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representative of glass. ................................................................................................................ 133 

Figure 4-5. (a) Selected M3 continuum-removed and smoothed spectra from Schrödinger 

volcanic units that have been averaged to reduce noise. Spectra show differences between the 
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pyroclastic cone (blue), ridge unit (red), potential cones in the lobate mafic unit (orange), lobate 

mafic unit (purple), and the inner-peak ring floor (green). Dotted lines indicate 1µm and 2µm 

wavelength positions for comparison between the spectra. Gray background spectra are 

continuum removed and unsmoothed. (b) Spectral band parameter graphs of the Schrödinger 

volcanic units. Labels indicate the approximate parameters and trends expected based on 

laboratory spectra of endmembers and mixtures analyzed by (Horgan et al., 2014) and (Klima et 

al., 2007). .................................................................................................................................... 134 

  



 

 

18 

ABSTRACT 

Evidence of past volcanic activity has been found on many planets and moons in our Solar 

System, and volcanism represents a common process that ties together the geologic history of 

planetary bodies. Volcanic eruptions are a unique geologic process that link the planet’s interior 

to the surface and the atmosphere/exosphere. A key planetary science objective described in the 

2013-2022 Decadal Survey is to characterize planetary surfaces and understand their modification 

by geologic processes, including volcanism. The Earth, Moon, and Mars have evidence of past 

effusive and explosive volcanic eruptions, creating a range of volcanic edifices, landforms, flows, 

and pyroclastic deposits. This dissertation strives to understand the composition and eruption style 

of explosive volcanic deposits on the terrestrial bodies of the Earth, the Moon, and Mars. These 

deposits provide critical insights into the volcanic and volatile histories of the bodies and may 

provide in situ resources for future planetary explorers. I utilize data from orbital and laboratory 

spectrometers to analyze volcanic tephras across the solar system. My dissertation uses new 

techniques from lab studies to inform orbital spectroscopy and geomorphology comparisons of 

explosive volcanic deposits. By identifying glass and other igneous minerals in the visible/near-

infrared and thermal infrared orbital spectra of volcanic deposits we can infer volcanic eruption 

style and constrain the history of explosive volcanism of planetary bodies. With remote sensing, I 

investigated a large and ancient volcanic complex, the Marius Hills, with significant implications 

for the early volcanic history of the Moon and the pyroclastic deposits of a single impact basin, 

Schrödinger, that has been selected as a landing site for robotic missions in 2024. This dissertation 

expands on the previous limited understanding of explosive vs effusive volcanism on the Moon, 

with the ability to further constrain eruption styles with remote sensing. The results presented in 

this dissertation are directly relevant to the future goals of NASA and the effort to return humans 

to the lunar surface and have increased the science return of lunar missions like the ISRO/NASA 

Moon Mineralogy Mapper.   
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 INTRODUCTION 

1.1 Summary and Motivation 

Evidence of past volcanic activity has been found on many planets and moons in our solar 

system and volcanism represents a common process that ties together the thermal evolution and 

geologic history of planetary bodies. Volcanic eruptions are a unique geologic process that link 

the planet’s interior to the surface and the atmosphere/exosphere. A key planetary science 

objective is to characterize planetary surfaces and understand the modification by geologic 

processes, including volcanism (National Research Council, 2011). The Earth, Moon, and Mars 

have evidence of past effusive and explosive volcanic eruptions, creating a range of landforms, 

including positive and negative-relief features, lava flows, ponds and expansive maria, explosively 

erupted volcanic pyroclasts.  

In this dissertation, I strive to understand the composition and eruption style of explosive 

volcanic deposits on the terrestrial bodies of the Earth, Moon, and Mars. These deposits have not 

been well understood even though they provide insight to the volcanic and volatile histories of the 

bodies and may have in situ resources implications for future planetary explorers. Orbital and 

laboratory spectrometers are used to analyze volcanic tephras as they have collected compositional 

data across the solar system.  I identify glass and other iron-bearing minerals in the visible/near-

infrared and thermal infrared spectra of volcanic deposits to infer volcanic eruption style and 

constrain the history of explosive volcanism of planetary bodies. This dissertation is divided into 

three chapters: 

1. Determining the Volcanic Eruption Style of Tephra Deposits from Infrared 

Spectroscopy - Demonstrates that thermal infrared (TIR) and visible/near-infrared (VNIR) 

data are both sufficient to detect increased glass abundances in explosive volcanic deposits 

on Earth, potentially indicating volatile interactions during an eruption, and that glass-

poor tephras have distinct TIR properties that can be used to infer tephra type (e.g., 

ignimbrite vs. scoria; Henderson et al., 2020). 

2. Mineralogy of Explosive and Effusive Volcanic Edifices in the Marius Hills Volcanic 

Complex - Presents the first detections of volcanic glass in the Marius Hills Volcanic 

Complex, which constitutes the first detections outside of aerially extensive pyroclastic 
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mantling deposits mapped on the Moon. This work provides new insight into the long 

history of volcanism in an area that is a key target for future exploration. 

3. Spectral Investigation of Explosive Volcanic Deposits in Schrödinger Basin on the 

Moon – The first hyperspectral mapping of Schrödinger basin, an upcoming landing site, 

which identified multiple pyroclastic deposits to be of similar source but of variable 

eruption style. This chapter presents new data on the role of crustal thickness on the 

explosivity of lunar volcanic eruptions.    

 

This work has direct implications for future planetary exploration. Through the techniques of 

spectral parameter analysis and large-scale spectral mapping, this work builds and compares 

datasets to answer critical questions about the causes of explosivity on the Moon. The spectral 

analysis of multiple pyroclastic deposits included in this dissertation in conjunction with similar 

analyses of other lunar pyroclastic deposits (Bennett et al., 2016; Gaddis et al., 2016; Horgan et 

al., 2014; McBride et al., 2016) has revealed the complexity of the composition, morphology, and 

occurance of lunar explosive volcanism. However, the spectral interpretations are only part of the 

story. Therefore, future research will expand on this work to answer the questions: 1. What is the 

diversity (compositions, size, etc.) of pyroclasts from explosive eruptions on the Moon, and what 

are the driving mechanisms of the eruptions?  2. Can integrating additional lunar orbital datasets 

(e.g., topography, surface roughness, and radiometers) with the spectral interpretations give further 

insight into the drivers and pyroclast properties of explosive volcanic deposits? 

1.2 Background and Relevant Studies 

1.2.1 Explosivity of Volcanic Eruptions and Explosive Eruption Styles 

Volcanoes can erupt with a range of explosiveness, from the effusive low-viscosity smooth 

lava flows seen in Hawaii to the iconic eruption of Mt. St. Helens in Washington in 1980 where 

the abrupt collapse of a flank released pressure allowing hot water in the system to flash to steam, 

initiating a hydrothermal blast through the landslide scar, and extending to the Earth’s largest 

known explosive eruption of Toba volcano in Indonesia that expelled an estimated 2,800 cubic km 

of ash about 74,000 years ago (Newhall and Self, 1982). In a ‘typical’ explosive eruption the solid 
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or liquid magma is transformed into a mixture of gas and particles through fragmentation. 

Fragmentation occurs as magma rises, when the dissolved gases (Figure 1-1) in the magma begin 

to come out of solution due to depressurization. The gasses for bubbles then expand and fragment 

the magma. Bubbles bursting can create a more explosive eruption, especially in viscous magma. 

When the magma fragments are small, they can quickly quench before crystallizing. This creates 

glass, which is an indicator of explosive eruptions when present in large quantitates (Wall et al., 

2014). 

 

 

Many properties and parameters may influence volcano explosivity, both intrinsically and 

extrinsically (Cassidy et al., 2018).  Extrinsic factors are typically related to the geologic 

environment where the volcano is located, while the intrinsic parameters would be limited to 

magma properties. These parameters may interact to create a more or less explosive eruption; there 

is no single way to produce an explosive eruption (Cassidy et al., 2018).  Table 1-1 is a modified 

chart from Cassidy et. al., 2018, that describes a subset of intrinsic (green) and extrinsic (blue) 

parameters and how these factors can have implications for planetary exploration. Investigating 

explosive volcanic deposits can illuminate the properties and history of a planetary body’s surface 

and atmosphere through studying the pyroclasts’ composition, morphology, and dispersal making 

them an ideal exploration candidate  

Figure 1-1: Volatiles as dissolved gases in the magma solution of the terrestrial bodies that 

increase fragmentation and eruption explosivity. (Airey et al., 2015; Fegley and Swindle, 1993; 

Kerber et al., 2009; Wallace et al., 2015; Wilson and Head, 2007) 
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Table 1-1. Various intrinsic (magma properties, green) or extrinsic (blue) parameters have been 

suggested to affect eruption explosivity and can be implications for lunar exploration. On Earth 

and Mars, interaction with extrinsic water can increase explosivity. Modified from (Cassidy et 

al., 2018). 

Subset of Factors Description Implication for Lunar Exploration 

Magma Volatile Content 
Dissolved volatiles (e.g., water and carbon 

monoxide) in the magma. 

Indicators of past volatiles 

(including water) 

Magma depth/pressure 

Density and buoyancy contrast between 

crust and magma, crustal 

structure/discontinuities. 

The source and depth of lunar 

magmas are still unknown 

Magma ascent rate 

The speed of magma ascent to surface from 

magma reservoir affected by magma 

buoyancy, volatiles, conduit geometry, 

chamber overpressure, and viscosity. 

Differing lunar ‘atmospheric’ and 

subsurface pressures can influence 

the ascent rate and decompression 

of the magma. 
Rate of decompression The speed of the release of magma pressure. 

