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Abstract

:

We present reaction balancing and thermodynamic modeling based on microtextural observations and mineral chemistry, to constrain the history of phosphate crystallization within two lunar mare basalts, 10003 and 14053. Phosphates are typically found within intercumulus melt pockets (mesostasis), representing the final stages of basaltic crystallization. In addition to phosphates, these pockets typically consist of Fe-rich clinopyroxene, fayalite, plagioclase, ilmenite, SiO2, and a residual K-rich glass. Some pockets also display evidence for unmixing into two immiscible melts: A Si-K-rich and an Fe-rich liquid. In these cases, the crystallization sequence is not always clear. Despite petrologic complications associated with mesostasis pockets (e.g., unmixing), the phosphates (apatite and merrillite) within these areas have been recently used for constraining the water content in the lunar mantle. We compute mineral reaction balancing for mesostasis pockets from Apollo high-Ti basalt 10003 and high-Al basalt 14053 to suggest that their parental magmas have an H2O content of 25 ± 10 ppm, consistent with reported estimates based on directly measured H2O abundances from these samples. Our results permit to constrain in which immiscible liquid a phosphate of interest crystallizes, and allows us to estimate the extent to which volatiles may have partitioned into other phases such as K-rich glass or surrounding clinopyroxene and plagioclase using a non-destructive method.
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1. Introduction


The study of accessory minerals such as phosphates is fundamental in advancing our understanding of volatile element evolution during planetary magmatism (e.g., [1,2,3,4,5,6,7,8,9]). The Moon was traditionally considered to be a volatile-depleted body (e.g., [10,11,12,13]). However, since the direct measurement of hydrogen (expressed as both H2O and OH, here we use H2O in melts and OH in apatite) within apatites from lunar mare basalts [14,15] this credo has been challenged [8,14,16,17,18,19]. Early studies based on apatite measurements suggested that some mare basalt source regions are hydrous (e.g., [15]), with recent estimates placing an average water content for the lunar mantle at ~0.15–5.3 ppm [8], ~110 ppm [20], or ~320 ppm [21]. However, [5] highlighted that elevated water contents within lunar apatites (>> 100 ppm H2O) are underestimated during their crystallization because of the partitioning effects at non-Henrian law conditions. Those authors argued that zoning in apatites represent a replacement of H2O by Cl and F, implying that the primary magmas could have been more water-rich. Furthermore, [22] noted that decreasing F and increasing Cl + S from core to rim is preserved in some lunar apatites, suggesting late-stage metasomatic alteration with a S-Cl–bearing, but F-poor fluid. By implication, late volatiles may be present locally, altering earlier dry assemblages. All this is consistent with our general knowledge about fractional crystallization of magmas on Earth (e.g., [23,24]) in which the last melts will increase in volatile and incompatible elements by orders of magnitude. This is also a fundamental aspect of thermodynamic modeling tools for the input conditions used when calculating mineral equilibria in such mineral assemblages (e.g., MELTS [25,26] and SPICES [27,28]).



Apatite is among the final mineral phases to crystallize within basaltic systems, commonly crystallizing within microdomains of residual, late-stage, interstitial melt pockets (mesostasis). These pockets display variable mineralogy, and commonly show evidence for having undergone silicate liquid immiscibility (SLI), (e.g., [6,23,29,30]). This process occurs during the late-stage differentiation of Fe-rich terrestrial and lunar basalts, commonly producing coeval Fe-rich and Si-rich liquid compositions (e.g., [23,24,31]).



Mesostasis petrology, including associated phosphates, is not routinely described within studies that investigate mare basalts, in particular, the importance of SLI in relation to phosphates is often overlooked. Both immiscible fractions can crystallize apatite (Figure 1), thus, when using melt-mineral partition coefficients to estimate volatile abundance in the residual melt, it is important to know which immiscible conjugate liquid an apatite of interest crystallized from.



Within this contribution, we aim to better constrain the conditions under which phosphates such as apatite (ideally (F, Cl, OH) Ca5(PO4)3) and merrillite (ideally Ca9NaMg(PO4)7) crystallize within immiscible melts. This will enable a more effective understanding of how volatile elements partition into phosphates, ultimately allowing more robust H2O back-calculations for estimating magmatic water contents. To understand phosphate crystallization conditions, we present reaction balance calculations based on phase equilibria principles integrated with thermodynamic modeling, together with microtextural observations taken from [6] for two representative mesostasis pockets from Apollo basalts 10003,152 and 14053,241. These samples have been thoroughly characterized by detailed mineral analyses [6,32], displaying contrasting phosphate crystallization histories in one merrillite-poor (10003) and one merrillite-rich (14053) sample. This will enable us to (i) address the paragenesis of late-stage immiscible melts within mesostasis pockets and, in particular, in which immiscible fraction the various phosphates are expected to crystallize, (ii) explore how the residual melt (ResLiq) chemically fractionates its cations and volatiles into the different phases/glasses, which constrains the back-calculation of water content in the parent magma, and (iii) understand the pre- and/or post-SLI conditions of apatite crystallization and how this influences merrillite formation.




2. Methods and Rationale


The combination of mineral reaction balancing with mineral chemistry and microtextural observations is a powerful tool for understanding petrological systems. This method, that considers phase ratios rather than absolute quantities, is commonly utilized for constraining metamorphic reactions in migmatites and granulite-facies rocks [33,34,35]. It has the potential to yield important insights into the understanding of mineral-melt reactions that take place in petrologically complex domains such as mesostasis pockets. The evolution of a system is constrained through the identification of reactant and product phases within a given mineral assemblage. The phase compositions within the chemical system (components) define a square matrix representing a system of linear equations to balance each component (Table 1, Table 2 and Table 3), The reaction coefficients are derived through linear algebra calculations using the inverse matrix and matrix multiplication (e.g., 10 × 10 matrix in Table 1, see Section 4.2 and Section 5.2 for details). A balance can only be achieved in a pseudo-univariant system, which mathematically has a unique solution for non-degenerate systems, and therefore can only solve for n variables by having n independent equations. One reaction coefficient is set to 1, reducing the equations system to n - 1 equations for n variables (see also [36]). In order to balance reactions with variance >1, solid solution phases can be split into end-members (see the Ab-An-Or example of the multivariant reactions in Table 1), or one can use exchange vectors in phases of variable composition (e.g., Tschermak substitution). After the calculations, the phases can be reconstituted from the end-members and/or exchange vectors. The method requires (i) a detailed microtextural analysis, i.e., mineral mode and major-element chemistry for all phases within the micro-domain of interest, (ii) based on the phases rule, the definition of a simplified chemical system for each reaction within the micro-domain, (iii) proper reaction balancing, including the calculation of volume ratios of product phases, and (iv) rigorous quantification using thermodynamic software, whenever a database is properly designed, for lunar basalts in this case. Therefore, the present reaction balancing procedure, through a simple computer spreadsheet, allows one to quickly see what happens when a compositional variable is changed. For more examples using the balancing method applied here, see [34].



