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Abstract 

This study in Martian and lunar planetary geology begins with the application of terrestrial 

sequence stratigraphy to hypothesize about the depositional conditions in an ancient Martian 

northern ocean. Progressive global cooling leading to the loss of surface and near-surface water 

from low-latitudes and eventual cold-trapping at higher latitudes, resulted in a unique, 

perpetual-forced regression within lowland-depositional environments. The Messinian Salinity 

Crisis (MSC) is proposed as an analogue for the progressive removal of large standing-water 

bodies. On Mars, diagnostic sequences of deposits, regional scale unconformities, intermittent 

resurfacing of the northern plains, and loss of an early ocean lasted through the end of the 

Hesperian era. 

The second and third chapters examine the crystallography, analyze major and trace elements, 

and conduct petrologic modeling using 60 picritic green, orange, and vitrophyric Apollo 15 

glasses from aliquot 15421,67. Vitric glasses devoid of crystals and vitrophyric glasses, observed 

to contain only olivine crystals, were analyzed. Comparative analysis between crystal-free glass 

in both groups indicate that the uncrystallized regions are compositionally the same. Green 

glasses were compared to groups defined by Delano (1979). Sufficient analysis fell outside these 

historical groupings making reliable distinctions between groups difficult to discern and thus 

question original boundary validities. Glasses were best-fit categorized within these groups, only 

accounting for 3 of the 5 historical groups. This limited distribution points to sample collection 

bias for the co-bagged parent clods and regolith samples. Lastly, a series of petrologic models 

were run using MELTS/pMELTS software to examine potential origin of 15421,67 green glasses. 

These models examined the mixing processes between an adiabatic decompression melt from a 

primary undifferentiated lunar mantle magma with a remelted Lunar Magma Ocean (LMO) 
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cumulate near the established 15A green glass multiple saturation point (1520 °C and 21 GPa). 

Three Bulk Silicate Earth (BSE) and two Bulk Silicate Moon (BSM) compositions were used as 

initial compositions of the primitive lunar mantle and four LMO compositions as cumulate 

remelts. Mixing lines between these end members were shown to be valid approximations of 

initial magma sources of the 15421,67 glasses and are generally consistent with previous 

modeling results.
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Originally published as Barker, D a and Bhattacharya, J b 

Planetary and Space Science 151 (2018) 97–108. 

aDepartment of Earth and Atmospheric Science, University of Houston, 4800 Calhoun, Houston, 

TX 77004, USA, bSchool of Geography and Earth Sciences (SGES), McMaster University, 1280 

Main Street West, Hamilton, ON, L8S 4L8, Canada 

1.1 Introduction 

Here we examine the geologic consequences of assuming that Mars possessed an ancient 

northern ocean, subject to declining surface temperatures and atmospheric pressures through the 

end of the Hesperian. The result is a redistribution of surface and near surface water to the colder 

regions of the planet, and a progressive draw-down of surface-water levels. Mars’ northern 

lowlands are bordered by the global dichotomy (see Figure 1.1), whose greater than 3 km rise in 

elevation is assumed to predate the formation of any long-standing primordial northern ocean 

(i.e. within the first few 100 Myr following accretion; Wilhelms and Squyres, 1984; Smith et al., 

1999; Frey, 2006; Watters and McGovern, 2006; Nimmo et al., 2008; Andrews-Hanna et al., 2008). 

It is this topography that provided the needed relief for the fluvial transport of weathered and 

eroded sediments from their southern highland source towards the northern lowlands (i.e. a 

proxy passive-margin basin). Mars exhibits ubiquitous evidence of an early period of fluvial 

erosion and deposition (e.g., Carr, 1995; Baker, 2001; Craddock and Howard, 2002; Bhattacharya 

et al., 2005; Howard et al., 2005; Jerolmack, 2013), the nature, extent and timing of which, may be 

pragmatically revealed and extrapolated through the proposed use of sequence stratigraphic 

principles and techniques. 
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In the terrestrial field of sequence stratigraphy, a sequence is defined as a relatively conformable 

genetically related succession of strata bounded by unconformities and their correlative 

conformities (typically surfaces of erosion or non-deposition), which are hypothesized to form in 

response to cyclic changes in relative base-level, i.e. the lowest level to which fluvial systems flow 

(Posamentier and Allen, 1999). These sequences are enveloped by sequence boundaries (SB). 

These unconformities are postulated primarily to be caused by fluvial incision and correlative 

marine erosion, and are created during falls in sea-level (Posamentier and Vail, 1988). The 

stratigraphic point at the beginning of undisturbed subaqueous sequential strata, the correlative 

conformity, occurs where the sequence boundary meets the paleo-ocean floor at the onset of sea-

level fall. The intervening depositional layering produced during falling sea-level is defined by 

the concept of a forced regression (Posamentier et al., 1992; Nummedal et al., 1995; Plint and 

Nummedal, 2000; Catuneanu, 2002), and in combination with stratigraphic evolution based 

primarily on stratal stacking patterns, sequence position, and bounding surfaces, as espoused by 

Van Wagoner et al. (1990), provides an analytical starting point for examining ancient 

depositional environments on Mars in light of a disappearing ocean. To date, Pondrelli et al. 

(2008) have used sequence stratigraphic concepts on Mars to examine the temporal development 

of localized deltaic deposits within Eberswalde Crater. 
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Figure 1.1. Northern Hemisphere of Mars highlighting the approximate boundary of the 

planetary dichotomy, primary fluvial impingement routes, the model's hypothetical transect (A-

B), and portions of the putative Duteronilas paleoshorelines (yellow; Parker et al., 1989). (For 

interpretation of the references to color in this figures legend, the reader is referred to the web 

version of this article.) 

Understanding the history and evolution of water on Mars is advancing through the introduction 

of new spacecraft and technologies delivered to Mars over the years. Currently, volcanic and 

aeolian deposits mantle much of the planet, making the direct and unambiguous detection of 

allocthonous fluvial and lacustrine sedimentary deposits, structures, and mineralogy difficult. 
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Yet, through the use of multiple techniques, such as orbital photogrammetry, spectroscopy, 

ground penetrating radar (GPR), Gamma Ray Spectrometer (GRS), and limited surface based 

reconnaissance, highly detailed observations begin to illuminate the planet's ancient and complex 

climate, volatile, depositional, and stratigraphic history. The Mars Explorer Rovers (MER) 

Opportunity and Sprit and the Mars Science Laboratory (MSL) Curiosity rover show complex 

and expansive stratigraphically and geochemically layered outcrops and deposits indicative of 

aeolian, volcanic, fluvial or lacustrine depositional, and evaporative processes (Tosca and 

McLennan, 2006; Hurowitz et al., 2017). Some units exhibit cyclical bundling, differential 

weathering, stair-stepped morphologies, and cover areas over several hundred or thousands of 

square kilometers and attain thicknesses of several hundreds of meters (Arvidson et al., 2005; 

Hynek and Phillips, 2008; Lewis et al., 2008). Bedforms, sequences and facies associations, both 

aeolian and fluvial, are expansive and proposed to indicate regional scale significance 

(Grotzinger et al., 2005). Mineralogical assessments from orbiting spectrometers also show 

distinct stratigraphic associations such as phyllosilicate–bearing outcrops; examples include 

Meridiani Planum (Flahaut et al., 2015), Mawrth Vallis and Endeavour Crater (Wray et al., 2008, 

2009; Loizeau et al., 2012). Gale Crater is an example where water born sedimentation provides 

insight into the history of regionally emplaced sedimentary deposits and highlights the 

associated dynamics of their accumulation including divisions between subaqueous and 

subaerial stacking histories (Milliken et al., 2010). Additionally, changes in bedding orientation, 

topography, as well as albedo have been observed in Gale Crater (Milliken et al., 2010), and the 

importance regarding interactions between hydrology and surface topography have been noted 

by Howard (2007). 
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In order to determine the depositional and paleohydrologic history of Mars, beyond the 

uppermost strata and thus most recent periods in history, techniques and tools other than 

imagery, photogrammetry, or spectral imagery must be employed. In the fall of 2005, the first 

subsurface radar observations of Mars were acquired, revealing the details of the stratigraphy, 

structure, and basal topography of the polar layered deposits (PLD) (Plaut et al., 2007; Phillips et 

al., 2008), non-polar ice deposits (Holt et al., 2008; Mouginot et al., 2012), and buried channels 

(Morgan et al., 2013), providing new and direct investigations of the planets subsurface 

environment. Both the Mars Advanced Radar for Subsurface and Ionospheric Sounding 

(MARSIS) and the Shallow Subsurface Radar (SHARAD) continue to collect subsurface data 

(Picardi et al., 2005, Seu et al., 2007). An example of an aerially-extensive subsurface reflector, 

observed by both SHARAD and MARSIS, underlies the Medusae Fossae Formation (MFF; 

Watters et al., 2007; Carter et al., 2009). Amazonis Planitia, represents one of the largest and 

smoothest regions within the northern lowlands of Mars, containing expansive volcanic deposits, 

wide spread evidence of periglacial landforms, and has been shown by SHARAD to be underlain 

by at least one regional horizontal subsurface radar-reflective interface (Campbell et al., 2008). 

Bramson et al. (2015) correlated terrace depth observations with SHARAD reflector data to show 

that Arcadia Planitia contains upwards of 104 km3 of near-surface water ice. Stuurman et al. 

(2016) recently found SHARAD reflective regions underlying western Utopia Planitia, and 

espouse widespread near-surface deposits, 80–170 m thick, with a significant water ice fraction. 

Recent theories propose that at least some observed ice deposits are a result of obliquity and 

climate variations well into the Amazonian era (Head et al., 2005; Madeleine et al., 2009; 

Rodríguez et al., 2014), which could either mask or interact with an older buried cryosphere. 

Currently, evidence of deep water fine-scale internal layering or water-table interfaces have yet to 

be discovered beneath the northern lowlands (Farrell et al., 2009), though potential aeolian 
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layering seems plausible (Séjourné et al., 2012). Therefore, increasingly comprehensive radar 

investigations of subsurface structures and stratigraphy, combined with increasingly detailed 

orbital imagery observations and opportunities to test theoretical depositional and structural 

models, such as the application of the concepts of sequence stratigraphy to regionally emplaced 

sediments on Mars, are needed in order to delineate the chronological history of northern 

lowland sedimentary deposits. 

In order to further understand the depositional evolution, we apply established concepts of 

sequence stratigraphy to describe the potential evolution of Martian stratigraphy and propose a 

general model for categorizing and explaining sedimentary deposits across the northern 

lowlands of Mars. Our model accounts for unidirectional global climate change through the 

Noachian and into the Hesperian, where any early northern ocean would have experienced a 

progressive and protracted decline and lowering of base-level as a result of evaporation, freezing, 

sublimation, and a redistribution of water to the polar ice caps and cold-trapping in an 

expanding cryosphere. The timeframe spanning the unidirectional loss of the purported paleo-

ocean is regarded in terms of a “perpetual” forced regression. Therefore, near the dichotomy, the 

primary sequence stratigraphic systems tract or depositional unit in the northern lowlands is 

hypothesized to be forced regressive in nature, followed by any potential post-ocean deposits. In 

order to set the stage for the proposed model, we first review the current understanding 

regarding the presumed Martian paleo ocean and propose that the period of sustained 

desiccation during the Messinian Salinity Crisis (MSC) may serve as a terrestrial analogue to our 

Martian forced regression resulting from the progressive desiccation of the planet's ancient 

northern ocean. 
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1.2 A Martian ocean: the theory and prerequisite assumptions 

To date, the Mars Odyssey GRS instrument provides one of the best observations of global near-

surface water inventories based on hydrogen abundance (Boynton et al., 2002; Feldman et al., 

2004), and its distribution reflects the process of cold-trapping of subsurface ice at high latitudes; 

yet, its origins are still questioned. If Mars did possess an ocean, then it seems probable that it 

formed early in the planet's history (e.g., within 0.1 Myr of the end of a magma ocean phase 

according to modeling by Lebrun et al., 2013), and similar to the first appearance of Earth's 

oceans, which where are believed to have formed as far back as 4.404 Gya, just following the 

Moon forming collision (~4.4 Gya; Peck et al., 2001; Wilde et al., 2001; Lunine, 2006). 

The evidence for climatic conditions vastly different from today (e.g., a warmer and wetter Mars, 

Carr (1996)), and the presence of an ancient northern ocean, minimally includes the identification 

of potential shorelines (Parker et al., 1986), impact generated tsunami deposits (Mahaney et al., 

2010; Rodríguez et al., 2016; Costard et al., 2017), fluvial drainage systems and deposits (Lucchitta 

et al., 1986; Carr, 1996; Hynek et al., 2010), and a distribution of ice-related landforms along the 

planetary dichotomy and throughout the northern plains (Séjourné et al., 2011; Davis et al., 2016). 

In Figure 1.1, the northern lowlands are shown, including a rough delineation of the planetary 

dichotomy separating the southern highlands and the northern lowland basin (dark-brown 

contour line), primary water impingement routes (blue arrows) and the low-lying areas likely 

inundated by a paleo-ocean (most likely ferruginous, and possibly green colored, as proposed for 

certain episodes of Earth's Archean-Hadean ocean predating the Great Oxygenation Event 

(GOE); Scott et al., 2011). Coincident evidence for a wetter climate and potentially denser 

atmosphere is widespread and includes valley networks (Luo et al., 2017), rainfall indications, 

and erosion requirements (Craddock and Lorenz, 2017), large, low elevation, long-lived standing 
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bodies of water and their associated sedimentary deposits, or sequences (e.g., lake deposits, 

channel belts and fluvial-deltaic systems: Cabrol and Grin, 2001; Bhattacharya et al., 2005; 

Dromart et al., 2007; crater lakes: Cabrol and Grin, 1999; clay mineral formation: Milliken et al., 

2010). Yet, the largest and probably longest lived standing body of water to have existed on Mars 

would have been an early northern ocean, and its presence is based on expanding lines of 

evidence (Parker et al., 1986, 1989; Carr, 1996; Clifford and Parker, 2001; Frey et al., 2002; Perron 

et al., 2007; Luo and Stepinski, 2009; Hynek et al., 2010; Davis et al., 2016), which we continue to 

briefly explore below. 

Sediments covering the northern plains would have been deposited in conjunction with the 

decline of an early ocean as the planet's climate evolved into something more closely resembling 

that of today. Many observations support the ocean theory including the distribution of crater-

excavated hydrated minerals across the northern lowlands (Pan et al., 2017), which imply an 

ancient underlying hydrated basement. Di Achille and Hynek (2010) further provide a global 

map showing the distribution of deltas and small valleys, whose morphology is consistent with 

an origin by rainfall (Craddock and Lorenz, 2017) and distribution within the southern highlands 

delineates two candidate equipotential sea–level surfaces roughly paralleling the dichotomy 

boundary at -1680 and -3760 m respectively. Mounting evidence supporting the ocean hypothesis 

further includes observations of hydrologically weathered surfaces and materials, the extreme 

smoothness of the northern plains (Head et al., 1998), and the existence of putative Martian 

paleoshorelines (see Figures 1.1 and 1.2a) whose elevations appear to approximate an 

equipotential surface (Parker et al., 1986, 1989, 1993; Head et al., 1998, 1999; Clifford and Parker, 

2001, Webb, 2004). Some, possibly expected, discrepancies between the elevation of the purported 

shorelines and an equipotential surface may be explained when the effects of true polar wander 
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(Perron et al., 2007) and crustal deformation due to the isostatic rebound (Ruiz, 2003; Ruiz et al., 

2004; Leverington and Ghent, 2004) or the growth of Tharsis (Dohm et al., 2009) are taken into 

account. Debates, regarding the existence of an ocean based on geomorphic evidence of marginal 

features (i.e. shorelines and wave-cut erosion features) or interior cold-climate features (which 

are thought to be related to the presence of subsurface ice), continue (Smith et al., 1999; Malin and 

Edgett, 1999; Carr and Head., 2003; Ghatan and Zimpleman, 2006). For example, it has been 

suggested that the layered terrain of the Vastitas Borealis Formation (VBF), a geomorphic 

assemblage purported to be related to outflow-channel formation, may provide stronger 

evidence of the ponding of ancient waters and redistribution of sediments within the northern 

plains than evidence associated with the proposed shorelines (Kreslavsky and Head, 2002; Carr 

and Head, 2003). 

Additional significant evidence supporting the ocean hypothesis results from the estimation that 

Mars amassed large quantities of volatiles, including an inventory of water sufficient to cover the 

surface to a depth of between 500 and 1000 m (i.e. global equivalent layer (GEL)), through the 

accretion of asteroids and comets and the subsequent outgassing of the interior (Carr, 1996; 

Lunine et al., 2003). The estimates of historical water inventories are supported by the 

geomorphic identification of fluvially-cut valley networks (Luo et al., 2017) of Noachian age and 

outflow channels, apparently carved by the catastrophic discharge of groundwater, whose 

occurrence appears to have spanned a majority of Martian geologic history but which appear to 

have peaked during the Late Hesperian (Craddock and Howard, 2002; Tanaka et al., 2003; 

Kreslavsky and Head, 2002; Rodríguez et al., 2006). Luo et al. (2017) further calculated that a 

minimum of 6.86 x 1017 m3 or approximately 5 km GEL of water was needed to cut the Martian 

valley networks. Other geomorphological features along the dichotomy boundary have been 
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identified, including lobate debris deposits, which are consistent with the occurrence of vast 

impact-generated tsunamis originating from within the northern plains (Rodríguez et al., 2016; 

Costard et al., 2017); and potential terrestrial sedimentary and geomorphological analogues 

including the Alamo and Chicxulub impact events (Warme et al., 2002; Claeys et al., 2002; 

Mahaney et al., 2010). 

For Mars, an ongoing debate between the “warm-wet” and “cold-icy” scenarios remains active. 

As such, any early ocean was subject to unique constraints, including the size of the planet, the 

formation of the global dichotomy, frequency of large impacts, and the evolution of the planet's 

magnetic field, atmosphere, and climate (Terada et al., 2009; Tian et al., 2009). Constraints to 

ocean hypothesis regarding reduced early solar luminosity (i.e. estimated to be 25–30% less than 

today; Rosing et al., 2010) have been implicated as a potential barrier to early ocean development 

on Earth and Mars, and climate models favoring the cold early Mars have been similarly 

forwarded (Forget et al., 2012; Wordsworth et al., 2015). However, Rosing et al. (2010) suggests 

that, on Earth, low early global albedo (i.e. reduced continental surface area) and the lack of 

biogenetic-cloud nucleation would be sufficient to maintain environmental conditions above the 

triple point of water, independent of presumed greenhouse-gas concentrations, thus favoring 

Earth's first oceans. Such conditions may or may not serve the Martian equivalent argument, yet 

highlight some of the complexities regarding planetary atmospheres and ocean development. 

We move forward by assuming the former presence of an early northern hemisphere 

encompassing ocean or multiple large liquid- or ice-covered ocean-sized bodies on Mars. Under 

this assumption, one would expect to find evidence of periodic or sustained sediment deposition 

associated with the erosion and runoff that created the valley networks and the earliest 

catastrophic floods during the planet's first two billion years of geologic history (Carr, 1996). 
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Regions with the most probable occurrence of buried ocean-related depositional structures and 

strata include the oldest and lowest lying basins on the northern lowland border, where the 

major runoff or fluvial access routes cross Chryse, Arcadia, and Utopia (Hynek et al., 2010), as 

shown in Figure 1.1. Therefore, the theoretical model presented below accounts for ongoing 

observations that correlate to an ancient ocean and may encourage classification of potential 

genetic sources of fluvial-detrital and evaporitic sediments, as well as interbedded volcanic, 

impact and aeolian deposits, across the northern lowlands. The structural profiles provided in the 

model are derived with the hypothetical transect A-B in Figure 1.1 in mind. The regional geology 

should contain widespread sequences of stacked sedimentary deposits that can therefore be 

interpreted by applying the precepts of sequence stratigraphy. 

 

Figure 1.2. Comparative morphologies indicating proposed Mars and extant terrestrial 

shorelines, a) Cydonia Mensae and b) Lake Bonneville (Images courtesy of T. Parker and chapter 

9, Cabrol and Grin, 2010). 

1.3 Potential terrestrial analogue and considerations 

On Earth, an event called the Messinian Salinity Crisis (MSC) occurred within the Mediterranean 

basin at the end of the Miocene 5.96 Myr ago (Krijgsman et al., 1999). The desiccation history 

resulting from this event provides, potentially, the best example of the removal of very large 
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amounts of sea water creating regional stratigraphic structures and evaporitic deposits across 

multiple basins (Clauzon et al., 1996; Krijgsman et al., 1999; Roveri and Manzi, 2006; Gargani et 

al., 2008). Figures 1.3a and b show the distribution of evaporite deposits across the 

Mediterranean, and a representative seismic profile from the Gulf of Lions (Bertoni and 

Cartwright, 2015; Bache et al., 2015). Extensive seismic profiling has shown that this 

Mediterranean-wide event is characterized by falling sea-levels (a minimum of 1300 m according 

to Urgeles et al., 2010), detrital fan deposits (Lofi et al., 2005), tectonic isolation and uplift 

(Duggen et al., 2003, 2004; 2005), and very large-scale canyon incision, isostasy, and erosion of the 

basin margins (e.g., the Nile and Rhone rivers; Gargani, 2004; Loget and Driessche, 2006; Gargani 

et al., 2010). Estimates for a mean rate of regressive erosion resulting from isostatic rebound alone 

is as much as ~2.5 m/yr on the River Nile (Gargani et al., 2010). The MSC is also uniquely 

identified as an event that transformed as much as 6% of the Earth's ocean salt into giant 

regressive evaporitic deposits (>1500m thick) created by relatively rapid sea-level drop and high 

evaporation rates (estimated at around 1.75 m3/m2/yr, by Bache et al., 2015), and which 

diachronously drape the Mediterranean sea floor (Hsü et al., 1973; Clauzon et al., 1996; Clauzon 

et al., 2005). Estimates show that at least 8 times the volume of the present-day Mediterranean 

would need to have evaporated in order to create the evaporite deposits we see today (Gargani 

and Rigollet, 2007). Variations in river profiles, erosional surfaces and evaporitic unit production 

are explained by intermittent water-level fluctuations or infilling (from 0.75 mm/yr to 0.3 mm/yr) 

prior to the point of near or complete desiccation (Gargani et al., 2008). Regulation of seasonal 

evaporite cycles is also believed to be a result of variations in orbital obliquity and precession 

during the time the Mediterranean was tectonically isolated from major refilling (Krijgsman et al., 

1999; Gargani and Rigollet, 2007). At the height of the event, it is believed a near complete 

isolation and desiccation of the Mediterranean Sea occurred, with similar effects within adjacent 
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shallower basins. The MSC, as abruptly as it started, seems to have ended 5.33 Myr ago across the 

entire Mediterranean basin (Krijgsman et al., 1999). Sometimes termed the “Zanclean Deluge,” it 

marks the breaching across the Gibraltar Strait and the refilling of the basin from the Atlantic 

Ocean (Blanc, 2002). Though its precise origin, timing, and duration are still debated (Butler et al., 

1995; McKenzie, 1999; Hardie and Lowenstein, 2004), we believe that the overall trend of the 

event represents a potential analogue for Mars with respect to the evolution and emplacement of 

evaporite deposits and associated erosional morphologies during a long and protracted loss of an 

ocean or other large bodies of surface water. 

 

Figure 1.3. a) Messinian evaporite distribution (Bertoni and Cartwright, 2015). 
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Figure 1.3. b) Gulf of Lions seismic profile showing transition from Miocene shelf to evaporitic 

layers and overlying onlap terminations (Bache et al., 2015). 

The draping of evaporite ocean salts on the floor of the Mediterranean, as the tell-tale sign of the 

MSC, may be mirrored on Mars by the ubiquitous clay, evaporite and sulfate deposits (Arvidson 

et al., 2005; Johnson et al., 2008; Flahaut et al., 2015) measured in Martian bedrock outcrops, 

duricrust and aeolian sediments across the planet. The early deposition of such Martian sulfates 

are thought to coincide with a dense and possibly warm atmosphere, large surface-water 

reservoirs and periodic volcanic outgassing through the Noachian and Early Hesperian (Johnson 

et al., 2008), and serve as an indicator of globally changing environment and hydrologic systems 

in response to the redistribution of surface water and declining sea-levels (including increasingly 

acidic waters (Chevrier and Mathe, 2007) and the mineral phases jarosite and gypsum (Madden 

et al., 2004)). The MSC was not an entirely unique event, except in scale, and therefore it is 
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important to examine as many potential analogues as possible to better understand the 

disappearance of oceans and standing bodies of water on early Mars. Examples of extinct or 

desiccated seas and pluvial or endorheic lakes that should be considered for their relevance to the 

loss of large bodies of water on early Mars include: the Panonian sea, Aral sea, Lake Manly, Lake 

Lahontan, Lisan Lake, Lake Nam Co, Lake Eyre, Lake Agazzis (Steininger and Wessely, 1999; 

Rogl, 1999; Grotzinger et al., 2005; Cabrol and Grin, 2010), and many more. Lake Bonneville, for 

example, has already been examined from the analogue perspective (Figures 1.2a and b, Chan et 

al., 2016). From the onset of isolation and growing regional drying, the MSC resembles a forced 

regression resulting from sea-level decline to the point of inconsiderable inflow or complete 

desiccation. This provides the impetus for our model, which examines the loss of an ancient 

northern ocean on Mars. 

1.4 A Martian sequence stratigraphy: old construct, new planet 

From the oldest to the most recent periods (i.e. the Noachian to the Amazonian), short term 

variations aside, Mars appears to exhibit a progressive unidirectional change in its environment 

and loss of the presumed primordial ocean – a change that would induce a forced regression 

across increasingly desiccated water-bearing basins on a global scale. Given the active nature of 

the planet’s early history (i.e. substantially greater geothermal heat flux, volcanism, and impact 

rates), it is assumed that any depositional expression as a result of possible climate or 

mechanical-driven eustatic ocean-level cycles would not be retained in the sedimentary record 

during an active oceanic period, therefore diminishing any associated transgressive expression 

within the sedimentary record. Changes in obliquity and insolation, chaotic over time scales 

greater than about 20 Myr (Laskar et al., 2004), may involve cyclic climate changes. However, 

should such cycles have occurred and contributed to ocean level increases then the potential 
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exists for the expression of a more complex transgressive stratigraphy during short, 

environmentally stable periods of relatively constant ocean-level. Such cycles would account for 

relatively short duration changes within the environment, on the order of a few 10–100 Myr, 

spanning periods of stable ocean-baring conditions which may include quasi-periodic (Lewis et 

al., 2008) or local transgressive units, and any associated patterns should be completely bound by 

the sediments deposited during the time where maximum standing-water process were possible. 

Examples where local conditions might counter the overall proposed global trend and result in a 

more complex stratigraphic structure have been proposed (Pondrelli et al., 2008), but such 

deposits remain to be stratigraphically correlated on a regional scales in relation to any proposed 

paleo-ocean. The additional complexity added by such transgressions is not further explored in 

this work. 

Figures 1.4 through 1.8 depict the cross-sectional evolution of the proposed Mars sequence 

stratigraphy. Since landforms are locally dependent, the graphic is suggestive and not to scale. 

Figure 1.4 shows an early Mars with the hypothesized northern ocean residing at its highest level 

beginning in the Early Noachian; a period of evolving surface conditions, including heightened 

impact rates, volatile redistribution, surface precipitation, and standing bodies of water. Figures 

1.5 and 1.6 depict the subsequent evolution of this environment through the end of the Noachian, 

when climate begins to change to conditions resembling those of today, most likely resulting 

from the extinction of the planet's magnetic dynamo, progressive freezing, sublimation, and cold-

trapping of water in an evolving cryosphere and at higher latitudes (Clifford et al., 2010), as well 

as loss to space of volatiles through impact and solar-wind erosion (Jakosky, 1990; Chassefiere et 

al., 2006; Stanley et al., 2008; Tian et al., 2009). The result of these combined processes was a 

global decline in ocean levels at the end of the Noachian and into the Hesperian, when 
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environmental conditions suitable to maintain surface water ceased to exist. This long-term 

progressive loss of water constitutes a perpetual Martian forced regression. 

The first depositional system that has been applied within this model records the highest sea-

level and is called Highstand Systems Tract (HST). As in terrestrial deposits, prograding 

clinoforms (distal movement of sloping sedimentary packages: Fongngern et al., 2016) would 

form a defining regional stratigraphic record as long as runoff brings sediment into a standing 

ocean. Additionally, as long as the climate sustains standing bodies of water, the physical 

structure of any Martian fluvial and subaqueous deposits are expected to produce stratigraphic 

columns that substantially parallel those exhibited in terrestrial columns even in light of a 

diminished gravity field. The HST would have been emplaced during the time of stable 

maximum ocean level and associated fluvial impingement. Further, it seems unlikely that any 

transgressions or regressions, as used in terrestrial sequence stratigraphy, would impinge the 

Martian HST to any significant extent; including effects of eustatic cycles, obliquity changes and 

solar- or moon-induced tidal influences (Grotzinger et al., 2005). Additionally, any tsunami-

emplaced strata (i.e. uprush deposits) high on the dichotomy may confusingly resemble 

transgressive deposits and backwash-debris flows and turbidity currents would drape existing 

offshore slopes and together may mask the HST boundary. Continued water and volatile loss 

from the early ocean and atmosphere throughout the Hesperian resulted from several ongoing 

and interacting mechanisms (e.g., sublimation, atmospheric loss to space (Jakosky and Jones, 

1997), and freezing/cold trapping within the cryosphere and at high latitudes; Clifford and 

Parker, 2001). Ultimately the cessation of surface precipitation represents the largest driver for 

progressive ocean-level decline (Hodges, 2002). The drawdown of ocean levels would leave 

highstand deposits (i.e. detrital and evaporite deposits) perched along the dichotomy boundary 
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and possibly delineated by declining equipotential surface layers inscribed by the declining 

ocean shoreface. 

 

Figure 1.4. Early Noachian: prograding basin deposition through active precipitation and runoff; 

coeval falling sea/surface level (S.L) as water is removed from the ocean through heightened 

impact rates and thermally driven volatile redistribution. Depositional sequences include 

Highstand Systems Tract (HST), Falling Stage Systems Tract (FSST) and Sequence Boundary (SB). 

 

 

Figure 1.5. Middle and Late Noachian: incipient environmental changes including atmospheric 

thinning, declining precipitation, cryosphere development, initial ocean surface freezing and 

beginning of over-ocean deposition.



20 

 

Figure 1.6. Early Hesperian: waning fluvial processes, volcanic, dust and ejecta blanket a 

subsiding ice covered ocean, furthering the development and stratification of lowland layered 

deposits. 

On Mars, environmental changes occurred that would progressively cause the loss of any paleo-

ocean (e.g., sublimation, atmospheric loss to space, and freezing/cold trapping within the 

cryosphere and at high latitudes, Carr, 1996, Hodges, 2002; Terada et al., 2009), and hasten the 

decline in ocean levels marking the beginning of the forced regression (Posamentier et al., 1992; 

Posamentier and Morris, 2000). The time of maximum-ocean fall occurs at the point at which the 

ocean is completely lost, ice covered or sequestered into the cryosphere. Forced regressions, by 

definition, may occur independently of variations in sediment flux (Posamentier et al., 1992), or 

alternatively, are defined based on the supply and deposition of sediment at the shoreline during 

sea-level fall (called either a non-accretionary (little to no sediment) or accretionary-forced 

regressions; Helland-Hansen and Gjelberg, 1994)). Detrital fluvial sediments transported onto the 

northern plains along the margins of the planetary dichotomy, after the onset of the forced 

regression, would have been deposited in progressively seaward prograding clinoforms as sea-

levels fell. Terms for these depositional units historically include the Forced Regressive Wedge 

Systems Tract (FRWST; Hunt and Tucker, 1992), the Early Lowstand Systems Tract (ELST; 

Posamentier and Allen, 1999) and the Falling Stage Systems Tract (FSST; Plint and Nummedal, 
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2000; Plint et al., 2001). It is the concept of FSST that has been adopted for use in this model, 

because, as the sea-level falls, it is characterized by prograding offlapping clinoforms (i.e. a 

basinward shift in facies), and erosive-based shore-face successions lying above the HST as long 

as the forced regression is active. Therefore, this paradigm implies that the FSST should contain 

all Martian depositional units associated with periods of active precipitation and surface runoff 

and the erosional histories associated with the valley networks as ocean levels dropped. 