Crustal properties and 

conduit/vent geometries 

Properties of crust, regional geology, and 

geometry of the conduit (e.g., diameter). 

Changes in lunar crustal 

composition and permeability can 

affect the degassing of magma 

 

Magma ascent and decompression (Table 1-1) usually happen contemporaneously, and the 

rates of these processes are potentially the most critical parameters controlling volcanic style 

(Cassidy et al., 2018). These factors affect eruptive style by bringing the magma to surface before 

it has the chance to degas or release pressure leading to increased fragmentation. Intrinsically, 

increased dissolved volatiles in the magma directly influence increased fragmentation and 

therefore explosiveness (Cashman and Scheu, 2015). Understanding the composition, distribution, 

and origin of planetary volatiles in the interior is a key outstanding knowledge gap in planetary 

exploration (National Research Council, 2011). Because volcanic glass is often a key sign of 

explosive eruptions and can trap magmatic volatiles, explosive volcanic deposits are of high 

interest for future in situ exploration by landers, rovers, or humans, as well as for sample return to 

Earth.  

There are five classical styles of explosive volcanic eruptions on Earth: 1. Strombolian/ 

Hawaiian fire fountaining eruptions; 2. Vulcanian eruptions; 3. Plinian/Subplinian eruptions; 4. 

Hydrovolcanic eruptions (phreatomagmatic, phreatic, and hydrothermal); and 5. Submarine 

explosive eruptions (Houghton, 2015). The eruption styles most relevant to this dissertation and 

current terrestrial planet exploration are hydrovolcanic, vulcanian, and strombolian/fire 
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fountaining. In phreatomagmatic or hydrovolcanic explosive eruptions, meteoric water heated by 

contact or proximity to magma expands as it evaporates to steam, causing rapid fragmenting of the 

magma into smaller pyroclasts which quench quickly as glass.  Vulcanian eruptions require the 

presence of a plug which is formed when viscous magma cools within the conduit. When pressure 

builds up behind the plug, the plug can be dislodged, leading to an explosive eruption.  The 

resulting deposit will be composed of blocky plug material, surface or host-rock material (country 

rock), and minor glass. A strombolian or fire fountaining eruption occurs when gas bubbles within 

low to intermediate viscosity magma coalesce to form slugs, or giant gas pockets. The gas 

exsolution rate exceeds the rise rate of the magma, and the slugs ascend, creating periodic eruptions 

with glass-rich deposits. These eruption styles do exist on other planets, however, as outlined 

below the factors contributing to explosivity would change (e.g., subsurface and atmospheric 

pressure, magma composition and volatiles, magma source depths, and crustal properties).   

1.2.2 Formation of Glass in Volcanic Eruptions 

Glass is an amorphous solid with an atomic structure that lacks the periodicity of crystalline 

material. Silicate glasses form by the quenching of melted rocks, where rapid cooling promotes 

vitrification and prevents the crystallization of minerals. Glass forms by numerous natural 

processes, including impacts, tectonics, and volcanic eruptions (Glass, 2016). Explosive volcanic 

eruptions form glass during fragmentation and the resulting rapid cooling of the magma, and 

volatiles can enhance this process both by driving the explosive fragmentation and by helping to 

quench the fragments. Glass can form in the entire range of volcanic compositions, from mafic to 

felsic magmas. Thus, magma-volatile interactions, in addition to magma viscosity and 

composition, affect the glass content of pyroclastic deposits.  

The pyroclasts formed by Strombolian/Fire-Fountaining, Vulcanian, and Plinian eruptions 

cool relatively slowly, either due to prolonged residence time within a warm plume or the presence 

of larger clast sizes, resulting in more crystalline tephras. Hydrovolcanic eruptions, during which 

magma encounters external water or ice, are more explosive than magmatic eruptions of similar 

magma volumes. Vaporization of meteoric water causes rapid fragmentation of magma into 

smaller pyroclasts that are quickly quenched to create glass-rich deposits. Hydrovolcanic eruptions 

favor glass production because the interaction with surface or subsurface water causes a cooling 
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rate of >106 K/s, while the airfall deposits from magmatic eruptions cool at rates ≤10 K/s (Szramek 

et al., 2010; Wallace et al., 2003; Zimanowski et al., 1997).  

Eruption properties other than water interaction can lead to explosive eruptions and glass-

rich tephra (Zimanowski et al., 2015). For example, one exception to the general observation that 

explosive magmatic eruptions produce glass-poor tephra is the high glass content of cinder cone 

tephras (a form of low-density scoria) formed during Strombolian cinder cone eruptions. Cinder 

cones form when magma works its way slowly through a crack in the surface and erupts 

subaerially. Dissolved magmatic gasses exsolve into bubbles within the magma before breaking 

through the surface, resulting in a very localized explosive eruption. As degassing progresses, 

cinder cone eruptions can transition to effusive lava flows. The explosiveness of this type of 

eruption is initially determined by volatile content and then increases by external factors such as 

interaction with water, conduit specifications, and clogging of the vent (Walker, 1973).   

1.2.3 Explosive Volcanic Deposits on Mars 

Explosive volcanic eruptions are likely to have been common on Mars, as the long history 

of water and ice at the surface (e.g., Carr and Head, 2010) could have caused phreatomagmatic 

eruptions, and the lower atmospheric pressure over the past several billion years would have 

allowed explosive eruptions even for basaltic magmas with lower volatile contents (Wilson and 

Head, 2007).  Low atmospheric pressure allows tephra and ash dispersion onto the surface at 

distances much greater than on Earth (Wilson and Head, 1994); thus, explosive eruptions may 

have emplaced many of the regional-scale layered sedimentary deposits on Mars (Kerber et al., 

2012).  

Compositional and physical evidence for explosive volcanism is identifiable on Mars. At 

visible to near-infrared wavelengths (VNIR; 0.3-2.5 μm), the OMEGA and CRISM orbital 

imaging spectrometers have been used to identify glass-rich deposits and altered sediments that 

are potentially tephra of explosive volcanic origin (Cannon et al., 2017; Edwards and Ehlmann, 

2015; Horgan and Bell, 2012). At thermal infrared wavelengths (TIR; 8-30 μm), orbital spectra 

from TES and in situ spectra from Mini-TES on the Spirit rover have identified basaltic glass 

spectra and attribute deposits to an explosive volcanic source (Bandfield et al., 2012; Ruff et al., 

2006). Explosive volcanic deposits may mantle the existing terrain as a fine-grained and low 
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thermal inertia layer identified on the martian surface within scarps, crater walls, and valley walls 

(e.g., Carr et al., 1973; Edgett, 1997; Hynek et al., 2003; McCoy et al., 2008; Robbins et al., 2011; 

Wilson and Head, 1994). However, the causes of explosive eruptions on Mars are poorly 

constrained due to uncertainty in the abundance, composition, and evolution of surface and interior 

volatile reservoirs (Wilson and Head, 2007). Identifying explosive eruption styles from orbital data 

of volcanic deposits would provide significant insight into Mars’ volcanic and volatile history. 

Chapter 2 of this dissertation aims to develop new techniques using spectroscopy to 

differentiate styles of explosive volcanism and constrain tephra crystallinity. Understanding the 

history of water and habitable environments on Mars is one of the primary goals of the Mars 

Exploration Program, and the ability to detect signs of possible water-magma interactions in the 

geologic record would be a novel way to place constraints on the history of water at the surface 

(MEPAG, 2020). 

1.2.4 VNIR and TIR spectral properties of volcanic glass and tephra  

In this dissertation I use visible/near-infrared (VNIR; 0.3-2.6 μm) and thermal infrared 

(TIR; 8-25 μm) spectroscopy to study deposits from explosive volcanic eruptions on Earth and on 

the Moon. These techniques are the main method we have of interrogating planetary surface 

composition from orbit because of the highly localized nature of landed missions. Remote sensing 

via VNIR or TIR spectroscopy can be deployed from orbit and allows rapid analysis of all visible 

outcrops from a landed mission, so the lack of accuracy of these techniques is often balanced by 

their ability to acquire significantly more data. On Earth, these techniques are applied in the 

laboratory to individual samples, and the results can be used to better interpret planetary orbital 

spectra. 

VNIR reflectance spectroscopy is sensitive to electronic absorptions, vibrational overtones, 

and variations in elemental abundance and combinations (e.g., Hunt, 1977). In the VNIR spectral 

range, glasses exhibit a characteristic broad absorption due to crystal field effects in iron centered 

between 1.08 and 1.15 μm and often exhibit a second broad band near 2 μm. The contributors to a 

presence or lack of a 2µm band has not yet been studied in detail (Cannon et al., 2017; Dyar and 

Burns, 1981; Horgan et al., 2014). These absorption bands have been used to infer the presence of 

glass on Mars (Horgan and Bell, 2012; Horgan et al., 2014); however, they are easily obscured by 
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other Fe-bearing minerals like olivine and pyroxene that exhibit similar bands centered between 

0.9 and 1.08 μm. However, previous work has focused on individual minerals and glasses, and 

the VNIR spectral properties of actual tephra samples from Mars are not known.  