This combination of microtextural analysis, chemical (compositions and reaction balance), and petrological (coherent P-T estimates) constraints helps to distinguish between alternative reactions, and enables phases to be identified that have been fully consumed during crystallization (i.e., not present within the observed mineral assemblage).



Table 1 Example of mass balance in a 10-component chemical system, using phases observed in Apollo 11 sample 10003,152 and compositions determined by EMP, recalculated on a molar basis. For details and references, see the main text and Table S1.



In order to test how well the reaction-balance calculations are simulating the observed mineral assemblages, the calculated volume ratios of product phases can be compared with both the observed phase ratios and thermodynamic estimates. It is important to note that depending on the 2D cut of a 3D sample, the resulting ratios may change. Hence, we estimated volume ratios in several mesostasis pockets with the aim to better tackle this potential obstacle. Despite the issues surrounding volume-ratio estimations, such comparisons serve as a first-order test to validate or reject the reaction-balancing calculations. For instance, in the example reaction balance A + B = C + D, we compare whether the calculated volume ratio C/D matches the observed C/D ratio under the microscope.



Pressure-Temperature conditions of the mare basalts at the different evolutionary stages were estimated using the thermodynamic database of rhyolite-MELTS software v.1.2.0 [25,26], using input compositions which were obtained by integrating mineral chemistry and modes (Table S1) of each phase/glass within five different mesostasis microdomains. Whereas MELTS has not been specifically calibrated for investigating basalts under lunar conditions, it remains one the best tools to investigate lunar samples from a thermodynamic point of view. We modeled crystallization at low oxygen fugacity (typical for lunar magmas) of up to 1 log unit below the iron-wüstite buffer. This software accounts for the phases and residual glass(es) involved in the equilibrium crystallization during the magma cooling (see also Table 2, Figure 2 and Figure 3), except for F and Cl in apatite.




3. Mesostasis Petrology


To investigate mesostasis mineral-melt reactions we draw on the textures and mineral chemistry reported within the literature for two mesostasis pockets from lunar basalts 10003 and 14053 by [32] and [6], respectively. All major-element mineral compositions needed to conduct the reaction balancing calculations were taken from these two papers, and the full data set used, as well as the backscatter images and false-color x-ray maps of the mesostasis pockets investigated for petrographical context, are summarized in Figure 1. Below is a brief summary of the wider context of these samples together with a petrological summary of the mesostasis pockets.



3.1. Sample 10003 Petrology


The general petrology of basalt 10003 has been described in numerous papers [10,11,37]. It is an evolved high Ti-basalt with a bulk-rock Mg# = 100 × XMg/(XMg + XFe) of 32–38 [38], and a medium-grained sub-ophitic texture. In regions containing mesostasis pockets, the minerals are characterized by significant zoning from the core to rim: Plagioclase crystals typically change from 91% anorthite (An) in the core to 71% An at the rim. Similarly, clinopyroxenes typically display a strong zonation towards FeO-enriched rims (Mg# ~58 in the core and 12 at the rim). This sample does not contain pristine olivine phenocrysts, but olivine inclusions are commonly observed within clinopyroxene phenocrysts, indicating back-reaction of former olivine phenocrysts with melt into clinopyroxene [10].



The total mesostasis volume within this sample is ~ 0.8 vol% [11]. Combined false-color x-ray maps and BSE images for the representative mesostasis pockets investigated for 10003 (reported by [6]) are displayed in Figure 1a,b. Mesostasis pockets in this sample range in size from ~ 50 to 500 μm. A full petrographic description is found in [6] and is summarized here. Major element abundances for two mesostasis pockets are reported in the Supplementary Materials tables (Table S1). Typical mineral assemblages contain ‘globules’ of a Si-K-Ba-rich feldspathic glass (hereafter referred to as K-rich glass) set within a melt matrix of fayalite (Fa). These intergrowths (Figure 1) are commonly referred to as ‘sieve’ textures and are characteristic of conjugate immiscible liquids (SLI, [39,40,41]). The fayalite composition is relatively uniform (Fo < 10), whereas the K-glass displays significant chemical variations, ranging from dominantly rhyolitic to almost pure K-feldspar (K2O ranges from 3.3 to 11 wt%, and SiO2 from 55 to 78 wt%). We refer to the K-rich patches as ‘glass’ because they are locally isotropic in cross-polarized light. Minor, but important phases within the mesostasis pockets are apatite, small ilmenite, and SiO2 grains (Figure 1a,b). Hyalophane, a Ba-rich K-feldspar, is also locally present, as well as scarce merrillite.



Defining the extent of the mesostasis pockets can in some cases be ambiguous, particularly for phases such as ilmenite and SiO2. Microtextures cannot always distinguish as to whether they are part of the mesostasis assemblage or represent pseudo-eutectic phases from the main crystallization sequence. Similar to most lunar apatites in the literature, the apatites are predominantly F-rich [42]. The H2O content of the apatites has not been directly measured, thus we have estimated their content using stoichiometric constraints from the measured microprobe analyses of Cl and F (as detailed by [8]). Testing this method on apatite for which H2O was directly measured gave similar results (within 10% relative of SIMS analyses, see below). We note two microtextural occurrences of apatite within this sample, an observation not made by [6] (Figure 1a,b): (i) larger apatite aggregates (>100 μm) interstitial to pseudo-eutectic minerals (i.e., clinopyroxene, SiO2, plagioclase), and (ii) smaller (<50 μm), isolated euhedral crystals within the late-stage residual melt pockets (i.e., mesostasis pockets).




3.2. Sample 14053 Petrology


The petrology of 14053 has been previously described in [32,43,44,45]. This sample is a low-Ti, high-Al basalt, with similar Mg# ratios (~48) to other low-Ti basalts. Olivine, pyroxene, and plagioclase phenocrysts are present. Minor opaque phases (mainly Cr-rich spinel and ilmenite), phosphates, residual glasses (K-rich, fayalite-rich), and some high-T SiO2 polymorphs (cristobalite/tridymite) are also present. All phases show sub-ophitic textures that grade from medium-grained in early-crystallized phases to fine-grained in the mesostasis.



The total amount of mesostasis within this sample has been estimated at ~2.3 vol% [32]. Figure 1c,d shows the combined false-color x-ray maps and BSE images (from [6]) for the representative mesostasis pockets investigated. Mesostasis pockets in this sample range in size from ~ 50 to 500 μm. Full petrological descriptions are found in [6] and are summarized here. Minor, but important phases within the mesostasis pockets include phosphates (apatite, merrillite), small ilmenite, SiO2 polymorphs, and K-rich glass set within a melt matrix of fayalite (Fa) in a ‘sieve’ texture. The fayalite composition is relatively uniform (Fo < 10), whereas the K-rich glass displays significant chemical variations with K2O ranging from 0.6–12 wt% and SiO2 from 55–75 wt%. This sample has been exposed to extremely reducing conditions resulting from solar-wind implantation and subsequent impact-derived reheating, which has resulted in unique intergrowths within mesostasis pockets of Fe0 and SiO2, resulting from the isochemical breakdown of fayalite [32]. As these processes have mainly affected the exterior parts of the sample, we only consider reported mesostasis pockets from sections taken within the interior parts of the sample.