Observations indicating basin-ward transitioning strandlines, already identified by Clifford and 

Parker (2001) and expanded on by others (Webb, 2004; Kraal et al., 2006) should correlate with 

FSST surfaces. Relatedly, paleo-lake strandlines have been observed in Shalbatana Vallis (Di 

Achille et al., 2009). Additional markers include subaerial erosion on shoreface sand-bodies above 

the HST as well as downward stepping (offlapping) prograding clinoforms, higher-order 

sequence stacking, and distal mass flow deposits. Ultimately, as water is removed from the 

environment, the shoreline trajectory is forced basin-ward due to the fall in the ocean level 

resulting in an ocean-ward transition of facies that may be expressed below the proposed 

shoreline levels identified by Parker et al. (1989). Therefore on Mars, we assume a perpetual 

forced regression would have continued throughout periods where standing bodies of liquid- or 

ice-covered water were present and yet diminishing in the environment. 

The main stratigraphic surface adopted in this model is the sequence boundary (SB). It is defined 

at the time when ocean levels first begin to drop and occurs between the HST (Posamentier and 

Morris, 2000) and the FSST. Though still a debated indicator as Plint and Nummedal (2000) 

suggest pragmatically placing it on top of the FSST as that surface experiences subaerial exposure 

throughout any period of relative sea-level fall. The Martian SB (see Figure 1.4) would be 

expressed (i.e. through radar sounding or drilling) throughout the northern plains as the contact 
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immediately below the lowest and most widely distributed ice deposits, depending on how 

rapidly the atmosphere thinned. Fluvial activity during the waning stages of the valley networks 

has been shown to result in the incision of between 50 and 350 m into previously emplaced 

Noachian deposits (Howard et al., 2005), thus providing reference points for the start of the SB 

unconformity as proposed in our model. 

1.5 A unique Martian sequence stratigrapic addendum 

The cross-sections depicted in Figures. 1.6 and 1.7 represent a Hesperian-era dust and ice covered 

northern ocean and the beginnings of a phase of regional episodic, flood-incurred stratigraphic 

deposition. Regional scale unconformities may be emplaced as a consequence of the erosion 

caused by massive catastrophic floods called outflow channels (Carr, 1996). These massive 

flooding events appear to have occurred from the Late Noachian through geologically recent (i.e. 

Late Amazonian) times (Rodríguez et al., 2014; Vijayan and Sinha, 2017). Such large discharges 

over surfaces with sufficient topographic relief would have resulted in a number of deep 

incisions, similar to those created by the valley networks, that cut and erode previously emplaced 

deposits, forming important stratigraphic discontinuities and temporary ponding of relatively 

large bodies of water. Evidence for erosional surfaces and deeply incised channels formed by 

these catastrophic floods include Tiu Vallis, Ravi Vallis, and Ares Vallis (Warner et al., 2009). 

Water-entrained sediments embayed on the lowland plains from outflow events would also 

cause localized, down-slope fluvial scouring, incision and erosion resulting in an unconformity 

cutting into underlying, younger, sequences of dust, volcanic, tsunami, impact, and ice deposits; 

and potentially submerge regional scale topographic lows still containing liquid- or ice-covered 

bodies. Basin-ward, this erosion would potentially demarcate a depositional boundary for 

detritus emplaced above previous ice-covered bodies or depositional units; and based on 
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estimates of atmospheric loss to space (Jakosky et al., 2017) it would seem unlikely that liquid 

water could exist in equilibrium within the surface environment inferred to exist at this time 

(McKay and Davis, 1991; Carr and Head, 2009). The steady addition of fine grained air-fall dust 

and volcanic materials serve to impede (for billions of years, Clifford and Hillel, 1983) water and 

ice loss to the atmosphere for each additional flooding event. Each local scouring surface may 

demark additional sequence boundaries during periods of active outflow-channel erosion and 

deposition over desiccated or frozen remnants of the northern lowland paleo-ocean. The scoured 

channels, now buried by subsequent infilling, could potentially leave unique signatures, 

observable in either drill cores or radar soundings, which may prove similar to the valley features 

associated with terrestrial examples, including the deep incisions and infilling of the 

Mediterranean Rif coast associated with the Messinian Salinity Crisis. 

 

Figure 1.7. Middle and Late Hesperian: outflow channels episodically deluge basin-filling water 

bodies that become ice covered and continue to subside while being mantled with regolith, 

detritus, and dust layers. 

Through the end of the Hesperian, waning-flood deposits covering any basin would leave fluvial 

deposits lying directly above the erosional flooding surface and would be composed of a mixture 

of volcano-sedimentary successions, fluvial sediments and scour-detritus from each outflow 

channel incision. Such deposits could result from a single outflow channel event, localized updip, 
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and might resemble prograding wedges or lobate-like deposits intersecting steeper slopes with 

the more level ice-covered plains (see Figure 1.7). Another unique layer could result from 

temperature changes on a basin floor due to standing water that may partially melt and intermix 

layers at the lowest surfaces of the deposit. Throughout this period there may have been 

numerous episodes of catastrophic flooding followed by stabilization, each with incision surfaces 

overlain by waning flood deposits and buried by subsequent volcanic, impact ejecta, dust, and ice 

mantling deposits. In regions where these events occurred in close proximity, they could create 

overlapping or cyclic, depositional-bed forms. 

Finally, Figure 1.8 depicts the present state of the northern plains. Post outflow surfaces, at 

various locations, associated with or emplaced above the last materials deposited basin-ward of a 

given outflow event consist of fluvial sediments, lava flows, impact breccia, volcanic ash, and 

aeolian dust deposits. Obscuration of older strata and production of additional layering is 

possible especially if atmospheric ice and dust deposition occurs during periods of high obliquity 

(Madeleine et al., 2009). Such a relatively young stratigraphy and geology retains signatures of 

obliquity-induced changes in the distribution and preservation of ice, lag, or loess deposits. Fine-

grained air-fall-mantling deposits could, over time, effectively trap and retard the vertical 

movement of the remaining water and the sublimation of near surface ice (Clifford and Hillel, 

1983), even through the lower obliquity phases (22°-26°) of the past 300 kyr (Head et al., 2003; 

Grimm et al., 2017). Buried and pressurized deposits could further geochemically and 

morphologically interact with sublimating water or migrate, and thus add yet additional layering 

(e.g., clay, Sun and Milliken, 2015) or complexity to the stratigraphic column as shown from MSC 

observations (Bertoni and Cartwright, 2015). Today water continues to play an important 

physically and morphologically perplexing role on Mars (Ojha et al., 2015; Mass_e et al., 2016). 
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The youngest strata blanketing Mars add to the stratigraphic profile and mask deeper features, 

while demonstrating a plethora of periglacial surface morphologies (e.g., scalloped depressions 

and stratified layering resulting from the thaw of ice-rich permafrost (Séjourné et al., 2012), and 

lobate debris aprons (LDAs, Plaut et al., 2007). Competing interpretations for the youngest 

features, especially at lower latitudes, include the mobilization or redistribution of younger or 

extant water or ice sources (Travis et al., 2013; Rodríguez et al., 2014) due to environmental 

changes. Across the northern lowlands, low-surface permittivity ranges as determined by ground 

penetrating radar, hint at the extent of subsurface ice, which may be remnants from the last time 

Mars had water flowing on its surface. 

 

Figure 1.8. Amazonian: fully developed cold Mars with paraglacial landforms delineating near 

surface ice, transient water volatilization and cycling; surface weathering and aeolian mantling 

continue. Labels A and B delineate a first order depositional stacking pattern. 

1.6 Discussion 

The model presented herein examines the consequences of the existence of large standing bodies 

of water or oceans and an environment clement enough to sustain rainfall long enough to permit 

surface erosion. The Mars ocean hypothesis has been gaining momentum for many years and has 

been bolstered by ever increasing observations regarding wate-based erosion across the planet, 

especially around the Noachian-Hesperian boundary (Hynek et al., 2010). Ultimately, to truly 
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understand the role of liquid water and ice below the northern lowlands, anticipated loss must be 

quantified through higher-resolution techniques, including surface investigations. Our model 

hypothesizes that Mars experienced a perpetual forced regression as ocean levels dropped 

following the onset of declining atmospheric pressure, temperature, and active surface runoff. 

Both throughout and following this transition in climatic conditions, the declining formation of 

valley networks and the occurrence of episodic short-lived catastrophic outflow events caused 

canyon-scale incisions as water flowed across grade changes creating extensive subaqueous and 

subaerial depositional packages, including deltaic deposits, erosional knick-points, and 

unconformities. Lastly, with the cessation of outflow channel activity, a final unique succession of 

regionally emplaced deposits draping the frozen remnants of outflow channels and the early 

northern ocean (Clifford and Parker, 2001) should show a relatively conformable stacking pattern 

of thinning ice interspersed with layers of wind-blown dust, fluvial deposits, impact ejecta, lavas, 

and volcanic ash. Enhanced orbital spectral analysis and eventual ground observations of the 

layered sulfate and evaporite deposits (Wray et al., 2009; Flahaut et al., 2015) provide a 

tantalizing analogy to the Mediterranean sea-floor evaporites from the time of the MSC. In the 

stacking order, it is the layered mantling of these deposits which provides the thermal and 

diffusive insulation that insures the preservation of (either ancient or modern) near-surface ice 

layers. Finally, the progressive loss of liquid water from the Martian near-surface inventory has 

resulted in the relatively cold and dry planet we see today. The potential for local variations in 

sedimentary sequence morphology, including possible resubmersion due to basin flooding cycles 

has not been addressed. As geochemical and stratigraphic investigations of ancient lacustrine 

(e.g., Gale crater, Frydenvang et al., 2017; Hurowitz et al., 2017) and fluvial environments 

continue (Rodríguez et al., 2015), a better understanding of erosional and depositional evolution, 

diagenesis, and the timing and longevity of surface and near-surface water or ice bodies will be 
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developed. Future missions to Mars are likely to employ instruments that are capable of 

investigating to progressively greater depths beneath the surface. Arvidson (2016) provides a 

good historical instrumentation overview regarding the history of water on Mars. Yet, improving 

our understanding of the Martian subsurface specifically will require much more including a 

combination of GPR, seismic profiling, drilling, and other in-situ techniques. Combining 

observed data with a robust and workable sequence stratigraphic framework will prove useful in 

further defining and understanding the geological record and climatic history of the planet. 

Future work in assessing radar and image data for potential depositional sequences proximal to 

the proposed shorelines will more conclusively address current unanswered questions. 

1.7 Conclusion 

Identifying and delineating differences in sedimentary deposits is key to reconstructing the 

history of water on mars. We introduce regional scale sequence stratigraphic concepts within a 

model that provides the framework for understanding ongoing geomorphological and 

geochemical observations and potentially explain the geological evolution of the extensive and 

planar northern lowlands of Mars. This model, evidentially supported, assumes a sufficiently 

dense atmosphere, an ancient active hydrologic cycle sustaining standing bodies of water, 

including an early northern ocean demarked by shorelines that are roughly bounded by the 

hemispherical dichotomy. Further, geomorphologies indicative of active precipitation and 

surface runoff, the emplacement of subaqueous strata and buried and entrapped subsurface ice 

are suitable for sequence stratigraphic interpretation. Redistribution within an active albeit 

diminished water cycle would continue to sequester ice at polar locations and permeability 

constricted regolith traps. Should future high definition GPR, drilling or field investigations find 

subaerial erosion on identifiable shoreface deposits above an HST or perhaps downward 
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stepping (offlaping) prograding clinoforms or distal mass flow deposits (all parts of the FSST), 

then this interpretation may prove useful in understanding such observations. Ongoing 

observations of banded evaporite deposits may correlate with down-stepping segments, as near-

surface water was lost from sediments around each shoreline interval. 

We also recommend the Messinian Salinity Crisis as a potential terrestrial analogue to large scale, 

unidirectional, losses of water from a variety of planetary basins regarding resulting 

geomorphology and mineralogy. Comparisons to potentially similar terrestrial depositional 

environments and environmental changes, ancient and present, such as those that developed 

during the Messinian drawdown, provide reasonable analogues and should be further explored. 

Ultimately, the development of a working understanding of the stratigraphy of the northern 

plains may assist in the search for ancient signs of life and the distribution of viable water 

resources that could support future human exploration in a manner similar to how such 

constructs have aided in the search for petroleum resources on Earth. 
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2.1 Introduction 

Lunar volcanic samples provide some of the most direct evidence of early lunar mantle evolution 

processes and are used to answer questions regarding the early formation of the Earth-moon 

system. From the giant lunar impact (~4.51 Ga) to the eruption of the Apollo 15 (A15) green 

glasses (~3.4 Ga) the moon proceeded through physically definable stages, from accretion to a 

magma ocean to differentiation (Hartmann and Davis, 1975; Canup and Asphaug, 2001; Lock et 

al., 2018, Elkons-Tanton et al., 2011, and references therein). Refinement of isotope, volatile and 

geochemical budgets and constraints in the formation of the moon continue (Nakajima and 

Stevenson, 2018; Greenwood et al., 2018). Analysis of lunar materials, including volcanic glasses, 

were initiated immediately after samples were returned by Apollo crewmembers as a means of 

investigating the interior of the moon. 

Apollo 15 launched, landed, and returned to Earth with almost 78 kg of lunar samples in the 

summer of 1971. The landing site (26.08°N 3.66°E) was on the Apennine mountain front, 

bordering Hadley Rille and the eastern edge of Mare Imbrium. Regolith samples collected during 

the second EVA by crewmembers Dave Scott and Jim Irwin at Station 7 on the northern rim of 

Spur Crater were noted as unique and green in color (“I can't believe it's green… it's definitely 

different from anything we've seen before” – Scott; Bailey and Ulrich, 1975). Figure 2.1 provides 

context images of the landing and sample sites for materials used in this study. The provenance 

of the green glass has been generally accepted to be associated with regolith displacement and 

impact ejecta exhumed from some 20 m beneath the surface (LSPET, 1972). The crew reported a 

slope of 8-10 degrees in the area. 

https://tools.wmflabs.org/geohack/geohack.php?pagename=Apollo_15&params=26.13222_N_3.63386_E_type:landmark_globe:moon&title=Apollo+15+landing
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Figure 2.1. Oblique image view of the Apollo 15 landing site and overlain traverse map (LROC 

imagery - NASA/GSFC/Arizona State University); and Station 7 Spur crater sample site (NASA 

AS15-86-11664). 

The Apollo 15 volcanic glasses, green specifically, have been extensively studied and found to fall 

into compositionally distinct categories (Reid, 1972; McKay et al., 1973; Delano, 1979; Grove, 1981; 

Ma et al., 1981; Nagle, 1981; Arndt et al., 1984; Delano, 1986; Hughes et al., 1988, Steele, 1992; 

Steele et al., 1992; Barr and Grove, 2013). Green glasses from other sites have also been shown to 

be chemically distinct and assuming similarity based solely on visible color is not advised (Naney 

et al., 1976). The Lunar Sample Compendium provides a compiled source of lunar sample 

research and history (Meyer, 2004, 2010, 2012). Most notably these glasses, having the highest 

magnesium number (Mg#) and lowest chondrite-normalized abundances of refractory 

incompatible lithophile elements, very low titanium (VLT) content, are assumed to represent the 

most primitive (ultramafic and picritic) lunar compositions known (Green and Ringwood, 1973; 

Delano, 1986; Galbreath et al., 1990). 

The green glasses have been of specific interest and have been studied since their return to Earth 

over 40 years ago. These glasses are considered to be primitive, pyroclastic fire-fountain products 
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based on morphology and surface volatiles (McKay et al., 1973; Meyer et al., 1975; Rutherford 

and Papale, 2009), ages (Huneke et al., 1973) and geochemistry (Delano, 1979), and are regarded 

as pristine and reliable indicators of the Moon’s interior composition (Spudis and Ryder, 1985, 

Delano, 1986). They also provide the best crosscheck for assessing the origin and evolution of the 

mare basalts. Ages of the lunar volcanic glass have been amply reported and 39Ar-40Ar 

solidification ages, for example, of the green A and D groups are between 3.41 +/-0.12 and 3.35 +/- 

0.18 Ga, respectively (Spangler et al., 1984 and sources within). They further report an average 

surface exposure age for station 7 of between 275 and 300 Ma. Additional green glass ages have 

been reported to range, overall, between 3.35 and 3.79 Ga old (Husain, 1972; Huneke et al., 1973; 

Podesek and Huneke, 1973; Spangler et al., 1984). 

This work serves to continue the process of analyzing lunar glasses and petrologic origins while 

further addressing the fact that historically there has been ongoing confusion and inconsistency 

from measurements, techniques, analysis, and interpretations over the years (Ryder, 1985, Neal, 

2001). Additionally, ambiguities in sample collection have left open questions and interpretations 

that need to be resolved, and may provide lessons to future sample collection procedures and 

techniques. Therefore, these materials need to be revisited anew using increasingly in-depth and 

comprehensive paradigms along with the most advanced techniques currently possible. This 

work begins a larger, integrated analysis of sample 15421,67 which broadly characterizes the 

constituents of the <1 mm lunar regolith glasses and particles, and serves as a complement to 

work in other size fractions such as the <10 µm regolith (Devine, 1982). In doing this, we acquire 

integrated microprobe, LAICPMS and morphological data per bead for all oxide and trace 

elements with as high or better precession then previous studies in order to better constrain the 
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evolution and origins of the Apollo 15 glass and regolith. Additional data were also collected on 

Apollo 15 colored and vitrophyric glasses and are briefly discussed. 

2.2 Sample description and analytical methods 

The Curation and Analysis Planning Team for Extraterrestrial Materials (CAPTEM) allocated 0.5 

grams of Apollo 15 regolith for this study. The preliminary description and historical archiving of 

these samples, environments and nomenclatures have been recorded and shared in numerous 

sources (Swann et al., 1971, Butler, 1971; Meyer 2004; 2010; 2012). Aliquot 15421,67 is defined as 

part of a subset of the unsieved reserve 15420, in the less than 1 mm fine fraction or loose soil 

residue from the Station 7 Apollo sample bag. This material is assumed to be derived from part 

soil - part disaggregated and broken clods, which the crew collected and transported together in 

the same bag. These were identified as large friable regolith clods numbers 15425 and 15426 and a 

smaller piece 15427 (Ryder, 1985; Meyer, 2010) along with sieved fine materials (15420 to 15424). 

This mixing has led to a lack of rigorous source discrimination between many samples and 

analysis, leaving many unresolved questions. 

It is of interest to note that lunar samples were transported and stored in an Earth environment 

now for over 40 years. As these samples have been preserved and stored in curatorial facilities, to 

the best of our abilities for the past 40 plus years on Earth, studies have found that as a result of 

water vapor interactions these materials have degenerated in size and some of their in-situ 

properties and geochemistry may have altered (Cooper et al., 2015). 

Sample 15421,67 glass beads and larger grains were handpicked for analysis. Individual samples 

were mounted inside a 4.9 x 3.2 mm stainless steel tubes, filled with EpoHeat CLR Resin epoxy, 
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hand polished and carbon coated. Glass bead diameters range in size between 310-1242 µm 

(longest axis) and fit into the following distribution of gross morphological shapes: spherical, 

spheroidal (capsule/ovoid), shard (fragments), and welded (presumably two or more beads stuck 

together during free flight). Analysis of particle morphologies and size distributions within lunar 

regolith samples has been previously performed (McKay et al., 1973; Devine et al., 1982) and is 

not addressed further because sample 15421,67 is predefined as the <1 μm split from the 15420 

parent sample. 

Twenty handpicked, clear green glass beads devoid of crystal development, were chosen as has 

been the historical standard practice in the study of lunar glasses (Delano, 1979; Delano and Livi, 

1981). Individual beads were placed in 3 mm stainless steel cylinders and sealed in epoxy resin 

prior to hand-polishing using diamond paste. Sample holders were then carbon-coated using a 

LADD Research Industries coater. Bead exploration and imagery was done using an optical 

microscope and the JEOL JSM6330F FESEM for secondary electron imaging (SEI), back-scattered 

electron imaging (BEI), and qualitative Energy Dispersive X-ray Spectrometry (EDS). 

Quantitative EPMA analysis using Wavelength Dispersive Spectrometry (WDS) was performed 

using a JEOL JXA8600 Superprobe at the University of Houston. Laser ablation inductively 

coupled plasma – mass spectrometry (LA-ICP-MS) analysis were conducted on 31 beads, in both 

clear glass and crystallized regions. Details for each instrument are provided later in this section. 

Sample 15421,67 also contains transparent “emerald” green glasses that include various degrees 

of crystal development. Eleven additional “mixed” glass beads (identified by a single asterisk in 

ID nomenclature) were chosen for having identifiable crystal growths, and analysis focused on 

the crystal free regions to comport with historical means of measuring lunar volcanic glass. These 

mixed glasses are identified either as (1) having internal fine-grained feathery, lattice or euhedral 
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crystal masses (Donaldson, 1976) or (2) welded mixes of two or more beads (e.g., S3B1*) which 

are assumed to have stuck together in free flight following eruption (either in free space or while 

still within the volcanic plume vapor cloud). Crystal nucleation occurs both on the edges and 

internally, with minimal suggestion as to the cause of the nucleation point (Arndt et al., 1984), 

and in most but not all instances, crystal masses and structures are clearly visible under 

transmitted light microscopic inspection. During sample preparation, cross sectional polishing 

does not always bisect crystal masses and therefore crystals could not be identified in BSE 

imagery and may be missed without optical observations which would influence subsequent 

chemical analysis. Individual microprobe analysis within the mixed glasses were taken greater 

than 10 μm from any observed crystallization front or above buried masses. Analysis of the clear 

glass regions in both the clear and crystal baring groups was used in comparison with the 

chemistry for all green glass beads and is further addressed in the Section 2.3. 

During initial analysis, questions arose as to the clustering, potential groupings and therefore the 

validity for the green glasses measurements. Grouping of the glass chemistry used the original 

Delano (1979) and later Steele (1992) methodologies. Sample 15421,67 glass chemistry 

distributions did not align fully with either grouping scheme (see Section 2.3.2), and there was 

sufficient overlapping between category boundaries to warrant a reexamination of the reliability 

and validity of the original EPMA data. Samples were repolished, carbon coated, and 

quantitatively analyzed using the Rice JEOL JXA8530F Hyperprobe. This included the original 31 

beads as well as an additional 16 handpicked glass beads. 

Table 2.1 provides the average composition from the microprobe analysis of the clear portion of 

each bead. One bead (S7B4), from the added samples, fell outside the major clustering and was 

not used in the statistical comparison of the two microprobes, though, we believe that single glass 
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remains a viable measurement, fitting into one of the more unique assemblages of Delano’s glass 

groupings, and will be discussed more in the next section. Table 2.2 (a and b) shows BSE and 

optical images of each of the 47 green glass beads. 

Table 2.1. Major Element Average Data (Rice EPMA) in wt.% 

  

ID SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 Total Mg#

S1B1 45.59 0.35 7.39 0.54 19.66 0.26 17.57 8.38 0.12 0.02 0.02 0.02 99.93 61.44
S1B2 45.53 0.37 7.60 0.55 19.18 0.25 17.76 8.11 0.11 0.02 0.01 0.05 99.57 62.27
S1B3 45.10 0.44 7.59 0.53 19.03 0.27 17.90 8.08 0.12 0.02 0.03 0.03 99.16 62.64
S1B4 45.14 0.37 7.30 0.53 19.76 0.26 17.46 8.34 0.09 0.02 0.03 0.03 99.32 61.16
S2B1 45.64 0.33 7.44 0.54 19.40 0.28 17.17 8.40 0.09 0.01 0.00 0.03 99.33 61.20
S2B5 46.32 0.40 7.74 0.54 18.58 0.26 16.67 8.58 0.13 0.03 0.01 0.04 99.27 61.53
S2B6 45.74 0.46 7.30 0.54 19.42 0.26 17.10 8.40 0.10 0.01 0.02 0.03 99.37 61.08
S5B1 45.93 0.36 7.63 0.56 18.89 0.28 16.64 8.72 0.11 0.03 0.03 0.03 99.19 61.09
S5B3 45.73 0.39 7.41 0.52 19.18 0.27 17.08 8.65 0.13 0.02 0.01 0.02 99.40 61.36
S5B4 45.59 0.37 7.44 0.57 19.47 0.25 16.85 8.46 0.09 0.02 0.01 0.03 99.14 60.66
S5B5 44.83 0.44 7.12 0.55 19.57 0.24 17.15 8.29 0.12 0.01 0.03 0.03 98.39 60.98
S5B6 45.25 0.42 7.09 0.58 19.90 0.29 17.22 8.04 0.12 0.01 0.03 0.04 98.99 60.66
S6B1 45.45 0.36 7.57 0.56 19.17 0.24 16.83 8.59 0.08 0.02 0.03 0.03 98.92 61.00
S6B2 45.14 0.36 7.59 0.52 19.17 0.26 16.76 8.55 0.08 0.01 0.03 0.03 98.52 60.91
S6B3 44.91 0.32 7.25 0.48 19.78 0.27 16.79 8.47 0.11 0.02 0.02 0.04 98.45 60.21
S6B4 45.26 0.40 7.18 0.55 19.86 0.28 16.95 8.29 0.14 0.02 0.05 0.03 99.01 60.34
S6B5 45.43 0.45 6.88 0.54 19.70 0.28 17.46 8.05 0.11 0.02 0.03 0.02 98.96 61.25
S6B6 45.13 0.46 7.19 0.54 19.57 0.30 17.00 8.42 0.12 0.01 0.04 0.04 98.81 60.77
S6B8 45.46 0.38 7.66 0.58 19.01 0.32 16.68 8.55 0.12 0.02 0.02 0.03 98.83 61.01
S6B10 45.04 0.44 7.26 0.55 19.36 0.26 17.94 7.87 0.12 0.03 0.03 0.04 98.99 62.29
S7B1 45.89 0.38 7.31 0.50 19.28 0.27 16.58 8.50 0.12 0.01 0.02 0.02 98.88 60.53
S7B2 45.48 0.44 7.10 0.54 19.35 0.25 16.97 8.26 0.14 0.02 0.03 0.03 98.62 60.98
S7B4 47.41 0.34 7.45 0.58 16.83 0.25 17.41 8.47 0.12 0.02 0.02 0.05 98.94 64.84
S7B5 45.83 0.40 7.52 0.52 19.27 0.28 16.60 8.51 0.10 0.02 0.02 0.01 99.07 60.56
S7B6 45.71 0.42 7.65 0.55 18.85 0.27 16.59 8.53 0.13 0.00 0.02 0.02 98.75 61.08
S7B7 45.52 0.38 7.54 0.53 18.81 0.28 16.51 8.48 0.08 0.02 0.03 0.02 98.18 61.00
S7B11 45.43 0.41 7.38 0.54 19.20 0.27 16.64 8.55 0.12 0.01 0.02 0.03 98.59 60.71
S7B12 45.11 0.46 6.92 0.53 19.82 0.27 16.99 8.29 0.15 0.01 0.04 0.04 98.62 60.44
S12B1 45.85 0.42 7.25 0.52 19.52 0.27 17.34 8.16 0.09 0.05 0.02 0.02 99.55 61.28
S12B2 46.06 0.38 7.66 0.52 18.96 0.30 16.93 8.43 0.13 0.03 0.02 0.04 99.52 61.41
S12B3 45.31 0.43 7.08 0.53 19.69 0.26 17.28 8.36 0.07 0.01 0.03 0.03 99.08 61.00
S12B8 45.59 0.37 7.25 0.53 19.75 0.24 16.82 8.40 0.13 0.02 0.03 0.02 99.16 60.29
S13B2 45.25 0.38 6.98 0.53 19.75 0.26 17.15 8.21 0.11 0.02 0.03 0.03 98.69 60.76
S13B6 45.16 0.40 6.96 0.52 19.53 0.28 17.20 8.15 0.11 0.01 0.02 0.03 98.38 61.09

Std Err 0.14 0.03 0.06 0.02 0.12 0.02 0.11 0.09 0.02 0.01 0.01 0.01 -- 0.19

ID SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 Total Mg#

S1B5* 45.74 0.37 7.59 0.54 19.01 0.27 17.02 8.50 0.09 0.04 0.03 0.04 99.24 61.48
S3B1* 45.16 0.41 7.51 0.61 19.30 0.26 17.00 8.44 0.05 0.01 0.02 0.03 98.81 61.09
S3B2* 45.35 0.38 7.73 0.49 19.26 0.30 16.81 8.51 0.12 0.02 0.02 0.02 99.02 60.87
S3B3* 45.54 0.34 7.60 0.55 18.96 0.30 16.91 8.50 0.10 0.03 0.03 0.02 98.87 61.39
S3B5* 45.04 0.32 7.53 0.59 19.28 0.30 16.93 8.43 0.07 0.01 0.02 0.03 98.55 61.02
S3B6* 44.96 0.42 7.17 0.51 19.64 0.27 17.76 8.11 0.14 0.02 0.02 0.04 99.07 61.71
S4B1* 45.36 0.37 7.68 0.53 19.00 0.27 16.79 8.52 0.08 0.01 0.04 0.03 98.68 61.17
S5B2* 46.01 0.40 7.50 0.57 19.27 0.21 16.73 8.46 0.12 0.01 0.02 0.03 99.35 60.75
S6B7* 45.78 0.38 7.34 0.54 19.34 0.30 16.56 8.51 0.09 0.01 0.03 0.01 98.90 60.41
S6B9* 45.66 0.39 7.60 0.52 18.95 0.28 16.71 8.56 0.08 0.02 0.02 0.04 98.83 61.12

S6B11* 45.48 0.37 7.62 0.52 19.11 0.28 16.89 8.52 0.09 0.01 0.03 0.02 98.94 61.17
S7B10* 45.87 0.39 7.44 0.55 18.84 0.27 16.51 8.68 0.09 0.00 0.02 0.05 98.72 60.98
S12B6* 46.05 0.36 7.58 0.57 19.10 0.27 16.66 8.58 0.10 0.02 0.03 0.05 99.36 60.86

Std Err 0.15 0.03 0.07 0.03 0.15 0.02 0.10 0.08 0.02 0.01 0.02 0.01 -- 0.22

Note: Ni data resides in the LAICMPS and UH microporbe data sets.

Clear Glass

Glass with Crystals
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Table 2.2a. Green glass sample description and identification. Includes the 31 initial UH sample 

set with an maximum grain diameter of 700 µm (*indicates vitrophyric glass) 

S1B1 S1B2 S1B3 S1B4 S1B5* S2B1 S2B5 S2B6 

        

        

S3B1* S3B2* S3B3* S3B5* S3B6* S4B1* S5B1 S5B2* 

        

        

S5B3 S5B4 S5B5 S5B6 S6B1 S6B2 S6B3 S6B4 

        

        

S6B5 S6B6 S6B7* S6B8 S6B9* S6B10 S6B11* ID 

       

SEM BSE 

       

Optical 
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Table 2.2b. Green glass sample description and identification. Additional 16 samples added to the 

Rice sample set. The maximum grain diameter is 650 µm (*indicates vitrophyric glass) 

S7B1 S7B2 S7B4 S7B5 S7B6 S7B7 S7B10* S7B11 

        

        

S7B12 S12B1 S12B2 S12B3 S12B6* S12B8 S13B2 S13B6 

        

        

T-test analysis of the oxide data sets indicated that there was no significant difference between 

the green glass regions from either microprobe. Figure 2.2 shows a subset of the wt. % oxide 

measures for the 31 original glasses used in the comparison between the two data sets. Figure 2.3 

(parts a and b) show plots of the original UH and the Rice data sets in the form of Delano (1979, 

i.e. Mg# vs Mg/Si wt. ratio). The format of these figures provides a segway to the next section’s 

full discussion on glass grouping and origin. The remainder of this paper uses the full Rice data 

set for analysis and modeling. The original UH data set, at this time, may be considered as 

another reliable EPMA analysis of the 15421,67 sample and will be included Appendix Table 2.A1 

for completeness. 
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Figure 2.2. Grouped UH vs Rice EPMA comparison plot of selected oxide measurements (wt.%). 