VNIR spectra can also infer aqueous alteration, which we expect in tephras when explosive 

volcanic eruptions or deposits interact with water. Narrow hydration bands at ∼1.9 µm in tephra 

may imply formation or alteration in a wet environment (Farrand et al., 2016). Glass that has been 

devitrified, or partially reordered as a result of thermal alteration (Marshall, 1961), loses the 1.1 

μm glass band and gains an iron oxide band closer to 1 μm (Ackiss et al., 2018; Farrand et al., 

2016). Palagonite can be identified by narrow VNIR absorption bands at 1.78 μm (hydration in 

zeolites), 1.9 μm (hydration in zeolites and smectites), and 2.2–2.3 μm (smectites), and post-

eruptive weathering can also cause the development of smectites on tephra (Ackiss et al., 2018; 

Allen et al., 1981; Drief and Schiffman, 2004; Pauly et al., 2011). Thus, the presence of these 

absorptions in VNIR spectra may indicate that amorphous and/or crystalline endmembers replace 

some glass in the deposit through the processes of devitrification, palagonization, and/or surface 

weathering. These types of alteration are spectrally distinct from magmatic volatiles in the glass, 

which in glasses, e.g., obsidian, can result in only a 2.2 μm absorption band without an 

accompanying 1.9 μm hydration band (Horgan et al., 2014). Absorption bands due to these 

alteration minerals have also been detected on Mars using VNIR spectral parameter maps 

(Viviano-Beck et al., 2014), but glass detections have required more detailed analysis (e.g., Horgan 

et al., 2014). Currently it is unknown how these alteration signatures vary across different types 

of explosive eruptions and how the presence of alteration minerals and processes affects the 

detectability of glass in tephras.  

TIR emission spectroscopy is sensitive to molecular bending and stretching vibrational 

modes present in nearly all geologic materials (Thomson and Salisbury, 1993) and is sensitive to 

the fundamental ∼10 μm Si-O absorption. Crystalline silicates exhibit a composite 10 μm 

absorption band with many sharp features due to modification of the Si-O bond by variations in 

mineral structure. In contrast, glass exhibits a rounded ∼10 μm absorption band indicative of a 

substantial degree of disorder of the silicate units (Crisp et al., 1990; Dufresne et al., 2009; Minitti 

et al., 2002; Minitti and Hamilton, 2010). TIR spectra show that devitrified glass is spectrally and 

thus structurally distinct from crystalline minerals. During devitrification, the rounded band 

changes to a doublet, with a narrow band minimum at 9.5–9.6 µm and a broad shoulder at 10.9–
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11.3 µm, caused by the development of sheet and chain structures, respectively (Crisp et al., 1990; 

Farrand et al., 2016). These bands are distinct from the more complex bands expected for common 

crystalline igneous minerals like olivine and pyroxene, suggesting that early devitrification does 

not necessarily lead to crystallization. The ∼10 μm silicate band's position and shape can be used 

to infer relative crystallinity and silica content (Michalski et al., 2005). Crystallinity can be 

determined from TIR linear deconvolution models by subtracting from 100 the fraction of 

unambiguously amorphous phases (glass, devitrified glass, partially to fully amorphous silica 

phases) as well as clay, oxide, and zeolite phases that are difficult to quantify using XRD and/or 

may be poorly crystalline when present in palagonites (Ackiss et al., 2018; Farrand et al., 2016). 

Previous studies of crystalline igneous rocks suggested that TIR-derived abundances are accurate 

within 15 vol.% (Feely and Christensen, 1999).  

Previous work on TIR properties of igneous materials has focused primarily on intrusive 

rocks and lavas (Bandfield et al., 2000; Glotch et al., 2010; Scudder et al., 2021), and the TIR 

properties of explosive volcanic deposits are not known. In addition, previous workers have 

hypothesized that amorphous materials like glass may be overmodeled in TIR spectral models 

(Thorpe et al., 2015), therefore more work is needed to evaluate the accuracy of TIR unmixing 

methods for glass-bearing tephras. 

Previous studies showed that glass is distinguishable from crystalline minerals in both 

VNIR and TIR spectra (Adams, 1974; Cloutis et al., 1990; Crisp et al., 1990; Dyar and Burns, 

1981; Horgan et al., 2014; Minitti and Hamilton, 2010), but a survey of the spectral properties of 

natural tephra samples from different eruption styles had not yet been conducted. Chapter 2 uses 

a suite of basaltic tephra samples to test the ability of VNIR and TIR spectra, typical data 

acquired from planetary orbital and landed missions, to infer eruption styles from explosive 

volcanic deposits. 

1.2.5 Lunar Pyroclastic Deposits 

Lunar pyroclastic deposits (LPD), also known as “dark mantling” deposits, are low-albedo 

units believed to have formed during ancient explosive volcanic eruptions (Head, 1974). These 

deposits are composed of juvenile magmatic minerals thought to be derived from deep within the 

Moon (e.g., clinopyroxene (CPX) and olivine), glass (quenched and partially crystalline glass 
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beads), as well as local country rock (orthopyroxene (OPX) and plagioclase in the lunar highlands; 

clinopyroxene in the mare) (Hawke et al., 1989). The deposits exhibit a large range of sizes (Gaddis 

et al., 1985) and have been previously divided into two categories: regional (>1000 km2 in area) 

and local deposits (<1000 km2 in area) (Gaddis et al., 2003). Pyroclastic deposits on the Moon 

represent a primitive material from ancient volcanic eruptions that could help to characterize the 

lunar interior and to expand our understanding of lunar basaltic magmatism (Gaddis et al., 2003). 

The collection of pyroclastic samples in the form of dark glass beads from the Apollo 17 

lunar landing site, Taurus Littrow, sparked an interest in the glass-rich deposits formed from 

volcanic eruptions (Pieters et al., 1974). Based on early spectral studies using Earth-based 

telescopes, localized pyroclastic deposits were theorized to result from violently explosive 

Vulcanian-style eruptions, which occur due to the build-up of gases behind a plug due to low 

eruption rates. This eruption style is capable of ejecting juvenile material along with large amounts 

of country rock (Head and Wilson, 1979). In contrast, regional pyroclastic deposits are believed to 

form from Strombolian-style eruptions (coalesced bubble explosions) or from Hawaiian-style fire-

fountain eruptions (Head and Wilson, 1979), both of which occur due to high eruption rates. This 

eruption style produces mainly juvenile material, and deposits are thus composed of glass and 

partially crystalline glass beads (Gaddis et al., 1985). The Clementine spacecraft collected higher 

resolution (~100m/pixel) ultraviolet-visible multispectral data from lunar orbit (Nozette et al., 

1994). This allowed for the first global compositional analysis of lunar pyroclastic deposits 

(Gaddis et al., 2003). While Clementine was able to detect some variability within regional 

pyroclastic deposits related to crystallinity, the data was unable to provide clear constraints on the 

mineralogy of the deposits (Gaddis et al., 2003; Hawke et al., 1989; Weitz and Head, 1999). 

Recent orbital VNIR spectral studies of the detailed mineralogy of local pyroclastic deposits 

have suggested that the simple Vulcanian model may need revisiting. Gaddis et al., (2016), Jawin 

et al., (2015), and  Bennett et al., (2016) examined mineralogical variations within and between 

local deposits in Alphonsus and Oppenheimer craters. Alphonsus crater contains 12 deposits 

smaller than 98 km2, composed of a variable mix of juvenile CPX and glass near the vents that 

transition to a more distant ring of OPX-rich country rock. The clear combination of country rock 

and juvenile materials suggests that the Alphonsus deposits were formed through high-energy 

Vulcanian style eruptions followed by lower-energy fire fountaining (Gaddis et al., 2016), 

supporting the original models of (Head and Wilson, 1979). In contrast, Oppenheimer contains at 
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least 15 deposits ranging in size from 2-1500 km2, including some deposits that are “regional” in 

size. All of the deposits, regardless of size, are rich in glass and juvenile magmatic materials but 

exhibit no evidence for incorporating local country rock. This suggests that the deposits were 

formed by fire-fountaining and possibly effusive eruptions (Bennett et al., 2016), and the boundary 

between local and regional deposits might be significantly lower than the previous arbitrary 

boundary of 1000 km2. However, the fact that the small Oppenheimer deposits are so 

compositionally distinct compared to the small Alphonsus deposits also suggests that local 

pyroclastic deposit formation mechanisms are more complicated than indicated by (Head and 

Wilson, 1979). These studies demonstrate that more work is needed to understand the eruption 

style of lunar pyroclastic deposits, and that orbital mineral mapping using VNIR hyperspectral 

imaging is effective at characterizing lunar pyroclastic deposits in detail. 

Chapters 3 and 4 attempt to expand the understanding of lunar pyroclastic deposits by studying 

both an ancient volcanic complex and the pyroclastic deposits of a single young impact basin with 

hyperspectral imaging. The aim of these chapters is to begin to unravel the complexity of explosive 

volcanism of the Moon through mineralogical characterization of multiple lunar eruption styles.  

1.2.6 Moon Mineralogy Mapper Instrument Data 

Chapters 3 and 4 use data from the Moon Mineralogy Mapper (M3), which was an imaging 

spectrometer supported by NASA as a guest instrument on the Chandrayaan-1 lunar orbiter (Green 

et al., 2011; Pieters et al., 2009). Launched in 2008, M3 operated in the visible to near-infrared 

(VNIR; 0.42µm-3.0µm), which is sensitive to absorption bands exhibited by iron-bearing 

minerals, including pyroxene, olivine, glass, as well as anorthosite (Adams et al., 1974; Besse et 

al., 2013; Cloutis and Gaffey, 1991). M3 has a spatial resolution of 140 m/pixel in 86 spectral 

channels. M3 collected data during two operational periods defined by changes in temperature and 

orbital distance (Green et al., 2011). Both because of the relatively high spatial resolution of M3 

and the fact that glass exhibits unique iron absorption bands compared to other phases in the 

spectral range covered by M3, recent studies using this dataset have confirmed for the first time 

that glass is present in local pyroclastic deposits and that there is spatial variability in the spectral 

signatures within the deposits (Bennett et al., 2016; Besse et al., 2013; Horgan et al., 2014; Jawin 

et al., 2015). The fact that glass is detectable in these deposits with M3 is notable, as the 
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transparency of glass makes it a weak absorber. According to laboratory mixture studies, glass 

only dominates a VNIR spectrum when the mixtures contain more than 80-95 wt% glass. 