Defining the extent of the mesostasis pockets is subject to the same limitations as mentioned for sample 10003. Local merrillite, present within the mesostasis pockets (Figure 1d), is distinguished from apatite based on lower CaO and lower EMP totals, due to the high REE content of merrillite [6]. The H2O content of apatite within this sample (Table 1) has been determined in two ways: (i) direct SIMS analyses reported by [14] and [6], and (ii) estimates based on stoichiometric constraints from the measured Cl and F values (reported by [32] and [14], see [42] for method). As with sample 10003, we identify two microtextural occurrences of phosphates within this sample (Figure 1c,d, see also [6,32]): (i) isolated euhedral apatite crystals (up to 50 μm) within the residual melt pockets (i.e., mesostasis pockets), and (ii) local occurrence of apatite-merrillite intergrowths within microdomains of SLI (Figure 1d).





4. Reaction Balance of Sample 10003


4.1. Melt Compositions, and Choice of Chemical System


Prior to conducting the reaction balance calculations for the selected mesostasis pocket, we must first establish the melt compositions involved in each step within the reactions sequence as follows. Figure 1a,b displays a BSE and mixed x-ray maps of the mesostasis pocket investigated here. The parental melt (bulk) composition (Table 1) was calculated according to the integration of the mineral chemistry and modes (Table S1) of each phase/glass within five different mesostasis microdomains showing, for instance, ranges among them of SiO2 and FeO within 45–55 wt% and 8–25 wt%, respectively. We utilized the average value as input for the thermodynamical modeling (starting parental melt composition). This average composition is consistent with the bulk composition reported by [36]. It was recalculated into a molar composition on a 56 oxygen basis. The advantage of using an arbitrary, high number of oxygens (here: 56) lies in covering the high number of oxygen in “complex phases” such as silicate melts. Some thermodynamic software packages (e.g., Thermocalc and Perple_X) use 8 oxygen which then leads to cation fractions << 1. The higher number of oxygen allows us to restrict ourselves to 3 digits behind the decimal point.



The bulk composition of 10003 determines the chemical system for reaction balancing. To simplify the calculations and to allow some flexibility in terms of element exchange between adjacent minerals, we have grouped Fe + Mg + Mn, as well as F + Cl, as they have similar cation sizes and are known to exchange easily. We have neglected the influence of trace elements such as Y and REE, although they can have a strong influence on phosphate crystallization (see sample 14053). As apatite is the only relatively abundant accessory phase here, these elements are likely to partition strongly into this one phase, and we can neglect their influence on the balance.



The resulting chemical system has 8 oxide components (Table 1), namely those combining with Si, Ti, Al, (Mg + Fe + Mn), Ca, Na, K, P, and 2 fluid components: OH, (F + Cl). In order to balance a reaction within this system, 11 phases or phase components are needed and we normalize to one of these, giving it a stoichiometric coefficient equal to −1. Splitting some phases into end-members allows the calculation of equilibria with less than 11 phases, i.e., having a higher variance. For example, feldspars are split into An, Ab, and Or, apatite into OH-Apt (hereafter Apt) and (F+Cl)-Apt. This is easiest to do in calculations on a molar basis, so bulk analyses were also recast into molar values. We used the initial melt phase (parental melt composition, Table 1) for normalization in each reaction, which facilitates the modeling of successive reactions.



Projected onto the SiO2-Ol-Pl plane (Figure 2a,b), the qualitative reaction path from the parental melt composition to the pseudo-eutectic point can be predicted using established phase equilibria relationships. The main crystallization sequence can be summarized as:




	(a)

	
crystallization of Ol, then Ol + Pl, then Ol + Pl + Cpx,




	(b)

	
resorption of Ol and crystallization of more Cpx + Pl after passing the peritectic point,




	(c)

	
crystallization of Cpx + Pl + SiO2 at the pseudo-eutectic point.









This sequence matches our thermodynamical modeling results (see Section 4.2 and Figure 2 and Figure 3), as well as the general crystallization trend reported by other studies [10,11,46,47] based on petrological observations. In order to model mesostasis crystallization (in the reaction sequence outlined in more detail below), we have started with a parental melt that produces a series of residual melts (ResLiq1, ResLiq2, ResLiq3) during partial crystallization (Figure 2b,c and Figure 3). The residual-melt composition for a given reaction is then used as the starting point for the second reaction, and so forth, thus maintaining full integrity of the system. As such, small changes in the first reaction will affect the stoichiometric coefficients of the last reaction, and provide a ‘reality check’ (examples highlighted below). Once the residual interstitial liquid reaches the pseudo-eutectic (i.e., ResLiq 3), this melt represents the precursor of the mesostasis pocket and is likely to have quenched and/or crystallized in a closed system. Thus, the bulk chemistry of the mesostasis pocket shown in Figure 1 is considered to reflect the composition of the mesostasis precursor melt (referred to here as ResLiq3, see below).




4.2. Bulk Mass Balance, Early Reactions and Thermodynamic Modeling


In order to test whether the chosen parental melt composition is realistic, we first conducted a mass balance calculation to see if the combination of mesostasis (ResLiq3) and the solid crystallized phases (phenocrysts and later minerals) observed with their average compositions (from [6]) can actually build the bulk-rock composition. This also serves as an example of how the method works (Table 1, Figure 2). The top half of the table gives the phase compositions, recalculated on a molar basis, defining a 10 × 10 matrix. The reaction coefficients are obtained by multiplying the inverse of this matrix with the 10 × 1 composition vector of the bulk sample. This 10 × 1 vector represents the bulk composition used for normalization, with a stoichiometric coefficient −1.



The results indicate that all phases have a positive stoichiometric coefficient, which shows that the linear combination of these 10 phases can indeed form the bulk composition. The detailed balance is:


1.199 Ol + 3.089 Cpx + 0.004 F-Apt + 0.001 Apt + 3.075 Ilm + 1.839 An + 0.195 Ab + 1.223 SiO2 + 0.083 ResLiq3 = 1 PM (“primary melt” = bulk)











This balance (Table 1) shows a good match with observed phase abundances, which suggests that phase compositions and modes are realistic. Actually (F + Cl)-Apt and Apt combine into a single apatite solid solution, and An and Ab together form plagioclase (Pl), increasing the variance of the system. The reaction coefficient of the theoretical phase “H2O in Liq” is zero, meaning it drops out of the equation and not that the liquid is anhydrous. It has therefore been left out of Table 2, which summarizes all balances calculated.