Additional non-green glass beads were analyzed and are referenced in a later section for 

addressing 15421,67 sample completeness. They include five orange glasses and eight partially 

opaque “olive” green glasses (e.g., S3B4) which contain well-developed euhedral-barred olivine 

crystals. Imagery for these beads will be shown in later sections similar in format to Table 2.2 

from this section. Additional analysis of the glasses bearing extensive olivine crystals will be 

addressed in a later manuscript. 
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Figure 2.3 (part a) Mg# vs Mg/Si wt. ratio for initial UH 31 glass beads (average 1σ error bar). 
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Figure 2.3 (part b) Mg# vs Mg/Si wt. ratio for the Rice re-measurement plus additional 16 glasses 

(average 1σ error bar). 

2.2.1 Field emission scanning electron microscopy (FESEM) analytical 

methods 

Qualitative major-element mineral compositional data were acquired on each glass bead and 

regolith fragment using a JEOL JSM6330F FESEM at the University of Houston Texas Center for 

Superconductivity (TcSUH). This included back-scattered electrons (BSE), secondary electron 

imaging (SEI), and energy-dispersive X-ray spectroscopy (EDS) for imagery, exploration and 

mapping. This instrument was outfitted with an EDAX energy dispersive X-ray micro-analyzer 

system using TEAM software and operated at a 15 keV accelerating voltage and 12 µA beam 

current. 
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2.2.2 Electron probe micro analysis (EPMA) analytical methods 

2.2.2.1 UH EPMA methods 

Initial compositional analysis of the 15421,67 glasses and minerals was determined by EPMA 

using the JEOL JXA-8600 Superprobe at the University of Houston Texas Center for 

Superconductivity (TcSUH). This probe is equipped with four WDS detectors. Between four and 

fourteen replicate analysis were performed on each bead in order to attain sufficient analytical 

precision. Analytical conditions included an accelerating voltage of 15 kV, beam current of 30 nA, 

a 2-10 µm beam size (for mineral and quenched phases) and counting times of 100 s on peak and 

50 s on each lower and upper background, respectively. Longer counting times were used for K 

and Na in order to improve the detection limit of these elements. Primary and secondary 

standards included Smithsonian Institute and ASTIMEX synthetic and natural glasses and 

natural mineral standards. Elements and standards analyzed were Na (Albite), Si and Mg 

(Marjahlati olivine), Ca and Al (Sitkin Anorthite), K (Sanidine), Ti (Ilmenite), Fe (Springwater 

Olivine), Cr (Tiebaghi Chromite), Mn (Rhodonite 39), Ni (Nickel Silicide 52 and Doped Diopside). 

Data were analyzed on-line by Geller software using a Heinrich correction procedure. 

2.2.2.2 RICE EPMA methods 

The compositional analysis of the glasses and minerals were replicated and the data set 

augmented using Rice University’s JEOL JXA8530F Hyperprobe, equipped with a field emission 

assisted thermo-ionic (Schottky) emitter, and five WDS detectors. Three to five analyses were 

acquired on each sample to insure reproducibility and measurement accuracy. Analytical 

conditions included an acceleration voltage of 15 kV, beam current of 50 nA, a 20 µm beam size 



56 

and counting times of 10 s on peak and 5 s on each lower and upper background, respectively. 

Longer counting times were used for S and P in order to improve the detection limit of these 

elements. Primary and secondary standards included Smithsonian Institute synthetic and natural 

glasses and SPI Supply natural mineral standards. ZAF matrix correction was employed for 

quantification. Elements and standards analyzed were Na (Glass_5_Reference_A_NMNH-

117218-4), Si and S (Glass_6_Reference_B_NMNH-117218-1), Ca (Glass_3_Basalt_NMNH-113716-

1), K and P (Glass_8_Reference_D_NMNH-117218-3), Ti (Rutile SPI), Fe and Mg 

(Glass_3_Basalt_NMNH-113716-1), Cr (Chromite_SPI), Mn (Rhodonite_SPI), Ni 

(Pentlandite_SPI), Al (Glass_10_IR-W_NMNH_117084). Sample analysis reproducibility and 

measurement accuracy was verified using the average instrument standard deviation 1σ and the 

average detection limit of each standard. Fine-grained lattice masses of quench crystals were 

measured using a 30 µm defocused beam, while acquiring 10 analyses, allowing for the 

determination of the average compositions of glass liquids similar to the well-quenched liquids. 

2.2.2.3 LAICPMS analytical methods 

Trace element abundances were measured by Laser ablation inductively coupled plasma – mass 

spectrometry (LAICPMS) were conducted at the University of Houston. Samples were analyzed 

using a Varian 810 ICP-MS in conjunction with a LSX-213-CETAC laser ablation system at a 

frequency of 20 Hz and a spot size between 50 µm (dependent on crystal size). Each analysis was 

approximately 2 min in length including 20 s of counting the background signal on either side of 

the sample analysis. The external standards used were the KL2G and BIR-1 glasses. Calcium was 

used as an internal standard for the LAICPMS analyses as determined by EPMA. 
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2.3 Discussion: Apollo 15 volcanic glass identification and compositional 

grouping 

Early in the process of examining Apollo 15 green glass, Delano (1979; 1986) and others began 

defining fundamental sets of characteristics and grouped lunar volcanic glasses in order to 

distinguish them from the other prominent glass source, impact melts, and begin to describe and 

categorize possible mantle-melt source regions based on geochemical data and petrology. The 

Apollo 15 green glasses have been extensively studied as components of the soil and polymict 

regolith breccia or clods (Reid et al., 1972; Ridley et al., 1973; McKay and Clanton, 1973; Delano 

1979; Basu et al., 1979; Grove, 1981; Ma et al., 1981; Delano and Livy, 1981; Arndt et al., 1984; 

Galbreath et al., 1990; Steele et al., 1992; Elkins-Tanton et al., 2003). Green volcanic glasses have 

also been analyzed from other landing sites, e.g., Apollo 14 (Elkins et al., 2000). 

2.3.1 Volcanic glass confirmation 

Glasses in this study have been classified as of volcanic origin because of 1) the absence of 

schlieren and inclusions, 2) homogenous chemistry, 3) tight major-element compositional 

clustering, 4) heightened Mg/Al ratios (dark mantle deposits/lunar pyroclastic deposits), 5) 

uniform Ni abundances within the glasses and group. Other studies add a sixth determination 

through the analysis of surface-correlated volatiles derived from contact with the volcanic gas 

phase of the eruption (Delano and Livi, 1981, Delano, 1986 and citations therein). Adherence to 

the first five classification criteria shows that the selection of glasses from 15421,67 is consistent 

with the ascribed definition of pristine volcanic glasses for the Apollo 15 data set. 
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2.3.2 Compositional grouping 

The categorization or classification of Apollo 15 volcanic glasses into distinct groups has evolved 

in order to provide a better understanding of the characteristics of lunar-melt source regions and 

evolution. The initial definition was five groups, A through E, assigned by Delano (1979). Later, 

Steele et al. (1992) found that this categorization might not be sufficient to address chemical 

variations when considering both major and trace element compositional trends, and further 

subdivided Delano’s groups A and B into four subcategories based on Co and Sm content. Figure 

2.4 shows Delano’s (1979) plot of Mg# vs Mg/Si (wt. ratio) including portions of data from the 

Delano’s original research (black geometric shapes) as well as green glass results from several 

other studies. Our 47 glass-average values for replicate analysis and their individual 1 sigma 

standard error bars are shown. The clustering of the majority of these data span groups A, D, and 

E and many fall outside the tight clustering indicated by Delano. For example, S1B2, S1B3, S3B6*, 

and S6B10 all fall just outside the box indicating group E. 
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Figure 2.4. Replicate Mg# vs Mg/Si (wt. ratio) plot of glass (1σ error bars) and literature data and 

includes the Figure 2 Delano (1979) insert. Selected Apollo 15 glasses (15425, 15426 and 15427) 

from Delano (1979): group A (solid circles), group B (solid diamonds), group C (solid triangles), 

group D (solid squares) and group E (hollow triangles). Average group values for Galbreath et 

al., 1990 (15318 and 15425), Steele et al., 1992 (15426) and Elkins-Tanton et al., 2003 (15426). 

Apollo 14 glass 14307 (Elkins et al., 2000; black X’s) shown for comparison. Individual glass data 

are shown with their 1 σ error bars. 

Delano’s fundamental groupings were constructed based on groupings found when plotting 

CaO/FeO vs CaO/MgO (wt. ratio: Delano Figure 2.10) and Al2O3/FeO vs Al2O3/MgO (wt. ratio: 

Delano Figure 14). Figure 5 and 6 show our data similarity plotted, respectively. Table 2.3 

provides the best group categorization fit for all 47 glasses, yet not all samples fall neatly into 

groups A, D, and E. The four glasses listed in the previous paragraph all neatly fall into the E 

group on both of these plots specifically. However, a one-for-one group designation is not 

entirely accurate as seen in Figure 2.4, as multiple samples fall outside or in-between the regions 

designated for individual groups. Alternatively, a few samples fall in completely opposing 
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groups such as S5B3, which is on the A/B border in Figure 2.5 and group D in Figure 2.6. It is very 

interesting to note that almost all samples fall nearly on or above Delano’s A-D linear regression 

lines in both figures. Given these inconsistencies, it is difficult to ascribe Delano’s groupings 

confidently to this data set, as they do not show clearly distinct group categories. 

 

Figure 2.5. Replicate Figure 10 Delano (1979) CaO/MgO vs CaO/FeO (wt. ratio) plot (including 

insert) and this studies 47 samples (average 1σ error bars). 

It is important to note that this finding holds true for both data sets previously described. Such a 

repeatable variation from the prescribed groupings and internal consistency in 15421,67 samples 

leads to the questions of sample bias and provenance, and highlights the need for more and 

enhanced examination of all glass beads. Table 2.3 shows the prescribed group designations for 

the 47 glasses in this study. 
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Figure 2.6. Replicate Figure 14 Delano (1979) Al2O3/MgO vs Al2O3/FeO (wt. ratio) plot (including 

insert) and this studies 47 samples (average 1σ error bars). 

Table 2.3. Best fit to Delano (1979) categories for the 47 glasses in this study (asterisk indicates 

glass with internal crystal growth and bold contains the LAICPMS data set)

 

We also examined our data with regards to the categories provided by Steele et al. (1992; sample 

15426) on the basis of their Co vs Sm (ppm) concentrations. Instead of neatly fitting into their hB, 

hA, lA, and D field groupings, this study’s data show scattered outliers in between these group 

Group

S1B5* S3B1* S3B2* S3B3* S3B5* S4B1* S5B2* S5B4 S6B1 S6B2 S6B3

S6B7* S6B8 S6B9* S6B11* S7B1 S7B5 S7B6 S7B7 S7B11 S12B2 S12B6*

B S7B4

A/B S2B5 S5B1 S7B10*

S1B1 S1B4 S2B1 S2B6 S5B5 S5B6 S6B4 S6B5 S6B6 S7B2 S7B12

S12B1 S12B3 S12B8 S13B2 S13B6

A/B/D S5B3

E S1B2 S1B3 S3B6* S6B10

Sample ID

A

D
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designations. Figure 2.7 shows our original 31 glass LAICPMS measurements. Traditional group 

designations based on these criteria were ineffectual for the LAICPMS sample set and this 

categorization method might need readdressing given new analyses. 

 

Figure 2.7. Replicate Co vs Sm (ppm) plot (see Figure 2 from Steele et al., (1992)) for 31 samples 

measured via LAICPMS. Error bar is 1 sigma. 

The ability to group and ultimately understand sample 15421,67 provenance remains convoluted 

due to sample collection practices from the three co-collected samples, 15425, 15426 and 15427 

and soil (see Figure 2.8), which were bagged together by the Apollo 15 crew. These are the source 

of the fines labeled 15420, from which our sample aliquot was sourced (Meyer, 2010; and sources 

therein). As the parent clods and scooped regolith were collected and transported in the same 
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sample bag, it is important to understand that multiple forms of sample bias may contribute to 

the categorization of the 15421 sample in comparison to other Apollo 15 green glasses. 

 

Figure 2.8. Lunar Sample Compendium (Meyer, 2010) illustrating the 15420 soil classification 

scheme based on parent clods 15425, 15426, and 15427. 

This study finds that there seems to be more variation in the major and trace-element data from 

15421,67 beads than accounted for in either of these previous investigations regarding these co-

bagged samples. Our glass data fit neither subgrouping explicitly, both overlapping and falling 

outside previously defined groupings. It is important to note that the chemical distribution of the 

handpicked glasses from 15421,67 would be so tightly clustered in and between groups A, D, and 

E from Delano (1979); with only a few potential candidates for group B and from the high Mg# B. 

Additionally, no sample in this study conformed to group lB from Steele (1992). Our coherent 

assemblage from a random sampling of the residue of the combined samples 15425, 15426, and 

15427 seems highly unlikely. 

It is very likely that a sample bias exists. Yet, questions remain regarding the physical 

characteristics differentiating these soil and parent clods, such as bead-size distribution, clod 

adhesion and friability or stratigraphic context disturbed by the impact of Spur crater? 
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Additionally, a review specifically focused on this sample lineage might prove useful in vetting 

glass groupings and potential characteristic arrays. 

2.4 Discussion: Trace element measurements of the 15421,67 green glass 

Forty six trace elements were measured on the 15421,67 glasses. Many of these trace elements are 

one for which very few pre-existing data or studies are known. Full data, standard analysis, and 

detection limits are provided in Appendix Table 2.A2. The elements Ge, Sb, and Be were 

examined but fell below limits of successful detection criteria given our analysis conditions and 

are not reported. Figure 2.9 shows that the 15421,67 green glass is less evolved than either the 

Apollo 15 olivine or quartz normaitve (ONB/QNB) and potassium, rare-earth elements, and 

phosphorus (KREEP) basalts. At the Apollo 15 site, it has been observed that there is a 

stratigraphic relationship indicating that the ONB mare basalts are overlying the QNB basalts 

(Ryder and Schuraytz, 2001). These basalts are more evolved and serve to highlight the 

petrogenetic relationship between parent magmas assumed to be in different states of evolution. 

Given the generally accepted lunar formation models and subsequent formation, crystallization 

and differentiation of the LMO, understanding the partitioning, and migration of trace elements 

is of great importance. In lunar samples and evolution models, Europium (Eu) is one of the most 

important trace elements. In the A15 green glasses and mare basalts, the widely measured 

negative-Eu anomaly has been used as an indicator of the prior separation and flotation (i.e. 

removal) of plagioclase from the parent magmas (Shearer and Papike, 1989). Assuming no free 

oxygen, Eu generally occurs in the +2 (reduced) oxidation state, and therefore is more readily 

fractionated relative to other (trivalent) REE constituents. During the crystallization of a magma, 

Eu2+ preferentially goes into plagioclase feldspar whereas the other REE preferentially remain in 
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the liquid phase. As such, feldspathic lunar rocks have a positive-Eu anomaly while rocks 

crystallizing later (e.g., mare basalts) have a negative-Eu anomaly. Shearer and Papike (1989) also 

posit that this negative-Eu anomaly could be in whole or partially a result of pyroxene at low 

oxygen fugacities in the source magma. They further stipulate that cumulate unites that did not 

experience previous plagioclase crystallization will have small, zero to five percent partial melts 

exhibiting ranges of Eu/Eu* (where Eu/Eu* = 2 x [EuCN/(SmCN x GdCN)]) between 1.0 and 0.75. 

 

Figure 2.9. CI normalized trace element data (wt.%) from 31 green glasses and seven lunar 

basalts. Source of the basalts data includes: 15647 and 15675 (Ryder and Schuraytz, 2001; Neal, 

2001); 15682 and 15597 (Helmke at al., 1973); 15385 and 15386 (Rhodes and Hubbard, 1973); 15386 

(Neal and Kramer, 2003); 15382 (Gros et al., 1976; Murali et al., 1977). Chondrite normalization 

using McDonough and Sun (1995). 

The average CI normalized Eu value for the 15421,67 groups shows a slight negative-Eu anomaly 

(see Figure 2.10) and the average wt.% according to the assigned groups are as follows: A 3.81; 
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A/B 3.88; D 4.00; E 4.46. Calculated Eu/Eu* values (see Figure 2.11) given our internal groupings, 

average values are as follows A 0.81; A/B 0.74; D 0.85; E 0.85. 

 

Figure 2.10. Eu/Eu* of the CI normalized trace element (wt.%) data indicating a negative-Eu 

anomaly present in the majority of the 15421,67 green glass data set (colors indicate this paper’s 

Delano Group ID designations) and representative basalts: 15647 and 15675 (Ryder and 

Schuraytz, 2001; Neal, 2001), 15382 (Murali et al., 1977, Gros et al., 1976), 15385 and 15386 

(Rhodes and Hubbard, 1973, Neal and Kramer, 2003), 15682 and 15597 (Helmke at al., 1973). 

These glasses all have greater Eu/Eu* values than the referenced basalts indicating they are less 

depleted in Eu relative to the basalts. The basalt discussed previously have Eu/Eu* values as 

follows: 15647 ONB = 0.62, 15675 ONB = 0.64, 15682 QNB = 0.63, 15597 QNB = 0.67, 15385 Picritic 

= 0.49, 15382 KREEP = 0.46 and 15386 KREEP = 0.20. This negative-Eu anomaly trend follows 

previous observations from Shearer and Papike (1993) and Barr and Grove (2013) and are given 

as indications of feldspar fractionation. The magnitude of the anomaly is, as expected, larger for 
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the basalts then the glasses, indicating that magmatic precursors of the basalts were differentiated 

to a greater extent than those of the glasses. 

 

Figure 2.11. CI normalized trace element data (wt.%) highlighting the negative-Eu anomaly 

present in the 15421,67 glass S1B3 (group E); provided for reference are sample S6B7* (group A 

with lowest measured Mg#) and basalt compositions: 15647 and 15675 (Ryder and Schuraytz, 

2001; Neal, 2001), 15382 (Murali et al., 1977, Gros et al., 1976), 15385 and 15386 (Rhodes and 

Hubbard, 1973, Neal and Kramer, 2003), 15682 and 15597 (Helmke at al., 1973). 

Understanding this anomaly has been one of the driving factors in describing melt-source 

evolution and how plagioclase formed and was mobilized (Arai and Maruyama, 2017, and 

reference therein) during the formation of the LMO crust and the picritic glass-source magmas. 

Such constraints serve to inform boundaries for modeling sources for the A15 glasses. 
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2.5 Discussion: Equilibrium crystallization of 15421,67 and petrogenetic 

modeling revisited 

Experimental petrology studies to explore the origin and evolution of the lunar magmatic sources 

for glasses and rocks (Snyder et al., 1992; Elkins-Tanton et al., 2003; Barr and Grove, 2013; Sun et 

al., 2017, and sources within) investigate the melting and crystallization history necessary to 

produce a specific liquid composition given the inferred history and materials deep in the lunar 

interior. The results of such experiments help bound the chemistry and evolution of mineral 

assemblages. We used MELTS/pMELTS, a phase-equilibria thermodynamic model for magmatic 

systems (Gualda et al., 2012; Ghiorso et al., 2002; 2015), software suit to derive and examine a 

simple set of melting and crystallization models regarding the evolution of the 15421,67 green 

glasses. Evolution of melts for lunar volcanic glasses is expected to be a mixture of the primordial 

lunar cumulates and a remelt of Lunar Magma Ocean (LMO), and is examined below. 

2.5.1 Observations of simple 15421,67 green glass equilibrium crystallization in 

MELTS 

In this section, we model equilibrium crystallization paths using MELTS/pMELTS (Gualda et al., 

2012; Ghiorso et al., 2015) using measured major element compositions described previously (see 

Section 2.2 above). Bead S1B3 was chosen as the starting composition for this modeling because it 

had the highest Mg# within the main group for 15421,67 (i.e. all except the one potential B/C 

group bead). The sample S1B3 bead was classified as a member of group E, but its composition 

fell outside the classical E group bounding box in Delano’s (1979) Mg# vs Mg/Si plot. 
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The case of equilibrium crystallization was chosen for simplicity and since an open controversy 

remains regarding conclusive distinctions being drawn between equilibrium crystallization for 

the separation of olivine vs. non-equilibrium crystallization and separation of quench crystals of 

olivine in major element data (Shearer and Papike, 1990). Understanding this distinction also has 

implications on the interpretation and prediction of relationships between trace- and major-

element concentrations and may potentially glean insights into how actual parent melts might 

behave. 

Figure 2.12 outlines the results of the application of the MELTS algorithm to the equilibrium 

crystallization of S1B3. Five models are shown including two isobaric, with and without water, 

and one polybaric starting at low-pressure. Model pressure, temperature, and crystallization 

were considered through the application of the two isobaric end-member cases (i.e. 20 kbar and 1 

kbar) and one ploybaric case beginning at 1 kbar and ending at 1 bar). The high-pressure model 

approximates a depth of melting of ~483 km and the low-pressure model a depth of ~24 km. Both 

depths assumed an average bulk density of 2550 kg/m3 (Wieczorek et al., 2013). Given the 

ongoing debate regarding historical magmatic volatile contents, specifically water, studies 

looking at mantle-melting source regions need to explore this further in model space. Previous 

studies regarding water have assumed that pre-eruptive magmas would not have contained 

more than 1000 ppm water (Elkins-Tanton and Grove, 2011; Saal et al., 2013; Xu et al., 2014; Huari 

et al., 2015), and this maximum was modeled to explore the effects of added water content. The 

role of volatiles in the eruption of the glass bearing magmas, from all sites, provides ongoing 

questions regarding ascent and modification through the upper crust (Rutherford et al., 2017, and 

sources within). Within the mantle of the moon, the oxidation state is reduced (quartz-fayalite-

magnetite (QFM) minus 4 log units; Sato, 1976) when compared with the mantle of Earth (QFM-2; 
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Ballhaus and Frost, 1994). Since only wt.% FeO was physically measured, the Fe2+ compositional 

contributions and the magmatic liquidus were calculated within MELTS. 

A prominent difference was observed in the order of occurrence of each phase between the high- 

and low-pressure models. The crystallization sequence follows sp-opx-cpx-gt-ol (high-pressure) 

vs ol-sp-opx-cpx-fsp (low-pressure) (see Figure 2.12). Spinel is on the liquidus for the high-

pressure case versus olivine for the low-pressure case. 

 

Figure 2.12. Five equilibrium crystallization sequence liquid-line models starting from 

composition S1B3. High/low-pressure (red/orange). Solidus phase temperatures in brackets. 

Water-bearing models with 0.1 wt.% water content (blues). Polybaric model, 1 kb to 1 bar (black). 

Olivine is fourth in order of appearance in the high-pressure case and first on the low-pressure 

case. Another difference is that the garnet-stabilization field is entered in the high-pressure case 
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and feldspar appears in the low-pressure case. The main difference between the hydrous and 

anhydrous models is that apatite (and biotite) are the final phases where water is included, and 

whitlockite appears when water is not included. Orthopyroxene is always followed by 

clinopyroxene in all modes. 

Figure 2.13 maps the isobaric high- and low-pressure models onto the Delano (1979) plot. 

Included is an olivine addition line through +5% and +10% compositions based on the 

measurement of a single large olivine phenocryst in S5B2 (Avg. wt.%: SiO2 = 37.45, FeO = 23.05, 

MgO = 34.79 and Mg# = 72.85). It is possible that the vitrophyric portion of S5B2 is a 

welded/agglomerated bead attached to this clear glass bead fragment and therefore the olivine it 

contains would not have developed in equilibrium with the green glass. If so, these olivine 

addition lines would need to be reconsidered. 

This line is shown next to a MELTS addition line which reverts to higher Mg#’s more rapidly. It 

may be possible that the olivine region on S5B2 fragment was not a quenched part of the original 

melt but a post eruption welding with another, very different glass; one similar to the vitrophyric 

glass that will be briefly described in Section 2 below. 

Figure 2.14 shows variation plots for element oxides by Mg# for SiO2, TiO2, Al2O3, Cr2O3, FeO, 

and MnO, and includes the high- and low-pressure anhydrous MELTS model. The remaining 

measures are included in Appendix A, Figure 2.A1 (note that no model results were produced for 

SO3 in the anhydrous model and data are shown with the 1 kbar and 20 kbar water models and 

Ni is reported from the LAICPMS data set). Within error, every major element except aluminum, 

in the low-pressure model, pass through the 15421,67 data cluster. 
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Figure 2.13. Mg# vs Mg/Si plot of glass (1σ error bars) and literature data after Delano (1979). 

Model lines are 1.0 kbar and 20 kbar MELTS models (no water) and S1B3 MELTS and S5B2 

olivine addition lines. 

These models also provide indications of the production of the different mineral phases including 

a divergence of early phase production between the low-pressure and high-pressure plots. The 

drop in the chromium on the high-pressure model is attributed to spinel production as opposed 

to olivine (see again Figure 2.12), for example. Overall, the best explanation is that simple 

fractional crystallization can explain most major-element evolution processes. Yet, in the case of 

aluminum, where models do not conform well in both the high- and low-pressure models, and 

similarly with the chromium high-pressure model, data suggest that another more complex form 

of magma sourcing or evolution is required to explain these trends. 
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Figure 2.14. Sample 15421,67 Harker diagrams with 1 kbar and 20 kbar (solid vs dashed lines) 

anhydrous equilibrium crystallization MELTS models (average 1σ error bar; data from Table 2.1). 

Questions still remain as to the validity of historical petrogenetic modeling of the primitive lunar 

mantle, melt sources, and melt processes (i.e. LMO, mantle stratigraphy) and that though a 

simpler model in many ways might better explain some variations in the green glasses or the 

source melts which produced them, continued measurement of actual lunar samples and related 

experimentation are needed to better constrain all models and evolutionary predictions. We 

examine a variety of compositional starting points for the compositional mixing of source melts 

in the next section based on the procedures and predictions of Barr and Grove (2013). 
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2.5.2 Testing models for the petrogenesis of Apollo 15 green glass 

Following the assemblage of the bulk of the moon at the end of the accretionary-moon forming 

process, cooling, differentiation, and stratification of an extant LMO between 4.5 and 4.2 Ga, set 

the physical stage for eventual formation of the volcanic glasses (Hartmann and Davis, 1975). 

Questions remain as to whether the LMO was a globally homogeneous event and how much 

circulation, overturn or mixing has occurred. Neal (2001), for example, proposed the likelihood of 

residual garnet coexisting with mantle melts as an indication that the LMO did not include the 

entire bulk of the moon and that primitive lunar mantle had been preserved and was available to 

serve as a melt-source region. 

The depths of the putative LMO has been derived from remnant heat-source calculations (e.g., 

remnant giant impact, gravitational settling, radiogenic, and tidal heating), thermal contraction 

models, anorthosite crust thickness production estimates, limited seismic velocity profiles, and 

deep moon quakes that seem to range from 250 to 1000 km (Barr and Grove, 2013; Arai and 

Maruyama, 2017). The highest pressure expected at the core is 50 kbar, due to the small size of 

the moon. 

Many models for the origins of A15 green glasses have been proposed over the years (Meyer et 

al., 1975; Shearer and Papike, 1993; Barr and Grove, 2013, and references therein). Early models 

imply partial melting of several segregated, differentiated and chemically heterogeneous magma 

sources over small distances (Delano, 1979). Later models, range from mixtures of primitive 

mantle compositions and late-stage LMO cumulates (Longhi, 1992, 2006) to the late-stage partial 

melting and assimilation of multiple LMO cumulates (Elkins-Tanton et al., 2003). Theoretical 

evolution has, as expected, waxed from the simple to the more complex. 
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The very low Ti (VLT) ultramafic glasses are believed to be remelts of early LMO cumulates, 

generally consisting of olivine and orthopyroxene, which crystallized from liquids similar to the 

VLT basalts. Note that all other lunar glasses seem to have originated from below LMO 

cumulates, and as such, have assimilated various degrees of ilmenite and KREEP-rich 

components. Additionally, it is important to note that the VLT glasses have the lowest TiO2 

abundances of all lunar glass (Neal and Taylor, 1992; Shearer and Papike, 1993) with a range from 

0.32 to 0.46 wt. % in this study. Researchers continue to try to correlate TiO2 content with trace 

element abundances and isotopic ratios in examining high-field strength elements (HFSE) 

enrichment during magma evolution, believing that an elevated Ti abundances supports models 

of late-stage hybrid mafic cumulates having been added to the LMO (Dygert et al., 2013; Leitzke 

et al, 2016, and references therein). This leaves the question open as to whether and how much 

such processes controlled or contributed to the A15 glass magma evolution. 

Even though the compositional variability of the 15421,67 ultramafic VLT glasses are shown to be 

much less and less well-segregated than the Delano (1979) groups indicate, there is a high 

likelihood of the need for a somewhat complex assemblage and mixing of compositionally 

distinct magmas occurring between the maximum extent of the undifferentiated primitive lunar 

mantle and the overlying remnants of a crystallized or overturned portions of the LMO. Other 

considerations of note include mantle convection and LMO crystal-separation efficiency and 

related mafic phase crystallization and fractionation (Sakai et al., 2014). And any assemblage 

further needs to account for the Fe enrichment and low Ti content measured in the ultramafic 

glasses. 

In order to further investigate the petrologic origins of the 15421,67 glasses, four simplified 

MELTS/pMELTS (Gualda et al., 2012; Ghiorso et al., 2002; Ghiorso et al., 2015) models were 
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created, paralleling the Galbreath et al. (1990) and Barr and Grove (2013) mass balance criterion 

of 20% primitive lunar mantle and 80% LMO cumulate. These bounding conditions were initially 

established so that the LMO cumulate remelts would have REE abundances which closely 

approximate measured abundances within the A15-A green glasses. 

In this examination, the primitive lunar mantle 20% partial-melt contribution comes from the 

adiabatic melting of five representative bulk compositions (see Table 2.4). For direct comparison 

to Barr and Grove (2013), we included the LPUM (terrestrial primitive upper mantle – alkalis 

from Longhi, 2006) composition for creating one of the five primitive lunar-mantle melts. Four 

other primitive lunar-mantle melts are derived from either bulk silicate moon (BSM) or bulk 

silicate Earth (BSE) models. It has been noted that use of the BSE as a proxy for the moon is 

acceptable, especially in light of ongoing questions regarding the actual contribution or mixing 

between the primordial Earth during the moon-forming collision (Arai and Maruyama, 2017). 