Therefore, any clear glass detection implies very high glass abundances (Horgan et al., 2014). 

M3 data calibrated to reflectance is available from the Planetary Data System and has nearly 

full coverage of the lunar surface. However, the quality and resolution (75-280 m/pixel) of the data 

varies across the mission. At each site of interest, I created a mosaic of M3 images that prioritizes 

data from more optimal optical periods (1B, 2A, 2C; Green et al., 2011). Using the methods 

described in (Horgan et al., 2014) and (Bennett et al., 2016), the continuum of each spectrum in 

the mosaic will be removed using a linear convex hull with two segments between 0.6-2.6 μm. 

There is residual thermal contribution above 2 µm that could affect parameter maps utilizing this 

part of the spectrum; however, the 1µm band is not disturbed by this effect. To prevent possible 

error due to thermal contributions, the continuum is limited to <2.5µm, and I exercised caution 

when analyzing data at these wavelengths. Spectral noise was reduced using a median filter and a 

boxcar smoothing algorithm, both with widths of 5 channels.  

Minerals can be identified from M3 using simple arithmetical spectral parameters as well as 

more detailed parameterizations of the shape and position of the 1 and 2 µm iron absorption bands. 

All spectral parameters are calculated using the mapped and continuum removed data. The simple 

spectral parameters can infer the presence and distribution of a spectral shape but do not uniquely 

identify minerals (Horgan et al., 2014). More objective maps can be created using the band analysis 

methods of (Horgan et al., 2014), which parameterize the centers of the 1 and 2 μm iron absorption 

bands. Maps of these parameters are used to distinguish between OPX (band centers between 0.9-

0.94 and 1.8-1.95 μm), CPX (0.98-1.06 and 2.05-2.4 μm), and iron-bearing glass (1.06-1.2 and 

1.9-2.05 μm). Olivine exhibits a band (1.05-1.08 μm) that overlaps with CPX and glass but can be 

distinguished based on the lack of a 2 μm band (Horgan and Bell, 2012; Horgan et al., 2014). 

Spectral parameter maps will be used to look for compositional variations within specific 

pyroclastic deposits and then verified using detailed spectral analysis.  

1.2.7 Relevance to Future Exploration 

As described in the 2013-2022 Decadal Survey, an investigation of explosive volcanic 

deposits on multiple planetary bodies can: 1. Constrain the bulk composition of terrestrial planets 
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by studying the composition of volcanic products. 2. Characterize planetary interiors to determine 

how they differentiate and evolve by assessing volcanic products created through partial melts of 

the lunar interior. 3. Characterize planetary surfaces to understand how they are modified by 

geologic processes (i.e., volcanism, National Research Council, 2011).  

Lunar pyroclastic deposits are targets of high interest in future exploration of the Moon for 

both their scientific value and resource potential. In laboratory experiments, lunar pyroclastic 

glasses rich in FeO2 were exposed to an H2 environment, creating Fe2+ and H2O, which could be 

electrolyzed to yield oxygen. The pyroclastic glasses yielded the most oxygen out of any Apollo 

sample (Allen et al., 1996). It is costly to transport materials from the Earth to the Moon; therefore, 

it is crucial to use locally derived materials. Future astronauts on the Moon for an extended stay 

could use pyroclastic deposits as a resource for oxygen or to extract rare volatile elements needed 

for industrial processes, which is imperative for life support and spacecraft propulsion (Allen et 

al., 1996; Duke et al., 2006). By identifying the characteristics that lead to enhanced glass 

abundances in lunar pyroclastic deposits, this proposed work will help to recognize the glass-rich 

deposits that could be targeted for resource extraction, directly addressing the NASA Science 

Mission Directorate goal “to identify and characterize objects in the solar system that pose threats 

to Earth or offer resources for human exploration.” The results of this dissertation will enhance the 

NASA supported M3 instrument’s scientific return and addresses goals from the broader Lunar 

Science community.  

The study and characterization of the lunar interior and lunar pyroclastic deposits are both 

identified explicitly as critical science goals in the National Research Council’s Scientific Context 

for Exploration of the Moon (2007) and the Planetary Decadal Survey (2011) reports (National 

Research Council, 2011). The analysis of the history and extent of explosive volcanic deposits 

address key lunar science questions outlined in the 2007 National Research Council (NRC) 

Scientific Context for the Exploration of the Moon (SCEM, National Research Council 2007), the 

2017 LEAG Specific Action Team Report Advancing Science of the Moon (ASM-SAT, LEAG, 

2017), and Vision and Voyages for Planetary Science in the Decade 2013–2022 (National 

Research Council, 2011). 

The scientific outcomes of each dissertation chapter also support the NASA Human 

Exploration and Operations Mission Directorate (HEOMD), through the preparation of crewed 
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exploration of the Moon. NASA’s Artemis missions will lead humans back to the Moon within 

the decade (NASA, 2020) and aim to understand planetary processes, the character and origin of 

lunar polar volatiles, and conduct experimental science in the lunar environment (Artemis SDT, 

2020). The recommended investigations by the future Artemis astronauts outlined in the Artemis 

Science Definition Team Report (SDT) should ensure that sample collection and in situ 

measurements are carefully choreographed to maximize science return (Artemis SDT, 2020). This 

dissertation makes a significant contribution to the Artemis objectives by characterizing explosive 

volcanic environments using orbital investigations (SDT Finding 6.3.7-1), as these deposits are 

high priorities for scientific sampling and possible resource utilization (Artemis SDT, 2020). 

Results from this dissertation would support the Artemis science definition team Finding 6.1.4-1 

which states that the optimal sample return program is built upon geologic-context observations 

(Artemis SDT, 2020). The Artemis III mission will focus on exploration of the South Pole, and 

therefore the inclusion of a spectral map of Schrödinger within this dissertation is highly relevant 

for mission planning.  

1.3 Objectives, Tasks, and Outcomes  

The primary goal of this work is to use spectroscopic analysis to determine the presence of 

glass in volcanic deposits and infer volcanic eruption styles and volcanic history on planetary 

bodies, based around three specific objectives that resulted in three thesis chapters: 

 

1) Develop remote sensing techniques to determine the eruption style of terrestrial volcanic 

samples (Chapter 2), Volcanic samples from a range of volcanic deposits and sources 

previously examined by an X-ray diffractometer to calculate crystallinity and infer 

eruption style will be analyzed with laboratory VNIR and TIR spectroscopy, which are 

more analogous to orbital instrumentation at Mars.  

2) Determine the eruption history of an ancient shield/cone complex in Oceanus Procellarum 

using orbital VNIR spectra of the Marius Hill Volcanic Complex (Chapter 3). Identify and 

compare the presence of glass in effusive and explosive lunar deposits associated with 

domes, cinder cones, and lava flows.  

3) Determine the volcanic history of proposed pyroclastic deposits in the South Pole Aitken 

Basin using orbital VNIR spectra of Schrödinger crater (Chapter 4). The analysis will 
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determine the eruption types of multiple pyroclastic deposits at the proposed landing site 

and evaluate the impact of crustal thickness on eruption explosivity. 

 

This dissertation uses new techniques from lab studies to inform orbital spectroscopy and 

geomorphology comparisons (Chapter 2), investigates a large and ancient volcanic complex with 

significant implications for the early volcanic history of the Moon (Chapter 3), and investigates 

the pyroclastic deposits of a single impact basin (Chapter 4) that has been selected as a landing 

site for robotic missions in 2024.  

Overall, this research will provide fundamental insight into the eruption history of the Moon 

and Mars. Inferring eruption styles from mineralogy can inform the volatile history of both 

planetary bodies. Understanding of planetary volcanic processes and their resource potential could 

influence the future exploration of the Solar System.  

All three chapters are to be submitted as articles to relevant Earth and planetary science 

journals. Chapter 2 has been published in Earth and Space Science. Chapter 3 is planned for 

submission to Icarus. Lastly, Chapter 4 is planned for Journal of Geophysical Research - Planets.  

Part of this thesis was funded by the National Science Foundation Graduate Research Fellowship 

awarded in May 2017 and renewed through August 2020. Chapters 2 and 3 were also funded with 

the support of the Indiana Space Grant and the Amelia Earhart Scholarship. Chapter 4 is part of a 

funded NASA Lunar Data Analysis Program led by Dr. Lisa Gaddis and was completed as a part 

of an NSF Graduate Internship Program at the United States Geological Survey in Flagstaff, 

Arizona, alongside Dr. Gaddis.  
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 DETERMINING THE VOLCANIC ERUPTION STYLE 

OF TEPHRA DEPOSITS FROM INFRARED SPECTROSCOPY 

This chapter is published in peer-reviewed Earth and Space Science and can be found here: 

Henderson, M. J. B., Horgan, B. H. N., Rowe, M. C., Wall, K. T., & Scudder, N. A. (2020). 