The crystallization steps predicted by Figure 2 can be modelled through successive reactions. Step (a) is summarized in the following balanced reaction (Table 2):


Parental Melt = Ol + Cpx + Pl + Ilm + Apt + ResLiq1



(1)







The calculated phase volume ratios (by thermodynamics and reaction balancing) for this reaction are consistent with the observed mineral modes reported by [6] for this stage (Figure 2c). The reaction balance (1) works best when the residual melt becomes slightly richer in Si, Al and Ca consistent with the expected phase equilibria (i.e., the residual melt moving towards the SiO2 apex in Figure 2a). Most ilmenite crystallized at this stage, although some late, fine-grained ilmenite is present in mesostasis domains indicating that minor late-stage ilmenite crystallization does occur. Some phases obtained a stoichiometric coefficient of zero in this and other balances (Table 2), indicating that fewer phases are needed for a proper balance (i.e., the phases with a zero coefficient do not take part in the reaction). To complement these calculations, we also computed thermodynamical modeling to test if what is observed in the mesostasis pocket compositions is coherent to magma differentiation through fractional crystallization processes (Figure 2c, Figure 3d). This has also provided constraints on the most likely H2O content under which these lunar magmas evolved (Table 2). The balance (including compositions and modes), in line with our thermodynamic results, yields P-T estimates of c. 1020 °C and 1.2 kbar. We input the data sets into the MELTS software and retrieved phenocrystic assemblages and abundances with chemical compositions for various T–P–H2O conditions. We finally compared the best fit of SiO2–T–P–H2O conditions between the calculated and the observed results for ResLiq and the main cotectic phases (Cpx and Ol). The output composition from our thermodynamic calculations for ResLiq3 is ~ 10% higher in SiO2 than the amount used in the reaction balance, possibly due to software limitations. We input F, Cl, and H2O until equilibria 3 and 4 were achieved with coherent product ratios (i.e., matching the observations) while respecting the crystallographic limits for each mineral phase. This explains the presence of two apatite phases (water-absent F-Apt, and halogen-absent Apt).



The increasingly Si-K-enriched residual liquid, ResLiq1, eventually reacted during step (b) with phenocrystic olivine when it became metastable:


ResLiq1 + Ol ± Ilm = Cpx + Pl + Apt + ResLiq2



(2)







This is a common reaction within basaltic systems, which occurs just beyond the peritectic point within the (projected) Fa-SiO2 system (Figure 2a). This is consistent with textural observations whereby olivine is only present as inclusions within clinopyroxene. Reaction (2) produces volume ratios of product phases that match the observed ratios.



The final reaction represents crystallization at the pseudo-eutectic in step (c), where SiO2 is produced. It is at this the stage that the residual melt (ResLiq3) can fill the space between the earlier formed crystals forming mesostasis pockets. The balanced reaction is:


ResLiq2 = Cpx + Pl + SiO2 + Apt + ResLiq3



(3)







The balance is in line with the thermodynamic modeling results that additionally indicate conditions of 860 °C and 1 kbar. In a real eutectic point, the melt composition would not change. However, Figure 2a is merely a 3-component projection in 10-component compositional space, so the point is, in reality, a pseudo-eutectic.




4.3. Mesostasis Reactions


Based on textural observations, during or just after the formation of ResLiq3, the residual melt splits into two immiscible components (SLI), a K-Si-rich melt fraction (“K-Liq”) and a mafic fraction (“Fa-Liq”). This balance can be simply written as:


ResLiq3 = K-liq + Fa-liq



(4)







From this stage onwards, the two melts evolved independently and solidified as separate assemblages with crystalline phases and glass. Based on our phase balancing (Table 2), the Fa-rich melt solidified as follows:


Fa-liq = Fa + Pl + Apt ± H2O ± Ilmenite



(5)




and the felsic melt solidified via:


K-liq = K-rich glass + Pl + SiO2 + Apt ± Kfs ± H2O



(6)







We are aware that crystallization and degassing processes have significant yet opposite influence on the water abundances from mesostasis domains, i.e., (i) magmas reaching upper crustal levels exsolve gases as solubility of volatiles strongly decreases, (ii) degassing is consistent with a drop of water content along crystallization of cotectic phases, and (iii) at the time of the mare basalt cooled down, processes such as cotectic crystallization, degassing and water diffusion might affect the water balance in the system. Yet, degassing mechanisms and quantification are beyond the aim of this paper, and regardless, it does not change the modal abundance of solid products. Hence, in the balanced reaction, we input into the starting matrix the contents of F + Cl and H2O of ResLiq3 until achieving equilibria (3) and (4), and no H2O excess is produced. This provides constraints on the initial F/OH ratio of the closed basaltic system. We obtained a water deficit in the final K-Liq and Fa-Liq if the ratio was too low, and water excess if it was too high. Depending on variations in Ca and P, the optimum (F + Cl)/OH molar ratio turned out to be ~ 5. This implies that the average H2O content of apatite from this sample is about 0.17 moles on a 12.5 oxygen formula, or ~ 2700 ppm H2O. This is in the same order of magnitude as the water content that can be calculated from apatite analyses given in [6] (Table 1).



Consistent with petrological observations (Figure 1), two generations of apatite are supported by these reactions. A main-stage apatite is predicted by reactions (1)–(3) and a ‘mesostasis apatite’ is predicted by reactions (5) and (6). Furthermore, these calculations demonstrate that the ‘mesostasis’ apatite can be associated with either mafic or felsic immiscible liquids. The calculated volume ratios for product phases of reactions (5) and (6) match the observed values: Apt/Pl in crystallized Fa-Liq and K-Liq have ratios of 0.1 and 0.9, respectively (Table 2). Interestingly, the balance result indicates that K-feldspar is not forming, although some Kfs (sanidine) may have crystallized from K-glass. This is consistent with the scarcity of K-feldspar sensu stricto within mesostasis pockets. Another result of reaction balancing is that the volume ratios give the best match when allowing some H2O within the glass phases that solidified from the residual liquids.





5. Reaction Balance of Sample 14053


5.1. Defining the Chemical System for the Parental Melt and Mesostasis Reactions


In order to assess whether or not merrillite crystallized prior to apatite, and where it may have grown locally as the only phosphate within some mesostasis pockets, we conducted similar reaction balancing for merrillite-bearing sample 14053. Figure 1c,d displays BSE and combined x-ray maps for the mesostasis pocket selected. Before conducting the reaction balance calculations, we first established the chemical system (number of phases and components) and the composition of the residual interstitial liquid that forms the precursor of the mesostasis pocket. This is done by matching the cotectic phenocryst compositions with those obtained through thermodynamic modeling of the parent melt composition (Table 3).



The bulk rock composition was constrained from [43] and [48] for major elements but taking the slightly higher value for P from [49], Y from [49], and REE from [48] and [50]. The averaged mineral and glass compositions are from [32]. Additionally, a Pl component was added to the mesostasis (50% An) to attain a realistic basaltic composition (equal volume as Fa). Based on [2], apatite is considered to contain about 10% of the REE relative to merrillite, with a similar inter-element REE pattern. Cpx has a lower REE content than the phosphates, predominantly containing the HREEs relative to the LREEs. Similarly, Pl has a much lower REE content than the phosphates and predominantly contains Eu and LREE. Hence, Cpx and Pl together have REE concentrations (except Eu) several times lower than apatite. The Y+REEs were assigned to apatite using the exchange mechanism Ca + P = > YREE + Si (called REY-Apt). We considered a substantial amount of Y+REE to reside in Cpx, Pl, Ilm, Ol, and reduced the bulk Y+REE in the balance at around 20%. The molar volumes used for SiO2, Cpx and Ol correspond to tridymite, pigeonite, and forsterite, respectively. The mineral modes utilized for comparison, combine data from [43] and [51] (sample interior only).