Figure 2.15 shows the five adiabatic decompression melt models from 35 to 15 kbars. The models 

crystallized 80% of the melt products leaving 20% residual melt to represent potential 

compositions of the primitive lunar mantle. A dashed line for ease of comparison shows the 

Longhi (2006) bulk silicate starting composition model. Again, Table 2.4 provides an outline of all 

the parameters used in model development and analyses. 
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Table 2.4. MELTS/pMELTS model parameters including: five initial bulk silicate model 

compositions and primitive lunar mantle partial melts and four LMO cumulate remelts, 

including model physical constraints-parameters 

 

Initial compositions for primitive lunar melts
 a

Primitive moon melts 
b

LON* LOD* TM* WD* TB* LON* LOD* TM* WD* TB*

SiO2 46.11 45.00 49.90 44.30 45.90 41.68 41.30 45.51 41.87 40.44

TiO2 0.17 0.20 0.16 0.18 0.30 0.91 0.78 0.53 0.50 0.75

Al2O3 3.93 4.45 3.65 3.76 6.00 11.45 11.71 9.06 8.74 10.54

Cr2O3 0.45 0.28 0.44 0.37 0.45 0.08 0.07 0.35 0.28 0.10

FeO 7.62 8.05 8.00 12.65 10.50 12.09 12.09 12.25 17.92 15.80

MgO 38.81 37.80 35.15 35.50 32.40 21.53 21.82 23.09 22.68 21.20

CaO 3.18 3.55 2.90 3.15 4.90 12.16 11.40 7.61 7.74 10.78

MnO 0.13 0.14 0.13 0.16 0.14 0.04 0.04 0.09 0.06 0.07

Na2O 0.005 0.12 0.34 0.06 0.10 0.04 0.63 1.35 0.18 0.30

K2O -- 0.01 0.02 -- -- -- 0.04 0.08 -- --

P2O5 -- 0.02 -- -- -- -- 0.12 -- -- --

NiO -- -- 0.25 -- -- -- -- 0.06 -- --

100.41 99.61 100.94 100.13 100.69

T (°C)

P-range (kbar)

Initial compositions to produce LMO c LMO cumulate remelt components d

ET**

LON*

*

R1 R2 R3 R1 R2 R3

SiO2 47.10 46.20 48.50 49.90 SiO2 46.11 48.46 40.18 44.33 53.76 39.91

TiO2 0.40 0.17 0.40 0.16 TiO2 0.56 0.33 0.17 0.36 0.26 0.16

Al2O3 4.00 3.90 5.00 3.65 Al2O3 6.48 6.58 4.05 7.51 9.00 5.32

Cr2O3 0.30 0.52 0.30 0.44 Cr2O3 0.05 0.00 0.00 0.05 0.00 0.00

FeO 12.00 7.60 12.00 8.00 FeO 26.51 25.98 31.59 24.21 16.98 27.58

MgO 33.10 38.30 30.00 35.15 MgO 16.31 15.48 21.89 17.05 13.33 22.55

CaO 3.00 3.20 3.80 2.90 CaO 3.98 3.17 2.12 6.48 6.67 4.47

MnO -- -- -- 0.13 SN** TM**

Na2O -- -- -- 0.34 R1 R2 R3 R1 R2 R3

K2O -- -- -- 0.02 SiO2 48.33 48.35 40.75 48.26 49.76 40.53

P2O5 -- -- -- -- TiO2 0.65 0.36 0.21 0.30 0.21 0.10

NiO -- -- -- 0.25 Al2O3 7.44 6.94 4.77 6.41 6.22 3.58

99.90 99.89 100.00 100.94 Cr2O3 0.06 0.00 0.00 0.06 0.00 0.00

FeO 23.28 25.11 30.60 23.53 22.96 29.44

MgO 15.21 15.38 20.88 14.72 14.14 21.80

CaO 5.03 3.87 2.80 6.72 6.72 4.55

T (°C)

P-range (kbar)

1600-1460

QFM -4

35000-10000 (isentropic)

fO2

*Initials of bulk starting models: Longhi (2006), Lodders (2003), Taylor and McLennan (1985), 

Wänke and Dreibus (1982), Taylor and Bence (1975).

1500-1400

20000

**Initials compositions of starting models: Elkins-Tanton et al. (2011), Longhi (1992), Snyder et al. 

(2003), Talyor and McLennan (1985).

ET**
LON*

*
SN** TM**

a Five initial bulk silicate compositions
b Compositions of adiabatic decompression melts for 5 models
c  Four initial LMO bulk silicate compoisitions
d  Cumulate remelt compositions for the four LMO models. Mirroring Bar and Grove (2013), 

compositional endmembers are as follows: R1 = 0.9opx + 0.1liq, R2 = opx, R3 = 0.1olv + 0.9opx.
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Figure 2.15. Temperature-pressure plot showing decompression melt paths for the analysis of 

five primitive bulk moon compositions. Green circle is the A15 green glass multiple saturation 

point (MSP) per Barr and Grove (2013). 

The plot in Figure 2.16 shows these primitive lunar-mantle melts produce similarly distributed 

cases except for Taylor and McLennan (1985) and Wänke and Dreibus (1982) fall nearer to the 

actual glass compositions. Four of the models (see Figure 2.17) have similar, lower SiO2 

concentrations, except Taylor and McLennan (1985) which is closer to the Barr and Grove (2013) 

level. All five also have lower TiO2 than Barr and Grove (2013). In Figure 2.18, the models 

indicate slightly higher MgO values and bracket the FeO value in Barr and Grove (2013). A 

reverse olivine control line as measured from S5B3 shows the direction of olivine addition to 

S1B3 glass in 0.5 % increments. The general trend of this line roughly approximates the evolution 
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path direction for only the Al2O3 vs CaO plot. The opposite direction indicates the composition of 

the melt if olivine would be removed from the parent melt. 

Choice of the composition of the LMO has been proposed as the most critical factor in such 

models (Snyder et al., 1992; Shearer et al., 1994). Given that picritic glasses retain a LMO chemical 

signature (e.g., a slightly negative-Eu anomaly), it has been proposed that glasses were either 

sourced entirely from unaltered LMO cumulates or from a mixture of LMO cumulates combined 

with a portion of less depleted lunar mantle material. Elkins-Tanton and Grove (2011) suggest 

that no more than 100 ppm water would be in the bulk LMO, and the production of a thin 34-43 

km thick anorthositic crust supports some minimum water content (Lin et al., 2017) but this 

model, going forward, does not include a water component and the addition is left to a future 

model and manuscript. 

Elkins-Tanton et al., (2003) suggest that partial LMO cumulate melts at a pressure of 21 kbar can 

produce the 15A glasses; yet, Barr and Grove (2013) reject this simpler interpretation and, more in 

line with Longhi (1992, 2006), believe that the compositional variability of the 15A, B, and C 

glasses necessitate a hybrid mixing of different magmas with different compositions. As such, the 

model examined herein generally parallels the lunar interior-process constraints outlined by Barr 

and Grove (2013) to examine the evolution and source of the Apollo 15 green glasses. 

Currently, no bulk magma ocean compositions are known, and historically vary widely, and our 

choice of solidification compositions all provide equally plausible mineral assemblages. 

Therefore, we examine four different LMO (see Table 1 in Elkins-Tanton et al., 2014) or LMO 

proxy (e.g., Bulk Silicate Earth (BSE; McDonough and Sun, 1995) initial compositions in order to 

help better define reasonable boundaries for the composition (see also Table 2.4). Arai and 
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Maruyama (2017) similarly used the BSE composition considering the lack of consensus as to a 

standard lunar-bulk composition. They further indicated the need for low-density plagioclase 

separation and provide a path for high Mg# olivine observations, even given an initial LMO FeO 

enrichment over BSE as has been the historical norm. 

Remelts of the LMO were calculated by first determining melt compositions just after plagioclase 

appeared in the mineral formation process. We took, as our LMO cumulate composition, the 

composition of these models at the temperature of 1520 °C, being close to the multiple saturation 

point (MSP) of the 15A glasses. Those compositions were then fractionally melted to 80% liquid 

at 20 kbars, from 1500-1400 °C, and converted into the LMO remelt triangle endpoints shown in 

Figures 2.16 through 2.18. Ideally any mixing line that would produce the 15421,67 glasses would 

pass from the primitive melt composition point through the glass field and into the opposite 

LMO cumulate remelt triangle. Our results are similar to those of Barr and Grove (2013), who 

used only a single model of the primitive moon and associated LMO cumulate. Our results show 

that all five primitive melts are potentially reasonable primitive mantle melts depending on 

reasonableness of passing the mixing line through the 15421,67 glasses and intersecting a 

compositional field. The best results, as with Barr and Grove (2013) are for the MgO, FeO, SiO2 

and TiO2 primitive mantle and LMO partial-melt cumulates. It is interesting to note the 

variability in our CaO and Al2O3 cumulate triangles and that one would expect that potential 

exists of finding the right starting compositions that would translate the primitive mantle and 

cumulate fields just enough to create an appropriate mixing line for the source of the 15421,67 

green glasses. Again, the reader is reminded to review the comments regarding MELTS/pMELTS 

usage and predictions at the beginning of this section. We believe this model demonstrates that 

realistic, experiment bounded models of the type proposed by Barr and Grove (2013) are less 
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constrained and more variable than what may be suggested in the literature. Note that it is our 

belief that the 15A, D, and E glasses are more closely related regarding their magma source 

composition than may have been previously been reported, and this may play an important role 

in adjusting models in future studies. 

 

Figure 2.16. Al2O3 vs CaO plot showing 5 primitive lunar mantle melt compositions and 4 

triangular LMO cumulate remelt region estimates (see Table 2.4). Sample 15421,67 individual 

green glass compositions and average value (green/red circles) crossed by an idealized liquid line 

(red line) from the Longhi (2006) modeled primitive mantle. Barr and Grove (2013) cumulate 

remelt and mass balance estimate for reference. The S5B2 Reverse olivine control line from S1B3 

showing +0.5% intervals (black circles and arrow) roughly paralleling the triangle cumulate 

remelt boundaries. The LMO cumulate remelt model triangles are (1) Elkins-Tanton et al. (2011), 

(2) Snyder et al. (2003), (3) Longhi (1992) and (4) Taylor and McLennan (1985). The Barr and 

Grove (2013) basic mass balance using 80% LMO and 20% primitive lunar mantle melt line (blue 

square, line and open circle). 
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Figure 2.17. TiO2 vs SiO2 plot showing model space as described in Figure 2.16. Note that the red 

mixing line passes from the Longhi (2006) modeled primitive mantle through the 15421,67 glass 

and into the LMO-cumulate remelt model triangles indicating an appropriate source melt mix for 

the green glass. 
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Figure 2.18. MgO vs FeO plot showing model space as described in Figure 2.16. Note that the red 

mixing line passes from the Longhi (2006) modeled primitive mantle through the 15421,67 glass 

and into at least one LMO cumulate remelt model triangle (Taylor and McLennan (1985)) 

indicating an appropriate source melt mix for the green glass. 

The MELTS suite of tools are best used for predicting mineral assemblages and pressure 

boundaries, but lacks experimental fractional crystallization data for non-terrestrial environments 

(e.g., the moon). Therefore, definitive conclusions using MELTS/pMELTS for lunar modeling 

must be taken with caution as predictions of ultramafic and FeO rich bulk compositions are 

outside the programs intended limits. Therefore, this tool should be used as a predictive and 

bounding space tool only in planetary settings. It is suggested that an upgrade to this tool be 

made specifically for extraterrestrial application. 
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2.6 Discussion: Apollo 15 “orange” and vitrophyric glasses 

In addition to the green glasses in sample 15421,67, a small subset of non-green colored glass, 

which have been found at every Apollo landing site, were identified and compositionally 

analyzed. Additionally a small set of “olive green” vitrophyric glasses were analyzed. 

2.6.1 Low-Fe low-Ti “orange” A15 glasses 

This set of rarer glasses represent another potential primary, high-Mg content magma and 

pyroclastic eruptive episode. Historically, researchers have optically categorized this 

compositional range of glass as yellow, yellow-brown, brown (Ma et al., 1981; Delano, 1986; 

Hughes et al., 1988; Shearer and Papike, 1993), or orange in this study. This discrepancy in color 

identification may be attributed to differences between microscopic observations of thin section, 

polished section, and whole bead light transmission or illumination, and lends itself to some 

confusion in the literature. EPMA data are provided in Table 2.5. Color variations occur as glass-

thickness changes as can be seen in the five AP15 colored glasses from this study (see Table 2.6). 

Figure 2.19, following Brown and Grove (2015), illustrates the categorization of a majority of 

lunar colored glasses. The optical interpretation here in suggest that historical color designations 

should change to orange rather than yellow or brown. 

Table 2.5. Sample 15421,670 “orange” glass EPMA averages and standard error 

 

 

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 Total Mg#

S7B8* 42.90 4.11 8.58 0.53 21.36 0.31 11.49 8.73 0.43 0.09 0.11 0.16 98.80 48.94

S11B2* 42.74 3.63 8.33 0.60 21.18 0.25 12.11 8.78 0.38 0.11 0.12 0.14 98.40 50.46

S11B6 42.62 3.42 8.08 0.60 21.48 0.29 13.33 8.38 0.38 0.06 0.06 0.13 98.80 52.53

S11B8* 42.32 3.47 8.16 0.64 21.21 0.29 13.37 8.32 0.33 0.05 0.09 0.09 98.30 52.91

S11B11* 41.91 3.57 8.40 0.57 20.96 0.31 13.03 8.39 0.33 0.07 0.10 0.13 97.80 52.57

1σ Std Err 0.14 0.07 0.05 0.02 0.21 0.02 0.11 0.09 0.03 0.01 0.02 0.02 0.28
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Table 2.6. Sample 15421,67 “orange” glass BSE and optical imagery. Color change across 

thickness and areas of crystal development clearly visible 

S7B3 S7B8* S11B2* S11B6 S11B8* S11B11* ID 

      

SEM BSE 

      

Optical 

Beads are generally spheroidal or fragments and sizes range from 310 to 380 µm in diameter 

(longest axis). Generally, these glasses exhibit low titanium levels, averaging 3.64 wt.% TiO2 

similar to previously measured glasses. They are however unique in that they have an average of 

21.24 wt.% FeO, which is between one and two weight percent lower than most previously 

reported glasses. Such a low FeO would, by a slight margin, make our glass-data set the largest of 

the low-FeO non-green glasses yet measured (a single analysis by Shearer and Papike, 1993, 

conforms to our data cluster). Four of the five glass beads contain large euhedral phenocrysts and 

polyhedral skeletal olivine and dendritic olivine structures (Arndt et al., 1984; Donaldson, 1976; 

Faure et al., 2007). Given the size and expected slow cooling rate for such crystals, they were most 

likely formed prior to volcanic eruption. These crystals will be further discussed in a follow on 

manuscript. 
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Figure 2.19. FeO and Mg# vs TiO2 (top) showing individual data from this study (orange 

squares/circles; 1σ error bars). For reference, selected data from Ma et al. (1981; brown circles; 

15426), Hughes et al. (1988; yellow diamonds; 15427), Shearer and Papike (1993; yellow triangles; 

sample ID not provided), and Delano (1979; red diamonds; 15318, 15425, 15426, and 15427). 

Lower pane is from a colored glass synopsis by Brown and Grove (2015). 
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LAICPMS data for four Sample-11 beads, which is of higher fidelity than previous instrumental 

neutron activation analysis (INAA) by Hughes et al., 1988, are shown in Figure 2.20, 

demonstrating REE patterns similar to those already found in the literature (Shearer and Papike, 

1993). Elements Rb and Cs were not included because they were either not measured or below 

detection limits. Additionally, the plot includes a subset of lunar basalts as given in the green 

glass section for comparison. It is interesting to note that these orange glasses generally fall 

between the quartz-normative, olivine-normative and picritic basalts, and the KREEP basalts for 

Y and throughout the low- and high-field strength elements (excluding Sc, Ta, U, and Pb). The 

ascension of plot lines indicates increasing Mg# except for the picritic basalt which is more 

similar to our orange glass values. Generally, this ordering indicates that these “orange” glasses 

are more evolved than the QNB and ONB groups but less than the KREEP basalts. The increases 

in LLE content indicate that more KREEP components have been incorporated into these 

“orange” glasses than the green, picritic glass magmas (Shearer and Papike, 1993). 
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Figure 2.20. Trace element data of the Sample 11 “orange” glass and seven lunar basalts (CI 

normalized wt.%). Source data for the basalts are as follows: 15647 and 15675 (Ryder and 

Schuraytz, 2001; Neal, 2001); 15682 and 15597 (Helmke at al., 1973); 15385 and 15386 (Rhodes and 

Hubbard, 1973); 15386 (Neal and Kramer, 2003); 15382 (Gros et al., 1976; Murali et al., 1977). 

Chondrite normalization using McDonough and Sun (1995). 

These “orange” glasses are distinct from all other green glasses, and this is especially prevalent 

when examining their lithium and TiO2 contents as shown in Figure 2.21. Continued examination 

of trace element variations across glasses addresses questions about proposed or expected 

degrees of partial melting needed to produce the chemical differences seen in the mare basalts 

and whether they originate from distinctly different mantle sources (i.e. LMO cumulate 

interactions). Here the heightened concentrations of the volatile Li in the “orange” glass suggests 

differing magmatic sources (Shearer et al., 1994) for the picritic glass groups as might be expected 

given the color differences. 
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Figure 2.21. Comparison of Li (ppm) to TiO2 (wt.%) showing differences the 15421,67 grouped 

green and “orange” glass compositions. Related insert from Shearer et al. (1994) showing A15 

green solid and “yellow” empty circles exhibiting a slightly greater Li content and greater 

variability. 

2.6.2 Green vitrophyric glasses 

The glasses in this section are described and “olive green” as compared to the “emerald green” 

pristine lunar volcanic glasses of previous sections. These glasses are large, irregular or 

fragmented, with at an average diameter of 1026 µm. Three to four EPMA analysis were taken in 

the largest crystal free regions and at least 5 µm from identified crystals. Imagery of these glasses 

is provided in Table 2.7 with an overview BSE image of each grain and a transmitted light image. 

Compositional analysis of glass between crystal grains is given in Table 2.8. 
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Table 2.7. Sample 15421,67 “olive green” vitrophyric glass BSE and optical imagery 

S8B1 S8B2 S8B3 S8B4 ID 

    

SEM BSE 

    

Optical 

S9B2 S11B7 S12B7 S13B4 

    

    

These glasses are the only ones exhibiting this large scale chain/barred olivine (BO) phenocryst 

morphology (Donaldson, 1976; Arndt et al., 1984; Faure et al., 2003; Tsuchiyama et al., 2004) in the 

15421,67 sample. Occasional lattice/fibre olivine structures are also found, and both can be 

observed under the microscope. 

Table 2.8. Sample 15421,670 vitrophyric glass EPMA averages and standard error 

 

Figure 2.22 provides a mineral map clearly showing the distribution of elements around and 

within an individual olivine crystal in glass. Beyond reporting the glass compositions, crystal 

growth analysis will be included in a separate manuscript. Any large differences (e.g., MgO or 

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 Total Mg#

S8B1 45.69 0.45 7.69 0.67 21.13 0.33 12.94 10.05 0.08 0.003 0.02 0.02 99.10 52.17

S8B2 46.57 0.43 7.52 0.65 20.77 0.33 12.08 10.19 0.07 0.002 0.04 0.02 98.60 50.90

S8B3 47.48 0.41 8.46 0.69 19.77 0.29 10.88 10.77 0.13 0.000 0.02 0.07 98.90 49.31

S8B4 48.12 0.53 9.43 0.69 19.52 0.30 8.03 12.55 0.08 0.016 0.01 0.03 99.30 42.30

S9B2 47.91 0.50 9.03 0.65 19.93 0.30 9.24 11.61 0.10 0.011 0.02 0.04 99.30 44.68

S11B7 46.30 0.58 8.83 0.73 20.94 0.32 8.70 12.00 0.10 0.016 0.03 0.12 98.70 42.04

S12B7 46.46 0.48 8.10 0.70 20.43 0.31 11.57 10.71 0.12 0.016 0.02 0.04 98.90 50.19

S13B4 45.89 0.48 7.63 0.60 21.05 0.30 12.09 10.30 0.08 0.005 0.04 0.03 98.50 50.41

1σ Std Err 0.39 0.04 0.35 0.04 0.47 0.02 0.87 0.37 0.02 0.01 0.01 0.01 1.80
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FeO) in chemical compositions are most likely be attributed to measurements in close proximity 

of the olivine crystals or unobserved masses below any individual analysis site. Yet, every 

attempt was made to minimize this form of mixed analysis. 

 

Figure 2.22. SEM Mineral map of a 50 µm long olivine crystal and surrounding glass (top row: Si, 

Al, Ca; bottom row Fe, Mg, and the reference BSE image). 

2.7 Conclusions 

This work provides a renewed look at Apollo 15 green glass through measures of major and trace 

elements of sample 15421,67 glasses. Confirming the volcanic origin of these glasses was done 

according to historical criteria. Attempts to group sample 15421,67 green glass according to 

Delano’s (1979) criteria proved difficult. Without the ability to exactly match measurements in 

each category questions arose regarding compositional boundary criteria. Yet, even given this 

quandary, 46 out of 47 glasses were approximately or exactly placed into either the A, D, or E 

groups. Only a single bead was measured with a composition anywhere near the group B-C 

boarder. This in and of itself is rather unlikely given the supposed sample collection process and 
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combined sources of these glasses (i.e. clods and regolith 15425, 15426 and 15427). Questions 

raised include whether there was some form of sample size bias or particle size bias for this 

regolith split. Could the observed compositional grouping, or lack thereof be caused by some 

form of stratigraphic size distribution in the regolith, i.e. smaller beads accumulating farther from 

a vent for a given imparted kinetic energy or volatile content of the eruption? Understanding 

compositional variation, i.e. categorization, within these glasses is directly related to the melt and 

crystallization processes of the source magmas. 

Another unique finding of this study is that the clear glass in both uncrystallized glass beads and 

beads exhibiting internal crystal growth structures or welded external masses retained the same 

chemical composition as their sister glasses which were completely devoid of any crystal growth 

signatures. Analyzed with caution, this fact could increase the available sample material for these 

green glasses. It is suggested that the entire collection of all green-glass data from 15420 (which 

includes 15421), 15425, 15426, and 15427 be amassed and subjected to advanced cluster analysis 

techniques. 

Additional measurements were made of vitrophyric and colored glass. The vitrophyric “olive” 

green glasses uniquely contain the most euhedral and longest barred olivine phenocrysts from 

this site. The small and unique set of colored glass demonstrated to be orange in appearance 

contained a lower FeO content than glasses believed to be historically categorized and labeled as 

brown or yellow. This difference in color interpretation should be reviewed and a clear 

distinction made in the literature. These glasses also contained the only euhedral/polyhedral 

olivine phenocrysts found in the 15421,67 glasses. 
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Combining the use of the petrogenetic modeling tool MELTS/pMELTS and Apollo 15 glass 

compositions, we examined questions regarding the concept of mixed magma sources for the 

green picritic glasses. Following similar methodologies of previous works (Meyer et al., 1975, Ma 

et al, 1981, Steele et al., 1992, Shearer and crystal, 1993 Elkins-Tanton et al., 2003; Barr and Grove, 

2013, and references therein). In this model, we assessed a simple mixing of a Lunar Magma 

Ocean (LMO) derived cumulate with a portion of the primitive lunar mantle. Compositions 

published for the LMO and Bulk Silicate Earth and Bulk Silicate Moon were used as initial 

conditions in these calculations in order to estimate a simplified evolution model for the 

compositions of the 15421,67 parent magma. Melts of the undifferentiated primitive lunar mantle 

and an evolved lunar magma ocean cumulate provided the endpoints for determining a best of 

fit mixing line to these glasses. The following conclusions were drawn: 

1) Fractional crystallization alone does not explain major element trends exclusively as 

shown by both the high- and low-pressure equilibrium melting of glass bead S1B3 in the 

variation diagrams. 

2) Partial melting alone of a primitive lunar mantle in general does not produce the correct 

compositions due to deficiencies in the trace element compositions present in the A15 

glasses. 

3) Partial mantle melting plus fractional crystallization does not create the A15 composition, 

as glasses are too ultramafic and it does not fit REE signature. 

4) High degree partial melting of the primitive lunar mantle may explain major element 

compositions, but not the REE components. 

5) Pure olivine addition does not produce the green glass melts. 
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6) In order to produce a sufficiently mafic melt for producing the green glasses, the source 

melt needs to have a higher original mafic content while retaining the low-pressure REE 

signatures throughout the magma evolutionary process. 

7) Barr and Grove’s (2013) implementation of garnet-saturated experiments and related 

modeling compositions closely approximated the processes needed to define the origin of 

the group A green glasses. 

8) Using MELTS/pMELTS entirely, with a series of bulk silicate compositions, can provide a 

better approximation for demonstrating the mixing of magmas originating from the 

primitive mantle with a remnant portion of an evolved LMO cumulate to produce the 

A15 green glasses in 15421,67. 

Overall, the differences between the models in this study and the predictions from prior studies 

illustrate a continued necessity for performing high-pressure experiments to better quantify the 

mineralogical and chemical evolution of the early moon. Questions regarding the origin of the 

Earth-moon system persist and only through continued evaluation and measurement of lunar 

samples will this issue come closer to a satisfactory resolution. As a next step, regarding the 

modeling portion of this work, analysis should include the incorporation of magmatic volatiles, 

like H2O and CO2, postulated to have existed in the source regions. This study demonstrates that 

more work needs to be done regarding all sides of the petrogenetic problem relating to lunar-

glass evolution and formation, from experimental, to actual sample acquisition, analysis, and 

modeling. 
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2.8 Appendix 

Table 2.A1. Major element average data (UH EPMA) for 31 glass beads in wt.% 

 
 

ID SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O NiO Total Mg#

S1B1 45.35 0.40 7.10 0.58 19.79 0.28 17.44 8.33 0.12 0.00 0.01 99.40 61.11
S1B2 45.93 0.39 7.14 0.58 19.32 0.28 17.83 8.34 0.18 0.00 0.02 100.01 62.21
S1B3 45.00 0.65 7.51 0.55 19.17 0.28 17.32 9.13 0.13 0.00 0.02 99.75 61.69
S1B4 44.20 0.40 7.11 0.57 20.25 0.28 17.26 8.37 0.14 0.00 0.03 98.61 60.30
S2B1 45.68 0.34 7.44 0.59 19.18 0.28 16.78 8.55 0.15 0.00 0.02 99.02 60.94
S2B5 46.07 0.36 7.82 0.58 18.38 0.28 16.76 8.64 0.10 0.03 0.02 99.05 61.91
S2B6 45.65 0.39 7.40 0.59 19.26 0.28 17.34 8.33 0.06 0.02 0.02 99.34 61.62
S5B1 45.67 0.35 7.86 0.59 19.15 0.28 16.74 8.62 0.11 0.02 0.01 99.38 60.92
S5B3 45.50 0.33 7.70 0.61 19.46 0.27 16.77 8.51 0.12 0.01 0.03 99.30 60.57
S5B4 45.65 0.35 7.64 0.60 18.56 0.26 16.79 8.57 0.07 0.03 0.02 98.55 61.72
S5B5 45.46 0.40 7.34 0.59 18.86 0.27 17.42 8.27 0.16 0.04 0.04 98.84 62.21
S5B6 45.75 0.38 7.26 0.59 18.72 0.27 17.27 8.27 0.10 0.03 0.01 98.65 62.20
S6B1 45.55 0.43 7.98 0.59 18.62 0.27 16.76 8.62 0.09 0.00 0.02 98.92 61.62
S6B2 45.35 0.43 7.96 0.58 18.63 0.28 16.70 8.62 0.10 0.00 0.02 98.66 61.53
S6B3 44.98 0.44 7.60 0.59 19.11 0.27 16.99 8.43 0.10 0.00 0.02 98.53 61.32
S6B4 45.65 0.45 7.52 0.59 19.25 0.27 17.16 8.43 0.14 0.00 0.01 99.45 61.38
S6B5 45.91 0.48 7.26 0.58 19.19 0.27 17.93 8.15 0.12 0.00 0.02 99.92 62.49
S6B6 45.73 0.48 7.46 0.58 19.56 0.26 17.37 8.27 0.12 0.00 0.02 99.85 61.29
S6B8 46.41 0.44 7.82 0.59 18.30 0.27 16.96 8.60 0.11 0.00 0.02 99.53 62.31

S6B10 45.83 0.51 7.48 0.57 18.73 0.27 17.87 8.11 0.10 0.00 0.01 99.48 62.98
Std Err 0.26 0.01 0.03 0.00 0.28 0.01 0.05 0.03 0.02 0.003 0.005 -- 0.33

ID SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O NiO Total Mg#

S1B5* 44.64 0.43 7.53 0.57 19.36 0.28 16.86 8.73 0.12 0.00 0.01 98.55 60.83
S3B1* 46.35 0.40 6.54 0.59 19.11 0.28 17.34 8.47 0.11 0.02 0.03 99.24 61.80
S3B2* 46.35 0.38 6.97 0.58 18.99 0.27 17.04 8.45 0.12 0.02 0.02 99.19 61.53
S3B3* 45.97 0.41 6.72 0.59 18.89 0.28 16.81 8.48 0.07 0.03 0.04 98.28 61.34
S3B5* 46.30 0.35 7.23 0.60 19.04 0.27 17.11 8.50 0.28 0.02 0.02 99.72 61.57
S3B6* 45.80 0.38 7.19 0.58 19.33 0.27 17.58 8.24 0.13 0.02 0.03 99.54 61.86
S4B1* 45.80 0.43 7.77 0.58 18.66 0.27 16.53 8.81 0.10 0.01 0.02 98.99 61.24
S5B2* 45.38 0.43 7.84 0.58 19.04 0.27 16.59 8.80 0.11 0.01 0.02 99.04 60.83
S6B7* 46.81 0.44 7.68 0.59 18.72 0.27 17.17 8.58 0.11 0.00 0.02 100.39 62.05
S6B9* 46.46 0.44 7.81 0.60 18.31 0.27 17.27 8.60 0.12 0.00 0.02 99.90 62.71

S6B11* 46.54 0.45 7.89 0.59 19.00 0.27 16.78 8.55 0.11 0.00 0.01 100.20 61.15
Std Err 0.25 0.03 0.06 0.01 0.24 0.01 0.07 0.07 0.02 0.002 0.005 -- 0.26

Clear Glass

 Clear Glass with Crystals
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Table 2.A2. (part a). Average trace element (ppm) and error statistics for 31 A15 glasses. * indicates glasses containing partial crystal development 

as described previously. Primary (KL2G glass) and Secondary (BIR-1 basalt) standards error analysis, literature values, and detection limits in blue 

Li 3.085 3.124 3.498 3.159 3.006 3.219 3.249 3.255 2.971 2.863 3.032 3.424 3.259 3.028 3.196 2.943 3.285 3.453

Be 0.101 0.102 0.131 0.140 0.109 0.224 0.200 0.105 0.284 0.100 0.363 0.357 0.159 0.176 0.229 0.198 0.257 0.322

Mg25 1.05E+05 1.07E+05 1.20E+05 1.05E+05 1.06E+05 1.03E+05 1.07E+05 1.06E+05 1.03E+05 1.03E+05 1.07E+05 1.09E+05 1.03E+05 1.04E+05 1.03E+05 1.05E+05 1.07E+05 1.05E+05

Mg26 1.05E+05 1.06E+05 1.18E+05 1.05E+05 1.05E+05 1.03E+05 1.06E+05 1.06E+05 1.04E+05 1.03E+05 1.04E+05 1.09E+05 1.03E+05 1.03E+05 1.03E+05 1.05E+05 1.08E+05 1.07E+05

Sc 36.740 37.373 39.683 36.267 38.820 37.593 36.740 38.710 38.607 38.603 36.997 37.133 38.130 38.153 37.193 37.677 35.620 36.907

Ti 2.45E+03 2.36E+03 2.75E+03 2.37E+03 2.31E+03 2.33E+03 2.50E+03 2.34E+03 2.28E+03 2.32E+03 2.54E+03 2.62E+03 2.32E+03 2.31E+03 2.37E+03 2.39E+03 2.63E+03 2.55E+03

V 168.220 168.613 178.683 163.307 172.983 165.870 166.127 174.580 174.320 169.943 167.373 173.570 169.560 171.183 168.543 171.277 163.853 166.010

Cr 3.87E+03 3.87E+03 4.13E+03 3.76E+03 4.16E+03 3.82E+03 4.01E+03 3.96E+03 4.02E+03 3.90E+03 3.89E+03 4.05E+03 3.92E+03 3.93E+03 3.85E+03 3.90E+03 3.84E+03 3.84E+03

Mn 2.13E+03 2.07E+03 2.23E+03 2.07E+03 2.12E+03 2.05E+03 2.06E+03 2.14E+03 2.11E+03 2.04E+03 2.10E+03 2.19E+03 2.12E+03 2.10E+03 2.08E+03 2.12E+03 2.05E+03 2.08E+03

Co 77.098 72.677 80.427 76.153 75.160 71.067 75.200 77.990 76.157 74.940 80.010 82.180 73.377 74.457 76.350 78.263 76.887 75.900

Ni 1.69E+02 1.58E+02 1.77E+02 1.87E+02 1.73E+02 1.57E+02 1.60E+02 1.78E+02 1.80E+02 1.78E+02 1.78E+02 2.23E+02 1.60E+02 1.54E+02 1.80E+02 1.89E+02 1.74E+02 1.64E+02

Cu 2.572 2.166 3.348 2.532 3.774 2.969 2.047 3.463 3.702 3.103 3.188 7.661 3.696 2.796 3.153 3.539 3.195 3.278

Zn 5.035 5.317 5.062 4.992 7.560 5.230 4.378 6.974 5.410 4.248 5.019 13.443 5.014 4.941 5.307 4.684 5.439 5.193