Determining the volcanic eruption style of tephra deposits from infrared spectroscopy. Earth and 

Space Science, 7, e2019EA001013. https://doi. org/10.1029/2019EA001013  

(https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019EA001013) 

2.1 Introduction 

Explosive volcanism is driven by volatiles, either sourced from the magma or encountered 

during ascent and eruption. On Earth, different volatile sources and contents are a significant cause 

of variations in eruption styles that produce distinct surface deposits (Byrne, 2020). Volcanism is 

also a common process across the solar system, including on Mars, and these extraterrestrial 

volcanic deposits can provide a record of the history of interior and surface volatiles on other 

planets. Mars has likely experienced explosive volcanism throughout the planet's history, as 

indicated by mineralogy and geomorphology (e.g., Bandfield et al., 2012; Head & Wilson, 1979; 

B. Horgan and Bell, 2012; Robbins et al., 2011; Squyres et al., 2007). However, the causes of 

explosive eruptions on Mars are poorly constrained due to uncertainty in the abundance, 

composition, and evolution of surface and interior volatile reservoirs (Wilson & Head, 2007). On 

Mars, explosive volcanic deposits produced by interactions with both magmatic and surface 

volatile reservoirs are critical targets of investigation for both landed and orbital missions. 

Magmatic volatiles place constraints on the composition and evolution of planetary interiors, while 

detecting magma-water or magma-ice interactions can help constrain past surface environments 

and climates (National Research Council, 2011).  

Thus, a method is needed for differentiating volcanic deposits produced by these two types 

of explosive eruptions. Previous studies have shown that the crystallinity of volcanic tephra, as 

determined by X-ray diffraction (XRD), can be used to infer eruption style (Wall et al., 2014); 

however, this technique is only applicable to landed investigations (Blake et al., 2012). Here, we 

propose a method for distinguishing eruption styles in volcanic deposits using laboratory 

visible/near-infrared (VNIR; 0.3–2.5 μm) reflectance spectra and thermal infrared (TIR; 8–25 μm) 

emission spectra that is analogous to orbital datasets from Mars. Identifying explosive eruption 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019EA001013
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styles from orbital data of volcanic deposits would provide significant insight into Mars’ volcanic 

and volatile history. 

2.2 Background 

Glass forms by numerous natural processes, including impacts, tectonics, and volcanic 

eruptions (Glass, 2016). Glasses form via quenching of molten material, where rapid cooling 

prevents the crystallization of minerals. Rapid cooling can occur due to interaction with water 

(e.g., mid-ocean ridge eruptions), air (e.g., Plinian eruptions), or the vacuum of space (e.g., lunar 

pyroclastic eruptions). In explosive eruptions, volatiles like water can enhance this process by 

driving explosive fragmentation (smaller particles cool more efficiently) and direct cooling (during 

magma-water interactions). Glass can form in magmas of any composition, from mafic to felsic. 

More interactions with volatiles during eruption generally leads to glassier pyroclastic deposits.  

Explosive eruptions can be divided into two categories: magmatic (volatile-limited) and 

phreatomagmatic (volatile-rich; e.g., Cashman & Sparks, 2013; Wall et al., 2014). In “magmatic” 

eruptions (e.g., Plinian and Strombolian eruption styles), volatiles dissolved in the magma are 

decompressed during ascent, increasing the volume fraction of gas and causing fragmentation. The 

pyroclasts formed by magmatic eruptions cool relatively slowly, either due to prolonged residence 

time within a warm plume or larger clast sizes, resulting in more crystalline tephras. 

Phreatomagmatic eruptions, during which magma encounters external water or ice, are more 

explosive than magmatic eruptions of similar magma volumes. Vapourization of meteoric water 

causes rapid fragmentation of magma into smaller pyroclasts that are quickly quenched to create 

glass-rich deposits. Phreatomagmatic eruptions favor glass production because the interaction with 

surface or subsurface water causes a cooling rate of >106 K/s, while the airfall deposits from 

magmatic eruptions cool at rates ≤10 K/s (Szramek et al., 2010; Wallace et al., 2003; Zimanowski 

et al., 1997).  

Eruption properties other than water interaction can lead to explosive eruptions and glass-

rich tephra. For example, one exception to the general observation that explosive magmatic 

eruptions produce glass-poor tephra is the high glass content of cinder cone tephras (a form of low-

density scoria) formed during Strombolian cinder cone eruptions. Cinder cones form when magma 

works its way slowly through a crack in the surface and erupts subaerially. Dissolved magmatic 



 

 

43 

gasses exsolve into bubbles within the magma before breaking through the surface, resulting in a 

very explosive localized eruption. As degassing progresses, cinder cone eruptions can transition 

to effusive lava flows. The explosiveness of this type of eruption is initially determined by volatile 

content and then increases by external factors such as interaction with water, conduit 

specifications, and clogging of the vent (Walker, 1973).  

Explosive volcanic eruptions are thought to have been common on Mars. Water and/or ice 

have been present at the surface and in the subsurface from the Noachian to the present day (e.g., 

Carr & Head, 2010) and have been hypothesized to cause phreatomagmatic eruptions (e.g., Ghatan 

& Head, 2002). Lower atmospheric pressure in the Hesperian and Amazonian would have 

enhanced eruptions’ explosivity even in basaltic magmas with lower volatile contents (Wilson & 

Head, 2007). Under low atmospheric pressures, tephra and ash would have dispersed onto the 

surface at distances much greater than on Earth (Wilson & Head, 1994); thus, explosive eruptions 

may have emplaced many of the regional-scale sedimentary deposits on Mars (Kerber et al., 2012).  

Deposits potentially consistent with volcanic tephra as well as explosive volcanic edifices 

have been identified on Mars based on morphological and thermophysical properties (Carr et al., 

1973; Edgett, 1997; Hynek et al., 2003; McCoy et al., 2008; Robbins et al., 2011; Wilson & Head, 

1994). Previous investigations used orbital VNIR spectra as well as orbital and in situ TIR spectra 

to identify possible tephra deposits on Mars, based on the presence of glass-rich sand and altered 

sediments that could both be attributed to explosive volcanism (Cannon et al., 2017; Horgan & 

Bell, 2012; Edwards & Ehlmann, 2015). However, it is unclear from these studies whether these 

possible explosive volcanic deposits formed from phreatomagmatic or magmatic eruptions. This 

study aims to develop new techniques using spectroscopy applied to differentiate these two 

eruption styles. Understanding the history of water and habitable environments on Mars is one of 

the primary goals of the Mars Exploration Program, and the ability to detect signs of possible 

water-magma interactions in the geologic record would be a novel way to place constraints on the 

history of water at the surface (MEPAG, 2020). 

Previous work suggests the crystallinity of volcanic tephra may be related to eruption styles. 

A study by Wall et al. (2014) investigated a suite of 16 volcanic tephras and 14 lavas from globally 

distributed basaltic sources on Earth and developed a method using X-ray diffraction (XRD) to 

estimate their crystallinity. Their results showed that crystallinity could be used to distinguish 

tephra from phreatomagmatic and magmatic eruptions, as phreatomagmatic tephras exhibit a lower 
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groundmass crystallinity (<35%) than slower cooling magmatic eruptions (>44%). Applying their 

results to analyses by the CheMin XRD instrument on the Mars Curiosity rover showed that the 

moderate crystallinity (>50%; Bish et al., 2013) of the Rocknest aeolian sediment sample is 

consistent with magmatic tephra of Strombolian or Plinian origin.  

Here, we seek to develop similar analysis techniques to constrain tephra crystallinity using 

spectroscopy. Orbital spectroscopy is used extensively to study the Martian surface's mineralogy 

(e.g., Bandfield, 2002; Murchie et al., 2009). Previous studies showed that glass is distinguishable 

from crystalline minerals in both VNIR and TIR spectra (Adams et al., 1974; Cloutis et al., 1990; 

Crisp et al., 1990; Dyar & Burns, 1981; B. H. N. Horgan et al., 2014; Minitti & Hamilton, 2010), 

but a survey of the spectral properties of natural tephra samples from different eruption styles has 

not yet been conducted. 

2.3 Materials and Methods 

In this study, we use a suite of basaltic tephra samples to test the ability of VNIR and TIR 

spectra, typical data acquired from planetary orbital and landed missions, to infer eruption styles 

from explosive volcanic deposits. To “ground truth” these datasets, we compare the VNIR and 

TIR results to XRD crystallinity measurements as well as to VNIR, TIR, and XRD data from 

physical mixtures of glass and crystalline igneous minerals. 

2.3.1 Sample Suite 

Basaltic tephra samples (Table 1, Figure 2-1) were collected by Wall et al. (2014; and 

references therein) from a range of tephra types (hydrovolcanic sand, lapilli, tuff, scoria, and 

ignimbrites) attributed to a range of eruption styles (phreatomagmatic, Plinian, and Strombolian). 

All phreatomagmatic samples in this study result from magmatic interaction with groundwater 

(with the exception of Surtsey, which was a submarine eruption). These samples may also be 

referred to as hydrovolcanic, but we maintain the usage of the term “phreatomagmatic” for 

consistency with previous literature and with the Wall et al. (2014) study. Two cinder samples 

from Craters of the Moon (CotM) National Monument (Kuntz et al., 1992) and Tseax Cone 

(Wuorinen, 1978) were added to the collection for this study. The cinders have a lower density 

and smaller clast size than other scorias in our study. Possible cinder cones have been identified 
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on the martian surface (Brož et al., 2015; Hauber et al., 2015; McCauley, 1967; Wood, 1979) and 

represent a distinct tephra type that was not considered by Wall et al. (2014). We created a physical 

mixture set with glasses and crystalline minerals to compare the tephra samples to well-

characterized samples of known crystallinity (Section 3.4). To minimize the effects of grain size 

and surface area on the spectra, all samples and mixtures were crushed to <150 µm, the same size 

fraction examined by CheMin on the Curiosity rover (Blake et al., 2012). For spectral analysis, all 

samples were pressed into ∼1g pellets to reduce pore space and increase spectral contrast. This 

preparation step compares tephra of different densities and grains sizes more consistently, which 

is appropriate for our study. These properties can vary widely for a given eruption and do not 

indicate eruption style as bulk composition. However, it should be noted that these properties may 

significantly affect the spectral properties of tephra deposits, particularly in the TIR. 

