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Abstract: 10 

Mg-Al spinel is rare in lunar rocks (Apollo and meteorite collections), and occurs 11 

mostly in troctolites and troctolitic cataclastites. Recently, a new lunar lithology, rich in 12 

spinel and plagioclase, and lacking abundant olivine and pyroxene, was recognized in 13 

visible to near-infrared (VNIR) reflectance spectra by the M3 instrument on the 14 

Chandrayaan-1 spacecraft at the Moscoviense basin.  These outcrop-scale areas are 15 

inferred to contain 20-30 % Mg-Al spinel. Possible explanations for the petrogenesis of 16 

spinel-bearing and spinel-rich lithology(s) range from low-pressure near-surface 17 

crystallization to a deep-seated origin in the lower lunar crust or upper mantle. Here, we 18 

describe 1-bar crystallization experiments conducted on rock compositions rich in olivine 19 

and plagioclase that crystallize spinel. This would be equivalent to impact-melting, which 20 

is moderately common among lunar plutonic rocks and granulites. To explore possible 21 

precursor materials and the maximum amount of spinel that could be crystallized, a lunar 22 

troctolitic composition similar to Apollo pink spinel troctolite 65785, and a composition 23 
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similar to ALHA81005 as analogue to the source region of this meteorite have been 24 

chosen. The crystallization experiments on the composition of AHLA 81005 did not yield 25 

any spinel; experiments on the composition similar to Apollo 65785 crystallized a 26 

maximum of ~8 wt% spinel, much less than the suggested 20-30 % spinel of the new 27 

lithology detected by M3. However, our VNIR spectral reflectance analyses of the 28 

experimental run products indicate that the spinel composition of the experimental run 29 

products not only appears to be similar to the composition of the spinel lithology detected 30 

by M3 (characteristics of the spinel absorption), but also that the modal abundances of 31 

coexisting phases (e.g., mafic glass) influence the spectral reflectance properties. Thus, 32 

the spinel-rich deposits detected by M3 might not be as spinel-rich as previously thought 33 

and could contain as little as 4-5 wt% spinel. However, the effect of space weathering on 34 

spinel is unknown and could significantly weaken its 2 μm absorptions. If this occurs, 35 

weathered lunar rocks could contain more spinel than a comparison with our unweathered 36 

experimental charges would suggest.  37 

 38 
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experiments, spinel-rich lithologies, remote sensing, Apollo 65875. 40 

INTRODUCTION: 41 

The lunar crust preserves some of the most important clues to the Moon’s history and 42 

its chemical evolution (e.g., Taylor 1982; Shearer and Papike 1999; Wieczorek et al. 2006; 43 

Demidova et al. 2007; Isaacson et al. 2011). Among fragments of the lunar crust that have 44 

been returned as samples and meteorites are a few that contain Mg-Al spinel, 45 

(Mg,Fe)Al2O4. In the last few years, regions rich in Mg-Al spinel have been detected by the 46 
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Moon Mineralogy Mapper (M3), the near-infrared (NIR) mapping spectrometer on the 47 

Chandrayaan-1 spacecraft (e.g., Pieters et al. 2010, 2011; Lal et al. 2011) which has 48 

renewed the debate on the origin of lunar highlands and the interest in spinel-bearing rocks 49 

and lithologies on the Moon (e.g., Prissel et al. 2012, 2013; Gross and Treiman 2011, Gross 50 

et al. 2011; Pieters et al. 2010, 2011; Lal et al. 2011). These areas now include portions of 51 

the Moscoviense basin, the Thompson/Ingenii basins (Pieters et al. 2011, 2013), the 52 

Theophilus crater (Dhingra et al. 2011, Lal et al. 2011), the Tycho crater (Kaur et al. 2012), 53 

and the Copernicus crater (Dhingra et al. 2013). Most of these deposits are inferred to be 54 

rich in (Mg,Fe)Al2O4 spinel (hereafter called spinel) and plagioclase (or plagioclase-55 

composition glass), with less than 5% mafic silicate minerals, i.e., olivine and pyroxene 56 

(Pieters et al. 2011). Pieters et al. (2010, 2011) suggested that these deposits could 57 

represent a previously unknown lunar rock type, a pink spinel anorthosite (PSA).  58 

Few lunar samples contain spinel, and those that do are mostly troctolites (olivine-59 

plagioclase rich rocks) and cataclasites (brecciated rocks) (Table 1). However, of these 60 

spinel-bearing samples, only two contain more than ~5-6% spinel: a spinel-troctolite in 61 

67435 which contains ~13 vol% spinel, among olivine, plagioclase and metal (Prinz et al. 62 

1973; Warner et al. 1976; Ma et al. 1981); and a unique fragment of spinel-anorthositic 63 

troctolite in the meteorite ALHA81005 that contains ~30 vol% (Mg,Fe)Al2O4 spinel, 64 

among plagioclase and ~20 vol% olivine and pyroxene (Gross et al. 2011; Gross and 65 

Treiman 2011). Thus, spinel-bearing/rich rocks such as PSA might be an important 66 

component of the lunar crust and it is important to account for their petrogenesis in the 67 

early crust especially as spinel could indicate high-pressure formation or unusual igneous 68 

fractionations (Longhi and Boudreau 1979; Morgan et al. 2006). 69 
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Possible explanations for their petrogenesis range from low-pressure near-surface 70 

crystallization to a deep-seated origin in the lower lunar crust or upper mantle (Table 1); 71 

four major hypotheses have been offered. These proposed hypotheses are:  72 

(1) Spinel formed at low pressure from melts of unusual composition, rich in olivine 73 

and plagioclase components such as might be formed from an impact-melted troctolite or 74 

troctolitic anorthosite (Treiman et al. 2010). Liquidus equilibria in simple systems show 75 

that bulk rock compositions rich in olivine + plagioclase components will produce melts 76 

that crystallize spinel (Walker et al. 1979b). Low-pressure experiments on natural Apollo 77 

samples indicate that such compositions could be produced by partial or complete melting 78 

of lunar crustal materials, and not necessary by partial melting of material from the deep 79 

inside the Moon (Walker et al. 1973b). This would be equivalent to impact-melting of 80 

troctolitic rocks, which is moderately common among lunar plutonic rocks and granulites; 81 

in this hypothesis, spinel-bearing rocks were formed from olivine-plagioclase melts 82 

produced by impact melting on or near the surface (Marvin and Walker 1985; Walker 83 

1983). This scenario was confirmed by low-pressure experiments on plagioclase-olivine 84 

melting rates (Marvin and Walker 1985) from natural samples. On the other hand, spinel-85 

rich rocks could be restites, residuals after a basaltic melt was removed from a partially 86 

melted rock rich in olivine and plagioclase (Taylor and Bence 1975; see Marvin et al. 87 

1989). 88 

There is considerable current interest in the chemical compositions of lunar impact 89 

melts and the products of their differentiation (e.g., Dhingra et al. 2013; Hurwitz and Kring, 90 