Ga 1.777 1.870 2.182 1.827 1.988 1.925 1.617 2.240 1.993 2.130 1.757 2.275 2.071 1.817 1.934 1.888 1.942 1.980

Ge 0.241 0.281 0.344 0.254 0.677 0.340 0.395 0.477 0.579 0.512 0.348 0.334 0.269 0.250 0.235 0.251 0.278 0.233

Rb 0.144 0.159 0.252 0.138 0.285 0.242 0.185 0.237 0.191 0.182 0.162 0.321 0.225 0.212 0.155 0.157 0.222 0.196

Sr 27.280 26.370 32.040 24.810 23.693 25.110 27.557 27.515 23.607 22.780 26.527 31.017 26.040 25.400 25.347 25.993 29.380 28.340

Y 7.823 7.522 9.253 7.075 7.167 8.502 8.261 8.779 7.075 7.045 7.678 9.427 8.460 8.069 7.321 7.588 8.781 8.726

Zr 17.112 16.890 23.467 15.410 14.807 21.910 18.880 20.330 14.553 15.707 17.030 23.333 20.553 19.210 15.220 15.667 22.230 21.037

Nb 1.331 1.276 1.750 1.174 1.193 1.635 1.549 1.626 1.084 1.321 1.362 1.764 1.444 1.340 1.250 1.273 1.717 1.759

Mo 0.144 0.142 0.160 0.149 0.530 0.131 0.216 0.837 0.488 1.044 0.125 0.176 0.133 0.222 0.400 0.231 0.134 0.451

Sn 0.268 0.272 0.325 0.274 0.532 0.350 0.391 1.070 0.862 0.895 0.899 0.823 0.322 0.357 0.548 0.340 0.287 0.360

Sb 0.007 0.005 0.009 0.011 0.218 0.095 0.145 0.105 0.099 0.129 0.013 0.007 0.065 0.143 0.197 0.063 0.018 0.055

Cs 0.003 0.005 0.006 0.005 0.024 0.014 0.024 0.037 0.041 0.067 0.006 0.012 0.009 0.016 0.037 0.019 0.010 0.033

Ba 13.468 13.537 18.530 11.707 11.960 16.650 15.217 16.035 11.343 12.263 13.287 18.223 16.237 14.157 12.117 12.573 18.713 17.187

La 1.045 0.984 1.361 0.847 0.866 1.343 1.136 1.198 0.788 0.882 0.968 1.368 1.250 1.130 0.913 0.894 1.367 1.283

Ce 2.859 2.750 3.794 2.419 2.354 3.609 3.076 3.397 2.225 2.463 2.685 3.812 3.431 3.084 2.507 2.372 3.691 3.515

Pr 0.401 0.398 0.527 0.363 0.342 0.506 0.454 0.451 0.314 0.324 0.386 0.544 0.469 0.431 0.371 0.352 0.547 0.501

Nd 2.073 1.970 2.526 1.764 1.956 2.448 2.266 2.525 1.409 1.841 1.961 2.645 2.354 2.194 1.808 1.874 2.615 2.538

Sm 0.693 0.590 0.852 0.524 0.569 0.855 0.681 1.081 0.495 0.924 0.633 0.841 0.759 0.661 0.560 0.598 0.857 0.795

Eu 0.227 0.216 0.260 0.221 0.192 0.215 0.223 0.269 0.195 0.314 0.210 0.249 0.217 0.222 0.201 0.240 0.271 0.257

Gd 0.982 0.890 1.099 0.895 0.909 1.030 1.040 0.982 1.214 1.333 0.942 1.149 1.042 0.965 0.769 0.945 1.051 1.209

Tb 0.165 0.165 0.207 0.158 0.128 0.222 0.191 0.185 0.206 0.186 0.161 0.216 0.177 0.197 0.170 0.169 0.210 0.207

Dy 1.320 1.225 1.567 1.153 1.092 1.389 1.470 1.472 1.291 1.015 1.267 1.527 1.374 1.385 1.266 1.337 1.607 1.441

Ho 0.262 0.262 0.319 0.236 0.256 0.327 0.282 0.337 0.269 0.270 0.258 0.319 0.314 0.298 0.296 0.273 0.333 0.317

Er 0.874 0.845 0.991 0.779 0.753 0.938 0.871 0.759 0.891 0.960 0.772 0.920 0.944 0.922 0.866 0.790 0.987 0.984

Tm 0.104 0.103 0.127 0.099 0.100 0.157 0.113 0.130 0.134 0.105 0.124 0.120 0.136 0.130 0.124 0.122 0.148 0.145

Yb 0.871 0.832 1.026 0.772 0.968 1.127 0.931 0.756 0.890 1.154 0.828 0.892 1.030 1.015 0.891 0.883 0.998 0.951

Lu 0.100 0.096 0.130 0.101 0.092 0.166 0.116 0.132 0.131 0.137 0.108 0.145 0.144 0.136 0.127 0.135 0.142 0.143

Hf 0.476 0.460 0.579 0.387 0.407 0.564 0.478 0.516 0.431 0.483 0.451 0.516 0.517 0.497 0.409 0.454 0.601 0.563

Ta 0.063 0.057 0.070 0.059 0.059 0.088 0.072 0.157 0.036 0.139 0.073 0.094 0.074 0.068 0.066 0.066 0.091 0.087

W 0.022 0.027 0.031 0.033 0.058 0.054 0.030 0.136 0.121 0.311 0.032 0.036 0.028 0.040 0.038 0.064 0.035 0.050

Pb 0.139 0.070 0.094 0.058 0.539 0.243 0.148 0.293 0.300 0.282 0.085 0.143 0.130 0.218 0.315 0.188 0.126 0.284

Th 0.115 0.117 0.197 0.105 0.104 0.207 0.137 0.217 0.143 0.142 0.132 0.185 0.179 0.163 0.118 0.112 0.180 0.172

U 0.031 0.031 0.052 0.030 0.032 0.061 0.039 0.101 0.086 0.071 0.035 0.060 0.050 0.043 0.039 0.038 0.048 0.044

S5B6 S6B6S6B5S6B4S6B3S6B2S6B1ID S5B5S5B4S5B3S5B1S2B6S2B5S2B1S1B4S1B3S1B2S1B1
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Table 2.A2. (part b). Average trace element (ppm) and error statistics for 31 A15 glasses. * indicates glasses containing partial crystal development 

as described previously. Primary (KL2G glass) and Secondary (BIR-1 basalt) standards error analysis, literature values, and detection limits in blue 

 Std 

Err KL2G Lit

Accu

r DL  Std Err BIR-1 Lit

Accu

r DL

Li 3.141 3.499 3.154 3.008 3.187 3.399 2.963 3.435 3.098 3.353 3.336 3.099 3.183 0.022 5.10 0.014 0.049 0.022 3.00 1.447 0.070

Be 0.186 0.251 0.216 0.105 0.267 0.209 0.261 0.274 0.222 0.571 0.217 0.135 0.167 0.024 0.88 0.009 0.150 0.017 0.10 0.400 0.141

Mg25 9.98E+04 1.03E+05 1.03E+05 1.03E+05 1.04E+05 1.01E+05 1.03E+05 1.07E+05 1.05E+05 1.04E+05 1.05E+05 9.75E+04 9.67E+04 41.694 4.43E+04 0.011 2.307 148.337 5.65E+04 2.521 2.732

Mg26 9.89E+04 1.02E+05 1.03E+05 1.02E+05 1.03E+05 1.03E+05 1.02E+05 1.08E+05 1.03E+05 1.04E+05 1.06E+05 9.56E+04 9.62E+04 42.637 4.43E+04 0.021 21.059 127.230 5.65E+04 2.772 24.963

Sc 37.407 35.630 38.883 36.720 37.495 37.155 37.960 36.245 39.130 39.165 37.728 38.060 37.967 0.034 31.80 0.035 0.107 0.097 43.00 2.578 0.130

Ti 2.30E+03 2.71E+03 2.42E+03 2.27E+03 2.32E+03 2.27E+03 2.29E+03 2.55E+03 2.37E+03 2.33E+03 2.31E+03 2.30E+03 2.31E+03 11.007 1.53E+04 0.006 0.686 9.941 6.48E+03 7.519 0.954

V 171.800 164.350 174.760 165.465 168.830 162.780 169.135 166.935 171.940 170.230 168.055 169.420 169.760 0.292 309.00 0.017 0.101 0.863 326.00 0.504 0.126

Cr 3.90E+03 3.79E+03 4.02E+03 3.80E+03 3.89E+03 3.77E+03 3.92E+03 3.90E+03 3.91E+03 3.91E+03 3.88E+03 3.89E+03 3.88E+03 0.537 2.94E+02 0.000 2.124 1.501 3.92E+02 2.495 2.511

Mn 2.06E+03 2.03E+03 2.16E+03 2.06E+03 2.07E+03 2.01E+03 2.06E+03 2.06E+03 2.11E+03 2.10E+03 2.08E+03 2.06E+03 2.05E+03 1.257 1.28E+03 0.004 0.942 3.213 1.33E+03 1.629 1.154

Co 74.337 75.160 77.887 71.880 74.105 70.960 74.295 78.285 74.268 76.455 74.003 73.910 72.907 0.066 41.20 0.019 0.048 0.274 52.00 0.072 0.060

Ni 1.53E+02 1.53E+02 1.82E+02 1.61E+02 1.74E+02 1.61E+02 1.68E+02 1.78E+02 1.65E+02 1.77E+02 1.68E+02 1.60E+02 1.53E+02 0.217 1.12E+02 0.007 0.293 1.133 1.75E+02 0.713 0.355

Cu 3.265 2.659 5.352 4.467 3.867 3.343 2.684 3.738 2.943 3.394 3.820 3.155 3.365 0.189 87.90 0.001 0.265 0.780 119.00 0.292 0.329

Zn 5.287 5.474 5.101 38.220 4.815 3.691 6.296 5.433 4.251 5.739 5.348 5.078 5.219 0.349 110.00 0.020 0.950 0.693 78.00 0.300 1.157

Ga 1.888 1.942 2.547 1.957 2.207 1.694 2.056 2.193 1.833 2.025 2.318 1.841 1.803 0.054 20.00 0.003 0.186 0.125 15.00 0.074 0.233

Ge 0.318 0.274 0.246 0.454 0.467 0.245 0.492 0.313 0.349 0.380 0.292 0.328 0.395 0.025 1.30 0.007 0.438 0.039 1.20 0.552 0.492

Rb 0.195 0.280 0.212 0.146 0.210 0.105 0.139 0.171 0.132 0.235 0.214 0.241 0.203 0.022 8.70 0.009 0.028 0.007 0.20 0.410 0.026

Sr 26.180 32.210 27.653 24.225 25.285 25.165 23.830 27.930 25.515 25.950 25.955 26.175 25.580 0.596 356.00 0.002 0.021 0.333 109.00 0.794 0.026

Y 8.320 9.625 8.235 7.409 8.014 8.030 7.071 8.157 8.375 8.417 8.222 8.241 8.311 0.046 25.40 0.004 0.026 0.049 14.30 2.714 0.032

Zr 19.520 26.230 18.917 17.945 18.815 19.445 14.260 19.060 20.168 19.920 19.413 19.835 20.043 0.280 152.00 0.006 0.020 0.072 14.00 0.765 0.025

Nb 1.477 2.002 1.474 1.334 1.397 1.413 1.179 1.558 1.364 1.309 1.438 1.523 1.479 0.027 15.00 0.013 0.015 0.007 0.52 0.378 0.018

Mo 0.135 0.156 0.168 0.279 0.084 0.030 0.151 0.339 0.348 0.414 0.118 0.144 0.167 0.041 3.60 0.031 0.105 0.022 0.08 0.684 0.058

Sn 0.435 0.458 0.331 0.318 0.302 0.370 0.362 0.386 0.292 0.722 0.315 0.402 0.379 0.016 1.54 0.008 0.038 0.018 2.30 8.949 0.109

Sb 0.021 0.020 0.006 0.066 0.013 0.011 0.041 0.067 0.073 0.086 0.010 0.012 0.062 0.009 0.14 0.010 0.032 0.019 0.56 0.829 0.048

Cs 0.009 0.015 0.006 0.021 0.005 0.007 0.006 0.010 0.030 0.058 0.011 0.008 0.010 0.005 0.12 0.012 0.004 0.001 0.01 0.250 0.006

Ba 16.103 22.777 16.147 14.135 15.115 14.685 11.220 15.615 15.078 14.245 15.265 16.470 17.493 0.248 123.00 0.008 0.053 0.054 6.50 0.257 0.064

La 1.208 1.700 1.173 1.018 1.112 1.147 0.785 1.118 1.117 1.096 1.165 1.319 1.326 0.027 13.10 0.002 0.006 0.005 0.61 0.235 0.008

Ce 3.467 4.650 3.216 2.828 3.079 3.177 2.230 3.082 3.362 3.215 3.313 3.564 3.606 0.067 32.90 0.001 0.010 0.012 1.89 0.524 0.012

Pr 0.501 0.662 0.456 0.409 0.448 0.456 0.339 0.484 0.381 0.432 0.449 0.540 0.529 0.014 4.60 0.003 0.004 0.003 0.37 0.172 0.006

Nd 2.413 3.276 2.348 2.160 2.092 2.026 1.681 2.219 1.755 1.846 2.190 2.528 2.517 0.053 21.70 0.011 0.027 0.019 2.37 0.159 0.034

Sm 0.800 1.052 0.724 0.557 0.627 0.730 0.643 0.755 0.533 0.746 0.716 0.773 0.848 0.025 5.55 0.013 0.049 0.012 1.09 0.164 0.063

Eu 0.258 0.323 0.242 0.203 0.184 0.188 0.202 0.236 0.186 0.184 0.227 0.251 0.234 0.010 1.92 0.004 0.010 0.006 0.52 0.050 0.013

Gd 1.139 1.442 1.073 0.956 0.937 0.944 0.811 0.899 0.652 0.583 1.064 1.262 1.166 0.021 5.92 0.003 0.035 0.019 1.85 0.009 0.046

Tb 0.212 0.262 0.197 0.180 0.172 0.182 0.146 0.184 0.150 0.123 0.197 0.225 0.233 0.007 0.89 0.004 0.003 0.004 0.35 0.063 0.004

Dy 1.462 1.856 1.599 1.277 1.293 1.313 1.149 1.360 1.126 1.119 1.344 1.692 1.647 0.020 5.22 0.009 0.024 0.024 2.55 0.019 0.031

Ho 0.328 0.409 0.314 0.290 0.294 0.298 0.249 0.280 0.244 0.247 0.309 0.351 0.341 0.007 0.96 0.010 0.005 0.007 0.56 0.025 0.006

Er 1.117 1.295 0.974 0.768 0.709 0.911 0.680 0.931 0.605 0.643 0.864 1.036 1.153 0.014 2.54 0.032 0.028 0.019 1.70 0.048 0.037

Tm 0.146 0.170 0.120 0.106 0.111 0.122 0.107 0.128 0.101 0.111 0.129 0.145 0.165 0.005 0.33 0.004 0.005 0.004 0.24 0.148 0.008

Yb 1.091 1.278 1.017 0.914 0.888 0.903 0.741 0.900 0.817 1.297 0.904 1.110 1.233 0.016 2.10 0.013 0.035 0.018 1.64 0.419 0.044

Lu 0.175 0.189 0.101 0.123 0.117 0.149 0.133 0.131 0.119 0.170 0.128 0.148 0.161 0.005 0.29 0.005 0.005 0.005 0.25 0.200 0.007

Hf 0.558 0.826 0.548 0.496 0.472 0.446 0.389 0.523 0.341 0.453 0.504 0.571 0.596 0.015 3.93 0.018 0.015 0.008 0.57 0.083 0.019

Ta 0.093 0.120 0.073 0.066 0.071 0.074 0.071 0.078 0.061 0.105 0.073 0.087 0.095 0.009 0.96 0.000 0.008 0.002 0.04 0.269 0.009

W 0.031 0.042 0.028 0.040 0.033 0.033 0.028 0.031 0.124 0.142 0.042 0.045 0.037 0.009 0.37 0.002 0.013 0.005 0.01 0.248 0.012

Pb 0.157 0.191 0.115 0.285 0.182 0.332 0.128 0.143 0.245 0.211 0.100 0.094 0.392 0.014 2.07 0.012 0.040 0.040 3.70 0.064 0.050

Th 0.188 0.283 0.163 0.153 0.157 0.173 0.103 0.149 0.133 0.142 0.168 0.211 0.224 0.009 1.03 0.006 0.009 0.003 0.03 0.275 0.012

U 0.046 0.065 0.032 0.060 0.044 0.035 0.031 0.039 0.078 0.080 0.047 0.053 0.055 0.007 0.55 0.003 0.009 0.001 0.02 0.352 0.016

n=137 n=64

KL2G BIR-1

S6B11*S6B9*S3B6* S4B1* S5B2* S6B7*S6B8 S6B10 S1B5* S3B1* S3B2* S3B3* S3B5*ID
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Figure 2.A1. Sample 15421,67 Harker diagrams (CaO, Na2O, K2O, P2O5, and SO2 (wt.%) and Ni (ppm)) with 1 kbar and 20 kbar anhydrous 

equilibrium crystallization MELTS models (as described in Section 2.5.1 and Table 2.1). 



99 

2.9 References 

Arndt J., Engelhardt W. V., Gonzalez-Cabeza I. and Meier B. (1984) Formation of Apollo 15 green 

glass beads. J. Geophys. Res. 89, C225-C232. 

Bailey N. G. and Ulrich G. E. (1975) Apollo 15 Voice Transcript Pertaining to the Geology of the 

Landing Site. USGS-GD-74-029, 117-139. 

Ballhaus C., and Frost R. B. (1994) The generation of oxidized CO2-bearing basaltic melts  from 

reduced CH4-bearing upper mantle sources: Geochim. Cosmochim. Acta 58, 4931–4940, 

doi:10.1016/0016-7037(94)90222-4. 

Barr, J. A. and Grove, T. L. (2013) Experimental petrology of the Apollo 15 group A green glasses: 

Melting primordial lunar mantle and magma ocean cumulate assimilation. Geochim. Cosmochim. 

Acta 106, 216-230. 

Basu A., McKay D.S., Moore C.H. and Shaffer N.R., (1979) A note on the Apollo 15 green glass 

vitrophyres. Proc. 10th Lunar Planet. Sci. Conf., 301310. 

Brown S. M. and Grove T. L. (2015) Origin of the Apollo 14, 15, and 17 yellow ultramafic glasses 

by mixing of deep cumulate remelts. Geochim. Cosmochim. Acta 171, 201–215. 

Butler P., ed. (1971) Lunar Sample Information Catalog: Apollo 15, MSC 03209, 1-302. 

Canup R. M. and Asphaug E. (2001) Origin of the Moon in a giant impact near the end of the 

Earth's formation. Nature 412, 708-712. 

Cooper B. L., Thaisen K., Chang B. C., Lee T. S. and McKay D. S. (2015) Disintegration of Apollo 

lunar soil. Nat. Geo. 8, 657-658. 

Delano J. W. (1979) Apollo 15 green glass: Chemistry and possible origin. Proc. 10th Lunar Planet. 

Sci. Conf., 275-300. 

Delano J. W. (1980) Chemistry and liquidus phase relations of Apollo 15 red glass: implications 

for the deep lunar interior. Proc. Lunar Planet. Sci. Conf. 11, 251–288. 

Delano J. W. and Livi K. (1981) Lunar volcanic glass and their constraints on mare petrogenesis. 

Geochim. Cosmochim. Acta 45, 2137-2149. 

Delano J.W. (1986) Pristine lunar glasses: Criteria, data and implications. J. Geophys. Res. 91 (B4), 

201-213. 

Devine J. M., McKay D. S. and Papike J. J. (1982) Lunar Regolith: Petrology of the <10µm fraction. 

J. Geophys. Res. 87, A260-A268. 

http://www.sciencedirect.com/science/journal/00167037/106/supp/C


100 

Donaldson C. H. (1976) An experimental investigation of olivine morphology. Contrib. to Mineral 

Petrology 57, 187–213. 

Dygert N., Liang Y., and Hess P. (2013) The importance of melt TiO2 in affecting major and trace 

element partitioning between Fe–Ti oxides and lunar picritic glass melts. Geochim. Cosmochim. 

Acta 106, 134–151. 

Elkins L. T., Fernandes, V. A., Delano, J. W. and Grove T. L. (2000) Origin of lunar ultramafic 

green glasses: Constraints from phase equilibrium studies. Geochem. Geophys. Geosyst. 64 (13), 

2339-2350. 

Elkins-Tanton L. T. Chatterjee N. and Grove T. L. (2003) Experimental and petrological 

constraints on lunar differentiation from the Apollo 15 green picritic glasses. Meteor. Planet. Sci. 

38 (4), 515–527. 

Elkins-Tanton L. T. Chatterjee N. and Grove T. L. 2003 Magmatic processes that produced lunar 

fire fountains. Geophys. Res. Lett. 30 (10), 1513, doi:10.1029/2003GL017082, 2003. 

Elkins-Tanton L. T., Burgess S. and Yin Q-Z. (2011) The lunar magma ocean: reconciling the 

solidification process with lunar petrology and geochronology. Earth Planet. Sci. Lett. 304, 326–

336, doi:10.1016/j.epsl.2011.02.004. 

Elkins-Tanton L. T. and Grove T. L. (2011) Water (hydrogen) in the lunar mantle: Results from 

petrology and magma ocean modeling. Earth Planet Sci. Lett. 307, 173-179. 

Elkins-Tanton L. T. and Bercovici D. (2014) Contraction or expansion of the Moon’s crust during 

magma ocean freezing? Phil Trans Royal Soc. A372, 20130240. 

http://dx.doi.org/10.1098/rsta.2013.0240. 

Fraue, F., Trolliard, G., Nicollet C. and Montel J-M. (2003) A developmental model of olivine 

morphology as a function of the cooing rate and the degree of undercooling. Contrib. Mineral 

Petrol. 145, 251-263.  

Faure, F., Schiano, P., Trolliard, G., Nicollet, C. and Soulestin, B. (2007), Textural evolution of 

polyhedral olivine experiencing rapid cooling rates. Contrib. Mineral Petrology 153, 405–416.  

Galbreath K. C., Shearer C. K., Papike J. J. and Shimizu N. (1990) Inter- and intra-group 

compositional variations in Apollo 15 pyroclastic green glass: An electron- and ion-microprobe 

study. Geochim. Cosmochim. Acta 54, 2565–2575. 

Gao S. and Wedepohl K. H. (1995) The negative Eu anomaly in Archean sedimentary rocks: 

Implications for decomposition, age and importance of their granitic sources. Earth and Plane. Sci. 

Lett. 133, 81-94. 

Grove T. L., (1981) Compositional variations among Apollo 15 green glass spheres. Proc. Lunar 

Planet. Sci. 12B, 935-948. 



101 

Ghiorso M. S., Hirschmann M. M., Reiners P. W., and Kress, V. C. III (2002) The pMELTS: A 

revision of MELTS aimed at improving calculation of phase relations and major element 

partitioning involved in partial melting of the mantle at pressures up to 3 GPa. Geochem. Geophys. 

Geosyst. 3 (5), 10.1029/2001GC000217. 

Ghiorso M. S. and Gualda G. A. R. (2015) An H2O - CO2 mixed fluid saturation model 

compatible with rhyolite-MELTS. Cont. Mineral. Pet. doi:10.1007/s00410-015-1141-8. 

Green D. H. and Ringwood A. E. (1972) Significance of Apollo 15 mare basalts and “primitive” 

green glasses in lunar petrogenesis. In The Apollo IS Lunar Samples (eds. J. W. Chamberlain and 

C. Watkins), 82-84. Lunar Sci. Inst., Houston. 

Greenwood R. C., Barrat J-A., Miller M. F., Anand M., Dauphas N., Franchi I. A., Sillard P. and 

Starkey N. A. (2018) Oxygen isotopic evidence for accretion of Earth’s water before a high-energy 

Moon-forming giant impact. Sci. Adv. 4 (3), 1-8, DOI: 10.1126/sciadv.aao5928. 

Gros J., Takahashi H., Hertogen J., Morgan J. W. and Anders E. (1976) Composition of the 

projectiles that bombarded the lunar highlands. Proc. 7th Lunar Sci. Conf., 2403-2425. 

Grove T. L. (1981) Compositional variations among Apollo 15 green glass spheres. Proc. Lunar 

Plan. Sci. 12B, 935-948. 

Gualda G. A. R., Ghiorso M. S., Lemons R. V., Carley T. L. (2012) Rhyolite-MELTS: A modified 

calibration of MELTS optimized for silica-rich, fluid-bearing magmatic systems. J. of Petrology 53, 

875-890. 

Hauri E. H., Saal A. E., Rutherford M. J. and Van Orman J. A. (2015) Water in the Moon’s interior: 

Truth and consequences. Earth and Planet. Sci. Lett. 409, 252–264. 

Hartmann W. K., and Davis D. R. (1975) Satellite-sized planetesimals and lunar origin, Icarus 24 

(4), 504-515, doi:10.1016/0019-1035(75)90070-6. 

Helmke P. A., Blanchard D. P., Haskin L. A., Telander K., Weiss C. and Jacobs J. W. (1973) Major 

and trace elements in igneous rocks from Apollo 15. The Moon 8, 129-148. 

Hughes S. S., Delano J. W. and Schmitt R.A. (1988) Apollo 15 yellow-brown volcanic glass: 

Chemistry and petrogenetic relations to green volcanic glass and olivine-normative basalts. 

Geochim. Cosmochim. Acta 52, 2379-2391. 

Huneke J. C., Podesek F. A. and Wasserburg G. J. (1973) An argon bouillabaisse including ages 

from the Lunar 20 site (abs). Lunar Science IV, 403-405. 

Husain L. (1972) 40Ar-39Ar and cosmic ray exposure ages of the Apollo 15 samples. J. Geophys. Res. 

79, 2588-2606. 



102 

Krawczynski, M. J. and Grove, T. L. (2012) Experimental investigation of the influence of oxygen 

fugacity on the source depths for high titanium lunar ultramafic magmas. Geochim. Cosmochim. 

Acta 79, 1–19. 

Leitzke F. P., Fonseca R. O. C., Michely L. T., Sprung P., Münker C., Heuser A. and Blanchard H. 

(2016) The effect of titanium on the partitioning behavior of high-field strength elements between 

silicates, oxides and lunar basaltic melts with applications to the origin of mare basalts. Chemical 

Geology 440, 219–238. 

Lin Y., Tronche E. J., Steenstra E. S. and Westrenen W-v. (2017)  Experimental constraints on the 

solidification of a nominally dry lunar magma ocean. Earth and Planet. Sci. Lett. 471, 104-116. 

Lock S. J., Stewart S. T., Pataev M. I., Leinhardt Z. M., Mace M. T., Jacobsen S. B. and Cuk M. 

(2018 in press) The origin of the Moon within a terrestrial synestia. J. Geophys. Res. 

10.1002/2017JE005333. 

Lodders K. (2003) Solar system abundances and condensation temperatures of the elements. 

Astrophys. J. 591, 1220–1247. 

Longhi J. (1992) Experimental petrology and petrogenesis of mare volcanics. Geochem. Cosmochim. 

Acta 56, 2375–2386, doi:10.1016/0016-7037(92)90186-M. 

Longhi J. (2006) Petrogenesis of picritic mare magmas: Constraints on the extent of early lunar 

differentiation. Geochim. Cosmochim. Acta 70, 5919–5934. 

Lunar Sample Preliminary Examination Team (LSPET) (1972) The Apollo 15 Lunar Samples: A 

Preliminary Description. Science 175 (4020), 363-375. 

Lunar Reconnaissance Orbiter, Arizona State University, http://www.lroc.asu.edu. 

Ma M. S., Liu Y. G. and Schmitt R. A. (1981) A chemical study of individual green glasses and 

brown glasses from 15426: Implications for their petrogenesis. Proc. Lunar Planet. Sci. Conf. 128, 

915-933. 

McDonough W. F. and Sun S. S. (1995) The composition of the Earth. Chemical Geology 120, 223-

253. 

McKay D. S., Clanton U. S. and Ladle G. (1973) Scanning electron microscope study of Apollo 15 

green glass. Geochim. Cosmochim. Acta 1, 225-238. 

Meyer C. (2004) Lunar sample compendium: 15425-15427 and 15365-15377 Green Glass Clods. 

NASA Johnson Space Center curatorial facility, 

https://www.lpi.usra.edu/lunar/samples/atlas/compendium/15425.pdf. 

Meyer, C. (2010) Lunar sample compendium: 15410 and 15420 Soils. NASA Johnson Space Center 

curatorial facility, https://www.lpi.usra.edu/lunar/samples/atlas/compendium/15420.pdf. 



103 

Meyer C. (2012) Lunar Sample Compendium (15410 and 15420 soils, 15425-15427-15365-15377 

Green Glass Clods) NASA Johnson Space Center curatorial facility. 

Meyer C. Jr., McKay D. S, Anderson D. H. and Butler P. Jr. (1975) The source of sublimates on the 

Apollo 15 green and Apollo 17 orange glass samples. Proc. 6th Lunar. Sci. Conf., 1673-1699. 

Murali A. V., Ma M. S., Laul J. C. and Schmitt R. A. (1977) Chemical composition of breccias, 

feldspathic basalt and anorthosites from Apollo 15 (15308, 15359,15382, and 15362), Apollo 16 

(60618 and 65785), Apollo 17 (72434, 72536, 72559, 72735, 72738, 78526, and 78527) and Luna 20 

(22012 and 22013) (abs). Lunar Science VIII, 700-702. Lunar Planetary Institute, Houston. 

Nagle J.S. (1981) Apollo 15 green glass: a mare margin deposit. Lunar Planet. Sci. XII, 750-752. 

Nakajima M. and Stevenson D. J. (2018) Inefficient volatile loss from the Moon-forming disk: 

Reconciling the giant impact hypothesis and a wet Moon. Earth Planet. Sci. Lett. 487, 117-126. 

Naney M. T., Crowl D. M. and Papike J. J. (1976) The Apollo 16 drill core: Statistical analysis of 

glass chemistry and the characterization of a high alumina-silica poor (HASP) glass. Proc. 7th 

Lunar Sci. Conf. 155–184. 

Neal C. R. and Taylor L. A. (1992) Petrogenesis of mare basalts: a record of lunar volcanism. 

Geochim. Cosmochim. Acta 56 (6), 2177–2211. 

Neal C R. (2001) Interior of the Moon: The presence of garnet in the primitive deep lunar mantle. 

J. Geophys Res. 106 (E11), 27865-27885. 

Neal C. R. and Kramer G. Y. (2003) The composition of KREEP: A detailed study of KREEP basalt 

15386 (abs#1665). Lunar Planetetary Science XXXIV, Lunar Planetary Institute, Houston. 

Papike J. J., Ryder G., Shearer C. K. (1998) Lunar samples. In Planetary Materials, vol. 36 of 

Reviews in Mineralogy. Mineralogical Society of America, 1015 Eighteenth St., NW, Suite 601, 

Washington, DC 20036, E1–E234. 

Podosek., F. A. and Huneke., J. C. (1973) Argon in Apollo 15 green glass spherules (15426): 40Ar-
39Ar age and trapped argon. Earth Planet. Sci. Lett. 19, 413-421. 

Reid A. M., Warner J., Ridley W. I. and Brown R. W. (1972) Major element composition of glass in 

three Apollo 15 soils. Meteoritics and Planet. Sci. 7 (3), 395-415. 

Rhodes J. M. and Hubbard N. J. (1973) Chemistry, classification, and petrogenesis of Apollo 15 

mare basalts. Proc. 4th Lunar Sci. Conf., 1127-1148. 

Ridley W. I., Reid A. M., Warner, J. L. and Brown R. W. (1973) Apollo 15 Green Glasses. Physics of 

the Earth and Planetary Interiors 7, 133—136. 



104 

Rutherford M. J. and Papale P. (2009) Origin of basalt fire-fountain eruptions on Earth versus the 

Moon. Geology 37, 219-222, doi: 10.1130/G25402A.1. 

Rutherford M. J., Head J. W., Saal A. E., Hauri E. and Wilson L. (2017) Model for the origin, 

ascent, and eruption of lunar picritic magmas. Am. Miner. 102, 2045–2053. 