Table 2-1. Summary of samples in this study. 
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Figure 2-1. Tephra samples used in this study (not including Tseax cinders) before being 

crushed, sieved, and pressed into pellets for spectral analysis. 

2.3.2 X-Ray Diffraction  

Crystallinities for the tephra samples were derived from XRD patterns by comparing the 

area of the broad hump due to X-ray amorphous phases, including glass, to the area of peaks due 

to crystalline minerals (Wall et al., 2014). This “relative crystallinity” was then calibrated to a 

quantitative measure using a series of known standards. Thus, these crystallinities are not just a 

measure of the glass content but also the presence of other X-ray amorphous phases, including 

assemblages like palagonite (Ackiss et al., 2018a). Palagonite is an assemblage of largely 

amorphous phases that forms due to hydrothermal alteration of glass during or shortly after an 

eruption (Ackiss et al., 2018a; Allen et al., 1981; Drief & Schiffman, 2004; Farrand et al., 2018; 

Pauly et al., 2011; Stroncik & Schmincke, 2001, 2002). Bulk crystallinity (groundmass/ 

phenocrysts), as well as groundmass crystallinity (phenocrysts removed by hand) for our samples, 

were inferred from XRD models by Wall et al. (2014). While bulk crystallinity is more likely to 

be measured during orbital spectroscopy, groundmass crystallinity is more closely related to late-

stage magma cooling history. In our study, the spectroscopic analyses were compared to both the 

bulk and groundmass crystallinities where available. We applied this same technique to determine 

bulk XRD crystallinities for the CotM, Tseax, and physical mixture samples, using XRD patterns 

we acquired following sample preparation and analytical procedures as described by Zorn et al. 

(2018) at the University of Auckland X-ray Centre on a PANalytical Empyrean XRD. Crystallinity 

was calculated using the AMORPH program (Rowe & Brewer, 2018), calibrated against physical 

glass-mineral mixtures (Wall et al., 2014). All XRD crystallinities are reported here as vol. %. 
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2.3.3 Visible/Near-Infrared Spectra  

VNIR reflectance spectroscopy is sensitive to electronic absorptions, vibrational overtones, 

and element combinations (e.g., Hunt, 1977), as demonstrated by the laboratory reference spectra 

shown in Figure 2-2. An ASD FieldSpecPro3 spectroradiometer with a contact probe attachment 

collected the VNIR spectra of pelletized samples from 0.35 to 2.5 µm at standard 

incidence/emission angles of 0°/30° and as an average of 100 individual spectra with respect to a 

white reference. In the VNIR spectral range, glasses exhibit a characteristic broad absorption due 

to crystal field effects in iron centered between 1.08 and 1.15 μm and often exhibit a second broad 

band near 2 μm (Cannon et al., 2017; Dyar & Burns, 1981; Horgan et al., 2014). These absorption 

bands have been used to infer the presence of glass on Mars (Horgan & Bell, 2012; Horgan et al., 

2014); however, they are easily obscured by other Fe-bearing minerals like olivine and pyroxene 

that exhibit similar bands centered between 0.9 and 1.08 μm. As such, glass absorptions only 

dominate VNIR spectra for abundances >70–80 wt.% (Horgan et al., 2014). 

VNIR spectra can also infer aqueous alteration. Narrow hydration bands at ∼1.9 µm in 

tephra may imply formation or alteration in a wet environment (Farrand et al., 2016). Absorption 

bands near 2.2–2.3 μm are often attributed to Si-OH bonds in hydrated silicates like glass or 

Fe/Mg/Al-OH bonds in phyllosilicates (Bishop et al., 2008; Rice et al., 2013). Glass that has been 

devitrified, or partially reordered as a result of thermal alteration (Marshall, 1961), loses the 1.1 

μm glass band and gains an iron oxide band closer to 1 μm (Ackiss et al., 2018a; Farrand et al., 

2016). Palagonite can be identified by narrow VNIR absorption bands at 1.78 μm (hydration in 

zeolites), 1.9 μm (hydration in zeolites and smectites), and 2.2–2.3 μm (smectites), and post-

eruptive weathering can also cause the development of smectites on tephra (Ackiss et al., 2018a; 

Allen et al., 1981; Drief & Schiffman, 2004; Pauly et al., 2011). Thus, the presence of these 

absorptions in VNIR spectra may indicate that amorphous and/or crystalline endmembers replace 

some glass in the deposit through the processes of devitrification, palagonization, and/or surface 

weathering. These types of alteration are spectrally distinct from magmatic volatiles in the glass, 

which in glasses, e.g., obsidian, can result in only a 2.2 μm absorption band without an 

accompanying 1.9 μm hydration band (Horgan et al., 2014). Absorption bands due to these 

alteration minerals have also been detected on Mars using VNIR spectral parameter maps 

(Viviano-Beck et al., 2014), but glass detections have required more detailed analysis (e.g., Horgan 

et al., 2014). 
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Figure 2-2. Laboratory reference spectra of minerals common in volcanic environments in the (a) 

visible/near-infrared (VNIR) (Horgan et al., 2017; Kokaly et al., 2017) and (b) thermal infrared 

(TIR) (see citations in Table 2). 

2.3.4 Thermal-Infrared Spectra 

TIR emission spectroscopy is sensitive to molecular bending and stretching vibrational 

modes present in nearly all geologic materials (Thomson & Salisbury, 1993), as shown in Figure 

2-2. TIR spectra (8–25 µm) of tephra and mixture pellet samples actively heated to 80°C were 

acquired at Arizona State University using a Nicolet iS50R FT-IR spectrometer modified to 

measure emitted energy, then calibrated to emissivity (Christensen & Harrison, 1993; Ruff et al., 
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1997). Spectra were measured between 200 and 2,000 cm−1 with a resolution of 2 cm−1 as an 

average of 512 scans.  

TIR spectra are sensitive to the fundamental ∼10 μm Si-O absorption, and crystalline 

silicates exhibit a composite 10 μm absorption band with many sharp features due to 

modification of the Si-O bond by variations in mineral structure. In contrast, glass exhibits a 

rounded ∼10 μm absorption band indicative of a substantial degree of disorder of the silicate 

units (Crisp et al., 1990; Dufresne et al., 2009; Minitti et al., 2002; Minitti & Hamilton, 2010). 

TIR spectra show that devitrified glass is spectrally and thus structurally distinct from crystalline 

minerals. During devitrification, the rounded band changes to a doublet, with a narrow band 

minimum at 9.5–9.6 µm and a broad shoulder at 10.9–11.3 µm, caused by the development of 

sheet and chain structures, respectively (Crisp et al., 1990; Farrand et al., 2016). These bands are 

distinct from the more complex bands expected for common crystalline igneous minerals like 

olivine and pyroxene, suggesting that early devitrification does not necessarily lead to 

crystallization. The ∼10 μm silicate band's position and shape can be used to infer relative 

crystallinity and silica content (Michalski et al., 2005).  

Quantitative mineralogy was determined from TIR spectra using standard nonnegative 

linear least-squares deconvolution with a suite of laboratory mineral endmember spectra 

(Ramsey & Christensen, 1998; Rogers & Christensen, 2007). Our library (Table 2) includes 

spectral endmembers relevant to volcanic environments, including mafic to silicic volcanic 

glasses (Michalski et al., 2005; Minitti et al., 2002; Minitti & Hamilton, 2010) and devitrified 

glass (Farrand et al., 2016), as well as pyroxenes, olivines, plagioclases, high silica alteration 

phases, oxides, zeolites, and clays (e.g., Christensen et al., 2000; Rogers & Christensen, 2007). 

Corrective spectra listed in Table 2 were used to normalize the spectra models. All TIR 

abundances and crystallinities are reported in vol.%. TIR linear deconvolution models of our 

tephra samples and physical mixtures produce RMS errors in the range 0.11–0.79 and 0.19–0.81, 

respectively.  

Crystallinity was determined from TIR linear deconvolution models by subtracting from 

100 the fraction of unambiguously amorphous phases (glass, devitrified glass, partially to fully 

amorphous silica phases) as well as clay, oxide, and zeolite phases that are difficult to quantify 

using XRD and/or may be poorly crystalline when present in palagonites (Ackiss et al., 2018a; 

Farrand et al., 2018). Previous studies of crystalline igneous rocks suggested that TIR-derived 
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abundances are accurate within 15 vol.% (Feely & Christensen, 1999). This estimate of 

crystallinity from TIR linear deconvolution models likely differs somewhat from XRD modeled 

crystallinity. While both datasets produce models of bulk mineralogy, XRD detects repeating 

crystal structure while TIR detects molecular bonds. Thus, materials that are X-ray amorphous 

and challenging to distinguish in XRD may be detected and quantified in TIR. However, this 

difference should be small in samples with minimal alteration products, as glass dominates their 

amorphous component in both XRD and TIR. Because VNIR is highly sensitive to alteration 

products, altered samples that may cause divergence in the models can be identified using VNIR. 
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Table 2-2. Endmember Spectra Used for Quantitative TIR Linear Deconvolution Models 

categorized as they appear in the Figure 2-5 pie charts. 