2013; Vaughan et al. 2013). The compositions of lunar impact melts and their 91 
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differentiation products obviously depend on what portions of the moon were melted in 92 

each event, and retained in the crater.   93 

(2) Spinel formed at low pressure by chemical reaction between picritic magma and 94 

crustal anorthositic wall-rock (Finnila et al. 1994; Morgan et al. 2006; Gross and Treiman 95 

2011). In this case, lunar spinel-rich areas represent the reaction zones between crust and 96 

picritic magma, and have been excavated from the crust by the adjacent impact basins 97 

and craters. Based on the petrography and mineral chemistry of a spinel-rich clast in 98 

ALHA81005 Gross and Treiman (2011) suggested that this rock type (similar to the PSA 99 

on the lunar surface) formed from a picritic magma that assimilated crustal anorthosite at 100 

low pressures.  101 

(3) Spinel formed at high pressure in the deep crust (deeper than ~60 km), from 102 

basaltic or peridotitic precursors, thus, the spinel-rich areas represent deep crust 103 

excavated by impacts (Herzberg 1978; Herzberg and Baker 1980; Baker and Herzberg 104 

1980). In this mechanism, spinel-formation depends solely on high pressure, analogous to 105 

the transition from plagioclase- to spinel-lherzolites in the Earth. However, in chemical 106 

systems that represent basalts and peridotites, the stability field of spinel enlarges as 107 

pressure increases, to the point that, at >1 GPa, olivine cannot coexist with plagioclase 108 

(e.g., Walker et al. 1973a; Longhi 1978; Soulard et al. 1994). High pressure investigations 109 

on liquidus phase-relations of natural Apollo highland rocks showed that these 110 

compositions do not represent magmas derived by partial melting of differentiated source 111 

regions at any pressure in the Moon (Delano 1977).  112 

 (4) Spinel formed during assimilation of anorthosite wall-rock by basaltic magmas at 113 

intermediate pressures, >0.5 GPa, >10 km depth (Prissel et al. 2012, 2013). This 114 
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mechanism is a hybrid of mechanisms (2) and (3) above, recognizing that spinel formation 115 

from ‘basaltic magma’ + anorthite is affected both by ambient pressure and by normative 116 

olivine content of the magma. At low pressures, spinel can form by reaction of plagioclase 117 

with magmas of high normative olivine (i.e., picrites); at higher pressures, the field of 118 

spinel stability expands, and permits spinel to form during interaction of anorthite and more 119 

normal (not picritic) basalts (Prissel et al. 2012, 2013). Similarly, the spinel liquidus field is 120 

more restricted for ferroan basalt compositions than for magnesian compositions, so that 121 

ferroan spinels should (in theory) tend to form at higher pressures than magnesian spinels.  122 

Clearly, there is no consensus on the petrogenesis of highlands spinel-bearing/spinel-123 

rich rocks. Do they represent deep-crustal material excavated by an impact, are they 124 

reaction zones at the edges of mafic intrusions into the anorthositic crust, or do they 125 

represent crystallized material from an impact melt sheet?  126 

Here, we report on 1-bar crystallization experiments (as analogues for impact melt 127 

crystallization) on (1) a lunar troctolitic composition similar to the Apollo pink spinel 128 

troctolite 65785 that represent an analogue for a precursor surface material melted in an 129 

impact event, and (2) a composition similar to ALHA81005 that represent an analogue 130 

for the source region composition of this meteorite that would have been melted in an 131 

impact event. We explore the maximum amount of spinel that could be crystallized during 132 

an impact event and place constraints on the formation of spinel-rich lithologies. Further, 133 

we compare reflectance spectra of the experimental run products to the reflectance 134 

spectra of the spinel-rich deposits seen by M3, to place constraints on the origin and 135 

formation of these deposits. In addition these spectra will enlarge the dataset of “ground 136 

truth” objects for calibration and quantitative analysis for orbital remote sensing.  137 
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Experimental Technique: 138 

Starting materials 139 

The powdered starting materials (Table 2) were made from a mixture of oxides 140 

and synthetic gels, using procedures standard to the experimental petrology laboratory at 141 

NASA Johnson Space Center (JSC). The synthetic powders were fired and completely 142 

melted at 1 bar, quenched to homogeneous anhydrous glasses, and then ground to 143 

powder, remixed and stored in a desiccator to ensure that they remained anhydrous.  144 

The starting composition AT-65785 (Table 2) was based on the reported bulk 145 

composition of Apollo pink spinel troctolite 65785 (Dowty et al. 1974). The starting 146 

composition A-81005 (Table 2) represents the average of the reported bulk compositions 147 

of ALHA81005 (Righter and Gruener 2013) and the compositions of nine glass spherules 148 

within ALHA81005. 149 

1 bar Experiments 150 

One-bar experiments were conducted in a 1 atm Deltech gas-mixing furnace in the 151 

laboratories of the ARES division at NASA Johnson Space Center (JSC). Oxygen 152 

fugacity was controlled by mixing CO-CO2 gas to the desired fO2 at or near 1 log unit 153 

below the iron-wüstite (IW) buffer. Oxygen fugacity was measured in a reference furnace 154 

through which exhaust gases from the experimental furnace were passed (Jurewicz et al. 155 

1993). Temperature was measured using a Pt94Rh6-Pt70Rh30 thermocouple calibrated 156 

against the melting point of Au. Before the experimental runs, the starting mixture was 157 

mixed with poly-vinyl alcohol (PVA) and pasted onto rhenium-wire loops (rather than Pt) 158 

to minimize Fe loss (Borisov and Jones 1999). The experiments were undertaken in a 159 

procedure standard for this laboratory: the experimental charges were held above the 160 

liquidus at 1500ºC for 24 - 48 hours, lowered (1000ºC/hour) to the desired temperature, 161 
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held at the desired temperature for 24 - 48 hours and then drop-quenched (< 5 seconds) 162 

into water. 163 

Reflectance spectra 164 

Reflectance spectra of the run products were collected at the RELAB 165 

spectroscopy facility at Brown University (Pieters 1983; Pieters and Hiroi 2004). The 166 

bidirectional VNIR reflectance spectra were measured at phase angles of i (incidence) = 167 

30° and e (emergence) = 0° between 0.3 and 2.6 μm relative to halon at 5 nm intervals. 168 

The sieve fraction of each sample was <45 μm. The rhenium wire was taken out prior to 169 

the measurements. Mid-infrared measurements (up to 25 μm) were collected in biconical 170 

reflectance with the RELAB FT-IR spectrometer. VNIR reflectance spectra were 171 

analyzed with the Modified Gaussian Model (MGM), which enables deconvolution of an 172 

input spectrum into its component absorption features (Sunshine et al. 1990). An example 173 

MGM fit to an orthopyroxene spectrum (one of the simplest applications of the MGM; 174 

Fig. 9 suppl.) is provided in the supplemental material. A variety of MGM initial 175 

conditions were tested in order to evaluate the potential contributions of various phases 176 