Table 2 Mass balance and thermodynamics on Apollo 11 10003,152 in a 10-component chemical system. Each balance involves 11 phases (minerals, melts) or phase components (e.g., feldspar end members Ab, An, Or). The top half of the table gives the phase compositions, recalculated on a molar basis. The lower half gives reaction coefficients for each phase in each balance. "--" means a phase is not used in that particular balance. The first balance comes from Table 1. For details and references, see main text.



The oxide components defining the chemical system are similar to 10003 (Si, Ti, Al, Mg, Fe, Mn, Ca, Na, K, P, and two volatile components: OH, [F + Cl]). However, here we also include Y and REE, as they are major components of merrillite. To allow some flexibility of element exchange between adjacent minerals, we have grouped Fe + Mg + Mn, as well as F + Cl, and Y+REE. The last two groups have a strong influence on phosphate crystallization (e.g., [2]). To balance a reaction with the 11 oxide components, 12 phases or phase components are needed. Similar to the calculations for 10003 we split feldspars into An, Ab and Or, apatite into hydrous Apt and F-Apt, and merrillite into Ca-Merr and REE-Merr. The easiest way to conduct these calculations is on a molar basis, so bulk analyses were also recast into molar values.



As in the previous sections, for each reaction, there is a stoichiometric coefficient equal to −1 when normalized, and we used the initial melt phase for normalization in the first balance. As in sample 10003, crystallization of the parental melt in the first reaction produces a residual liquid that evolves into the final residual melt (mesostasis). The subsequent reaction sequence (detailed below) starts with this last residual melt.



On this basis, the reaction balance for the crystallization of the parental melt (Table 3) is:


Parental melt = > Residual-liquid + Ol(Fa) + Cpx + Ilm + Pl + SiO2



(7)







This reaction is consistent with petrographic observations, and the calculated phase volume ratios are in line with reported mineral modes. A textural complication that affects volume ratios with olivine, is that some olivine grains are enclosed by clinopyroxene and should be considered as phenocrysts that have back-reacted with the melt to produce clinopyroxene, similar as in sample 10003. However, the net effect of such a two-stage process gives the same balance as in reaction (A). Notably, no phosphates are formed at this stage, by contrast with sample 10003.




5.2. Residual Mesostasis Reactions


As with sample 10003, the mesostasis mineral assemblage is described by a sequence of reactions involving successive residual liquids (Table 3), starting with reaction A. The next step is the splitting of the residual melt (i.e., SLI), without the involvement of the pseudo-eutectic minerals, into a K-rich and Si-rich melt fraction (K-liq) and a mafic fraction (Fa-liq):


Residual-liquid (Mesostasis) = Fa-liq + K-liq



(8)







From this stage onwards, as with sample 10003, the two melts evolved independently and solidified as separate assemblages with crystalline phases and glass. For this sample, the Fa-rich melt solidified as follows:


Fa-liq = Fa + Pl + Apt + Merr



(C)






K-liq = K-glass



(D)







Reaction C is able to account for the intergrowths of phosphates observed in the microtextures. The calculated volume ratios match the observed values: Apt/Pl and Apt/Merr are 0.27 and 4.4, respectively (Table 3). The clear dominance of Apt over Merr also matches the thermodynamic modeling predictions and the observation that some Apt occurs as isolated crystals, whereas other grains are intergrown with Merr (e.g., Figure 1d). Interestingly, the thermodynamic results, despite all limitations to model phosphate equilibria, reveal that both phosphates (apatite and merrillite) can form together at c. 1080 °C and 3–4 kbar.



As with 10003, K-feldspar is not predicted to form, although some Kfs may have crystallized from K-glass, which is in line with the scarcity of K-feldspar sensu stricto within mesostasis pockets. We constrained the Apt/Mer volume ratio to be ~ 4.4 on the basis of bulk and mineral Y+REE, Ca, P and halogen contents during our phase balancing. These mass balance calculations suggest that sample 14053 has a bulk water content of 15 to 35 ppm H2O, based on phosphates only.





6. Discussion


6.1. The Onset of SLI in Lunar Basalts


Following the crystallization of olivine, plagioclase, and clinopyroxene, the residual liquid (ResLiq2) is driven towards the pseudo-eutectic, the composition of which in some cases enters into the SLI field (ResLiq3). This results in the separation of conjugate mafic and felsic liquids (reaction 3), creating the classic immiscible ‘sieve’ texture observed in the samples investigated here. However, in general, the lunar SLI field is poorly defined, in part due to the sensitivity of SLI to conditions such as fO2, H2O and FeO content (e.g., [41,52]). Thus, whether any given sample undergoes SLI is likely to reflect highly localized conditions, potentially even within individual mesostasis pockets. During the rapid cooling of the final melt fraction, local compositional gradients are expected to be preserved, as has been observed in terrestrial melting (e.g., [53]). This is observed in some large patches of K-glass, that are found along the edges of mesostasis pockets and are characterized by low FeO content (< 1 wt%), relative to the K-glass analyzed that is associated with the ‘sieve’ textures (>1 wt%, Figure 4). The low-FeO/high-K glass may have crystallized via reaction (2), i.e., represent ResLiq2. However, the high-FeO glass may represent the ‘true’ product of SLI, developing in the mingling zone of the two immiscible liquids. The control of FeO was highlighted by [6], accounting for why some lunar samples lack evidence for SLI (e.g., 70035, 12018). Indeed, if reactions are balanced using an interstitial liquid with a low Fe + Mg content (c. < 0.19 moles), then late olivine (fayalite) is not predicted to be present within the mesostasis assemblage (i.e., no SLI). We note in our reaction balance calculations that small compositional variations within analytical uncertainty (which for EPMA analyses are typically < 1%) can also shift Apt from a reactant phase to a phase that is crystallizing. This underscores the fact that minor changes in chemistry can have large effects on the local microdomain equilibria, and the resulting crystallizing assemblage within a mesostasis pocket.