Ryder G. (1985) Catalog of Apollo 15 rocks: Part 2. 15306-15468. Curatorial Branch Publication 72, 

JSC 20787, pp. 632-672. 

Ryder, G and Schuraytz B. C. (2001) Chemical variation of the large Apollo 15 olivine-normative 

mare basalt rock samples J. Geophys. Res. 106 (E1), 1435-1451. 

Saal A. E. (2013) Hydrogen isotopes in lunar volcanic glasses and melt inclusions reveal a 

carbonaceous chondrite heritage. Science 340, 1317, doi:10.1126/science.1235142. 

Sakai R., Nagahara H., Ozawa K. and Tachibana S. (2014) Composition of the lunar magma ocean 

constrained by the conditions for the crust formation. Icarus 229, 45-56. 

Sato M., (1976) Oxygen fugacity and other thermochemical parameters of Apollo 17 high-Ti 

basalts and their implications on the reduction mechanism. Proc. 7th Lunar Planet. Sci. Conf., 1323–

1344. 

Shearer C. K. and Papike J. J. (1990) Ion microprobe studies of trace elements in Apollo 14 

volcanic glass beads: Comparisons to Apollo 14 mare basalts and petrogenesis of picritic 

magmas. Geochim. Cosmochim. Acta 54, 851-867. 

Shearer C. K. and Papike J. J. (1989) Is plagioclase removal responsible for the negative Eu 

anomaly in the source regions of mare basalts. Geochim. Cosmochim. Acta 53, 3331-3336. 

Shearer C. K. and Papike J. J. (1993) Origin of the Apollo 15 Very Low TI Green Glass. A 

Perspective from the Compositional Diversity in the Very Low TI Glasses. Abs 24th Lunar Planet. 

Sci. Conf., 1287. 

Shearer C. K. and Papike J. J. (1993) Basaltic magmatism on the Moon: A perspective from 

volcanic picritic glass beads. Geochim. Cosmochim. Acta 57, 4785-4812. 

Shearer C. K., Layne G. D. and Papike J. J. (1994) The systematics of light lithophile elements (Li, 

Be, and B) in lunar picritic glasses: Implications for basaltic magmatism on the Moon and the 

origin of the Moon. Geochim. Cosmochim. Acta 58 (23), 5349-5362. 

Snyder G. A., Taylor L. A. and Neal C. R. (1992) chemical model for generating the sources of 

mare basalts: Combined equilibrium and fractional crystallization of the lunar magmasphere. 

Geochim. Cosmochim. Acta 56, 3809-3823. 

Spangler R. R., Warasila R. and Delano J. W. (1984) 39Ar-40Ar Ages for the Apollo 15 green and 

yellow volcanic glasses. J. Geophys. Res. 89, B487-B497. 



105 

Steele, A. M. (1992) Apollo 15 green glass: Relationships between texture and composition. Proc. 

22nd Lunar Planet. Sci. Conf., 329-341. 

Steele A. M., Colson R. O., Korotev R. L. and Haskin L. A. (1992) Apollo 15 green glass: 

Compositional distributions and petrogenesis. Geochim. Cosmochim. Acta 56, 4075-4090. 

Sun C., Graff M. and Liang Y. (2017) Trace element partitioning between plagioclase and silicate 

melt: The importance of temperature and plagioclase composition, with implications for 

terrestrial and lunar magmatism. Geochim. Cosmochim. Acta 206, 273–295. 

Swann G. A., Hait M. H., Schaber G. G., Freeman V. L., Ulrich G. E., Wolfe E. W., Reed V. S. and 

Sutton R. L. (1971) Preliminary description of Apollo 15 sample environments. USGS Interagency 

Report 36, 1-252. 

Taylor S. R. and Bence A. E. (1975) Evolution of the lunar highland crust. Proc. 6th Lunar Planet. 

Sci. Conf., 1121–1141. 

Taylor S. R. and McLennan S. M. (1985) The Continental Crust: Its Composition and Evolution. 

Blackwell. Oxford, 312. 

Tsuchiyama A., Osada, Y. Nakano T. and Uesugi K. (2004) Experimental reproduction of classic 

barred olivine chondrules: Open-system behavior of chondrule formation. Geochim. Cosmochim. 

Acta 68 (3), 653-672. 

Wänke H. and Dreibus G. (1982) Chemical composition and isotopic evidence for the early 

history of the Earth-Moon system. In Tidal friction and the Earth’s rotation II (eds. P. Brosche and 

J. Sundermann). Springer-Verlag, Berlin, 322–344. 

Wieczorek M. A., Neumann G. A., Nimmo F, Kiefer W. S., Taylor G. J., Melosh H. J., Phillips R. J., 

Solomon S. C., Andrews-Hanna J. C., Asmar S. W., Konopliv A. S., Lemoine F. G., Smith D. E., 

Watkins M. M., Williams J. G. and Zuber M. T. (2013) The crust of the Moon as seen by GRAIL, 

Science 339, 671-675, doi:10.1126/science.1231530. 

Xu Y., Zhu D., and Wang S. (2014) Constraints on volatile concentrations of pre-eruptive lunar 

magma. Physics Earth Planet. Int. 229, 55–60. 

  



106 

 

 

 

 

 

 

 

 

 

Chapter 3:  Olivine Crystallization and 

Cooling within 15421,67 Glasses 
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3.1 Introduction 

Samples returned to Earth by the Apollo program surface missions have been continuously 

analyzed and scrutinized for over 40 years. As our tools and techniques incrementally improve, 

there is a need to revisit these precious materials to review historical conclusions or glean new 

insight into geological and physical processes surrounding the evolution of the Moon, Earth, and 

solar system. Increased understanding will also help demonstrate their potential usefulness as 

resources in lunar exploration. Lunar crystal-bearing glasses have been observed and analyzed 

by few authors since their return from the moon (Basu et al, 1979, and references therein), and 

crystal growth characteristics have been experimentally examined by a larger set of authors 

(Donaldson, 1975, 1976; Basu et al., 1979; Arndt et al., 1984; Faure, 2003, 2007). 

This study examines glass samples attained from the Apollo 15 second EVA at shorty crater in 

the Tauris Litrow valley. The age of the regolith and glasses at this site have been shown to be 

between 3.41 +/-0.12 and 3.35 +/- 0.18 Ga (Spangler et al., 1984) and are assumed to be derived 

from lunar fire-fountain volcanic eruptions (Huneke et al., 1973; Rutherford and Papale, 2009, 

and references therein). Lunar glasses, specifically, determined to be of volcanic origin are 

considered to provide a pristine window into the near mantle regions of the Moon (Delano, 

1979). Crystals found in sample 15421,67 glasses are an important indicators of cooling rates and 

compositional variations between various magmatic sources. Only olivine crystals have been 

found in these glasses (23 out of 53 in total for all varieties of the green glass; 4 out of 6 for the 

orange glass). Five varieties of green glass and two orange glass have been identified to contain 

repeated crystal textures and vitrophyric morphologies. The orange glasses referenced herein 

have historically been labeled as yellow or brown (Brown and Grove, 2015 and references 
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therein), mostly a categorization based on chemistry and believed to be in need of revision by this 

author.  

Historically, there have been several overlapping or competing nomenclatures used to describe 

lunar olivine crystal morphologies, and currently no single definitive source encompasses the 

observations in 15421,67. Donaldson (1976) described 10 experimental categories of crystalline 

olivine morphology, including polyhedral, granular, hopper, chain, lattice, plate, branching, 

radiate, feather, and swallow-tail. Arndt (1984) describe three observed categories in regards to 

the Apollo 15 green glasses specifically, which relate to Donaldson’s previous categorizations. 

These include the lattice and polyhedral and an additional “fibre” olivine convention. 

Tsuchiyama et al. (2004) provide insight into the barred olivine texture in relation to silicate 

chondrules replicate experiments. Additional morphological descriptive terms include subequant 

and non-equant, euhedral and skeletal, tabular, acicular and bladed, dendrites and fibres. The 

importance of developing and understanding the previous morphological categorizations, 

espoused by Donaldson (1976) and others, is that crystal morphologies serve as indicators of 

cooling rate independent of melt composition. Each shape is stable through a specific range of 

temperatures. The following systematic list of olivine shapes bear a close resemblance to those of 

the 15421,67 olivines, and were experimentally determined to occur given an increase in the 

amount of supercooling or an increased rate of cooling: linked parallel-growth -> crystallographic 

branching -> randomly oriented chain -> parallel growth chain -> lattice -> plate or feather. 

Donaldson (1976) reported three other shape and pattern variations, all closely replicate but with 

slightly different starting patterns. Other variables which additively affect crystal shape are 

degree of supercooling (or undercooling; ΔT), melt viscosity, crystal growth rate, and ion 

diffusion rates. It is also important to remember the three-dimensional nature of crystal forms 
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when using two dimensional imagery. This paper provides a review of the crystal morphologies 

found in 59 beads from aliquot 15421,67. 

3.2 Methods and instrumentation 

Optical imagery was acquired with a Nikon LV100-POL microscope, while chemical qualitative 

and quantitate analysis were acquired using the following instruments and methods: 

 Field emission scanning electron microscopy (FESEM): Qualitative major element 

mineral compositional data were acquired on each glass bead and regolith fragment 

using a JEOL JSM6330F FESEM at the University of Houston Texas Center for 

Superconductivity (TcSUH). This included Back-scattered electrons (BSE), secondary 

electron imaging (SEI) and energy-dispersive X-ray spectroscopy (EDS) for imagery, 

exploration and mapping. This instrument was outfitted with an EDAX energy 

dispersive X-ray micro-analyzer system using TEAM software and operated at a 15 keV 

accelerating voltage and 12 µA beam current. 

 Electron probe micro analysis (EPMA): Initial compositional analysis of the 15421,67 

glasses and minerals was determined by EPMA using the JEOL JXA-8600 Superprobe at 

the University of Houston Texas Center for Superconductivity (TcSUH). This probe is 

equipped with four WDS detectors. Between four and fourteen replicate analysis were 

performed on each bead in order to attain sufficient analytical precision. Analytical 

conditions included an acceleration voltage of 15 kV, beam current of 30 nA, a 2-10 µm 

beam size (for mineral and quenched phases) and counting times of 100 s on peak and 50 

s on each lower and upper background, respectively. Longer counting times were used 

for K and Na in order to improve the detection limit of these elements. Primary and 

secondary standards included Smithsonian Institute and ASTIMEX synthetic and natural 
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glasses and natural mineral standards. Elements and standards analyzed were Na 

(Albite), Si and Mg (Marjahlati olivine), Ca and Al (Sitkin Anorthite), K (Sanidine), Ti 

(Ilmenite), Fe (Springwater Olivine), Cr (Tiebaghi Chromite), Mn (Rhodonite 39), Ni 

(Nickel Silicide 52 and Doped Diopside). Data were analyzed on-line by Geller software 

using a Heinrich correction procedure. 

 Electron probe micro analysis (EPMA): The compositional analysis of the glasses and 

minerals were replicated and the data set augmented using Rice University’s JEOL 

JXA8530F Hyperprobe, equipped with a field emission assisted thermo-ionic (Schottky) 

emitter, and five WDS detectors. Three to five analysis were acquired on each sample to 

insure reproducibility and measurement accuracy. Analytical conditions included an 

acceleration voltage 15 kV, beam current of 50 nA, a 20 µm beam size and counting times 

of 10 s on peak and 5 s on each lower and upper background, respectively. Longer 

counting times were used for S and P in order to improve the detection limit of these 

elements. Primary and secondary standards included Smithsonian Institute synthetic and 

natural glasses and SPI Supply natural mineral standards. ZAF matrix correction was 

employed for quantification. Elements and standards analyzed were Na 

(Glass_5_Reference_A_NMNH-117218-4), Si and S (Glass_6_Reference_B_NMNH-

117218-1), Ca (Glass_3_Basalt_NMNH-113716-1), K and P 

(Glass_8_Reference_D_NMNH-117218-3), Ti (Rutile SPI), Fe and Mg 

(Glass_3_Basalt_NMNH-113716-1), Cr (Chromite_SPI), Mn (Rhodonite_SPI), Ni 

(Pentlandite_SPI), Al (Glass_10_IR-W_NMNH_117084). Sample analysis reproducibility 

and measurement accuracy was verified using the average instrument standard 

deviation, 1σ, and the average detection limit of each standard. Fine-grained lattice 

masses of quench crystals were measured using a 30 µm defocused beam, while 
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acquiring 10 analyses, allowing for the determination of the average compositions of 

glass liquids similar to the well-quenched liquids. 

3.3 15421,67 crystal morphology overview and categorization 

Analysis of crystal morphology used both optical and BSE imagery. All the crystal forms in these 

glass samples are olivine, a mineral often exhibiting solid solution end-members (e.g., Forsterite 

Mg2SiO4 to Fayalite Fe2SiO4), and which constitutes an isomorphous group of orthosilicate 

minerals. Independent silicate tetrahedra, in a layer parallel to the c axis or (001), point 

alternately up and down along linked alternating bands of edge-sharing MO6 octahedra (M = 

Metal atom) that extend along the c axis. These metal cations occupy two different lattice 

positions, M1 and M2, which commonly accommodate different combinations of certain cations 

(i.e. M1 = Mg, Fe, Ni, Cr and M2 = Ca, Mn, Mg, Fe, Ni, Cr). Glass beads in 15421,67 range from 

completely clear of crystal interactions or inclusions to optically opaque as a result of fine scale 

devitrification. The following list provides a reference frame for understanding the variety and 

differences in the crystal categories observed in the 15421,67 sample: 

1) Green Glasses 

a. Vitric emerald green glass clear of identifiable crystal inclusion, 

b. Welded/agglomerated glass being a combination of two or more clear and 

vitrophyric (opaque) beads with common crystal growth fronts, 

c. Internal crystals in individual glass beads, partially opaque crystal structures, 

which are not always visible in transmitted light, but seen in BSE imagery, 

d. Fully crystallized, fully opaque fine grained crystals, and potentially indications 

of crystal cooling transition fronts, 
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e. Long crystals with open glass (vitrophyric texture) in a partially opaque olivine 

green glass matrix, 

f. Brain glass – this very unique glass is the only of its kind, being filled with short, 

thick crystals of several varieties, 

2) Orange Glasses 

a. Large euhedral/polyhedral phenocrysts with dendritic growths, 

b. Internal skeletal crystals potentially nucleating around larger phenocrysts. 

Similar to many experimental exercises (Donaldson, 1976; Arndt et al., 1984; Faure et al., 2003; 

Tsuchiyama et al., 2004), the most common crystal forms in the 15421,67 emerald green glasses is 

feather or lattice and branching indicating very high or moderately high cooling rates (1890-1450, 

650-300 and 225 °C/hr, respectively) followed by chain and barred (200-80 and 1200-500 °C/hr, 

respectively). Lastly we see various dendritic formations and fully euhedral phenocrysts in the 

orange glass. There is a general anisotropy with respect to crystal growth directions with respect 

to bead surfaces except for the orange glass which frequently has inwardly developing structures. 

Where there are welded glasses, a highly defined crystal front/boarder between the welded glass 

surfaces suggest a predetermined crystallization geometry. 

One of the most common crystal habits is skeletal. This morphology is known to have euhedral to 

subhedral crystals containing crystallographically orientated gaps filled with glass. Skeletal 

morphologies are often called hopper crystals. Skeletal, dendrite, and parallel growth crystals 

form under large supercooling (degree of undercooling (ΔT)) and indicate disequilibrium within 

the melt and form by preferential growth of the corners of crystals, a diffusion controlled growth 

process. As crystals grow, the low-temperature elements not used are unable to diffuse far from 

the growing crystal surface into the liquid fast enough, becoming concentrated in a narrow zone 
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adjacent to the crystal interface. This effectively lowers the equilibrium freezing temperature (i.e. 

liquidus) near the crystal surface and creates a reduced degree of supersaturation at the 

crystallizing interface. Continued crystal growth is only possible in normal composition liquid 

farther away from the interface, and spike-like growths that protrude through the zone of 

supersaturation allows for further growth. This pattern often occurs in a box-like pattern (i.e. 

hopper olivines). Donaldson (1976) experimentally determined that the shape of olivine crystals 

vary systematically with degree of undercooling (ΔT) and range from tabular at small ΔT to 

skeletal to dendritic and finally to spherulitic (ΔT ~ 400 °C). 

3.4 Green glass with no observed crystal development 

In sample 15421,67 three categories of “emerald” green glass beads were observed, and only two 

contain crystal formations. A brief description and composition of these green, crystal free 

glasses, is provided for completeness and comparison purposes. Historically, the clear glasses 

have been the most studied with regards to geochemical analysis. Glasses were categorized as 

clear through the use of both optical microscopic inspection and BSE imagery analysis. These 

glasses generally have a smoother and geometrically pristine appearance (e.g., ovoid or spherical) 

and yet are often broken and fractured (i.e. glass shards or fragments). Figure 3.1 shows an 

example of microscopic imagery of near pristine glass beads without any identifiable crystal 

growth. BSE imagery corroborates optical observations, at least on the polished surface. Table 3.1 

provides the average EPMA chemical compositions for the clear glasses measured in 15421,67. 

The size range for these glasses were from 701 to 277 µm (longest axis measured). 
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Figure 3.1. Examples of clear vitric green glass (S1B3, S5B6 and S6B5). 

 

Table 3.1 Clear glass EPMA average compositional data (wt.%) 

 

ID SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 Total Mg#

S1B1 45.59 0.35 7.39 0.54 19.66 0.26 17.57 8.38 0.12 0.02 0.02 0.02 99.93 61.44
S1B2 45.53 0.37 7.60 0.55 19.18 0.25 17.76 8.11 0.11 0.02 0.01 0.05 99.57 62.27
S1B3 45.10 0.44 7.59 0.53 19.03 0.27 17.90 8.08 0.12 0.02 0.03 0.03 99.16 62.64
S1B4 45.14 0.37 7.30 0.53 19.76 0.26 17.46 8.34 0.09 0.02 0.03 0.03 99.32 61.16
S2B1 45.64 0.33 7.44 0.54 19.40 0.28 17.17 8.40 0.09 0.01 0.00 0.03 99.33 61.20
S2B5 46.32 0.40 7.74 0.54 18.58 0.26 16.67 8.58 0.13 0.03 0.01 0.04 99.27 61.53
S2B6 45.74 0.46 7.30 0.54 19.42 0.26 17.10 8.40 0.10 0.01 0.02 0.03 99.37 61.08
S5B1 45.93 0.36 7.63 0.56 18.89 0.28 16.64 8.72 0.11 0.03 0.03 0.03 99.19 61.09
S5B3 45.73 0.39 7.41 0.52 19.18 0.27 17.08 8.65 0.13 0.02 0.01 0.02 99.40 61.36
S5B4 45.59 0.37 7.44 0.57 19.47 0.25 16.85 8.46 0.09 0.02 0.01 0.03 99.14 60.66
S5B5 44.83 0.44 7.12 0.55 19.57 0.24 17.15 8.29 0.12 0.01 0.03 0.03 98.39 60.98
S5B6 45.25 0.42 7.09 0.58 19.90 0.29 17.22 8.04 0.12 0.01 0.03 0.04 98.99 60.66
S6B1 45.45 0.36 7.57 0.56 19.17 0.24 16.83 8.59 0.08 0.02 0.03 0.03 98.92 61.00
S6B2 45.14 0.36 7.59 0.52 19.17 0.26 16.76 8.55 0.08 0.01 0.03 0.03 98.52 60.91
S6B3 44.91 0.32 7.25 0.48 19.78 0.27 16.79 8.47 0.11 0.02 0.02 0.04 98.45 60.21
S6B4 45.26 0.40 7.18 0.55 19.86 0.28 16.95 8.29 0.14 0.02 0.05 0.03 99.01 60.34
S6B5 45.43 0.45 6.88 0.54 19.70 0.28 17.46 8.05 0.11 0.02 0.03 0.02 98.96 61.25
S6B6 45.13 0.46 7.19 0.54 19.57 0.30 17.00 8.42 0.12 0.01 0.04 0.04 98.81 60.77
S6B8 45.46 0.38 7.66 0.58 19.01 0.32 16.68 8.55 0.12 0.02 0.02 0.03 98.83 61.01
S6B10 45.04 0.44 7.26 0.55 19.36 0.26 17.94 7.87 0.12 0.03 0.03 0.04 98.99 62.29
S7B1 45.89 0.38 7.31 0.50 19.28 0.27 16.58 8.50 0.12 0.01 0.02 0.02 98.88 60.53
S7B2 45.48 0.44 7.10 0.54 19.35 0.25 16.97 8.26 0.14 0.02 0.03 0.03 98.62 60.98
S7B4 47.41 0.34 7.45 0.58 16.83 0.25 17.41 8.47 0.12 0.02 0.02 0.05 98.94 64.84
S7B5 45.83 0.40 7.52 0.52 19.27 0.28 16.60 8.51 0.10 0.02 0.02 0.01 99.07 60.56
S7B6 45.71 0.42 7.65 0.55 18.85 0.27 16.59 8.53 0.13 0.00 0.02 0.02 98.75 61.08
S7B7 45.52 0.38 7.54 0.53 18.81 0.28 16.51 8.48 0.08 0.02 0.03 0.02 98.18 61.00
S7B11 45.43 0.41 7.38 0.54 19.20 0.27 16.64 8.55 0.12 0.01 0.02 0.03 98.59 60.71
S7B12 45.11 0.46 6.92 0.53 19.82 0.27 16.99 8.29 0.15 0.01 0.04 0.04 98.62 60.44
S12B1 45.85 0.42 7.25 0.52 19.52 0.27 17.34 8.16 0.09 0.05 0.02 0.02 99.55 61.28
S12B2 46.06 0.38 7.66 0.52 18.96 0.30 16.93 8.43 0.13 0.03 0.02 0.04 99.52 61.41
S12B3 45.31 0.43 7.08 0.53 19.69 0.26 17.28 8.36 0.07 0.01 0.03 0.03 99.08 61.00
S12B8 45.59 0.37 7.25 0.53 19.75 0.24 16.82 8.40 0.13 0.02 0.03 0.02 99.16 60.29
S13B2 45.25 0.38 6.98 0.53 19.75 0.26 17.15 8.21 0.11 0.02 0.03 0.03 98.69 60.76
S13B6 45.16 0.40 6.96 0.52 19.53 0.28 17.20 8.15 0.11 0.01 0.02 0.03 98.38 61.09

Std Err 0.14 0.03 0.06 0.02 0.12 0.02 0.11 0.09 0.02 0.01 0.01 0.01 -- 0.19

Clear Glass
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3.5 Welded glass beads 

A few glass beads exhibiting idealized geometric solid shapes, i.e. ovoid or spherical, stand out 

because they have attached nodules. These green glass beads are assumed to have formed within 

a volcanic fire fountain eruption and expelled out into a gas vapor cloud (not vacuum) where 

they are presumed to have made contact and stuck together (hereafter described as welded) in 

flight (McKay and Clanton, 1973). The predominant crystal type is lattice and feather (Donaldson, 

1976; Arndt et al., 1984), but may transition to a more fibre morphology inside the companion 

glass, but neither exactly conform to previous definitions. Figure 3.2 provides both BSE and 

optical images for two examples of welded glasses. 

 

Figure 3.2. Welded glass S1B5* BSE images (top) and S3B1* BSE and 180°rotated optical images 

(bottom). 
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A linearized crystallization front appears in the BSE cross-sectional images between any two 

welded objects as seen in Figure 3.3. The transition zone between beads provides a nucleation 

front for further crystallization as one might expect, as a completely crystallized (vitrophyric) 

bead should be somewhat cooler than the molten glass (clear portion) with which it contacted 

and stuck. 

 

Figure 3.3. Welded glass S3B1* transitional boundary. 

Attempts were made to take EPMA measurements of individual crystals, but due to their size, it 

is likely that only mixed, glass and crystal, analyses were acquired. Table 3.2 provides major 

element analyses for both the clear glass, and the mixed analyses from within the crystallized 

regions. These crystals are olivine according to EDS and mixed microprobe analysis. 

Lattice Olivine 

Clear Green Glass 

Welding 

Boundary 
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Table 3.2. Welded glass and individual olivine crystal EPMA average compositional data (wt.%) 

 

3.6 Green glass containing crystal formations/inclusions 

The third, and most numerous category of “emerald” green glass consists of beads, sub-equant 

masses or shards, that have identifiable crystal growth regions either optically or from BSE 

images or both. Again, attempts were made to take EPMA measurements of individual crystals, 

but due to their size, it is likely that only mixed, glass and crystal, analyses were acquired (see 

Table 3.2). 

Fine grained, needle like feather, lattice, and fibre olivine structures imbedded in clear green 

glass almost exclusively dominate the section. Donaldson (1976) demonstrated that feather 

structures grew when the cooling rate was high, near 1450 °C/hr, but the larger chain and barred 

olivines would have formed at somewhat lower temperatures as discussed previously. Only one, 

fragment S5B2* (see Figure 3.4), seems to have a transitive morphology (i.e. potentially a welded 

boundary), going from long-thin skeletal chain or branching olivine to a lattice/fibre structure. 

Being nearly a quarter encapsulated in clear glass renders this distinction unclear, and this glass 

remains in this section. 

ID SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 NiO Total Mg#

S1B5* 45.74 0.37 7.59 0.54 19.01 0.27 17.02 8.50 0.09 0.04 0.03 0.04 -- 99.24 61.48

S3B1* 45.16 0.41 7.51 0.61 19.30 0.26 17.00 8.44 0.05 0.01 0.02 0.03 -- 98.81 61.09

Std Err 0.15 0.03 0.07 0.03 0.15 0.02 0.10 0.08 0.02 0.01 0.02 0.01 -- 0.22

ID SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 NiO Total Mg#

S3B1^ 40.74 0.26 2.72 0.55 21.98 0.29 29.51 3.44 0.04 0.01 -- -- 0.06 99.61 70.52

Std Err 0.31 0.10 0.49 0.03 0.51 0.01 0.66 0.72 0.01 0.01 -- -- 0.01 0.74

S1B5^^^ 45.74 0.37 7.59 0.54 19.01 0.27 17.02 8.50 0.09 0.04 0.03 0.04 0.00 99.24 61.48

S3B1^^^ 45.14 0.34 7.74 0.55 19.23 0.29 17.97 8.08 0.12 -- 0.03 0.00 0.02 99.50 62.35

Std Err 0.24 0.03 0.20 0.03 0.23 0.02 0.52 0.24 0.01 0.00 0.02 0.01 0.01 0.78

 ̂Barred olivine

^^  ̂Mixed analysis assuming shot on axis of feather, lattice or fibre olivine

Clear Glass

 Olivine Crystallization
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Figure 3.4. Fragment S5B2* contains a randomly oriented mass of skeletal chain and branching 

olivine’s bordered by finer fiber or lattice structures impinging clear glass (potentially a welded 

pair). 

Sample S4B1* is a large fragment, more typical of the mixed green clear glass and crystals 

examples. Figure 3.5 shows multiple internal growths surrounded by clear glass. This 

morphology fits under the fibre olivine category, although potential lattice structures may be 

present in the larger opaque masses. Polishing cut into two of the four observed crystal bearing 

regions. As no edge is readily evident, it is difficult to determine whether nucleation began on an 

external bead surface. These crystal masses may be described as brown-colored although glass 

refraction and crystal thickness may alter the interpretation. The fourth image shows a second 

and possibly third order birefringence indicating olivine and not pyroxene, similar to 



119 

observations by Arndt et al. (1984). Changes in color of thin tabular and feathery structures 

suggest some pleochroism (greenish-brown), but the thickness of the glass may distort the color 

identification. 

 

Figure 3.5. S4B1* imagery: optical (top), BSE (center) and polarized (bottom) with LAICPMS 

burrows.
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Table 3.3. Average EPMA for clear glass and vitrophyric regions and olivine crystals (wt.%) 

 

Figure 3.6 shows an example of a spheroidal green glass bead which has feather and lattice 

olivine morphologies emanating inward from what seems a cohesive surface of the glass bead. 

Internal projections terminate in either pyramidal or equant/rectilinear terminations into clear 

glass. Haggerty (1974) describes a potentially similar scenario for the structure of such edge 

nucleating crystals. Although in reference to Apollo 17 orange glass, his observations indicate 

that similar crystallization generally begins with a nucleation center on the edge of the sphere, 

forming the base of a cone-shaped crystallization front towards the interior of the glass bead. A 

ID SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 NiO Total Mg#

S3B2* 45.35 0.38 7.73 0.49 19.26 0.30 16.81 8.51 0.12 0.02 0.02 0.02 -- 99.02 60.87

S3B3* 45.54 0.34 7.60 0.55 18.96 0.30 16.91 8.50 0.10 0.03 0.03 0.02 -- 98.87 61.39

S3B5* 45.04 0.32 7.53 0.59 19.28 0.30 16.93 8.43 0.07 0.01 0.02 0.03 -- 98.55 61.02

S3B6* 44.96 0.42 7.17 0.51 19.64 0.27 17.76 8.11 0.14 0.02 0.02 0.04 -- 99.07 61.71

S4B1* 45.36 0.37 7.68 0.53 19.00 0.27 16.79 8.52 0.08 0.01 0.04 0.03 -- 98.68 61.17

S5B2* 46.01 0.40 7.50 0.57 19.27 0.21 16.73 8.46 0.12 0.01 0.02 0.03 -- 99.35 60.75

S6B7* 45.78 0.38 7.34 0.54 19.34 0.30 16.56 8.51 0.09 0.01 0.03 0.01 -- 98.90 60.41

S6B9* 45.66 0.39 7.60 0.52 18.95 0.28 16.71 8.56 0.08 0.02 0.02 0.04 -- 98.83 61.12

S6B11* 45.48 0.37 7.62 0.52 19.11 0.28 16.89 8.52 0.09 0.01 0.03 0.02 -- 98.94 61.17

S7B10* 45.87 0.39 7.44 0.55 18.84 0.27 16.51 8.68 0.09 0.00 0.02 0.05 -- 98.72 60.98

S12B6* 46.05 0.36 7.58 0.57 19.10 0.27 16.66 8.58 0.10 0.02 0.03 0.05 -- 99.36 60.86

Std Err 0.15 0.03 0.07 0.03 0.15 0.02 0.10 0.08 0.02 0.01 0.02 0.01 -- 0.22

ID SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 NiO Total Mg#

S5B2^ 37.15 0.17 0.32 0.54 22.95 0.27 36.08 1.09 0.001 0.000 -- -- 0.08 98.64 73.69

Std Err 0.15 0.24 0.00 0.02 0.66 0.01 1.10 0.71 0.001 0.000 -- -- 0.01 1.14

S5b2^^ 38.64 0.1 1.952 0.599 23.74 0.292 31.26 2.48 0.026 0.001 -- -- 0.05 99.13 70.11

Std Err 0.80 0.00 0.42 0.01 0.68 0.00 1.34 0.27 0.017 0.001 -- -- 0.01 1.14

S3B3^^^ 45.35 0.39 6.255 0.601 18.89 0.257 19.72 6.93 0.17 0.026 -- -- 0.05 98.63 64.93

S3B5^^^ 45.32 0.35 7.358 0.579 19.15 0.276 17.76 8.05 0.192 0.015 -- -- 0.03 99.08 62.28

S3B6^^^ 45.61 0.38 7.327 0.552 20.3 0.306 15.94 9.13 0.135 0.016 -- -- 0.02 99.73 58.32

S4B1^^^ 44.47 0.46 7.156 0.584 19.46 0.267 19.24 7.54 0.113 0.008 -- -- 0.03 99.32 63.73

S6B7^^^ 46.31 0.39 7.127 0.616 18.04 0.226 21.96 5.86 0.104 0 -- -- 0.04 100.7 68.45

S6B9^^^ 44.94 0.37 6.258 0.601 19.46 0.272 22.29 6.22 0.098 0 -- -- 0.03 100.5 67.08

S6B11^^^ 44.58 0.42 6.965 0.6 17.92 0.235 22.26 5.67 0.143 0 -- -- 0.05 98.82 68.88

Std Err 0.35 0.02 0.20 0.02 0.39 0.01 0.99 0.47 0.02 0.004 -- -- 0.01 1.07

^ Barred olivine

^^ Chain olivine

^^^ Mixed analysis assuming shot on axis of feather, lattice or fibre olivine

Clear Glass

Vitrophyre Analysis
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dislocation front may also explain the boundaries between the inward linear and cone-shaped 

olivine masses and noncrystalline glass. Whether differences between glass chemistry allows 

such parallels to be drawn remains to be determined. 