(pyroxene, olivine, mafic glass, spinel). As MGM fits are purely mathematical solutions 177 

with no constraints from mineralogy (Fig. 10, suppl.), the solution chosen was that with 178 

the lowest error and which satisfied the physical conditions of the run product (i.e., the 179 

absorptions present in the fit were consistent with the mineralogy of the run product). 180 

Analyses 181 

Backscattered electron (BSE) images and quantitative chemical analyses were 182 

obtained with the Cameca SX100 electron microprobes (EMP) at NASA JSC and the 183 

American Museum of Natural History (AMNH). Quantitative analyses were obtained by 184 
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wavelength dispersive spectrometry. Operating conditions were: 15kV accelerating 185 

voltage, 20nA beam current, focused electron beam (1 μm) for analyses of olivine, 186 

pyroxene and spinel, and defocused beam (5 μm) for analyses of plagioclase and glass. 187 

Peak and background counting times were 20-40 seconds per element. Analytical 188 

standards were well-characterized synthetic oxides and minerals including spinel (Mg, 189 

Al), chromite (Cr), diopside (Si), oligoclase (Na, Al), anorthite (Ca), hematite (Fe), 190 

forsterite (Si, Mg), fayalite (Fe), rutile (Ti), rhodochrosite (Mn), V2O3 (V), Co-metal 191 

(Co), ZnO (Zn), Ni-diopside (Ni), and orthoclase (K). Data quality was ensured by 192 

analyzing the standards as unknowns. After EMPA analyses of the experimental run 193 

products least squares mass balance calculations were performed in order to determine 194 

mineral abundances and to ensure that no phase was overlooked during microprobe 195 

analysis. The mass balance calculations were based in the major elements Si, Al, Ca, Mg, 196 

and Fe. 197 

EXPERIMENTAL RESULTS 198 

Experiments were conducted on both bulk compositions, at 1 bar, and temperatures 199 

between 1500°C and 1150°C. All experimentally produced minerals and glass 200 

compositions are homogenous. The experiments run at 1500 ºC contained only 201 

homogeneous glasses, which have the compositions intended from the starting materials 202 

(Table 2).  203 

Were the Experiments at Equilibrium? 204 

Crystallized phases in all experimental charges are chemically homogenous and no 205 

quench crystals are present in any experiment, suggesting that mineral-melt equilibria 206 

were approached. In the experiment at 1150ºC a fine grained intergrowth of olivine, 207 
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pyroxene, and plagioclase (±glass) is found. To assess whether the experiments and 208 

therefore the crystallized phases were at chemical equilibrium, we calculated olivine-glass 209 

(liquid) equilibrium distribution-coefficients KDFeO-MgO = 210 

[XFeO(Ol)XMgO(L)]/[XMgO(Ol)XFeO(L)] for the 1300 ºC and 1250 ºC experiments and 211 

compared them to literature data believed to representing equilibria. KD for all olivine/glass 212 

pairs (N = 5) fall within the expected range for equilibrium (0.31 for 1250 ºC and 0.30 for 213 

1300 ºC) consistent with olivine-melt equilibrium (Roeder and Emslie 1970, Filiberto and 214 

Dasgupta 2011).  215 

1 bar Experiments  216 

AT – 65785: Experiments and crystallization sequence 217 

Experiments on the composition AT-65785 yielded spinel on the liquidus at high 218 

temperatures. Run products included glass only, spinel + glass, spinel + plagioclase + glass, 219 

spinel + plagioclase + olivine + glass, and spinel + plagioclase + olivine ± pyroxene (Figs. 220 

1 and 2). Compositional data for all phases and glasses are given in Table 3. Spinel is the 221 

liquidus phase first crystallizing between 1500 and 1450 ºC (Table 5). The abundance of 222 

spinel increases from ~3 wt% at 1450 ºC to ~8 wt% at 1300 ºC. Thereafter, it decreases to 223 

4.5 wt% at 1150 ºC (Table 5). Figure 3 shows the changes in spinel chemistry with change 224 

in temperature for major (Fig. 3a) and minor elements (Fig. 3b). FeO increases with 225 

decreasing temperature and ranges from average 2.97 wt% FeO at 1450 ºC to an average of 226 

5.25 wt% at 1150 ºC. The Mg# [molar Mg/(Mg+Fe)] decreases with decreasing 227 

temperature from ~0.94 to 0.89 while the Cr# [Cr2O3/(Cr2O3+Al2O3)] increases from 0.027 228 

at 1350 ºC to 0.031 at 1150 ºC. Plagioclase is the second phase to crystallize, coming on 229 

the liquidus between 1400 and 1350 ºC. The experiment at 1350 ºC contains 23.8 wt% 230 
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plagioclase and its abundance increases with decreasing temperature to 67.2 wt% at 1250 231 

ºC (Tables 3, 5). Plagioclase is essentially pure anorthite, An99.9, in all the experiments. 232 

Olivine starts to crystallize between above 1300 ºC. The experiment at 1300 ºC contains 233 

only 1.2 wt% olivine and its abundance increases with decreasing temperature to 13.3 wt% 234 

at 1250 ºC (Table 3, 5).  Its Mg# decreases with decreasing temperature, from Fo93.6 at 1300 235 

ºC to Fo72 at 1150 ºC. The glass composition shows an increase in MgO, FeO, and SiO2 236 

with decreasing temperature, while Al2O3 shows a decrease consistent with crystallization 237 

of spinel and plagioclase (Fig. 4a). The minor elements that are concentrated in spinel (V, 238 

Ti, Cr) in the glass decrease with decreasing temperature and reach a minimum at 1300 ºC, 239 

after which they increase with decreasing temperature (Fig. 4b). This is consistent with the 240 

increase of spinel abundance with decreasing temperature to 1300 ºC followed by spinel 241 

decrease with decreasing temperatures.  242 

The 1150 ºC experiment is at, or very close to, the solidus temperature of this 243 

composition.  Near-solidus experiments are difficult to interpret, as they commonly have 244 

produce texturally inhomogeneous aggregates of phases (e.g., Dasgupta and Hirschman, 245 

2007). In this case, the fine-grained aggregate consists of olivine-pyroxene-plagioclase ± 246 

melt. In these aggregates, individual grains are commonly less than 2 μm in diameter, thus 247 

too small to be analyzed by EMPA (see Fig. 1, 1150 ºC). However, in one area the grains 248 

were large enough so that one olivine analysis and one pyroxene analysis could be 249 

obtained. In order to get a general composition of the aggregate for mass balance 250 

calculations, it was analyzed with a broad beam (5-10 μm). Plagioclase and spinel 251 

crystallized slightly earlier and formed larger crystals. We did not get an analysis of the 252 
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glass but based on mass balance it might be present in small proportions within the olivine-253 

pyroxene-plagioclase aggregate texture.  254 

A-81005: Experiments and crystallization sequence 255 

Experiments on the composition A-81005 yielded plagioclase on the liquidus at high 256 

temperatures. Experimental run products included glass only, plagioclase + glass, and 257 

plagioclase + olivine + glass (Fig. 5). Compositional data for all phases and glasses are 258 

given in Table 4. Plagioclase comes onto the liquidus above 1400 ºC. At 1400 ºC about <1 259 

wt% plagioclase has crystallized. This is an estimate based on mass balance calculations 260 

because no plagioclase was exposed in the cut section we examined. The abundance of 261 

plagioclase increases with decreasing temperature to 61 wt% at 1200 ºC (Fig. 6). It has a 262 

constant anorthite composition of An99.9 in all the experiments. Olivine (Fo83.6) only 263 

crystallizes at 1200 ºC with and abundance of 11.5 wt%.  Spinel did not crystallize at any 264 

temperature from the A-81005 composition.  265 

 Reflectance spectra 266 

Reflectance spectra of the AT-65785 experimental charges are shown in Fig. 7 (raw 267 

reflectance spectra are given in the supplemental material, Fig. 11). The 1500 ºC and 268 