6.2. Phosphate OH/Halogen Ratios


An important factor to highlight for the reactions presented above is that depending on the composition of the ‘primary’ apatite from the main crystallizing sequence (e.g., reaction 1), the secondary ‘mesostasis’ apatite will be either poorer in [Cl + F] (thus richer in H2O) than the ‘primary’ apatite, or vice versa. Some studies have postulated that felsic melts may be generally enriched in H2O over F and Cl, i.e., F and Cl preferentially partition into the mafic fraction during SLI, resulting in apatites with higher OH/F and OH/Cl values within the felsic conjugate liquid [54,55]. Indeed, such partitioning behavior was suggested to occur following the identification of almost pure hydroxy-apatite (up to 16700 ppm H2O) in apatites associated with plagioclase and silica assemblages in the brecciated lunar meteorite NWA 773 [54]. This is generally consistent with the results of our reaction balancing, which requires H2O to be present within the starting residual felsic-liquid (ResLiq1), to better match the volume ratios of the newly grown phases. However, following the separation of immiscible liquids, P2O5 is thought to partition largely into the mafic conjugate liquid [6,56,57]. Thus, in view of the proposed volatile partitioning above, any newly formed apatite associated with the mafic fraction is likely to have lower OH/F values relative to ‘felsic’ apatites. Indeed, this is consistent with reported mare basalt apatites, which are generally F-rich, relative to other lunar lithologies [8]. Furthermore, the Fa-Liq/K-liq ratios observed in our calculations, which average ~2 for all mesostasis pockets, are consistent with the calculated ratios. Attempting to shift some hydrous apatite components to Fa-Liq resulted invariably in an H2O deficit in K-Liq (i.e., the ‘mafic’ apatite is required to contain a hydrous component). The balance may also be influenced by the local enrichment of residual melts in REE elements, which tends to favor apatite and may also lead to local merrillite crystallization. Merrillite tracking through sample 14053 (see next section) has served as an important clue in order to test the relative order of halogen versus hydroxyl depletion in a lunar melt. Merrillite, a volatile-free and REE-rich phosphate, can in some lunar basalts display complex intergrowths with apatite (Figure 1d). However, due to its scarcity within 10003, its influence is negligible in that sample.



Overall, the occurrence of several generations of apatite unambiguously illustrates the need to consider the petrological context in order to apply the correct partition coefficients during volatile back-calculations. Importantly, the ‘primary’ generation of apatite, which crystallized from a mafic melt, will require distinct partition coefficients from the generation of apatite associated with the later felsic fractions.




6.3. REE Budget


To achieve a balance of Y+REE for the reactions in 14053, it was necessary to introduce a factor that lowers the bulk Y+REE budget that can be attributed to phosphates. Some Y+REE may also reside in both the small baddeleyite grains that are locally present and the (pseudo-) cotectic phases that crystallized from the parental melt. When using data from [2 within Figure 1], almost 80% of Y+REE could reside in the (pseudo-) cotectic phases, but this value hampered a proper balance. Instead, at 20% the balance was coherent and we, therefore, conclude that the average Y+REE concentrations in phases like olivine must be a factor 100 lower than the (maximum?) values reported. This, in turn, is generally consistent with the low partition coefficients for REE between melt and olivine [58]. In our view, this result is not surprising, because in terrestrial granites 60% of the REE may reside in accessory phases (e.g., [59]).




6.4. Estimating the OH Content of Lunar Mare Basalts and the Lunar Mantle


If apatite was the only phosphate in lunar basalts and the only hydrous phase (and assuming it was in equilibrium with the melt), the H2O content of the basaltic magma could be estimated directly from its Cl and F content. However, this is not that case, because some phosphates are present in the form of anhydrous merrillite ([2,9], but see below), thus lowering the estimated H2O content. Furthermore, [17] reported 20–30 ppm water in olivine and plagioclase from Apollo basalts. In the terrestrial mantle, the partitioning of water between pyroxene and olivine in the FMASH and FMSH systems increasingly favors pyroxene with decreasing pressure [60]. However, this result cannot be extrapolated to lunar samples due to the strong differences in the pressure conditions. Despite this, the water content in Cpx is positively correlated with tetrahedral Al [61] and water partitioning between Cpx and Ol is thus likely to favor Cpx. In turn, Cpx will likely contain higher water abundance relative to co-existing Ol. Therefore, based on the H2O concentrations and the abundances in Table 1, the minimum contribution of cotectic phases in lunar basalts to the total H2O budget may equal ~14–20 ppm. Such an abundance is likely to be of similar (or higher) magnitude as that of apatite.



The contribution of cotectic phases to the water budget, highlighted above, must be viewed with some caution and is likely to vary greatly between different mesostasis pockets. A possible reason for the large discrepancy may be that only values above the detection limits are generally reported. Thus, abundances reported may represent maximum values rather than average values. If this cautionary note holds true, then the water content of lunar samples 14053 and 10003 may be anywhere between ~14 and 35 ppm (i.e., ~15–35 and ~14–20 ppm, respectively). The H2O content of minerals derived from crystallized melts is determined by the amount of H2O in the parental melt, the degree of differentiation, and the amount of degassing [18,62]. Although we have no constraints on the third factor, it probably has the largest uncertainty. Therefore, not taking into account the low-P degassing process, our H2O estimates for 14053 and 10003 represents a lower limit for the lunar mare basalt mantle reservoir in these regions. These estimates imply a very high crystallization temperature (1020–1080 °C), which is consistent with the presence of tridymite and cristobalite and clinopyroxene compositions above the Cpx-Opx solvus in these samples. Our calculations are consistent with mantle source estimates for Apollo 14 and Apollo 11 source regions (5 to 28 ppm H2O) based only on apatite partitioning behavior [8]. Notably, this value is higher compared to recent estimates of the bulk lunar mantle based on a complication of reported lunar water abundances (0.15–5.3 ppm H2O, [8]) indicating that the mare basalt source regions are more hydrated than mantle regions under the lunar highlands. In other words, our results estimate the water amount in the mare basalt, which is far from being an estimate of the average of the bulk lunar reservoirs, as these distinct reservoirs may have totally different water contents [8]. Overall, the consistency of the water estimates calculated here with the estimates derived from direct measurements highlights the validity of this approach as a non-destructive method for assessing lunar water budgets.



Interestingly, a similar debate raged during the 1990s over the water content of terrestrial komatiites. Experimental, mineralogical and textural arguments were used by all contenders. [63] summarized the arguments in a seminal review paper and opted for the nearly dry, high-temperature scenario, although they admitted that local amphibole and rare vesicular textures could indicate locally wet conditions. By analogy, in our view, the lack of amphiboles and micas within mesostasis regions limits the water content of the lunar basalts, as does the scarcity of vesicular textures within 14053. Some basalts from several Apollo missions are vesicular, however. For instance, Apollo sample 15556 contains up to 50% vesicles by volume [64], indicating that localized water (and/or other volatiles) enrichment may exist.





7. Conclusions


We highlight a non-destructive method of phase equilibria reaction balancing as a tool for exploring light on the volatile-element partitioning during the petrological evolution of interstitial mesostasis pockets within lunar basalts. This method acts as a complementary tool to direct measurements of volatiles.



Table 3 Mass balance and thermodynamics on Apollo 14 14053,241 in an 11-component chemical system. Each balance involves 12 phases (minerals, melts) or phase components. The top half of the table gives the phase compositions, recalculated on a molar basis. The lower half gives reaction coefficients for each phase in each balance. "--" means a phase is not used in that particular balance. For details and references, see main text.



