rich liquid. The Si-rich liquid is calculated to be the minority phase (Figure 4a) and the predicted values for each component in this phase are computed in Figure 4c and compared to experimentally observed compositions obtained from TEM (dashed lines). The SiO2 content is not predicted to change much with temperature, showing that the overall sensitivity to temperature for the components in the dispersed Si-rich phase is not significant.
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Figure 4. Temperature dependence of (a) phase fraction of LSi-dispersed amoeboids and composition of (b) Fe-rich and (c) Si-rich liquids. Dashed curves correspond to analytical measurements from TEM and colors correspond to different components (FeO-red, SiO2-green, Al2O3-blue, CaO-orange, MgO-purple). 
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Generally, the disagreement between the computed and analytically measured compositions might indicate that the LSi-dispersed amoeboids are not necessarily formed under equilibrium conditions. However, the effects of alkali metals are also not considered in this work, which could have demonstrable consequences on the two-phase liquid stability. If instead of performing the calculation with compositions measured by TEM from Table 1, we consider the slightly more iron- (and calcium-) deficient data measured by SEM (refer to the left green-dashed line in Figure 2b), a small range of stability for the two-phase liquid is predicted between 1404–1415 for LSi-dispersed amoeboid morphologies. This is calculated near the iron-rich phase boundary, which extends just beyond the SEM composition (61 wt% FeO) to 61.6 wt% FeO at 1404 °C.




4.4. Component Partitioning


The Nernst distribution coefficient [44], also called the partition coefficient, in this case represents the affinity of each of the oxide components for the two liquid phases, either a component preferably partitions into Fe-rich or Si-rich liquid. Nernst distribution coefficients are the simplest conventional form of quantitative presentation of element partitioning between phases. In this work, we calculate ratios of the oxide wt% in the LFe phase to that in the LSi phase for the two amoeboid morphologies, so that any values calculated greater than unity would indicate the component partitions into the iron-rich liquid, and values less than one mean that the component prefers the Si-rich liquid. Nernst coefficients (Figure 5) are another representation of the computed compositions of each phase plotted in Figure 3 and Figure 4. The CALPHAD computed coefficients are calculated as a function of temperature, whereas the coefficients calculated from analytically measured data using TEM (dashed lines) are independent of temperature.



The computed Nernst coefficients for MgO, FeO, and CaO are most sensitive to temperature, offering a constraint for partitioning. For instance, in LFe-dispersed amoeboids, the coefficient computed for FeO broadly approaches agreement with coefficients derived from analytical measurements at ~1400 °C, and MgO is in agreement with analytical measurements around 1500 °C. The CALPHAD method, which predicted the partitioning of CaO into LFe liquid, disagrees with observed microstructures, where CaO clearly partitions in the silicate-rich liquid phase (true for both LFe-dispersed and LSi-dispersed morphologies). In LFe-dispersed amoeboids, the distribution coefficient is underestimated compared to analytical measurements. Specifically, the dispersed phase (FeO-rich liquid) was calculated to be rather iron-deficient compared to the compositions observed in TEM. Al2O3 content in both liquids are calculated to be near equal, with a slight preference for Si-rich liquid at elevated temperatures in LFe-dispersed amoeboids. Coefficients from analytical measurements clearly indicate a preference of Al2O3 for the Si-rich matrix phase, as their values are greater than unity.



Distribution coefficients for LSi-dispersed amoeboid compositions show sensitivity to temperature for FeO and MgO, while CaO distribution appears to be less temperature dependent. All three components partition into the iron-rich liquid; however, coefficients derived from analytical measurements of CaO indicate a preference for the Si-rich liquid, contrary to conditions computed under equilibrium. While most of the component partitioning is in qualitative agreement with measurements of chemical analysis, discrepancies still exist. Inconsistent agreement of CALPHAD-computed Nernst coefficients with those that were derived from analytical measurements suggests that either amoeboids reflect non-equilibrium behavior or, if they represent equilibrium behavior, incorporation of alkali behavior (Na and K oxides) is needed to better describe equilibrium formation conditions. Alternatively, amoeboids could form as a result of emulsification of compositionally distinct liquids rather than decomposition from a single miscible liquid, but this process was not evaluated for this study.





5. Conclusions


CALPHAD calculations are used to establish temperature and composition bounds on fallout morphologies that exhibit two-phase immiscible liquid textures. The miscibility gap of the FeO-SiO2 pseudo-binary system is computed assuming equilibrium conditions with the additions of Al2O3 and Al2O3 with MgO and CaO. Both types of observed morphologies, LFe-dispersed and LSi-dispersed, are calculated to be in the iron-rich side of the miscibility gap. The majority liquid is always predicted to be iron rich under equilibrium conditions for amoeboid compositions observed in this work. This is contrary to observed microstructures, where the LFe-dispersed amoeboids are expected to have a Si-rich matrix (majority-phase) and dispersed iron features within the Si-rich matrix phase. The LSi-dispersed amoeboids appear to be on the outer compositional limit of two-phase liquid stability. Nernst distribution coefficients are used to investigate the partitioning of components into each of the liquids, and qualitative agreement with values derived from analytical data is achieved. This method has also demonstrated sensitivity of immiscibility to Al, which is consistent with our observations. However, predicted Ca distribution between two liquid compositions is not consistent with our observations. Addition of alkalis into this method would greatly increase the quantitative nature of these constraints.
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Figure 5. Predicted Nernst distribution coefficients between two liquids vs. those derived by analytical measurements for (a) LFe-dispersed and (b) LSi-dispersed. Dashed curves correspond to analytical measurements and colors correspond to different components (FeO-red, SiO2-green, Al2O3-blue, CaO-orange, MgO-purple). 
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