1450 ºC experimental runs (0 % crystals and 3% crystals respectively) exhibit spectral 269 

properties consistent with Fe-bearing glass; a broad absorption near 1 μm and a weaker 270 

absorption near 1.9 μm (Bell et al. 1976). Although the 1450 ºC charge does contain 3 271 

wt% spinel, the characteristic spinel absorption at 2 μm is not apparent. All charges from 272 

runs at lower temperatures (>3% crystallinity) exhibit a prominent feature from spinel 273 

centered near 2 μm. At 1350 ºC (31.5% crystallinity) and 1300 ºC (48.7 % crystallinity), 274 

this feature can be attributed unambiguously to spinel, as the position and slope of the 275 
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continuum is controlled by the glass. The spinel contribution to the 2 μm feature becomes 276 

more substantial (i.e., stronger, and more consistent with pure spinel) with decreasing 277 

temperature (and increasing crystallinity) and reaches a maximum at 1150 ºC (<5 wt% 278 

spinel; ~100 % crystallinity), despite the fact that the abundance of spinel decreases with 279 

decreasing temperature. Plagioclase started crystallizing at 1350 ºC (23.8 wt%) but its 280 

characteristic absorption feature around at ~1.25 μm (e.g., Adams and Goullad 1978) is 281 

not evident until perhaps at 1250 ºC, at which point 67 wt% plagioclase has crystallized 282 

(0.32 wt% FeO) and only 14 % of the experimental charge remains as glass. Olivine 283 

appears at 1300 ºC but its characteristic absorption near 1 μm is not apparent. This could 284 

be due to its low abundance (1.2 wt%), its high Mg# (Fo94), and the strong glass band (51 285 

% glass). At 1250 ºC (~86 % crystallinity) the reflectance spectrum clearly exhibits 286 

features in the 0.9-1.5 μm region associated with olivine (11.4 wt%) and perhaps 287 

plagioclase (65 wt%), both of which increase in strength (depth) in the 1150 ºC spectrum, 288 

which is essentially 100 % crystalline (Fig. 7).  289 

The best-fit results from the MGM analyses are given in the supplemental material. 290 

Contributions from mafic silicates to the 2 μm absorptions could not be detected for any 291 

of the run products. While minor contributions are likely present for the products in 292 

which mafic silicates were more abundant (largely the lower-T products), these 293 

contributions were too weak to be distinguished above the background of the more 294 

prominent glass and spinel absorptions. No contribution from mafic silicates were 295 

observed in the glass-only or nearly glass-only products (1400°C and 1500°C), and the 296 

models are consistent with spectral characteristics of mafic glass (Bell et al. 1976), 297 

suggesting that the glass component is being modeled correctly. While a minor amount of 298 
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spinel is present in the 1450°C sample, it did not produce a sufficiently substantial 299 

spectral signature to allow modeling of the specific spinel absorptions, perhaps due to its 300 

low abundance and low FeO content (the spinel in the 1450°C product had the lowest 301 

FeO content (~ 3 wt%; Table 3) of any spinel produced in this study). 302 

For the products in which substantial crystalline material was present (T < 1400°C), 303 

a specific mafic glass component could not be modeled in the 2 μm region, because that 304 

region lacked sufficient structure to allow modeling of both the multi-component spinel 305 

feature and the weak ~2 μm glass feature. However, the glass absorption in that region 306 

does affect interpretation of the spinel absorption. The effect of glass on the 2 μm spinel 307 

absorption is illustrated in Figure 8, which plots the strength of the short-wavelength 308 

component of the spinel absorption against its center wavelength. This spinel absorption 309 

is composed of three absorption bands (Sunshine and Cloutis 1999), and the short-310 

wavelength component of the absorption is stronger (relative to the long-wavelength 311 

component of the absorption) and falls at shorter wavelengths in the more glass-rich 312 

products (1300 °C and 1350 °C). This illustrates the effect of the mafic glass, which 313 

enhances the short wavelength component of the spinel absorption (it adds to the 314 

intensity) and “pulls” that short wavelength component of the spinel absorption to shorter 315 

wavelengths than observed for the more spinel-rich samples (the glass absorption is at 316 

shorter wavelengths, causing the composite “spinel + glass” feature to fall somewhere in 317 

between glass-dominated and spinel-dominated). For the samples in which less glass was 318 

present (1250°C and 1150°C), this contribution was not observed, likely due to the 319 

glass’s lower modal abundance. 320 
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Reflectance spectra of the A81005 experimental run products have not yet been 321 

collected since the experiments did not crystallize any spinel. However, reflectance 322 

spectra of A81005 will be the measured in the future and presented elsewhere, to provide 323 

additional ground-truth data for orbital remote sensing. 324 

DISCUSSION 325 

The origin of the lunar spinel-bearing areas, exposing the so-called pink spinel 326 

anorthosite or PSA, is not yet resolved. Evidence from spectral reflectance studies has 327 

suggested that spinel in the PSA is very magnesian (Mg#’s ≥ 90, i.e., < 10 wt% FeO; 328 

Pieters et al. 2011; Dhingra et al. 2011; Jackson et al. 2012), and may be abundant at ~20-329 

30 %vol of the rock (Pieters et al. 2011; Dhingra et al. 2011; Taylor and Pieters 2013). 330 

Further, the PSA is inferred to contain < 5%vol of mafic silicate minerals (olivine & 331 

pyroxene) and is thus composed mostly of plagioclase (or plagioclase-composition glass). 332 

These inferences suggest that formation of PSA requires an unusual, non-standard 333 

petrogenesis; and cannot be directly related to the ferroan anorthosite (FAN) of the Lunar 334 

Magma Ocean and crust (Taylor and Pieters 2013).  335 

In this study we tested the hypothesis that the lunar spinel-rich materials are derived 336 

from impact melts of unusual composition and that they formed during low-pressure 337 

crystallization of (1) melts rich in olivine and plagioclase components, e.g., impact-melting 338 

lunar troctolite, and (2) melts of the average lunar crust, e.g., impact-melting average 339 

composition of the source region from which ALHA81005 originated. The experiments on 340 