Within lunar basalts, typically conducted using SIMS methods. The following conclusions about lunar phosphate petrology can be drawn from the reaction balancing:




	
Modeling the mesostasis mineral assemblage for Apollo sample 10003, the reaction-balancing matches well the observed mineral modes in the context that the residual Si-K-rich liquid is the major H2O-bearing phase. The calculations indicate the occurrence of several generations of apatite potentially occurring within both the mafic and felsic immiscible melt fractions, each with its own H2O-halogen ratio. This carries important implications for the interpretation of apatite volatile chemistry, e.g., selecting appropriate partition coefficients. Our results present a way to track the apatite crystallization history, leading to more robust magmatic H2O back-calculations from lunar apatite.



	
By contrast, only one generation of apatite (associated with the mesostasis pocket) crystallized in Apollo sample 14053. The calculations suggest that the bulk sample contains between 15 to 35 ppm H2O, which is consistent with estimates for the mantle source region of 14053 from [8].



	
Our calculations indicate a discrepancy between H2O values reported for single minerals and whole-rock contents. The reason may be that only values above the detection limits are commonly reported, rather than average values. We suggest that in many geochemical studies, it may be a useful exercise to compare bulk rock analyses with phase compositions and modal abundances to detect potential discrepancies. It may also be a way of detecting non-equilibrated, heterogeneous trace element distributions.
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Figure 1. False-color composite (Si – blue, Ca – green, K – red, Fe – gray) x-ray maps (a,c) for the mesostasis pockets within basalts 10003 and 14053, respectively (Source: A and c modified from [6]). Color variations highlight pyroxene and plagioclase zoning. Pyroxene zoning is characterized by gradation from dark to light blue, reflecting increasing Ca content from core to rim (examples highlighted by dashed orange lines). Plagioclase zoning is characterized by gradation from dark-green to dark-blue, reflecting decreasing An% from core to rim. (b,d) BSE images of mesostasis in basalts 10003 and 14053, respectively, highlighting chemical variations of apatite (darker, Apt) and merrillite (lighter, Mer), and the complex intergrowth of phosphates in some spots. Fa (fayalite), Plag (plagioclase), Px (pyroxene), Kfs (K-feldspar), Ilm (ilmenite), and SiO2 (silica). 
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Figure 2. (a) Ternary diagram showing the petrological evolution of lunar samples 10003 and 14053. The parental melt compositions (see Table 1 and Table 2) and subsequent melt evolution is represented by blue and red circles and arrows for 10003 and 14053, respectively. The red star represents the composition of the final residual liquid which has been used as the mesostasis starting composition (see text for details), (b) Ternary diagram showing the petrological evolution (path of solid line) of lunar sample 10003 from the parental melt composition (Table 1) to the subsequent melt residual liquids. The red dashed section highlights the theoretical path of ResL3 if quartz is absent and, therefore, ResL3 would be higher in silica than ResL2 (see text for further details), (c) Ternary diagram showing the compositional fields matching mineral modes among the three approaches: Observed (bulk composition), thermodynamical model and reaction balancing for sample 10003 (see also Table 2 and Table S1). 
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Figure 3. Harker variation diagrams (a–d) showing the compositional evolution of lunar sample 10003 from the parental melt composition (Table 1) to the subsequent melt residual liquids. Dashed ellipses represent the range of the bulk rock fields of the five different studied mesostasis microdomains. In (d) we highlight for comparison with the reaction balance results, the same compositional evolution through the thermodynamic modeling (grey ellipses) with MELTS. The common area of both ellipses (darker grey) indicates the matching compositional fields between SLI and bulk mesostasis. 
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Figure 4. SiO2 wt% vs. FeO wt% for K-glass (black circles) associated with immiscible ‘sieve’ textures and K-glass isolated from Fa (red circles). For comparison, reported high-Si and high-K immiscible liquids (quenched as glass) within olivine melt inclusions (FI, gray circles) are plotted (data from [7,23]). Glass associated with immiscible liquids is characterized by FeO > 1 wt%, whereas glass not associated with immiscible liquids (i.e., not associated with Fa) and characterized by Fe < 1 wt%. 
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Table 1. Example of mass balance in a 10-component chemical system.
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Ol

	
Cpx

	
F-Apt

	
Apt

	
Ilm

	
An

	
Ab

	
SiO2

	
H2O in Liq

	
ResLiq3

	
PM






	
SiO2

	
1.000

	
1.958

	
0.000

	
0.000

	
0.000

	
2.000

	
3.000

	
1.000

	
0.000

	
16.708

	
14.122




	
AlO1.5

	
0.000

	
0.060

	
0.000

	
0.000

	
0.000

	
2.000

	
1.000

	
0.000

	
0.000

	
5.405

	
4.507




	
(Fe,Mg,Mn)O

	
2.000

	
1.292

	
0.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.000

	
0.000

	
7.618

	
10.095




	
CaO

	
0.000

	
0.703

	
5.000

	
5.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.000

	
3.566

	
4.335




	
TiO2

	
0.000

	
0.000

	
0.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
3.075




	
NaO0.5

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.962

	
0.275




	
KO0.5

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.313

	
0.026




	
PO2.5

	
0.000

	
0.000

	
3.000

	
3.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.9945

	
0.0995




	
F, Cl

	
0.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.000

	
0 000

	
0.000

	
0.000

	
0.2652

	
0.0265




	
H2O

	
0.000

	
0.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.000

	
0.000

	
1.000

	
0.0694

	
0.0069




	
ppm H2O in melt

	

	

	

	

	

	

	

	

	

	
308

	
29




	
oxygen pfu

	
4

	
6

	
13

	
13

	
3

	
8

	
8

	
2

	
0.5

	
56

	
56




	
reaction coefficient

	
1.199

	
3.089

	
0.004

	
0.001

	
3.075

	
1.839

	
0.195

	
1.223

	
0.000

	
0.083

	
−1




	
molar V

	
4.365

	
6.491

	
15.839

	
15.84

	
3.17

	
10.09

	
10.01

	
2.634

	

	
77.89

	
82.64




	
abundance (vol.%)

	
8.0%

	
30.7%

	
0.1%

	
0.0%

	
14.9%

	
28.4%

	
3.0%

	
4.9%

	

	
9.9%

	




	
volume ratios

	
Cpx/Ol = 3.8

	
Apt/Pl = 0

	

	
Apt/Cpx = 0

	

	
An%(0.90)

	

	
molar OH fraction in Apt = 0.21
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Table 2. Mass balance and thermodynamics on Apollo 11 10003,152 in a 10-component chemical system.
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Ol