 

  

Figure 3.6. Fragment S6B9* containing edge nucleating feather and lattice olivine structures. 

Optical image rotated 180 degrees. 

3.7 Fully vitrified olive green glasses 

This category of glass consists of beads that are internally opaque optically (devitrified). Greenish 

olive or brown coloring can be discerned in thinner polishing or at the very edges under 

microscopic inspection. These glass beads size range from 1242 to 417 µm (on the longest axis). 

Analysis of BSE imagery confirms the optical density through a completely crystallized solid 
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mass. The crystals in these glass beads are generally very small (i.e. sub- µm to a few 10s of µm 

along the (001) axis) and conform to Donaldson’s (1976) and Arndt et al.s’ (1984) feather or lattice 

groupings. Larger, infrequent, skeletal barred or chain crystal morphologies demarcate a thermal 

cooling transition zone. Table 3.4 provides the mixed glass-crystal analysis for these samples. 

Figure 3.7 provides a unique example of a devitrified glass exhibiting a staged transition from 

feather to lattice to chain/barred morphologies in a single bead cross section surface. Figure 3.8 

shows examples of the variety of crystal morphologies and the optical density in these glasses. 

 

Figure 3.7. S2B3 is an interesting example of a bead in a state of ordered morphological transition 

as seen from feather/lattice on the left to the beginnings of skeletal chain/barred morphologies on 

the right. 

Table 3.4. Mixed analysis of feather or lattice structures with single clear glass and barred crystal 

analysis (wt.%)

 

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 NiO Total Mg#

S2B2^^^ 45.58 0.43 7.83 0.58 19.26 0.27 16.73 8.70 0.11 0.02 0.01 0.03 -- 99.55 60.76

S2B3^^^ 45.97 0.38 7.96 0.53 19.19 0.29 16.40 8.70 0.11 0.02 0.02 0.02 -- 99.59 60.37

S2B4^^^ 45.97 0.42 7.71 0.60 19.32 0.28 15.92 8.70 0.08 0.01 0.02 0.03 -- 99.07 59.41

S3B4^^^ 45.20 0.41 7.73 0.57 19.60 0.29 16.51 8.66 0.10 0.01 0.02 0.03 -- 99.13 60.02

1σ Std Err 0.15 0.03 0.08 0.03 0.19 0.01 0.30 0.17 0.02 0.01 0.01 0.00 -- 0.57

S2B4^ 38.22 0.25 1.36 0.58 23.49 0.30 32.35 2.65 0.02 0.00 -- -- 0.07 99.28 70.98

S2B4+ 50.89 0.66 12.67 0.62 14.45 0.25 4.27 15.00 0.12 0.02 -- -- 0.02 98.96 34.44

1σ Std Err 0.45 0.03 0.34 0.02 0.63 0.01 0.89 0.42 0.02 0.00 -- -- 0.01 0.57

^^^ Mixed analysis assuming shot on axis of feather, lattice or fibre olivine

^ Barred olivine

+ Intercrystal glass measure

Fully Vitrified Glasses
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Figure 3.8. Examples of fully vitrified glasses with feather, lattice and to a lesser extent skeletal 

barred olivines. Optical image for comparison. 

3.8 Vitrophyres in translucent olive green glass 

This group of glasses is the most visually stunning regarding olivine structures. Basu et al. (1979) 

is one of the few studies to ever describe the Apollo 15 green glass vitrophyres in detail, labeled 
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olive green in this text. Our measurements of the olivine composition, being Fo74.04-76.55, is 

consistently similar to their Fo71-Fo76 crystal measurements. Table 3.5 provides associated 

microprobe measurements on these glasses and olivine crystals. The Mg# for the glass was 

measured to be between 42.3 and 52.17 (note this is likely a mixed analysis), which is over 10 

units less than those of any other previously mentioned green glass. 

Table 3.5. Green glass between chain or branching olivine’s bounding clear glass and occasionally 

separated by lattice, feather or fibre structure presumed to have formed later (wt.%)

 

Beads are the largest in 15421,67 (>1242 μm on the longest axis), semi-transparent, olive green in 

transmitted light, and are replete with two prominent olivine morphologies, chain and barred. 

Olivine crystals are visible with the naked eye. Figure 3.9 shows a representative BSE and optical 

(polarized and strait) images for these glasses. It is presumed that these olivines were produced 

over longer periods of time and had a longer time to cool. They possibly grew from the liquid 

that was still in the magma chamber. Lattice and feather olivine morphologies are also 

occasionally seen in these glasses filling gaps between the elongated crystals. Polished surfaces 

for these beads regularly, and with a seemingly statistical improbability, cut crystal axis on most 

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 NiO Total Mg#

S8B1* 45.69 0.45 7.69 0.67 21.13 0.33 12.94 10.05 0.08 0.00 0.02 0.02 -- 99.08 52.17

S8B2* 46.57 0.43 7.52 0.65 20.77 0.33 12.08 10.19 0.07 0.00 0.04 0.02 -- 98.65 50.90

S8B3* 47.07 0.38 8.09 0.67 20.04 0.29 11.74 10.52 0.14 0.00 0.01 0.08 -- 98.95 51.00

S8B4* 48.12 0.53 9.43 0.69 19.52 0.30 8.03 12.55 0.08 0.02 0.01 0.03 -- 99.32 42.30

S9B2* 47.00 0.43 8.27 0.65 20.51 0.27 11.18 10.65 0.08 0.00 0.03 0.04 -- 99.35 49.26

S11B7* 45.94 0.59 8.38 0.72 21.53 0.33 9.63 11.61 0.10 0.02 0.03 0.12 -- 99.00 43.98

S12B7* 46.46 0.48 8.10 0.70 20.43 0.31 11.57 10.71 0.12 0.02 0.02 0.04 -- 98.95 50.19

S13B4* 46.19 0.52 7.89 0.60 20.93 0.30 11.22 10.67 0.11 0.00 0.04 0.04 -- 98.51 48.87

1σ Std Err 0.33 0.04 0.37 0.05 0.52 0.02 0.77 0.33 0.03 0.01 0.01 0.01 -- 1.50

S8B1^^ 37.85 0.02 0.14 0.50 23.05 0.26 36.92 0.40 0.00 -- 0.02 -- 0.07 99.24 74.04

S8B2^^ 38.48 0.04 0.13 0.49 22.71 0.25 37.05 0.39 0.00 -- 0.02 -- 0.07 99.63 74.41

S8B3^^ 39.02 0.03 0.16 0.47 21.95 0.26 37.36 0.46 0.01 -- 0.01 -- 0.07 99.80 75.20

S8B4^^ 38.07 0.03 0.13 0.51 23.15 0.27 37.08 0.48 0.01 -- 0.01 -- 0.05 99.79 74.05

S9B2^^ 39.03 0.04 0.11 0.48 21.14 0.25 38.72 0.40 0.01 -- 0.01 -- 0.07 100.24 76.55

1σ Std Err 0.14 0.00 0.04 0.01 0.48 0.01 0.49 0.04 0.00 -- 0.00 -- 0.00 0.64

^^ Chain olivines

Clear Glass

Olivine Crystals
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grains parallel to the olivine’s long c and shorter a-axis. This group also contains the longest 

single chain olivine crystal at 765 μm and the widest barred olivine at nearly 50 μm wide. 

 

Figure 3.9. Example of a large olive green vitrophyric glass (optical and full bead BSE images). 
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Long chain olivines are expected to form around 80 °C/hr (Donaldson, 1976) and intervening 

crystals (e.g., lattice) are expected to form last as they are bound by the longer crystals. BSE 

imagery also shows crystal edge zoning (see Figure 3.10), whereas EDS analysis shows 

indications of FeO gradients decreasing in enrichment in glass on moving towards crystal 

interface while holding Mg uniformly abundant. The olivine is normally zoned as iron is 

enriched at the boundaries of the crystals and decreases inward while magnesium increases 

deeper into the crystal mass. Figure 3.11 (part a and b) provides element maps and the spectra of 

a barred olivine (~30 x 8 μm) and its surrounding glass highlighting the distribution of elements 

in the two phases. 
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Figure 3.10. BSE images from the glass vacuole-filled olivines. The largest barred olivine found 

(top left at 50 μm wide) to a 5 μm wide chain olivine. Examples of skeletal structures and lattice 

crystals replacing glass in between longer olivines.



 

 

Figure 3.11 (part a). S8B1 component element maps for Mg, Fe, Al, Ca, Si, and BSE (from top left 

to bottom right). Note the sequestering of Mg and lack of Al and Ca within the skeletal barred 

olivine. Iron is ubiquitous but a slight rim of enrichment is observable bordering each crystal. 
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Figure 3.11 (part b). S8B1 spectrum summary for element maps in part a. Note glass and skeletal 

barred olivine element signatures. 

One additional special bead (S12B4*) is included in this section because it is similar in color, i.e. 

translucent olive green/brown, to the vitrophyres above and yet morphologically it stands out 

(see Figure 3.12; nicknamed the brain bead). Similar in color and translucence to those discussed 

above, this olivine has a Mg# of 64.33 that is lower than the average Mg# in the previous long-

thin chain olivine vitrophyres by 10 units (see Table 3.6). This glass also contains none of the well-

defined, long-thin chain or barred olivines and few lattice structures in contrast to the cases noted 

above. It is, nevertheless, replete with an anisotropic mélange of skeletal barred, dendritic, and 

hopper olivine morphologies not seen in other 15421,67 glasses. The longest contiguous skeletal 

barred olivine is about 60 µm in length, yet the average size of the h-cell or hopper structure is 16 

µm. The curved shape is an artifact of polishing depth, as the true grain is ~ 185 by 134 µm in 
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size. According to Donaldson (1976) this hopper morphology has a cooling rate of around 40 

°C/hr and a degree of supercooling of 50 ΔT °C. Continued analysis should be performed on this 

glass individual grain and others found if possible. 

Table 3.6. EPMA analysis of the glass and a single large skeletal/hopper olivine (wt.%)

 

 

 

Figure 3.12. BSE and optical imagery of the olive green “brain” glass bead number S12B4*. 

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 Total Mg#

S12B4* 47.95 0.59 9.43 0.66 19.46 0.26 8.22 12.10 0.10 0.04 0.02 0.06 98.89 42.60

1σ Std Err 0.66 0.02 0.60 0.01 0.79 0.01 0.95 0.47 0.02 0.01 0.01 0.01 2.09

S12B4^^^^ 36.13 0.07 0.02 0.16 31.03 0.32 31.40 0.31 0.00 -- 0.01 -- 99.45 64.33

1σ Std Err 0.13 0.01 0.01 0.00 0.29 0.01 0.27 0.00 0.00 -- 0.00 -- 0.38

^^^^ Skeletal olivine

 Brain Glass and Crystal
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3.9 15421,67 “orange” glass 

This final section examines the three crystal morphologies found within the 15421,67 orange 

glass. Note that the crystal morphologies and phenocrysts in these glasses are not seen in any of 

the green glasses and vice versa. The segregation of crystal morphological types are assumed to 

be primarily a result of glass chemistry, cooling history, and temperature of the melt at the time 

of eruption. Although these glasses have been described and categorized as brown and yellow in 

previous works (Brown and Grove, 2015, and references therein), this work designates them as 

“orange” due to optical observations at both macro and microscopic scales. Sample 15421,67 

orange glasses also have distinctly different crystal morphologies (and chemical compositions) 

from the Apollo 17 orange glasses, which have ubiquitous ilmenite crystals in addition to olivine 

crystals (Haggerty, 1974). These orange glasses, on average, represent the smallest size range 

observed in 15421,67 between 380 and 310 µm (longest axis of measure). A total of 6 orange 

glasses were retrieved and measured from the regolith aliquot and Table 3.7 provides major 

element chemical analysis for the glass and associated crystals.  

Table 3.7. Orange glass EPMA and euhedral phenocrysts showing dendritic growths (wt.%)

 

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O P2O5 SO3 NiO Total Mg#

S7B3 43.14 3.55 8.30 0.58 21.00 0.32 12.43 8.38 0.41 0.08 0.02 0.03 -- 98.40 51.34

S7B8* 42.90 4.11 8.58 0.53 21.36 0.31 11.49 8.73 0.43 0.09 0.11 0.16 -- 98.80 48.94

S11B2* 42.74 3.63 8.33 0.60 21.18 0.25 12.11 8.78 0.38 0.11 0.12 0.14 -- 98.40 50.46

S11B6 42.62 3.42 8.08 0.60 21.48 0.29 13.33 8.38 0.38 0.06 0.06 0.13 -- 98.80 52.53

S11B8* 42.32 3.47 8.16 0.64 21.21 0.29 13.37 8.32 0.33 0.05 0.09 0.09 -- 98.30 52.91

S11B11* 41.91 3.57 8.40 0.57 20.96 0.31 13.03 8.39 0.33 0.07 0.10 0.13 -- 97.80 52.57

1σ Std Err 0.15 0.07 0.05 0.02 0.19 0.02 0.10 0.08 0.03 0.01 0.02 0.02 -- 0.27

S11B2^^^^ 37.26 0.13 0.08 0.41 23.98 0.26 36.61 0.30 0.00 -- 0.06 -- 0.04 99.13 73.12

1σ Std Err 0.09 0.01 0.00 0.01 0.30 0.00 0.21 0.00 0.00 -- 0.00 -- 0.00 0.35

S11B8^^^^ 39.11 0.10 0.09 0.48 20.37 0.24 40.38 0.33 0.00 0.01 -- -- 0.06 101.17 77.94

1σ Std Err 0.25 0.03 0.02 0.06 0.36 0.01 0.23 0.02 0.01 0.00 -- -- 0.04 0.40

S11B11++ 37.92 0.08 0.04 0.36 20.67 0.23 39.70 0.29 0.01 -- 0.00 -- 0.03 99.35 77.39

1σ Std Err 0.06 0.00 0.01 0.01 0.06 0.00 0.09 0.00 0.01 -- 0.00 -- 0.01 0.07

^^^^ Polyhedral skeletal olivine

 ++ Euhedral olivine

 Orange Glass and Phenocrysts
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Four of the six glass beads had crystals and three of those contained large well developed 

euhedral or polyhedral phenocrysts with dendritic morphologies. A total of six of the large 

phenocrysts are presumed to have not been produced after eruption from the volcanic vent. 

Instead they cooled slowly within the melt during ascent of the magma. Similar growth 

morphologies to those in Figure 3.13 and 3.14 were experimentally developed by Faure et al. 

(2007) exhibiting parallel-oriented elongated dendritic rods associated with euhedral/polyhedral 

olivine morphologies. Experimentally, they produced these morphologies by first initiating a 

slow cooling rate of 2 °C/hr to create the polyhedral crystals followed by variable high cooling 

rate to make the dendrites (1639-2182 °C/hr). They further found that olivines experiencing any 

high heat episode will progress from a polyhedral structure into the hopper/skeletal polyhedral 

morphology. This may explain the morphology seen in Figure 3.15 for S11B11* specifically. 
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Figure 3.13. BSE and polarized optical images of S11B11* with a single large euhedral crystal and 

dendrites. 



 

 

 

 

Figure 3.14. S11B2*, S11B8* and S7B8* full bead images. Large plate shows 3 buried polyhedral 

crystals with dendrites (found by focus adjusting) in S7B8* (center). Only two of these dendrites 

were visible in BSE (bottom). The black spheres could be metallic iron, but remain unaccessed.
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Figure 3.15. First three BSE images S11B8* and the fourth S11B2* showing skeletal polyhedral 

olivines and skeletal rod dendrites. All phenocrysts exhibit high-temperature dendritic growth. 

3.10 Discussion 

Of the 59 glass beads assessed in this study, only a handful had olivine crystals is of sufficient 

size to provide an accurate estimate of their chemical compositions. This included 39 mixed 

analyses in regions filled with fine-grained fibre, feather, or lattice olivines. As would be 

expected, the smallest crystal growths occurred at the highest cooling rates. Given the very small 

scale of these crystals, only mixed analysis was possible. This group had the smallest Fo number 

for all the glasses ranging from 57.97 to 68.61. As crystal morphologies changed to large crystal 

sizes, cooling rates decreased accordingly. Four barred and six chain crystals were measured 
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confidently within the mass of the olivine itself. Both groups had high Fo numbers with an 

average of 71.5 for the barred and 73.9 for the chain. Both morphological classes exhibited small 

Fe-Mg gradients from the edge to the center with Fe decreasing and Mg increasing together as 

seen in BSE imagery and qualitatively and repeatedly measured in EDS. The single “brain” 

olivine was special in regards to being the only bead showing this very distinct, highly 

anisotropic assortment of large skeletal hopper and barred olivines. Its Fo number was 

significantly lower, at 64.09 even though optically it appeared to be related to the previously 

mentioned groups. Lastly, the “orange” euhedral and skeletal polyhedral olivines were the 

largest and best of all the 15421,67 olivines to study, and they had the largest Fo number at 75.3 

and 77.19, respectively. These large crystals are decorated with long-thin dendritic and skeletal 

dendrites that form at high cooling rates. The orange glass olivine morphologies are not seen in 

any of the green glasses and this may be attributed to differences in melt viscosity or formation 

temperature in the source magma and the rate of movement to the surface; and presumes the 

morphology remains independent of chemical composition. It is believed that the large orange 

glass olivines crystallized on ascent in the magma and prior to eruption at the surface. 

3.11 Conclusion 

It is highly possible that the several different source melts are responsible for the groups of 

crystal morphologies identified in this study. Five categories seem to stand out both 

morphologically as well as chemically and they include, the clear green and vitric portion of 

welded and green glasses with internal crystals; followed by the fully vitric glasses with fine 

grained feather and lattice structures; the translucent olive green glass with diagnostically long 

chain crystals; the unique brain glass and finally the orange glasses baring large 

euhedral/polyhedral glasses likely formed prior to eruption. Further study regarding portioning 



137 

between glasses and crystals is recommended as well as continued investigation of lunar sample 

olivines and crystallization experiments occurring in in parallel in order to help better 

understand and quantify the mineralogical and chemical evolution of the early moon. 
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Appendix A:  Analysis of Accuracy and 

Precision 
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AA1 Electron Probe Micro Analysis (EPMA) 

EPMA data acquisition were performed at Rice University, Department of Earth Science, using a 

Jeol JXA8530F Hyperprobe. This instrument was equipped with a field emission assisted thermo-

ionic (Schottky) emitter, and five Wavelength Dispersive Spectrometers (WDS). A secondary, 

parallel EPMA data set was acquired using a JEOL JXA-8600 Superprobe at the University of 

Houston Texas Center for Superconductivity (TcSUH). 

The analytical reproducibility, both precision and accuracy, for all major elements on the primary 

and secondary standards was a maximum 2% error. Precision is a relative description which 

refers to the reproducibility of the counts or the ability to be able to compare compositions, 

within or between samples, or between analytical sessions. It is directly tied to counting statistics 

and for major elements is easily be less than 1%. Accuracy is an absolute description which refers 

to the “truth” of the analysis and is directly tied to the standards used and the matrix correction 

applied to the raw data, as well as to most random and systematic errors that could affect the X-

ray intensities (background and peak interferences, and beam damage). 

The analytical conditions used for glass analysis in this work were as follows: acceleration 

voltage 15 kV, probe current 50 nA, 20 µm beam size and counting time of 10 s on peak and 5 s 

on each lower and upper background, respectively - except for S and P, where longer counting 

times were used. The counting time for S was 30 s on peak and 15 s on each background 

(detection limit 44 ppm), and for P it was 80 s per peak and 60 s per each upper and lower 

background, respectively (detection limit 23 ppm). Table A1.1 provides the average standard 

deviation and detection limits for the set of primary standards. 
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Table A1.1. Error analysis values for primary standards 

 

The minor elements P, Cr, Mn, and Ni were analyzed on H and L-type crystals, with higher 

counts intensity. The following secondary standards were used for determining measurement 

precision: Si, Al, Ca, Mg, Fe - Basalt_NMNH-113716-1; K - D_NMNH-117218-3; Na – jadeite; Ti – 

rutile; and for Mn – rhodonite. 

The EPMA measurement error analysis, including systematic and random errors, are well 

understood and the calculation methods are presented herein for completeness (Batanova et al., 

2018; Sato et al., 2007). Figure AA1.1 provides a schematic of an idealized X-ray measurement. A 

1σ standard deviation based on statistical fluctuations in X-ray counting can be demonstrated 

through the following equation: 

𝑆. 𝐷. (%) =  
100

𝐼𝑛𝑒𝑡
 √

𝐼𝑝𝑒𝑎𝑘

𝑡𝑝𝑒𝑎𝑘
+ (

𝐷𝑃𝐵𝐻

𝐷
)

2 𝐼𝑃𝐵𝐿

𝑡𝑃𝐵𝐿
+ (

𝐷𝑃𝐵𝐿

𝐷
)

2 𝐼𝑃𝐵𝐻

𝑡𝑃𝐵𝐻
  (1) 

where tpeak, tPBL and tPBH are the counting times for the peak, and background on both sides, IPBH 

and IPBL are the high- and low-background intensities, and D = DPBH + DPBL is the total the distance 

between background high- and low-points. Equation number two gives the net X-ray intensity 

above the background intensity. 

Element Na Si S Ti Mn Fe Mg Ca

Standard name A_NMNH-117218-4 Rutile_SPI Rhodonite_SPI

Average instrument 1σ 

standard deviation (%) 1.54 0.25 38-100 14.2 20.2 5 0.68 0.94

Average detection limit 

(ppm) 107 69 65 102 241 466 65 130

Element Al K P Cr Ni

Standard name IR-W_NMNH_117084 Chromite_SPI Pentlandite_SPI

Average instrument 1σ 

standard deviation (%) 0.45 12.65 70-100 20.2 34-100

Average detection limit 

(ppm) 63 132 50 204 681

D_NMNH-117218-3

B_NMNH-117218-1 Basalt_NMNH-113716-1

Jeol JXA8530F Hyperprobe
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𝐼𝑛𝑒𝑡 =  𝐼𝑝𝑒𝑎𝑘 −  
𝐼𝑃𝐵𝐻𝐷𝑃𝐵𝐿+𝐼𝑃𝐵𝐿𝐷𝑃𝐵𝐻

𝐷𝑃𝐵𝐿+𝐷𝑃𝐵𝐻
   (2) 

where Inet and Ipeak are the net and measured X-rays at the peak position. 

 

Figure AA1.1. Idealized X-ray standard deviation measurement methodology. 

The detection limits were determined by the following equation: 

𝐷. 𝐿. =  
1

𝐼𝑛𝑒𝑡 𝑆𝑇𝐷
𝑚𝑎𝑠𝑠(%)𝑆𝑇𝐷

⁄
√

2×𝐼𝑏𝑎𝑐𝑘

𝑡𝑏𝑎𝑐𝑘
   (3) 

where Iback and tback are the average intensity and counting times of the background signals. The 

variable InetSTD is the net X-ray intensity for the standard and mass(%)STD is the standard mass 

concentration. 
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Lastly, it is also important to understand interaction volumes and how primary X-rays, 

fluoresced during the ionization of inner orbital electrons within target materials by high-energy 

probe beam electrons, are defined. This is especially important when measuring near grain 

boundaries. Working values for the interaction volume diameter in silicate minerals using 15 keV 

incident electrons is between 4-5 µm (e.g., spatial resolution). The diameter for 99% generation of 

primary X-rays is given by Reed (2005) as 

𝑑 = 0.22
(𝐸𝑜

1.5−𝐸𝑐
1.5)

𝜌
  (4) 

Where Eo and Ec are the electron beam and critical excitation energies (in keV), respectively, and ρ 

is the sample density (gm/cm3). 

AA2 Laser Ablation Inductively Coupled Plasma Mass Spectrometry 

(LAICPMS) 

In estimating the accuracy, precision and detection limits for the LSX213-Varian 810 LAICPMS, it 

is preferred that the data be reported as measured relative to the secondary standard rather than 

apply corrected one-sigma differences. It was determined that the analytical bias present in these 

analyses do not change the conclusions of the reported research. Raw data are processed using 

in-house (UH) algorithm designed to collate and process first order error statistics. Measurement 

precision (1 σ) was determined from the standard deviation of the primary standard and 

accuracy from the standard deviation of the secondary standard. The following method was used 

to determine the detection limits (DL) of both primary and secondary standards:  

𝐷𝐿𝑖 =  [
𝑆𝐼

∑ (
𝑀𝐼𝑖

𝑛⁄ )𝑛
𝑖

⁄ ] × 𝐷𝐿𝐼𝑖    (5) 
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Where the detection limit for an individual element is DL, MI/n is the average of the mean 

intensity of an individual element, S is the sensitivity of each element (i.e. average MI divided by 

the literature standard value in ppm), and DLI are the measured elemental detection limit 

intensities. The accuracy is a calculation of how many standard deviations the mean of the 

measured standard is from the mean of the literature value of that same standard and is 

calculated as follows: 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 𝐴𝐵𝑆[((∑ 𝑆𝑇𝑖
𝑛
𝑖 ) − 𝐿𝑉𝑖) 𝜎𝑆𝑇𝑖

⁄ ]  (6) 

Where ST is individual standard measurement for each element, LV is the literature value of each 

element for a standard, and σST is standard deviation for each measured element in the standard. 

Chapter 2 Appendix Table A2.1 (parts a and b) above provides the raw measurements and 

calculated standard values described above. Figure AA1.2 below shows a section of the full 

LAICPMS data set, the CI normalized lanthanide series for the primary (KL2G) and secondary 

(BIR-1) standards and their associated detection limits.  
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Figure AA1.2. Representative portion of the total trace element series (CI-normalized lanthides in 

ppm) showing standard detection limits for the primary (KL2G; orange) and secondary (BIR-1; 

yellow). 
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An overview of additional 15421,67 data and initially processed data for Apollo 17 regolith 

sample 72440,2 is provided as a repository of concurrent and ongoing analyses and research. The 

amount of observations and data collected on these lunar samples proved excessive to fully 

include in this document. The desire and attempt to provide a new, comprehensive and holistic 

analysis of the contents of both the 15421,67 and 72440,2 regolith samples. Interpretation and 

location for eventual publication of this data remains in work. 

AB1 Spectral data 

Prior to EPMA and LAICPMS analysis described previously, spectral reflectance and thermal 

emission observations were made. Ultimately, the intent here is to provide increased insight and 

assess relationships between measured chemistry, surface geology, and remote sensing 

instrumentation and interpretations (Burns and Dyar, 1983; Gaddis and Pieters, 1985; Staid et al., 

2011; Gross et al., 2014). The firsts data set (Figure AB1.1) was acquired using the Miniature 

Thermal Emission Spectrometer (Mini-TES) located at the University of Arizona 

(http://www.mars.asu.edu/ap/about/index.html). This data was processed using the ASU Davinci 

(http://davinci.asu.edu/index.php/Main_Page) math processing code. Thermal infrared emission 

data has been initially compared to the ASU library spectra 

(http://tes.asu.edu/spectral/library/index.html), which consists of reference thermal infrared 

emission spectra (~ 2000-220 cm-1). 

The second measurement device used was an ASD Fieldspec Pro (Figure AB1.2) hand held 

spectrometer. Prior to the removal of individual glasses and particulates from the regolith 

sample, spectral data were collected in a laboratory setting in a 95% pure nitrogen atmosphere in 

order to reduce potentially spurious reflectance interactions within an air atmosphere. Initial 

analysis seems to indicate a high glass content as would be expected for this sample.  

http://minites.asu.edu/
http://minites.asu.edu/
http://www.mars.asu.edu/ap/about/index.html
http://davinci.asu.edu/index.php/Main_Page
http://tes.asu.edu/spectral/library/index.html
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Figure AB1.1. Sample 15421,67 thermal emission spectra using the ASU MiniTES instrument. 

 

Figure AB1.2. Sample 15421,67 and 74220,2 averaged regolith reflectance spectra. 
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AB2 Apollo 17 Raw EPMA and LAICPMS data 

Apollo 17 (AP17) samples including orange, hi-Ti picritic glasses in aliquot 74220,2 were also 

measured. Replicate analyses of the work done for the Apollo 15 data described above is 

currently in work. EPMA data for glasses is given in Tables AB2.1 and AB2.2, below. 

Table AB2.1. EPMA data analysis of the clear, uncrystallized glass in sample 74220,2 (wt.%) 

 

ID SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O NiO Total Mg#

S2B2 39.46 9.02 5.99 0.71 22.30 0.29 14.74 7.22 0.31 0.00 0.00 100.04 54.09

S2B4 38.59 8.87 5.77 0.69 22.35 0.30 15.11 7.04 0.37 0.00 0.02 99.12 54.64

S4B3 39.60 8.88 5.84 0.71 21.36 0.29 14.68 7.59 0.33 0.02 0.02 99.34 55.06

S4B5 38.53 9.03 5.92 0.70 20.89 0.28 14.80 9.00 0.27 0.07 0.01 99.48 55.81

S4B6 38.41 8.84 5.78 0.69 20.62 0.29 15.28 10.24 0.34 0.54 0.00 101.03 56.91

S5B5 39.94 9.27 5.56 0.74 21.15 0.27 15.51 7.24 0.29 0.00 0.00 99.97 56.67

S5B8 40.31 9.68 5.72 0.74 20.44 0.29 14.46 7.34 0.34 0.00 0.01 99.33 55.77

S5B9 39.74 9.45 5.66 0.73 20.93 0.27 14.76 7.21 0.35 0.00 0.01 99.09 55.69

S5B10 40.13 9.68 5.86 0.73 20.60 0.28 14.33 7.36 0.32 0.00 0.00 99.29 55.36

S6B3 37.41 9.20 5.80 0.75 22.73 0.30 14.79 7.28 0.33 0.07 0.02 98.66 53.69

S6B7 39.61 9.46 6.05 0.73 20.76 0.27 14.78 7.22 0.34 0.05 0.01 99.30 55.93

S9B6 39.14 9.10 5.73 0.74 21.70 0.29 15.24 7.20 0.35 0.05 0.00 99.54 55.59

Std Err 0.31 0.09 0.04 0.00 0.24 0.01 0.07 0.21 0.02 0.02 0.01 0.29

Clear Glass
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Table AB2.2. EPMA data analysis of the clear glass including crystals in sample 74220,2 (wt.%) 

 

ID SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O NiO Total Mg#

S2B1* 40.33 12.89 7.96 0.43 19.78 0.30 5.44 10.88 0.36 0.06 0.01 98.44 32.89

S2B3* 40.53 12.95 7.67 0.37 18.89 0.33 5.49 11.77 0.30 0.06 0.00 98.37 34.12

S3B1* 41.26 12.82 7.49 0.33 19.49 0.31 5.39 11.28 0.34 0.06 0.01 98.76 33.02

S3B2* 39.72 11.16 6.57 0.68 21.58 0.31 9.23 9.41 0.40 0.05 0.01 99.13 43.26

S3B3* 40.11 11.29 6.57 0.61 20.23 0.30 10.41 9.22 0.40 0.03 0.01 99.18 47.85

S3B4* 40.26 12.53 6.96 0.47 21.40 0.30 6.24 10.73 0.40 0.05 0.01 99.34 34.19

S3B5* 41.12 11.76 7.85 0.25 20.70 0.30 5.77 11.96 0.49 0.03 0.01 100.23 33.19

S3B6* 40.15 9.49 5.59 0.76 20.86 0.29 15.48 7.26 0.20 0.03 0.00 100.11 56.95

S4B1* 39.55 9.71 6.02 0.76 22.36 0.30 12.17 8.14 0.30 0.04 0.01 99.35 49.23

S4B2* 40.34 11.92 7.31 0.37 19.57 0.31 6.01 13.38 0.24 0.38 0.01 99.83 35.38

S4B4* 38.83 9.91 5.66 0.71 21.00 0.29 13.93 10.14 0.26 0.02 0.01 100.76 54.17

S5B1* 40.88 10.53 6.81 0.61 19.78 0.29 10.46 9.31 0.32 0.01 0.02 99.03 48.53

S5B2* 41.75 11.66 8.27 0.23 18.49 0.30 4.65 12.92 0.36 0.00 0.01 98.64 30.96

S5B3* 39.62 9.77 6.15 0.86 21.31 0.29 13.37 7.86 0.32 0.00 0.08 99.63 52.79

S5B4* 39.82 10.35 6.39 0.69 20.72 0.28 12.34 8.41 0.31 0.00 0.01 99.32 51.49

S5B6* 39.81 9.23 5.70 0.71 21.01 0.28 14.39 7.39 0.27 0.00 0.02 98.81 54.97

S5B7* 41.08 12.12 7.16 0.50 19.38 0.30 6.68 10.94 0.33 0.01 0.00 98.51 38.07

S5B11* 40.65 12.13 7.14 0.59 19.69 0.31 7.57 10.40 0.36 0.05 0.00 99.88 40.68

S6B1* 40.73 11.27 6.76 0.62 19.52 0.30 9.03 10.66 0.21 0.05 0.01 99.16 45.21

S6B2* 38.70 10.13 6.09 0.73 20.90 0.30 12.83 8.21 0.25 0.04 0.00 98.18 52.25

S6B8* 40.44 12.40 7.54 0.45 18.99 0.31 6.13 11.97 0.32 0.04 0.02 98.61 36.54

S6B9* 39.65 11.01 6.86 0.69 20.61 0.28 10.57 8.89 0.35 0.06 0.01 98.97 47.76

S6B10* 41.36 12.28 8.31 0.24 17.97 0.29 4.74 12.57 0.36 0.05 0.00 98.17 31.96

S6B11* 40.55 12.90 8.25 0.32 18.73 0.30 4.79 12.23 0.38 0.06 0.00 98.51 31.30

S9B1* 40.88 12.11 7.50 0.43 19.82 0.32 6.17 11.48 0.31 0.05 0.00 99.07 35.68

S9B2* 39.58 11.09 6.91 0.61 20.88 0.31 8.49 10.04 0.31 0.06 0.00 98.27 42.02

S9B3* 38.24 9.64 6.12 0.74 22.38 0.31 12.62 8.00 0.28 0.07 0.01 98.39 50.12

S9B4* 39.56 11.71 7.79 0.55 20.26 0.32 6.69 10.86 0.37 0.08 0.00 98.19 37.06

S9B5* 39.23 10.35 6.04 0.72 21.66 0.31 10.82 8.98 0.25 0.05 0.00 98.41 47.10

S9B7* 39.93 10.76 6.16 0.69 21.12 0.31 10.13 9.75 0.22 0.04 0.01 99.11 46.11

S9B8* 40.01 12.24 7.11 0.56 20.66 0.31 6.92 10.58 0.36 0.06 0.01 98.80 37.39

S9B9* 39.61 11.03 7.38 0.73 21.88 0.31 8.39 9.39 0.38 0.07 0.00 99.17 40.59

Std Err 0.39 0.36 0.27 0.07 0.52 0.01 0.77 0.43 0.04 0.02 0.01 1.45

 Clear Glass with Crystals
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All abstracts in this section were prepared and presented in the course of Ph.D. studies at UH and 

remain in the format of the publishing organization (including figures and reference styles). 