A-81005 show that simply melting (e.g., during an impact event) and crystallizing a 341 

composition similar to ALHA81005’s source region (bulk ALHA81005) does not yield 342 

spinel (Fig. 6). However, melting (e.g. during an impact event) and crystallizing a 343 
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composition similar to Apollo pink spinel troctolite 65785 does yield spinel, up to ~8wt% 344 

(Fig. 2), somewhat more than was presented in the original Apollo sample. This proportion 345 

of spinel is significantly less than the suggested 20-30% spinel suggested to be in PSA. 346 

This difference in spinel proportions implies that, if PSA does contain 20-30% spinel, it 347 

could not have formed by simply melting of a common troctolitic composition similar to 348 

Apollo 65875 without some sort of process that would concentrate the crystallized spinel 349 

crystals, e.g., crystal settling due to gravity. In addition, at 1250 ºC (~86 % total 350 

crystallinity) ~13 wt% olivine (Fo88) crystallized which resulted in a clear 1 μm absorption 351 

feature not seen in the PSA spectra. Thus, simply melting and crystallizing a typical 352 

troctolite composition, similar to Apollo sample 65785, cannot produce a rock with the 353 

optical properties of the PSA lithologies detected by M3. 354 

VNIR spectral reflectance analyses 355 

The VNIR reflectance spectra of the experimental run products (Fig. 7a,b) provide a 356 

constraint on the composition and abundance of spinel in PSA. The strength of the spinel 357 

absorption near 2 µm increases monotonically as temperature decreases (Figure 7). The 358 

spectra of experimental products at 1250 ºC and at 1150 °C (~86 % crystallinity and 100% 359 

crystallinity, respectively) are, in fact, very similar in the 2 µm region (depth and position) 360 

to the M3 spectra from PSA regions at Moscoviense basin (Fig. 7a ,b). The increase in 2 361 

µm band depth is not a simple, linear effect of spinel abundance and composition (i.e., FeO 362 

content); spinel abundance is at its maximum in the 1300 ºC charge, and is lower in runs 363 

above and below that temperature. The FeO content of the spinel increases only slightly 364 

from ~3 wt% FeO at 1450 ºC to ~5 wt% at 1150 ºC. Instead, the 2 μm spinel feature 365 

appears to increases in strength (depth) with decreasing glass abundance to 1150 ºC (Fig. 366 
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8). Previous research indicates that the spinel 2 μm feature can become nearly saturated 367 

with as little as ~3-5 wt% FeO (Cloutis et al. 2004; Jackson et al. 2012), thus our 368 

experimental charges have sufficient FeO to produce very intense absorptions, and slight 369 

changes in spinel FeO content might not cause dramatic differences in the strength of the 2 370 

μm absorption. The 2 μm features in the 1350 °C and 1450 °C spectra are consistent with a 371 

mixture of mafic glass and spinel (Fig. 9 suppl.), whereas the 2 μm features for the 1250 °C 372 

and 1150 °C spectra are quite consistent with mostly pure spinel (sensu stricto), and 373 

consistent with very little (14 wt% at 1250 ºC) to essentially no glass (at 1150 ºC). The 374 

spectra deviate slightly from those of pure spinel due to small proportions of olivine (1250 375 

°C) and pyroxene (1150 °C); the pyroxene does not yield substantial spectral contributions 376 

in the 2 μm region, as spectra from the 1250 °C and 1150 °C charges are quite similar in 377 

that region. Thus, the increase in the 2 μm feature’s strength, despite slight decreases in 378 

spinel abundance, is likely linked to the substantial decrease in glass abundance, as the 379 

spinel becomes the dominant mafic phase and the other variables (i.e., FeO content) that 380 

could cause appreciable changes in the reflectance properties, remain essentially constant. 381 

The effect of the glass on the 2 μm region is illustrated in Figure 8, which demonstrates the 382 

change in the short-wavelength component of the spinel absorption; that component falls at 383 

shorter wavelengths and becomes more intense for the higher-T, more glass-rich charges 384 

(1300 °C and 1350 °C). 385 

The effect of space weathering 386 

Our experiments do not (and cannot) evaluate the effects of space weathering, which 387 

may act to reduce the magnitude of the 2 μm spinel absorption feature of the PSA 388 

measured by M3 (e.g., Noble et al. 2001; Hapke 2001; Pieters et al. 2000). In addition, the 389 
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experimental run product at 1250 ºC (~86 % crystallinity) contains ~13 wt% olivine (Fo88) 390 

which contributed to a clear 1 μm absorption feature. The spectra of the PSA lithologies 391 

detected by M3 lack such a 1 μm absorption feature, which led to the conclusion that the 392 

PSA lithology contained little to no olivine or pyroxene (Pieters et al. 2011). Thus, a 393 

troctolitic starting composition similar to Apollo 65785 cannot directly produce the PSA 394 

lithology.  395 

Nevertheless, our experiments have useful implications about the composition(s) and 396 

abundance(s) of spinel in the PSA lithology. Reflectance spectra near 2 μm of our low-T 397 

results for the AT-65785 composition, are very similar to the M3 spectra of the PSA 398 

regions. The closest spectral match is with the 1150°C experiment, which is nearly 399 

completely crystalline and contains 4.5 wt% spinel. This similarity suggests that the spinel-400 

rich PSA lithologies on the Moon might not be as spinel-rich as previously interpreted, and 401 

might contain as little as 4.5% spinel, or possibly less.  402 

Our inference of relatively low spinel abundance in PSA is contingent on 403 

understanding the effects of space weathering, which tends to reduce the apparent depths of 404 

reflectance absorptions in the VNIR region. If space weathering affects spinel in this 405 

manner, our estimate of ~4.5% spinel in PSA is a minimum; further studies of space 406 

weathering are clearly needed. 407 

IMPLICATIONS: 408 

VNIR reflectance spectra analyses of our experimental run products are similar to the 409 

M3 spectra of the lunar spinel-bearing areas, suggesting that our experimental spinels are 410 

similar in composition to those on the lunar surface. However, the shapes of the reflectance 411 

spectra in the 2 µm region also depend on the abundance and composition of coexisting 412 
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crystalline phases and glass in the sample. The characteristic (depth and position) 2 μm 413 

spinel absorption features in the spectra of the experiments at 1250 ºC and especially at 414 

1150 ºC are similar to the absorption feature of the PSA lithology at Moscoviense Basin on 415 

the lunar surface measured by M3. The spinel in these experiments contains ~5 wt% FeO, 416 

confirming inference that spinel of the PSA most likely contains <10wt% FeO (Pieters et 417 

al. 2011). However, the abundance of spinel in the PSA could be far less than the 20-30% 418 

inferred by Pieters et al. (2011) and Dhingra et al. (2011); our 1250 ºC and 1150 ºC run 419 

products contain only ~5 wt% spinel, yet have reflectance spectra with a 2 µm spinel 420 

absorption feature that is comparable in depth and position to the spinel spectra observed 421 

by M3 at Moscoviense basin (Fig. 7 a,b). Thus, the spinel-rich deposits detected by M3 422 

might not be as spinel-rich as previously thought and could contain as little as 5 wt% 423 

spinel. This is consistent with the spinel abundance found in spinel-bearing rocks 424 