	
Cpx

	
F-Apt

	
Apt

	
Ilm

	
An

	
Ab

	
SiO2

	
K-glass

	
K-liq

	
Fa-liq

	
ResLiq3

	
ResLiq2

	
ResLiq1

	
PM






	
SiO2

	
1.000

	
1.958

	
0.000

	
0.000

	
0.000

	
2.000

	
3.000

	
1.000

	
3.000

	
6.866

	
9.842

	
16.708

	
17.868

	
17.505

	
14.122




	
AlO1.5

	
0.000

	
0.060

	
0.000

	
0.000

	
0.000

	
2.000

	
1.000

	
0.000

	
1.000

	
1.104

	
4.301

	
5.405

	
6.193

	
6.351

	
4.507




	
(Fe,Mg,Mn)O

	
2.000

	
1.292

	
0.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
7.618

	
7.618

	
5.083

	
4.997

	
10.095




	
CaO

	
0.000

	
0.703

	
5.000

	
5.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.000

	
1.019

	
2.547

	
3.566

	
4.867

	
5.779

	
4.335




	
TiO2

	
0.000

	
0.000

	
0.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
3.075




	
NaO0.5

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.096

	
0.866

	
0.962

	
0.491

	
0.409

	
0.275




	
KO0.5

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.500

	
0.313

	
0.000

	
0.313

	
0.080

	
0.048

	
0.026




	
PO2.5

	
0.000

	
0.000

	
3.000

	
3.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.497

	
0.4973

	
0.9945

	
0.2766

	
0.1723

	
0.0995




	
F, Cl

	
0.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.113

	
0.1526

	
0.2652

	
0.0737

	
0.0460

	
0.0265




	
H2O

	
0.000

	
0.000

	
0.000

	
1.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.005

	
0.056

	
0.0132

	
0.0694

	
0.0192

	
0.0120

	
0.0069




	
ppm H2O in melt

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
177

	
871

	
82

	
308

	
87

	
54

	
29




	
molar V (J/bar)

	
4.365

	
6.491

	
15.839

	
15.839

	
3.17

	
10.086

	
10.009

	
2.634

	
9.79

	
24.21

	
55.55

	
77.89

	
76.36

	
77.15

	
82.64




	
bulk balance (Table 1)

	
1.199

	
3.089

	
0.004

	
0.001

	
3.075

	
1.839

	
0.195

	
1.223

	
--

	
--

	
--

	
0.083

	
--

	
--

	
−1




	
reaction coefficients

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
reaction 1

	
1.496

	
0.984

	
0.001

	
0.000

	
3.075

	
0.448

	
0.049

	
--

	
--

	
--

	
--

	
--

	
--

	
0.552

	
−1




	
reaction 2

	
−0.548

	
2.363

	
0.002

	
0.000

	
0.000

	
1.195

	
0.115

	
--

	
--

	
--

	
--

	
--

	
0.598

	
−1

	
--




	
reaction 3

	
--

	
2.429

	
0.006

	
0.002

	
0.000

	
2.211

	
0.245

	
3.686

	
--

	
--

	
--

	
0.255

	
−1

	
--

	
--




	
reaction 4

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
--

	
1

	
1

	
−1

	
--

	
--

	
--




	
reaction 5

	
3.809

	
--

	
0.153

	
0.013

	
0.000

	
1.718

	
0.866

	
0.000

	
--

	
0.000

	
−1

	
--

	
--

	
--

	
--




	
reaction 6

	
0.000

	
0.000

	
0.113

	
0.053

	
0.000

	
0.191

	
0.096

	
4.318

	
0.626

	
−1

	
--

	
--

	
--

	
--

	
--




	
bulk balance check

	
1.194

	
3.089

	
0.004

	
0.001

	
3.075

	
1.837

	
0.194

	
1.217

	

	

	

	
0.084

	

	

	




	

	
volume ratios of product phases

	

	
mineral compositions

	

	

	

	

	

	

	
Thermodynamics - MELTS




	
reaction nr

	
Ol/Pl

	
Cpx/Pl

	
Apt/Pl

	

	
An% in Pl

	

	
OH/(OH + F + Cl) in Apt

	

	
Fa-Liq / K-Liq ratio

	

	
P (kbar) - T (°C)

	
Modes (%)

	




	
1

	
1.3

	
1.27

	
0.005

	

	
90%

	

	
0.24

	

	
--

	

	
1.5 ± 0.5–1020 ± 40

	
Ol(9)RL(33)Pl(12)Cpx(40)Ap(6)




	
2

	
--

	
1.16

	
0.003

	

	
91%

	

	
0.16

	

	
--

	

	

	

	

	

	




	
3

	
--

	
0.64

	
0.005

	

	
90%

	

	
0.21

	

	
--

	

	
1 ± 0.3–860 ±4 0

	
Cpx(30)Pl(25)SiO2(21)RL(15)Ap(9)




	
4

	
--

	
--

	
--

	

	
--

	

	
--

	

	
2.3

	

	

	

	

	

	




	
5

	
0.64

	
--

	
0.1

	

	
67%

	

	
0.08

	

	
--

	

	

	

	

	

	




	
6

	
--

	
--

	
0.9

	

	
67%

	

	
0.32

	

	
--
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Table 3. Mass balance and thermodynamics on Apollo 14 14053,241 in an 11-component chemical system.
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	K-glass
	Cpx
	F-Apt
	Apt
	Ilm
	An
	Ab
	Or
	SiO2
	Ol
	H2O in Liq
	Ca-Mer
	REE-Mer
	Fa-liq
	K-Liq
	mesostasis
	bulk 14053





	SiO2
	3.000
	2.000
	0.200
	0.200
	0.000
	2.000
	3.000
	3.000
	1.000
	1.000
	0.000
	0.000
	0.000
	9.959
	3.000
	15.804
	16.192



	AlO1.5
	1.000
	0.000
	0.000
	0.000
	0.000
	2.000
	1.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	3.089
	1.000
	5.037
	5.594



	(Fe,Mg.Mn)O
	0.000
	1.500
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	2.000
	0.000
	2.000
	2.000
	9.517
	0.000
	9.517
	9.392



	TiO2
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.693



	NaO0.5
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.030
	0.000
	1.030
	0.298



	CaO
	0.000
	0.500
	4.800
	4.800
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	19.000
	16.000
	3.056
	0.000
	3.056
	4.188



	KO0.5
	0.500
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.500
	0.974
	0.045



	PO2.5
	0.000
	0.000
	2.800
	2.800
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	14.000
	14.00
	1.252
	0.000
	1.252
	0.034



	(Y,REE)O 1.5
	0.000
	0.000
	0.200
	0.200
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	2.000
	0.089
	0.000
	0.089
	0.002



	F,Cl
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.100
	0.260
	0.000
	0.260
	0.007



	H2O
	0.005
	0.000
	0.000
	1.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	1.000
	0.000
	0.000
	0.095
	0.005
	0.105
	0.003



	oxygens
	7.8
	6.0
	12.5
	12.5
	3.0
	8.0
	8.0
	8.0
	2.0
	4.0
	0
	56
	56
	40.9
	7.8
	56.0
	56.0



	coefficients reaction A 
	0.04
	3.06
	0.00
	0.00
	0.69
	2.58
	0.27
	0.00
	1.65
	1.93
	-
	-
	-
	-
	-
	0.03
	−1.00



	coefficients reaction B
	-
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	
	
	1.00
	1.95
	−1.00
	-



	coefficients reaction C
	-
	0.00
	0.26
	0.09
	0.00
	1.03
	1.03
	0.00
	0.00
	4.74
	-
	0.01
	0.01
	−1.00
	-
	-
	-



	coefficients reaction D
	1.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	-
	-
	0.00
	0.00
	-
	−1.00
	-
	-











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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