AC1 Mars lowland sequence stratigraphy – A conceptual application 

D. C. Barker1 and J. P. Bhattacharya2, First International Conference on Mars Sedimentology and 

Stratigraphy (2010), LPI Contrib. No. 6051, 1,2University of Houston (University of Houston 

Geosciences, 4800 Calhoun Road, 77004), 2University of Houston (University of Houston 

Geosciences, 4800 Calhoun Road, 77004). 

Introduction: Sequence stratigraphic principles based primarily on stratal stacking patterns, 

sequence position and bounding surfaces [1, 2] are applied to describe an approach to the 

geochronological reconstruction of the Martian northern plains. Based on the hypothesized 

presence of an early ocean [3, 4], sediments associated with the erosion of the valley networks 

and later out-flow channels, are expected to have been widely distributed throughout the 

lowlands [5, 6]. Regional scale unconformities are therefore postulated to result from these 

catastrophic floods throughout the end of the Hesperian and possibly into the Amazonian. 

However, global environmental changes and a progressively cooling climate would have led to a 

protracted loss of surface water and eventual cold-trapping within the cryosphere or at higher 

latitudes -- resulting in a prolonged forced regression [7] within the depositional environment. 

Detrital sediments deposited onto the northern plains would constitute a Falling Stage Systems 

Tract (FSST) [8, 9]. A Highstand Systems Tract (HST) would have been emplaced at the time of 

maximum ocean level; and a sequence boundary (SB), which by definition is delineated when sea 

level first begins to drop and would lie between the HST and the FSST. Intermittent or cyclic 
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episodes of flooding, erosion, icing and burial after the depletion of the early ocean would 

emplace additional sequences to the over-lying and confining stratigraphy of the lowlands. 

The Messinian Crisis [10, 11] is proposed as a potential terrestrial analogue of the depositional 

consequences of the removal of large standing bodies of water. This short lived event is estimated 

to have trans-formed as much as 6% of the Earth’s ocean salt into a giant regressive evaporitic 

deposit that diachronously drapes the Mediterranean sea floor. The model proposed herein is 

graphically depicted in Figures 1 and 2. Figure 1a shows an early Mars with the hypothesized 

northern ocean. This is followed by the progressive freezing, sublimation, and redistribution of 

water to the cryosphere and higher latitudes, resulting in a reduction of sea level as depicted in 

Figures 1b and 1c. This long term progressive loss of water constitutes the Martian forced 

regression. Figure 2a shows the early Hesperian with an established, dust and ice covered 

northern lowland sea and the beginnings of a phase of regional cyclic, flood-incurred 

stratigraphy. Finally, Figure 2b depicts the present surface covering the northern plains. 
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Figure 1. a) Early Noachian; b) Middle and Late Noachian; c) Early Hesperian. 

We therefore suggest that the evolution of such conditions on Mars would have led to the 

emplacement of diagnostic sequences of deposits and regional scale unconformities consistent 

with intermittent reponding, resurfacing, and the progressive loss of an early ocean by the end of 

the Hesperian. 
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Figure 2. a) Middle and Late Hesperian; b) Amazonian. 

References: [1] Posamentier H. W. and Allen G. P. (1999) SEPM, 7, 210. [2] Van Wagoner et al., 

(1990) AAPG, 7, 55. [3] Parker et al., (1989) Icarus, 82, 111-145. [4] Clifford, S. M. and Parker, T. J., 

(2001) Ica-rus, 154, 40-79. [5] Dromart et al., (2007) Geology, 35, 363–366. [6] Tanaka et al., (2003) 

JGR, 108, 8043. [7] Posamentier et al., (1992) AAPG Bulletin, 76, 1687-1709. [8] Plint A. G. and 

Nummedal D. (2000) GSL, 172, 1-17 [9] Plint et. al., (2001) AAPG Bulletin, 85, 1967-2001 [10] 

Clauzon et al., (1996) Geology, 24, 363–366. [11] Duggan et al., (2005) Journal of Petrology, 46, 

1155–1201. 

AC2 Phenocryst growth and compositional inhomogeneity of Apollo 17 

glass spherules 

D. C. Barker1 and J. E. Snow2, 43rd Lunar and Planetary Science Conference (2012), LPI Contrib. 

No. 2926, 1,2University of Houston, Department of Earth and Atmospheric Sciences Science, 

Research Bldg. 1, Houston, TX, 77204. 

Introduction: Volcanic glass spherules are a prominent feature of the regolith at the Apollo 17 

landing site. A reinvigorated interest in these glasses has centered around their volatile contents 
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[1] and the associated relationship to the primordial water content of the moon. This revised line 

of thinking about lunar evolution warrants a new look at the petrography and compositions of 

these materials. Ultimately, an under-standing of the variations in internal compositions, phase 

equilibria and the trace element partitioning of the phases preserved within glass provides a 

unique insight into the structure and evolution of the moon as well as the processes associated 

with the differentiation of lunar materials. 

Here we report on the geochemistry and petrography of glassy spherules collected from the top 

10 cm of regolith on the rim of Shorty Crater during the Apollo 17 mission. These glasses have 

been well characterized to be the result of volcanic fire-fountains and associated with dark mantle 

deposits [2]. Glasses consist of whole and broken droplets with a median size of 40 μm [3]. 

Glasses demonstrate a degree of crystallization (e.g., olivine phenocrysts) controlled either by 

plume optical density segregation (i.e. quenching environment) and bead size [4,5] or by 

devitrification processes [6]. These glasses exhibit surface exposure ages between 25 and 40 Ma 

and the eruption age are estimated to range from 3.51 to 3.71 Ga [7]. A preliminary examination 

of 43, volcanic glasses from soil aliquot 74221,2 has been completed using both Field Emission 

Scanning Electron Microprobe (FESEM) and Electron Probe Micro Analysis (EMPA) instruments. 

Methods: Hand picked glass beads were mounted in epoxy within 3 mm stainless steel cylinders, 

and were then hand polished using 25 μm diamond paste, to expose an internal cross section of 

each bead. Holding cylinders were cleaned with ethanol and carbon coated for imaging and 

analysis. 

FESEM. Initial analysis of the 43 beads began with the JEOL JSM 6330F Field Emission 

instrument. The SEM used a 15.0 kV accelerating voltage, a beam emission current of 12 μA, and 
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a working distance of 15 mm. Beads were imaged in both secondary electron (SEI) and 

backscattered electron (BSE) compound (COMPO) modes showing a distinct population 

difference between homogeneous spherules and beads exhibiting crystal growth. Of the beads 

examined, 28 (65%) show crystalline growth structures to sub-micron scales (Fig. 1-3) as opposed 

to homogenous samples that show no discernable structures at resolvable scales. Table 1 shows 

the textural categorization based on the degree of crystallization for the 43 beads examined 

herein. Glass beads were noted as being either orange or opaque in transmitted light; and all 

opaque glasses exhibited crystal growth. 

 

Table 1: Degree of individual bead crystallization. 

Glasses with crystalline structures exhibit repeatable patterns across all beads with such 

structures (e.g., spinifex textures). Figures 2-3 show ~50-100 μm olivine phenocrysts, around 

which are clustered 0.1-1.0 μm dendritic/feathery ilmenite and triangular/rectangular spinel 

crystals [4,5]. 
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Fig. 1: Full bead BSE image of bead S2B1showing individual EMPA shot locations and many 

parallel, dendritic and feathery olivine crystalline band structures emanating from different 

nucleation sites. 

 

Fig. 2: A magnified BSE image of the central region of Fig. 1 (see box) showing an intersection of 

the olivine crystalline band structures, all bordered by small dendritic/feathery ilmenite and very 

small triangular/rectangular spinel crystalline structures [4,5]. 
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Fig. 3: A magnified BSE image of glass sample S8B8 demonstrating olivine, ilmenite and spinel 

crystalline structures. 

EMPA. Preliminary analysis of the same samples using a Cameca SX50-Electron Microprobe have 

also been performed. Samples were examined using a beam diameter of 10 μm, beam current of 

20 nA, a 15.0 kV accelerating voltage and the glass reference KL2-g was probed before EMPA 

analysis run sets. Initial analyses shows a tighter clustering of compositional data for 

homogeneous glasses than for those showing growth structures, as should be expected (Fig.4).  

Discussion: The crystallization of olivine phenocrysts, in particular with spinifex, feather and 

dendritic textures, is known to be a function of the undercooling of the magma post eruption [8], 

and of the location of settling of molten droplets within the volcanic gas plume surrounding the 

vent site (i.e. homogenous glasses cooling and quenching quickly away from the effects of 

venting gasses) [4]. The result is that substantial post-eruptive compositional changes during 

crystallization may have (for example) increased the concentration of water in the residual liquid, 

and speeded its exit from the spherule. 
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Fig. 4: EMPA compositional analysis of 4 glass beads: samples S2B1 and S2B4 (blue and purple) 

demonstrate large variability when compared to homogenous beads S2B2 and S2B3 (red and 

green), a-d [1] and g-h [4] are a selection of average compositions reported in the literature. 

Similar dispersions are noted across all major elemental groups. 

As noted by Delano [2], most authors publish aver-age compositional analyses for lunar glasses, 

and do not take into account fractionation trends or the post-eruptive crystallization documented 

here which may be especially relevant for neoconservative volatile elements. The homogenous 

glasses, on the other hand, may be better suited for average composition reporting, and the 

investigation of lunar mantle evolution.  

Acknowledgement – The Apollo 17 regolith sample 74221,2 was provided by NASA as Lunar 

Sample Re-quest # 2641. 

References: [1] Saal et al. (2008) Nature Letters, 454, 192-196 [2] Delano (1986) Journal Geophys 

Rsch, 91, D201-D213 [3] Heiken G. and McKay D. (1978) LPSC IX, 1933-1943 [4] Weitz et al. (1999) 

Meteoritics and Planet. Sci., 34, 527-540 [5] Heiken et al. (1974) Geochim. Cosmochim. Acta, 38, 

1703-1718 [6] Haggerty, S. (1974) Proc. 5th Lunar Conf., 1, 193-205 [7] Alexander et al. (1980) Proc. 

11th Lunar Conf., 1663-1667 [8] Faure et al. (2003) Contrib. Mineral Petrol., 145, 251-263. 
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AC3 Site selection for the first sustainable mars base 

D. C. Barker1, G. James2, G. Chamitoff3 and S. Clifford4, First Landing Site/Exploration Zone 

Workshop for Human Missions to the Surface of Mars (2015), LPI Contrib. No. 1002, 1MAXD, Inc. 

P.O. Box 58915 Houston TX, 77059, 2NASA, JSC, 3Texas A&M University and 4LPI. 

Introduction: We propose a landing site for establishing a sustainable and expandable Martian 

base, intended for permanent habitability, and based on the identification of an accessible local 

supply of water. Currently there are few data sets that can be used to accurately identify the 

presence and distribution of surface and near-subsurface water (e.g., the MARSIS and SHARAD 

orbital radar sounders on ESA’s Mars Express and NASA’s Mars Reconnaissance Orbiter and the 

Gamma Ray Spectrometer (GRS) on NASA’s Mars Odyssey spacecraft).  

Site selection based on resource utilization requires proven reserves (defined by mining industry 

standards as an amount of a resource estimated with reasonable certainty and deemed 

recoverable from well-established or known reservoirs and ultimately producible given known 

techniques). Given current data, few locations, especially ones containing multiple re-sources in 

close proximity, have yet to be identified on Mars.  

Because our primary motivation is to establish a permanent human settlement on Mars, our 

landing site selection is constrained, not only by the collocation of local opportunities for 

scientific discovery, but more importantly by the availability and accessibility of extractable 

reservoirs (i.e. producible reserves) of water ice [1, 2]. Under our modified criteria, there are 3 

general regions that satisfy our selection process – all of which lie within the northern plains (Fig. 

1). Once the presence of adequate resource has been established, then these regions can be further 
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assessed in terms of their scientific priority (e.g., as determined by the MEPAG Goals, Objectives 

and Investigations document). 

We believe that a Landing Site (LS) located in Arcadia Planetia, along the Phlegra Dorsa, at 39°N 

172°E, is the best candidate for the given constraints (Fig. 2 and 3). Besides a high water content 

(Fig.4), the site is located in an area of low dust content (Fig. 5), moderate thermal inertias (Fig. 6), 

and low rock abundances (Fig. 7), well below the mean surface datum (to maximize atmospheric 

braking performance in support of entry, descent, and landing of heavy (>10 mt) vehicles, 

provide greater shielding against solar and cosmic radiation and serve as a resource reservoir 

(e.g., CO2). 

Resource ROI: As stated, this site was selected based on the need to access water. The GRS map 

inidicates a water content of >4 wt% throughout the exploration zone (EZ), while a MARSIS-

derived surface permittivity of ~4 is consistent with either a porosity of ~35% or a volumetric ice 

content of ~60% for the top ~60-80 m of the near-subsurface [8]. The site is further situated in an 

area of moderate albedo and thermal inertia indicating fine grained materials, which are useful 

for ISRU processing and construction. Sheet silicates (Fig. 8) may be useful for engineering and 

manufacturing purposes.  

Science ROI: While identifying a landing site with an accessible source of water is our primary se-

lection criteria, our proposed site has an EZ that en-compasses many points of high scientific 

interest. The geology (Fig. 9) in the EZ is confined within the Early Hesperian transition (eHt) 

unit [9]; yet, HiRise and CTX indicates many local and complex morphologies, including several 

~10-15 km diameter fluidized ejecta craters (to the north and south of the LS) and numerous 
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exposures of hydrated minerals (Fig. 10). Lastly, the large (~75 km diam.) crater Tyndall, lies 

tantalizingly just outside our 100 km EZ.  

Discussion: In order to assure a sustainable presence on Mars, Mars exploration must be driven 

by programmatic goals that are themselves sustainable, and at a cost that is sufficient to ensure 

progress and maintain long-term public and political support [11]. Identifying landing sites based 

solely on science objectives, before reliable and sustainable resource acquisition will limit future 

missions and jeopardize exploration and permanent habitation of the planet. 

Additional high-resolution measurements (by gamma-ray and neutron spectroscopy, ground 

penetrating radar, and mineralogically-sensitive mapping spectrometers) are needed to 

accurately identify the presence of surface and near-subsurface volatile and mineralogical 

resources. Ultimately, given the need to secure quantities of easily extractable water, landing sites 

at even higher latitudes within the northern plains (e.g., 49°N, 126°E; 49.5°N, 160°E; and 47°N, 

13°W), will need to be considered. 

 
Fig. 1. MOLA shaded relief showing three down selected priority regions and proposed landing 

site as indicated by the red LS marker in region 3. 
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Fig. 2. CTX image showing base and landing zone. 

 
Fig. 3. MOLA shaded relief showing 100 km EZ; landing site in black; Science/Resource ROIs: 

blue-fluidized impact ejecta, green-hydrated minerals, purple-domes and red-sheet silicates. 

 
Fig. 4. GRS water content (> 4 wt% in green) map [3]. 
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Fig. 5. OMEGA dust map [4]. 

 
Fig. 6. TES thermal inertia map [5]. 

 
Fig. 7. TES global rock abundance map [6]. 
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Fig 8. TES sheet silicates and glass map [7]. 

 
Fig 9. EZ geology within plains-forming deposits [9]. 

 
Fig 10. OMEGA/CRISM hydrated mineral map [10]. 
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Additional Information: All landing region maps were created using J-Mars [12] and color map 

registrations are from low relative values (blue) to high values (red). 

References: [1] Chamitoff, G., et. al. (1998) NASA/TM-98-206538. [2] Chamitoff, G., et. al. (2005) 

Acta Astronautica, 56. [3] Boynton, W. V., et. al. (2007) J. Ge-ophys. Res., 112, E12S99. [4] Ody, A., 

et. al., (2012) J. Ge-ophys. Res. Planets, 118. [5] Christensen, P. R., and H. J. Moore (1992), The 

martian surface layer, in Mars, pp. 686-729, University of Arizona Press, Tucson, AZ. [6] Nowicki, 

S. A., and P. R. Christensen (2007) J. Geophys. Res., 112, E05007. [7] Bandfield, J. L., (2002) J. 

Geophys. Res., 107. [8] Mouginot et al., (2012) Geo. Res. Let., 39, L02202. [9] Tanaka et. al., (2014) 

USGS Mars Map 3292. [10] Carter, J., et. al.,. (2013) J. Geophys. Res. Planets, 118. [11] Barker, D. 

C., (2015) Acta Astronautica, 107. [12] Christensen, P. R. et.al. (2009) JMARS–A Planetary GIS, 

AGU, IN22A-06.  

AC4 Apollo 15 green glass phenocryst growth and compositional 

inhomogeneity 

D. C. Barker1 and J. E. Snow2, 47th Lunar and Planetary Science Conference (2016), LPI Contrib. 

No. 2333, 1,2 University of Houston, Department of Earth and Atmospheric Sciences Science, 

Research Bldg. 1, Houston, TX, 77204. 

Introduction: Pyroclastic green volcanic glasses are a prominent component of the regolith at the 

Apollo 15 landing site. An ongoing interest in these glasses centers around their being sources of 

pristine, unaltered magma and their volatile content [1] specifically associated with the 

primordial water content of the moon. Enhancing the understanding of lunar evolution 

combined with the future need for lunar resources warrants continued examination of the 

petrography and compositions of these materials. Ultimately, an understanding of the variations 

in internal compositions, phase equilibria and the trace element partitioning of the phases 

preserved within glass provides a unique insight into the structure and evolution of the moon as 

well as the processes associated with the differentiation of lunar materials.  
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Here we report on the geochemistry of glassy spherules collected from the regolith fines collected 

on the north rim of Spur Crater, Station 7, during the Apollo 17 mission. These glasses have been 

well characterized to be the result of volcanic fire-fountains and are associated with dark mantle 

deposits [2, 3]. Lunar glasses demonstrate a degree of crystallization (e.g., olivine phenocrysts) 

controlled either by plume optical density segregation (i.e. quenching environment) and bead 

size [4, 5] or by devitrification processes [6]. The exposure ages of nearby green glasses are 

between 275 and 300 Ma and the eruption age are estimated to range from 3.41 to 3.35 Ga [7]. A 

preliminary examination of 41 volcanic glass beads from soil aliquot 15421,67 has been completed 

using both Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive 

Spectrometry (EDS) instruments – as a prelude to future EPMA analysis.  

Methods: Handpicked glass beads were mounted in epoxy within 3 mm stainless steel cylinders, 

and were then hand polished using 25 μm diamond paste to expose an internal cross section of 

each bead. The grain mounts were then cleaned and carbon coated for analysis.  

FESEM: Initial analysis began with the JEOL JSM 6330F Field Emission instrument. The SEM 

used a 15.0 kV accelerating voltage, a beam emission current of 12 μA, and a working distance of 

15 mm. Beads were imaged in both secondary electron (SEI) and backscattered electron (BSE) 

compound modes showing distinct population differences between homogeneous glass 

spherules and beads exhibiting crystal growth. Of 41 beads examined 21 (51%) show crystalline 

growth structures at the polished surface to sub-micron scales. Two distinct crystal forms occur 

in these green glasses, dendritic/feathery and barred. Beads containing crystals are comprised of 

a mixture of fully opaque beads (24.4%) and clear green glass beads that contain various amounts 

of crystalline inclusions (36.6%), which may or may not be exposed on the polished surface. 

Textural categorizations (see Fig. 1) are based on the amount and type of crystallization observed 
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in the beads. Three categories are generally assigned as being either completely transparent and 

free of crystals or inclusions (A), as containing clear glass with opaque inclusions (B) or 

completely opaque and exhibiting barred crystal growths visible in transmitted light. Glasses 

with barred crystalline (Figs. 2-4) structures exhibit repeatable patterns across similarly 

categorized beads. The opaque beads (C) contain olivine phenocrysts that range from ~5-200 μm 

in length. We continue herein by examining one group C bead in more detail. 

 

Fig. 1: Degree of individual bead crystallization 

 

Fig. 2: BSE image of whole bead S8B2 - a representative opaque green bead showing crossing 

barred olivine crystalline structures emanating from different nucleation sites. 
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Fig. 3: BSE image of the boxed region in Fig. 2 showing unique barred olivine crystalline 

structures in a glass matrix. 

 

Fig. 4: EDS targeting on a single barred crystal. 
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EDS: Figure 5 provides two analyses from the JEOL JSM 6330F showing distinctive and 

repeatable chemical variations between the glass and crystals at scale. Image analysis shows 

chemical variations between the outer rim of and internal crystal structures (darker indicating 

higher Mg content and lighter indicating lower content). 

Discussion: The crystallization of olivine phenocrysts are known to be a function of the 

undercooling of the magma post eruption [8], and of the location of settling of molten droplets 

within the volcanic gas plume surrounding the vent site (i.e. homogenous glasses cooling and 

quenching quickly away from the effects of venting gasses) [4]. 

As noted by Delano [2], most authors publish average compositional analyses for lunar glasses, 

and do not take into account fractionation trends or the post eruptive crystallization as 

documented here. This may be especially relevant for neoconservative volatile elements. The 

homogenous glasses, on the other hand, may be better suited for average composition reporting, 

and the investigation of lunar mantle evolution. Ongoing micro-probe evaluations will provide 

quantitative values for our glass and olivine compositions.



 

 

Fig. 5: EDS compositions of spot 5 (top) and spot 2 (bottom) in Fig. 4 illustrating chemical 

differences between olivine crystals and the glassy matrix respectively (Counts vs Energy in 

keV). 
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AC5 Lunar soil sample 15421,67 – Stranger Things 

D. C. Barker1, J. E. Snow1 and G. Costin2, 49th Lunar and Planetary Science Conference 2018, LPI 

Contrib. No. 2495, 1Department of Earth and Atmospheric Sciences, University of Houston, 

Science and Research Building 1, 3507 Cullen Blvd, Rm. 312. Houston, Texas 77204), 2Department 

of Earth, Environmental and Planetary Sciences, Rice University, 6100 Main Street, Houston, TX, 

77005. 

Introduction: As part of an ongoing effort examining the ubiquitous Apollo 15 (Spur Crater, 

Station 7) glasses we also handpicked many grains with a uniquely different morphology and 

briefly examined them in parallel. Four of these grains from lunar sample 15421,67 were analyzed 

using a combination of EPMA (quantitative major elements) and qualitative EDS and BSE. The 

UH JEOL JSM-6330F SEM and LSX213-Varian 810 LAICPMS, and Rice JEOL JXA 8530F 

microprobe were used for these analysis. Table 1 provides EPMA analysis for the individual 

grain analysis.  

1) 15421,67 Metal Fragment: Figure 1 shows a 1200 μm metal fragment (#S13B1), exhibiting 

fracture morphology suggestive of sheared metal. Traditional sources of metal particles in lunar 

soil come from meteoritic matter and native sources [1,2]. The formula for this grain is: 

(Fe1.287Ni0.143Mn0.023Cu0.006)Σ=1.459Cr0.351, which is close to chromferide (ideal formula - 
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Fe1.5Cr0.2 IMA1984-021). However, it could also be a sliver from the EVA Tongs or Adjustable 

Scoop [3] being com-posed of 17-4 and 17-7 Ph stainless steels respectively [4]. Yet, the average 

composition and 2-sigma error for Cr, Ni, Mn and Cu reside outside published production steel 

standards. Further, the second image shows exsolution of MnS rich dark regions, uncommon in 

stainless steel. This piece of metal remains a stranger thing. 

 

 

Fig. 1. SE (left) and BSE (right) images of metal fragment. 

2) 15421,67 Impact Melt Grain: This transparent greenish, 500 μm long fragment (#S7B9) is the 

only grain of over 85 chosen that seems to be a glass other than of volcanic origin [5,6,7]. This 

quenched basalt glass (Mg# of 70.26) contains rounded inclusions of 96% silica glass (Fig. 2), 

which themselves contain fragments (~5 μm) of rutile and almandine. This silica glass may 
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possibly be a high-pressure impact melt remnant, e.g., shocked silica/anorthite [8]. Both the SiO2 

glass and the larger isolated almandine crystals seem to have been later incorporated within a 

basaltic melt that was also crystallizing zoisite phenocrysts 

(Ca1.940Mg0.017Na0.002Mn0.002)Σ=2.000 (Al2.554Fe3+0.376Fe2+0.074Ti0.008)Σ=3.010 

[Si1.00O4][Si2.03O7]O(OH), before the complete assemblage was quenched. 

 

Fig. 2. Optical and BSE image of basalt glass. 

3) 15421,67 Lunar Anorthosite Fragment: Figure 3 shows a 1070 μm wide transparent fragment 

(#S9B1) containing pyroxene/augite (En42Wo36Fs22) fragments exhibiting complete lamellar 

exsolution, phenocrysts of euhedral olivine (Fo55Fa45), ilmenite and hypersthene 

(En62Fs34Wo3). All modal proportions are roughly equal within a matrix of anorthite 

(An95Ab5). Figure 4 shows the CI normalized trace element data for three parts of this 
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assemblage (gaps indicate no detection). It is interesting to note the positive Eu spike in both 

olivine and anorthite and the negative-Eu anomaly in the hypersthene (labeled Opx ). 

 

Fig. 3. Optical/BSE images of anorthosite fragment. 
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Fig. 4. #S9B1 LAICPMS analysis (wt.% per element); error < 5%. 

4) 15421,67 Monocrystal Fragment: A single 462 μm long pyroxene fragment (#S11B9) was found 

to contain microscopic exsolution lamellae after (100) and (001) planes [9], whose composition 

varies between a hypersthene host (En60Fs37Wo3) and darker augite (Wo44En41Fs15) lamellae 

and larger masses, bracketed by chromite and possibly olivine and ilmenite (unreported bright 

spots). The small lamellae size range (< 5 μm) indicates rapid cooling, and may be interpreted as 

having formed at a shallow burial depth (< 0.5 km) in the anorthosite crust of the Moon [10]. 

Figure 6 shows the CI normalized trace element data (50 μm beam size) with a large negative-Eu 

as expected from the crust. 
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Fig. 5. Optical and BSE images of pyroxene monocrystal fragment showing exsolution lamellae – 

dark lamellae are augite in a lighter hypersthene host. 
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Fig. 6. #S11B9 LAICPMS analyses (wt.% per element); error < 5%. 

 

Table 1. Average EPMA in wt.%. 

 

Fe Cr Ni Mn Cu Si Ti Zn S Ta -- -- -- Total Minerals

71.88 18.24 8.37 1.25 0.41 0.29 0.01 0.02 0.02 0.00 -- -- -- 100.48 Chromferride

0.22 0.14 0.22 0.05 0.04 0.01 0.00 0.01 0.02 0.00

SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O NiO P2O5 SO3 Total Minerals

48.81 0.39 10.87 0.01 10.37 0.03 13.74 9.42 3.02 0.43 -- 0.01 0.00 97.10 Basaltic Glass

96.19 0.04 0.00 0.01 0.26 0.00 0.01 0.01 0.00 0.00 0.01 -- -- 96.90 SiO2 Glass

38.71 0.13 27.69 0.01 6.92 0.02 0.14 23.15 0.01 0.00 0.01 -- -- 96.80 Zoisite

38.12 0.10 21.32 0.00 26.76 0.77 4.59 7.79 0.04 0.00 0.02 -- -- 99.50 Almandine

V2O3 ZnO

44.53 0.02 35.80 0.01 0.19 0.01 0.04 19.07 0.53 0.02 0.00 -- -- 99.14 Anorthite

0.01 54.22 0.01 0.09 42.73 0.55 2.76 0.17 0.01 0.00 0.03 0.00 0.03 98.76 Ilmenite

35.25 0.05 0.02 0.01 37.02 0.43 25.26 0.13 0.01 0.01 0.00 -- -- 99.53 Olivine

52.42 0.45 0.82 0.30 21.20 0.35 21.39 1.43 0.01 0.00 0.00 -- -- 98.60 Hypersthene

52.07 0.90 1.47 0.42 12.90 0.22 13.69 16.04 0.04 0.00 0.00 -- -- 99.08 Augite

V2O3 ZnO

50.49 0.40 0.56 0.36 24.59 0.43 20.29 1.26 0.01 0.00 0.01 -- -- 98.39 Hypersthene

49.28 1.19 2.62 0.83 9.95 0.24 13.66 20.27 0.18 0.00 0.01 -- -- 98.22 Augite

2.85 1.27 15.08 43.64 32.11 0.39 3.87 0.17 -- -- 0.00 0.21 0.02 99.60 Chromite

S7B9

S13B1

                                                       S11B9

                                                     S9B1

1 σ Std Error
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Discussion: Many small fragments within our 15421,67 aliquot uniquely stood out from the green 

glasses. The first, metal fragment S7B9 is believed to be naturally occurring; yet, the potential of it 

having been a tool fragment indicates potential for sample contamination issues, and illustrates a 

future need to carefully consider surface operations and to track construction materials so as to 

protect sample and site integrity. The rest of the grains remain interesting and yet seem 

representative of known lunar geological processes. Additional investigations using techniques 

such as Raman spectroscopy and XRD, would further constrain mineral assemblage 

identification. Examining the unknown re-mains the hallmark of science and exploration, and 

determining future surface resource potential will require a more thorough quantification of 

these fine grained, easily accessible materials. 
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