(troctolites and cataclastites) from the Apollo and lunar meteorite sample collections (see 425 

Table 1) that typically contain from 5-6 wt% spinel (e.g., Dowty et al. 1974; Baker and 426 

Herzberg 1980; Ma et al. 1981; Marvin et al. 1989; Joy et al. 2012).  However, the effect of 427 

space weathering on spinel-dominated material still needs to be explored as it could 428 

significantly weaken the 2 μm spinel absorptions in the PSA and thus indicate a greater 429 

modal abundance of spinel in these lithologies as compared to our laboratory 430 

measurements with similar 2 μm absorption strengths. 431 
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Table and Figure captions 653 

 654 

Figure 1: Back Scattered Electron (BSE) images of experimental run products of the 655 

experimental series AT-65785. Left hand side images show typical textures of 656 

experiments, right hand side are close-up images of the textures. Crystalline phases 657 

are: Ol, olivine; Plag, plagioclase; and Sp, spinel.  658 

Figure 2: Variation in phase abundances (wt%) in the AT-65785 experiments at 1 bar as 659 

a function of temperature, showing the early crystallization of spinel at 1450 ºC and 660 

the late crystallization of olivine starting at 1350 ºC. *intergrowth = fine grained 661 

aggregate of olivine + pyroxene + plagioclase ± glass. 662 

Figure 3: Changes in spinel compositions in the AT-65785 experiments with 663 

temperature. A) major elements; B) minor elements.  664 

Figure 4: Changes in melt compositions in the AT-65785 experiments with temperature 665 

for major elements (A) and minor elements (B). 666 

Figure 5: Back Scattered Electron (BSE) images of experimental run products of the 667 

experimental series A-81005, a) overall texture of 1200 ºC, b) close up of the 668 

texture. Crystalline phases are: Ol, olivine; and Plag, plagioclase. 669 

Figure 6: Variation in phase abundances (wt%) in the A-81005 experiments at 1 bar as a 670 

function of temperature, showing the early crystallization of plagioclase at 1400 ºC. 671 

Spinel did not crystallize in any experiment. 672 

Figure 7: Reflectance spectra of the AT-65785 experimental run products (1500 ºC to 673 

1150 ºC, thick colored lines - dotted and solid) compared to M3 spectra of spinel-rich 674 

deposit detected at Moscoviense basin (thin dotted black, grey, light grey lines) 675 

relative to featureless soil (Pieters et al., 2011). A) Reflectance spectra normalized to 676 
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1500 nm; B) Spectra normalized to the reflectance ‘shoulder’ between 1000 and 677 

2000 nm (i.e., 1625 nm  for 1500ºC/1450ºC experimental samples and 1420 nm for 678 

other experimental samples; 1250 nm for M3 data) to facilitate comparison of the 2 679 

μm absorption intensity. * = reflectance spectra of spinel-rich area at Moscoviense 680 

basin relative to featureless FS soil 681 

Figure 8: Comparison of MGM-derived spectral properties for spinel-bearing samples. 682 

The 2 μm spinel feature is composed of three distinct absorptions (Sunshine and 683 

Cloutis, 1999), which were deconvolved in our spectra through MGM analyses (see 684 

supplemental material). The strength and position of the short wavelength (~1.8 μm) 685 

feature is illustrated, and demonstrates the influence of the mafic glass. The 1.8 μm 686 

absorption is both stronger (relative to the 2.6 μm feature) and at shorter wavelength 687 

for the more glass-rich samples (1350 °C and 1300 °C). The separation between the 688 

1150 °C and 1250 °C in relative intensity (y axes) is likely a result of slight 689 

differences in modeled continuum slope between the two spectra. *Note that we use 690 

a glass abundance of 0 for the 1150 °C sample, although the sample does contain 691 

some glass in the “intergrowth”-like aggregates. 692 
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Figure 1: Back Scattered Electron (BSE) images of experimental run products of the 23

experimental series AT-65785. Left hand side images show typical textures of 24
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experiments, right hand side are close-up images of the textures. Crystalline phases are: 25

Ol, olivine; Plag, plagioclase; and Sp, spinel.  26
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Figure 2: Variation in phase abundances (wt%) in the AT-65785 experiments at 1 bar as 40

a function of temperature, showing the early crystallization of spinel at 1450 ºC and the 41

late crystallization of olivine starting at 1350 ºC. *intergrowth = fine grained aggregate of 42

olivine + pyroxene + plagioclase ± glass. 43
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Figure 3: Changes in spinel compositions in the AT-65785 experiments with 63

temperature. A) major elements; B) minor elements.64
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Figure 4: Changes in melt compositions in the AT-65785 experiments with 87
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Fig. 5: Back Scattered Electron (BSE) images of experimental run products of the 99

experimental series A-81005, a) overall texture of 1200 ºC, b) close up of the texture. 100

Crystalline phases are: Ol, olivine; and Plag, plagioclase.101
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Figure 6: Variation in phase abundances (wt%) in the A-81005 experiments at 1 bar as a 112

function of temperature, showing the early crystallization of plagioclase at 1400 ºC. 113

Spinel did not crystallize in any experiment. 114
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Figure 7: Reflectance spectra of the AT-65785 experimental run products (1500 ºC to 134

1150 ºC, thick colored lines - dotted and solid) compared to M3 spectra of spinel-135

rich deposit detected at Moscoviense basin (thin dotted black, grey, light grey lines) 136

relative to featureless soil (Pieters et al., 2011). A) Reflectance spectra normalized to 137

1500 nm; B) Spectra normalized to the reflectance ‘shoulder’ between 1000 and 138
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2000 nm (i.e., 1625 nm  for 1500ºC/1450ºC experimental samples and 1420 nm for 139

other experimental samples; 1250 nm for M3 data) to facilitate comparison of the 2 140

m absorption intensity. * = reflectance spectra of spinel-rich area at Moscoviense 141

basin relative to featureless FS soil. 142
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Figure 8: Comparison of MGM-derived spectral properties for spinel-bearing samples. 166

The 2 m spinel feature is composed of three distinct absorptions (Sunshine and 167

Cloutis, 1999), which were deconvolved in our spectra through MGM analyses (see 168

supplemental material). The strength and position of the short wavelength (~1.8 m) 169

feature is illustrated, and demonstrates the influence of the mafic glass. The 1.8 m170

absorption is both stronger (relative to the 2.6 m feature) and at shorter wavelength 171

for the more glass-rich samples (1350 °C and 1300 °C). The separation between the 172

1150 °C and 1250 °C in relative intensity (y axes) is likely a result of slight 173

differences in modeled continuum slope between the two spectra. *Note that we use 174

a glass abundance of 0 for the 1150 °C sample, although the sample might contain 175

some glass in the “intergrowth”-like aggregates.176

177
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Tables 1 

Table 1: Lunar samples containing (Mg,Fe)-Al spinel. 2 
 3 

Samples %Spinel Spinel composition Suggested Origin Author Year 
   Fe# Cr#       
ALHA 81005,9 30 0.35 0.06 near/on surface Gross&Treiman 2011 