 

2.3.5 Mixture Study 

Previous studies have examined glass-mineral mixtures and partially crystalline basalts in 

the VNIR and TIR (e.g., Horgan et al., 2014; Minitti et al., 2002), but none has examined the 

accuracy of TIR spectral models for these mixtures. Thus, the accuracy of TIR spectral 

deconvolutions is unclear when amorphous phases are present. Some previous studies have 
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proposed that TIR linear deconvolution models may overestimate the abundance of amorphous 

endmembers because of their nonunique shape (e.g., Thorpe et al., 2015). To evaluate the effect 

on our tephra models, we include a study of the VNIR and TIR properties of physical glass-mineral 

mixtures.  

To compare spectra of the tephra samples to spectra of samples of known crystallinity, we 

acquired VNIR and TIR spectra of a set of physical mixtures of glasses and crystalline minerals, 

analogous to the XRD calibration set created by Wall et al. (2014). Three mixture sets were created 

using three different glass compositions: a high-silica microscope glass slide used in Wall et al. 

(2014), Craters of the Moon basaltic cinders, and obsidian from a rhyolitic eruption. While the 

basaltic cinders are the best compositional analog for our basaltic tephra samples, the other 

endmembers provide insight into the effects of glass composition on their detection in VNIR and 

TIR spectra. Each glass was mixed in 10 wt.% increments (20 wt.% glass mixtures were skipped 

due to a lack of available sample during the experiment) with a crystalline mixture of San Carlos 

olivine and pyroxene of the same grain size (82 wt.% olivine and 18 wt.% pyroxene). Each 

endmember was additionally analyzed by XRD to determine the endmember crystallinity. The 

endmember crystallinities were used to interpolate the expected crystallinity for each mixture for 

comparison to VNIR and TIR derived crystallinity. 

2.4 Results 

2.4.1 VNIR Spectra and Mineral Interpretations 

The VNIR reflectance spectra for the tephra samples are shown in Figure 2-3a. We have 

classified the tephra spectra into four spectrally distinct categories, as shown in Table 2-3: (1) 

Unaltered glass-dominated spectra; (2) Altered glass-dominated spectra; (3) Alteration-dominated 

spectra; (4) Glass-poor spectra. Unaltered glass-dominated spectra (CotM, Tseax, Surtsey) are 

characterized by two broad absorption bands centered between 1.05 and 1.12 and 1.9 μm consistent 

with significant glass and do not display any additional absorption bands. These spectra correspond 

to magmatic cinder and hydrovolcanic sand samples.  

However, the phreatomagmatic samples with band centers below 1 μm have the same low 

crystallinity as the samples with the highest band centers. This suggests that the band shift is not 

due to the formation of additional crystalline phases like pyroxene and is more likely due to either 
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devitrified glass or the addition of a small amount of pigmentary and thus spectrally dominant 

crystalline iron oxides. These spectra correspond to phreatomagmatic tuffs.  

 

 

Figure 2-3. (a) Visible/near-infrared (VNIR) reflectance spectra and (b) thermal infrared (TIR) 

emission spectra of volcanic tephra samples, ordered by X-ray diffraction (XRD) crystallinity, 

decreasing from top to bottom, and colored by eruption type (purple = mag matic cinders, blue = 

phreatomagmatic, yellow/orange/red = magmatic). Dashed lines indicate wavelength positions of 

major absorption bands. 
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Altered glass-dominated spectra (Newberry, Fort Rock A) also exhibit a broad glass band 

centered between 1.05 and 1.12 µm, but the broad 1.9 μm glass band is obscured by additional 

much narrower bands attributed to alteration, including bands at 1.42, 1.78, and 1.92 μm due to 

hydration in zeolites and smectites. Complex bands between 2.2 and 2.3 μm are consistent with 

various phases. The asymmetric band shape and band minimum near 2.21 μm is most consistent 

with hydrated glass or silica (e.g., Rice et al., 2010), but could also be due to Al-smectites. 

Shoulders on this band near 2.23 and 2.27–2.29 μm are likely due to complex Al/Fe/Mg-smectites. 

These spectra correspond to phreatomagmatic tuff and lapilli samples.  

Table 2-3. Summary of the VNIR Spectral Interpretation Expected TIR Assemblages by Tephra 

Type 

 

 

Alteration-dominated spectra exhibit strong alteration bands at 1.42, 1.78, 1.92, and 2.2–

2.3 μm (Fort Rock B, Columbia River Basalt). Compared to the altered glass-dominated spectra, 

the 2.2–2.3 μm region exhibits stronger 2.3 μm bands, consistent with Fe/Mg-smectites. These 

spectra also exhibit a broad band centered between 0.92 and 0.97 µm, which could be consistent 

with low-Ca pyroxenes (Adams, 1974; Cloutis & Gaffey, 1991) some iron oxides like goethite or 

lepidocrocite (e.g., Morris et al., 1985), partial recrystallization of nanophase ferric oxides in 

palagonite, or devitrified glass (Adams, 1974; Cloutis & Gaffey, 1991; Farrand et al., 2016). 

Crystallinity should generally increase with decreasing band center (e.g., Horgan et al., 2014), and 

this trend is observed in most of the samples with 1 μm iron bands (Figure 2-4). 
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Figure 2-4. Comparison of bulk (open symbol) and groundmass (closed symbol) X-ray 

diffraction (XRD) crystallinities of the tephra to the position of their 1 µm band center in VNIR 

spectra. The phreatomagmatic and cinder cone tephras display clear 1 μm bands with two distinct 

groups of band centers: near 1.08 µm, interpreted as due to glass, and 0.95 µm, interpreted as due 

to either devitrified glass or spectrally dominant iron oxides in palagonite. Most magmatic tephra 

samples (e.g., scoria) do not exhibit clear 1 μm bands and are omitted. 

Glass-poor spectra do not exhibit glass or alteration bands (Tarawara, Etna, Trailbridge, 

Lake Pupuke). Instead, a strong blue and concave up slope dominates these spectra. This lack of 

bands is most likely due to very small grain sizes for the crystalline components, potentially formed 

during rapid cooling, consistent with previous studies showing that aphanitic or microcrystalline 

basalts do not exhibit strong VNIR absorption bands (Carli et al., 2014). The narrower ∼1 μm 

pyroxene-like absorption without a corresponding 2 μm absorption present in the magmatic 

Trailbridge 1 spectrum is consistent with an aphanitic basalt (Carli et al., 2014). These spectra 

correspond to magmatic scoria and ignimbrites. 

2.4.2 TIR Spectra and Deconvolution Models 

The TIR emission spectra for all tephra samples are shown in Figure 2-3b. All spectra 

exhibit an absorption near the fundamental Si-O band at 10 µm. A well-rounded 10 μm band as 
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visible in Surtsey is consistent with glass (Crisp et al., 1990; Minitti et al., 2002; Minitti & 

Hamilton, 2010). The low-density scoria/cinders (CotM, Tseax) exhibit a broad V-shape, while 

tuff and accretionary lapilli (Fort Rock A/B, Newberry) exhibit a weak doublet in this region, 

composed of a narrow band near 9.6–9.8 µm and a weak shoulder near 10.9–11.3 µm, which is 

consistent with partial reordering of the glass structure due to devitrification (Farrand et al., 2016). 

As crystallinity increases, the 10 µm band narrows and exhibits a more complex shape, consistent 

with absorption bands due to crystalline silicates like feldspar and pyroxene (Trailbridge 2/3). At 

longer wavelengths, four spectra (CotM, Tseax, Newberry, Fort Rock (b) exhibit broad bands near 

21 μm (465 cm-1), consistent with amorphous silicates (Ruff & Christensen, 2007). These four 

spectra correspond to the glass-rich phreatomagmatic and cinder samples, as well as the glass-

dominated VNIR spectral class. 
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Figure 2-5. Tephra mineralogies modeled from linear deconvolution of thermal infrared (TIR) 

spectra, separated by eruption style and tephra type. Red/pink indicates X-ray amorphous phases, 

blues indicate alteration minerals, and green/yellow indicate crystalline igneous minerals. 

In general, TIR linear deconvolution models (hereafter, TIR models) are able to accurately 

predict the lower crystallinity characteristic of phreatomagmatic tephra previously identified based 

on XRD crystallinity, as well as the high crystallinity of magmatic ignimbrites. Figure 2-5 shows 

TIR models calculated using our spectral library (Table 2), and the crystallinities derived from 

these TIR models are compared to their XRD counterparts in Figure 2-6. Crystallinities from TIR 

models (11%–46%) typically agree with XRD crystallinities (9%–35%) of samples from deposits 

formed in phreatomagmatic or cinder cone eruptions (Figure 2-6), and TIR models also agree with 

XRD measurements of ignimbrites (85%–95% for both techniques). One exception is the highly 
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weathered Columbia River Basalt hyaloclastite tuff, but we attribute the mismatch to the high 

percentage of phyllosilicate and other alteration minerals in this sample that may be difficult to 

characterize in XRD. However, TIR models of some scoria samples (e.g., Tarawara, Lake Pupuke) 

with moderate XRD crystallinity (∼50%–80%) predict much lower crystallinities (up to 45% less) 

than determined from XRD. Previous studies of other rock types (e.g., sedimentary rocks; Thorpe 

et al., 2015) have also observed higher than expected TIR models of amorphous phases in some 

samples and postulated that this could occur if the smooth and broad TIR absorptions of amorphous 

phases were used to better fit other poorly modeled spectral features. However, this may not be 

true for igneous samples where significant glass is present, as demonstrated by our mixing study. 