15295,101 6 0.21 0.18 30-50km Marvin et al. 1989 
65785 5  -   -   -  Dowty et al. 1974 
67435,14 5 0.15 0.11 LMO cumulate Prinz et al. 1973 
67435,77 13  -   -   -  Ma et al.  1981 
67435 5  -   -  on surface Warner et al. 1976 
73263 5-7 0.2-0.5 0.09 ~60km Bence et al.  1974 
73263,1,11  -   -   -  ≥ 12-32km Baker&Herzberg 1980 
72435,8 1-11 0.30-0.56 0.03-0.20 near surface Baker&Herzberg 1980 
72435,30 +,31 1-11 0.36-0.43 0.08-0.18 ≥ 12-32km Baker&Herzberg 1980 
Dhofar 489 0.3 0.35 0.3 ≥ 12-32km Takeda et al.  2006 
NWA 4472 8 0.33-0.45 0.1-0.22  -  Joy et al. 2012 
15445;177 6-7 0.19-0.16 0.07-0.11 ≥ 12-32km Baker&Herzberg 1980 
15445,10  -  0.2 0.14 ~40km Anderson  1973 
62295 <1 0.1-0.24  -  melting of crust Walker et al. 1973 
68001/68002 1grain 0.35 0.077 40km Snyder et al. 1998 
72435 5 0.31-0.56 0.03-0.21 deep lower crust Dymak et al. 1976 
Luna 2003  -  0.08-0.09 0.03 lower crust Snyder et al. 1999 
LMO = Lunar Magma Ocean, Fe# = [molar Fe/(Fe+Mg)]; Cr# = [Cr2O3/(Cr2O3+Al2O3)]. 4 
 5 

 6 

 7 
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Table 2: Experimental target and starting compositions. 8 

 AT-65785 A-81005 
 material material 
Wt% target Starting (N=42) target starting (N=43) 
SiO2 41.00 41.04 (±0.1) 44.7 44.98 (± 0.2) 
TiO2 0.07 0.07 (±0.02) 0.25 0.26 (±0.02) 
Al2O3 29.80 29.97 (±0.1) 26.00 24.72 (±0.2) 
Cr2O3 0.18 0.18 (±0.02) 0.12 0.11 (±0.02) 
V2O3 0.15 0.33 (±0.07) 0.13 n.a. 
MgO 9.50 9.39 (±0.07) 7.90 8.02 (±0.05) 
CaO 14.80 15.67 (±0.1) 15.00 15.99 (±0.09) 
MnO 0.15 0.19 (±0.02) 0.08 0.07 (±0.02) 
FeO* 3.60 3.27 (±0.07) 5.50 5.09 (±0.08) 
NiO 0.15 b.d. 0.10 b.d. 
CoO 0.15 0.04 (±0.02)  -   -  
Na2O 0.26 b.d. 0.20 b.d. 
K2O 0.04 b.d. 0.02 b.d. 
Total 100.00 100.18 100.00 99.35 

b.d. = below detection limit; n.a. = not analysed; N = number of analyses 9 

N = number of analyses; * = all iron assumed as FeO. 10 
 11 

 12 

 13 

 14 
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Table 3: Average composition of experimental run products AT-65785. 15 

b.d. = below detection limit; n.a. = not analysed; *intergrowth = fine grained aggregate of olivine, pyroxene, plagioclase (± glass); N = 16 
number of analyse; * = all iron assumed as FeO.17 

Oxides 
(wt%) 

1500 ºC 1450 ºC 1350 ºC 1300 ºC 

 Glass (N=42) Glass 
(N=96) 

Spinel (N=2) glass spinel plagioclase Glass 
(N=70) 

Spinel (N=17) Plagioclase 
(N=40) 

Olivine 
(N=3) 

SiO2 41.04 (±0.1) 43.03 
(±0.2) 

0.07 (±0.03) 45.52 
(±0.6) 

0.24 
(±0.03) 

44.03 (±0.4) 45.67 (±0.3) 0.12 (±0.04) 43.23 (±0.2) 42.27 (±0.2) 

TiO2 0.07 (±0.02) 0.07 
(±0.1) 

b.d. 0.11 
(±0.02) 

b.d. b.d. 0.13 (±0.02) 0.02 (±0.02) b.d. b.d. 

Al2O3 29.97 (±0.1) 29.26 
(±0.1) 

69.04 (±1.3) 23.81 
(±0.4) 

67.94 
(±0.4) 

36.44 (±0.1) 19.83 (±0.3) 66.41 (±0.9) 36.07 (±0.2) 0.10 (±0.02) 

Cr2O3 0.18 (±0.02) 0.15 
(±0.02) 

1.96 (±0.03) 0.08 
(±0.02) 

1.86 (±0.1) b.d. 0.04 (±0.2) 2.17 (±0.4) b.d. 0.04 (0.01) 

V2O3 0.33 (±0.07) 0.21 
(±0.02) 

1.41 (±0.06) 0.17 
(±0.02) 

1.65 (±0.2) b.d. 0.14 (±0.02) 2.02 (±0.1) b.d. 0.10 (±0.02) 

MgO 9.39 (±0.07) 8.93 
(±0.05) 

25.45 (±0.8) 10.96 
(±0.2) 

24.21 
(±0.3) 

0.27 (±0.02) 12.96 (±0.1) 24.25 (±0.6) 0.21 (±0.05) 51.12 (±0.2) 

CaO 15.67 (±0.1) 16.25 
(±0.1) 

0.10 (±0.01) 15.87 
(±0.2) 

0.08 
(±0.02) 

19.98 (±0.1) 14.96 (±0.1) 0.04 (±0.02) 19.94 (±0.1) 0.38 (±0.02) 

MnO 0.19 (±0.02) 0.15 
(±0.02) 

0.09 (±0.02) 0.24 
(±0.03) 

0.14 
(±0.03) 

b.d. 0.28 (±0.03) 0.13 (±0.03) b.d. 0.26 (±0.04) 

FeO* 3.27 (±0.07) 2.48 
(±0.06) 

2.97 (±0.1) 3.95 
(±0.1) 

4.09 
(±0.08) 

0.08 (±0.04) 5.40 (±0.1) 4.52 (±0.05) 0.11 (±0.04)  6.28 (±0.1) 

CoO 0.04 (±0.02) b.d. 0.02 (±0.004) 0.02 
(±0.02) 

0.06 
(±0.03) 

b.d. b.d. 0.04 (±0.02) b.d. 0.03 (±0.01) 

NiO b.d. b.d. 0.02 (±0.02) b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Na2O b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
K2O b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Total 100.18 100.58 101.15 100.77 100.32 100.89 99.45 99.76 99.66 100.62 
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Table 3: Average composition of experimental run products AT-65785 (continued). 18 
 19 
Oxides 
(wt%) 

1250 ºC 1150 ºC 

 glass  
(N=93) 

spinel 
(N=60) 

plagioclase (N 
= 108) 

olivine 
(N=37) 

intergrowth* 
(N=116) 

spinel 
(N=88) 

plagioclase 
(N=49) 

olivine (N=3) pyroxene 
(N=1) 

SiO2 45.48 (±1.2) 0.09 (±0.1) 43.01 (±0.5) 40.92 (±0.8) 41.64 (±6.8) 0.10 (±0.9) 42.82 (±0.5) 37.80 (±0.3) 51.84  
TiO2 0.57 (±0.1) 0.02 (±0.1) b.d. 0.02 (±0.02) 0.20 (±0.4) 0.02 (±0.02) b.d. 0.08 (±0.04) 0.14 
Al2O3 16.05 (±0.7) 66.04 (±0.8) 35.50 (±0.5) 0.29 (±0.2) 23.24 (±9.9) 66.71 (±0.8) 36.20 (±0.4) 1.17 (±0.4) 7.51 
Cr2O3 0.13 (±0.03) 2.03 (±0.2) b.d. 0.12 (±0.04) 0.25 (±0.3) 2.18 (±0.2) b.d. 0.03 (±0.02) 0.14 
V2O3 0.37 (±0.08) 1.48 (±0.2) bd 0.29 (±0.09) 0.41 (±0.4) 1.61 (±0.4) b.d. 0.04 (±0.02) 0.40 
MgO 11.41 (±0.3) 23.67 (±0.8) 0.37 (±0.2) 46.77 (±0.9) 14.40 (±8.6) 24.11 (±0.6) 0.32 (±0.2) 34.34 (±0.2) 25.07 
CaO 15.65 (±0.3) 0.06 (±0.1) 19.96 (±0.2) 0.67 (±0.1) 14.17 (±5.0) 0.07 (±0.03) 19.97 (±0.2) 1.46 (±0.3) 7.96 
MnO 0.63 (±0.06) 0.19 (±0.1) b.d. 0.63 (±0.06)  0.32 (±1.9) 0.19 (±0.04) b.d. 1.10 (±0.02) 0.48 
FeO* 8.82 (±0.8) 5.38 (±0.9) 0.32 (±0.2) 11.14 (±0.9) 5.48 (±3.5) 5.28 (±0.8) 0.22 (±0.06) 23.91 (±0.44) 6.44 
CoO 0.04 (±0.02) 0.16 (±0.04) b.d. 0.10 (±0.04) 0.07 (±0.2) 0.15 (±0.04) b.d. 0.20 (±0.04) 0.08 
NiO b.d. 0.02 (±0.02)  b.d. b.d. b.d. 0.02 (±0.02) b.d. b.d. b.d. 
Na2O b.d. b.d. b.d. b.d. 0.04 (±0.2) b.d. 0.02 (±0.01) b.d. b.d. 
K2O b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Total 99.19 99.13 99.30 101.00 100.21 100.41 99.65 100.16 100.08 
b.d. = below detection limit; n.a. = not analysed; *intergrowth = fine grained aggregate of olivine, pyroxene, plagioclase (± glass); N = 20 
number of analyse; * = all iron assumed as FeO.21 
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Table 4: Average compositions of experimental run products A-81005. 22 

 23 

b.d. = below detection limit; n.a. = not analysed; N = number of analyses 24 

N = number of analyses; * = all iron assumed as FeO. 25 
26 

Oxide 
(wt%) 

1500 ºC 1400 ºC 1300 ºC 1200 ºC 

 glass (N=45) Glass  
(N=5) 

Glass 
(N=38) 

Plagioclase (N= 
9) 

Glass (N=35) Plagioclase (N=2)  Olivine (N=17) 

SiO2 44.98 (± 0.2) 44.69 (± 0.07) 45.26 (±0.6) 43.49 (±0.3) 47.71 (± 0.5) 45.05 (± 0.9) 38.66 (± 0.4) 
TiO2 0.26 (±0.02) 0.27 (± 0.01) 0.40 (±0.03) b.d. 0.87 (± 0.06) b.d. b.d. 
Al2O3 24.72 (±0.2) 24.90 (± 0.07) 19.20 (±0.8) 35.43 (±0.3) 13.35 (± 1.1) 35.23 (± 0.1) 0.28 (± 0.2) 
Cr2O3 0.11 (±0.02) 0.13 (± 0.03) 0.18 (±0.02) b.d. 0.21 (± 0.02) b.d. 0.18 (± 0.02) 
V2O3 n.a. 0.13 (± 0.01) n.a. b.d. n.a. n.a. n.a. 
MgO 8.02 (±0.05) 8.36 (± 0.05) 12.01 (±0.3) 0.38 (±0.06) 9.40 (± 0.4) 0.35 (± 0.06) 43.72 (± 0.5) 
CaO 15.99 (±0.09) 16.67 (± 0.1) 14.09 (±0.2) 19.69 (±0.2) 14.12 (± 0.3) 19.40 (± 0.2) 0.59 (± 0.1) 
MnO 0.07 (±0.02) 0.06 (± 0.02) 0.11 (±0.02) b.d. 0.17 (± 0.02) b.d. 0.18 (± 0.2) 
FeO* 5.09 (±0.08) 2.90 (± 0.03)  7.61 (±0.2) 0.22 (±0.04) 10.70 (± 0.5) 0.54 (± 0.07) 15.32 (± 0.2) 
Na2O b.d. b.d. 0.02 (±0.02) 0.03 (±0.01) b.d. 0.24 (± 0.02) b.d. 
K2O b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Total 99.35 98.13 98.89 99.29 96.54 100.87 98.95 
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Table 5: Phase abundance and crystallinity for each experiment with temperatures for compositions AT-65785 and A-81005.  27 

*intergrowth = fine grained aggregate of olivine, pyroxene, plagioclase (± glass). 28 

 Spinel and olivine Mg# and calculated KD (olivine-liquid) values where possible. 29 
 30 

Temperature 
(ºC) 

Phase abundances (wt%) Crystallinity 
(%) 

Mg# KD 

AT-65785 glass spinel plagioclase olivine intergrowth* pyroxene Sum R2  spinel olivine Ol-Liq 
1500 100 0 0 0 0 0 0 0    
1450 97.0 2.99 0 0 0 0 0.71 3.0 93.9 -  
1350 68.5 7.7 23.8 0 0 0 0.18 31 91.3 -  
1300 50.9 8.0 39.6 1.2 0 0 0.01 49 90.5 93.6 0.31 
1250 13.4 5.2 67.7 13.6 0 0 0.02 86 88.6 88.2 0.30 
1150 0 4.5 45.1 0.5 42.7 6.9 0 100 89.1 71.9 - 
A-81005            
1500 100 0 0 0 0 0 0 0 - - - 
1400 >99 0 <1 0 0 0 0.7 <1 - - - 
1300 65.7 0 34.3 0 0 0 0.02 34 - - - 
1200 27.5 0 60.9 11.5 0 0 0.11 72 - 83.6 0.31 
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