 

 

Figure 2-6. Comparison of thermal infrared (TIR) modeled crystallinity to bulk (open symbol) 

and groundmass (closed symbol) X-ray diffraction (XRD) crystallinities. Horizontal lines 

indicate the range of measured XRD crystallinities for each sample. Dotted trendlines represent 

standard errors in TIR measurements. 
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2.4.3 Mixture Study 

VNIR spectra of our physical mixtures of crystalline minerals and glasses confirm that low 

abundances of glass cannot be easily identified in VNIR spectra, but high abundances of glass 

exhibit a unique spectral character (Figure 2-7; Cannon et al., 2017; Horgan et al., 2014). When 

glass of any composition is added to our crystalline endmember mixture, it dampens and broadens 

the 1 µm band compared to the fully crystalline mixture's deep and narrow absorption band. 

However, the band center is not clearly affected until the crystallinity is reduced to 30–40 wt.% in 

the Fe-bearing glasses (Figure 2-8a), and Fe-poor glasses like the glass slide do not exhibit 1 μm 

bands and thus do not change the band center. 

 

 

Figure 2-7. Spectra of physical mixtures of glasses and San Carlos olivine and pyroxene 

phenocrysts, with glass content increasing in 10 wt.% intervals. (a) Visible/near-infrared (VNIR) 

reflectance spectra and (b) thermal infrared (TIR) emission spectra. 



 

 

60 

In some TIR models of the magmatic tephra samples, glass is over-modeled in TIR at 

intermediate to high crystallinities, >45%, while some consistent over-modeling of glass in 

Craters of the Moon and obsidian mixtures is observed for crystallinities 50%–60%; however, it 

is typically within the 15% error expected for TIR models (Figure 2-8b). The opposite trend 

occurs for the glass slide mixture, as the TIR crystallinity is never modeled below 28%, even for 

the slide endmember sample, although the sample is nearly totally amorphous (1.8% XRD 

crystallinity). This discrepancy is likely due to a lack of a high-silica glass endmember that best 

matches this type of glass in our spectral library. In contrast, the other mixtures are modeled well 

at low crystallinities because the obsidian glass is an endmember of our library, and the Craters 

of the Moon sample is similar to basaltic glass samples in the library. However, the significant 

over-modeling of glass seen in some of our tephra samples (up to 45% above that predicted by 

XRD) is not observed in these physical mixtures. Thus, the mismatch between TIR and XRD 

crystallinity in some scoria samples may be due to other physical or compositional effects, as 

discussed in the next section.
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Figure 2-8. Analysis of physical mixture spectra. (a) The position of the 1 µm band center with 

respect to the expected crystallinity in the mixing study. As the amount of glass in the mixture 

decreased, the band center also decreased and can be used to determine relative glass abundance 

and potentially eruption style. (b) Comparison of the thermal infrared (TIR) crystallinities of the 

mixtures to their expected X-ray diffraction (XRD) crystallinities. The glass slide endmember 

did not have a representative glass type in the spectral library, which could account for the 

diversion from the trendline at low crystallinities. This mixing study does not display the over-

modeling of glass seen in the tephra samples. 
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2.5 Discussion 

2.5.1 Detecting Eruption Styles in VNIR, TIR, and XRD Data 

Phreatomagmatic deposits are consistently poorly crystalline (glass- and/or palagonite-

rich) based on XRD and TIR models and are distinctive in VNIR spectra as glass or palagonite-

rich. It is particularly notable that most phreatomagmatic deposits exhibit glass-rich signatures in 

VNIR spectra because previous VNIR spectral studies have shown that glass is only confidently 

detected when present in mixtures with crystalline minerals at abundances higher than 70–80 wt.% 

(Horgan et al., 2014). This is confirmed by our VNIR observations, which only exhibit clear glass 

bands centered between 1.08 and 1.15 μm for XRD and TIR glass abundances >70% (Figure 2-4). 

Thus, the presence of a clear glass band centered between 1.08 and 1.2 µm in volcanic deposits 

implies that the deposit is either phreatomagmatic tephra or a cinder/scoria cone, which should be 

straightforward to differentiate based on geomorphology. However, several of our glassy samples 

exhibit band centers below 1.08 μm, which could be misinterpreted due to crystalline endmembers 

such as olivine and pyroxene (Figure 2-2). In this case, glass can still be identified based either on 

the position of the 2 µm band or based on strong palagonite signatures. Additionally, TIR models 

of phreatomagmatic tephras consistently show glass abundances >50% (Figures 2-5 and 2-6), so 

possible VNIR indicators of glass could be confirmed by high glass abundances from TIR models 

and vice versa. 

Other than the cinder samples, magmatic deposits are distinct from the phreatomagmatic 

deposits in VNIR spectra as they do not exhibit strong 1 and 2 µm glass bands. Instead, they exhibit 

a strong concave up blue spectral slope consistent with aphanitic basalt (Cheek & Pieters, 2014), 

but this spectral shape is challenging to differentiate from other causes of similar slopes, like 

leaching rinds on glass that often form in arid volcanic environments (Minitti & Hamilton, 2010). 

In TIR models, the crystallinity and composition of magmatic deposits vary between 

specific deposit types. Samples from Etna, Tarawara, and Lake Pupuke were collected as scoria 

deposits. Scoria can be highly vesicular and thus cool relatively quickly, preventing extensive 

crystal growth. TIR and XRD crystallinities of the scoria samples are generally moderate, but some 

scoria TIR crystallinities are much lower than their XRD crystallinities. Some of the mismatch 

may be due to materials with complex crystallinities, such as hydrated silica (Figure 5), but may 
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also be due to variability in crystallinity within each sample. Wall et al. (2014) suggested that the 

large range of XRD crystallinities observed within each scoria sample is due to clast size, as larger 

pyroclasts would cool more slowly, allowing for more crystal growth than small pyroclasts, where 

the glass-rich cinders are an endmember of this trend. While TIR appears to undermodel the 

crystallinity of scoria, this could be due to local variability (e.g., phenocryst density within the 

samples due to variations in clast size or vesicularity). This may be further exacerbated by TIR 

sample prep techniques—phenocrysts may be challenging to mix throughout otherwise fine-

grained crushed samples evenly.  

In contrast, both TIR and XRD models of ignimbrites (Trailbridge 1/2/3) predict similar 

crystallinities, >70%. Ignimbrites are deposited as dense layers and cool more slowly, increasing 

crystallization. TIR models of the ignimbrites show a trend of increasing crystallinity with the 

degree of welding (Trailbridge 3, lightly welded, to Trailbridge 1, densely welded; Figure 5), 

consistent with crystallization during the sustained higher temperatures of higher degrees of 

welding (Keating, 2005). The glass in the samples is entirely modeled as devitrified, also consistent 

with welding. Therefore, the geologic context of the pyroclasts from the magmatic eruptions 

strongly influences the resulting crystallinity (Table 3), and both the abundance of glass and overall 

assemblage can be used to infer eruption style. 

2.5.2 Strategies for Determining Eruption Styles on Mars 

A combination of VNIR and TIR spectra, along with high-resolution imagery, would be 

the most definitive method to determine volcanic eruption style of possible volcanic deposits on 

Mars from orbit. Phreatomagmatic tephras and cinders would exhibit both VNIR and TIR spectra 

consistent with high abundances of glass and/or palagonite (Figure 3), and geomorphology from 

visible imagery could help to distinguish between specific eruption styles (e.g., Ackiss et al., 

2018b; Ghatan & Head, 2001). Magmatic eruptions can produce a wide range of crystallinities that 

are modeled to varying levels of accuracy with TIR, but the crystallinity is high enough that the 

spectra consistently show no clear evidence of glass in VNIR. So, for example, in cases where 

VNIR spectra of a deposit are indistinguishable as glass or olivine, TIR spectra could provide the 

resolving factor, as TIR models with high crystallinities would indicate magmatic tephra. In cases 

with ambiguous moderate crystallinities like our scoria samples, TIR would predict moderate to 
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high glass abundances, and VNIR should be able to confirm that these are magmatic deposits based 

on their strong blue slope and lack of glass absorption bands. 

Ultimately, neither TIR nor VNIR can reproduce the quantitative XRD models’ accuracy 

for estimating the crystallinity of volcanic tephras. This is partly because standard lab XRD utilizes 

an internal standard to calibrate the results, but this step requires extensive sample preparation that 

is not possible in XRD instruments flown on planetary missions like CheMin (Blake et al., 2012). 

However, previous work has shown that even without an internal standard, amorphous abundances 

from XRD refinements are consistently accurate (Smith et al., 2018). Thus, for landed missions, 

XRD still provides the gold standard for bulk assemblage analysis. However, sample acquisition 

for XRD analysis is labor and resource intensive, leading to a small number of total samples 

analyzed (e.g., 19 drilled samples by Curiosity in 6.5 years; (Rampe et al., 2020). In contrast, 

remote sensing via VNIR or TIR spectroscopy can be deployed from orbit and allows rapid 

analysis of all visible outcrops from a landed mission, so the lack of accuracy of these techniques 

is often balanced by their ability to acquire significantly more data. 

Another advantage of VNIR and TIR spectra over XRD is that they can identify and 

differentiate specific amorphous phases and constrain their origin. For example, VNIR is sensitive 

to alteration products, even when they are poorly crystalline, which can then be used to constrain 

the nature of syn-eruptive alteration environments (Ackiss et al., 2018; Farrand et al., 2016). 

Devitrified glass can be differentiated from glass in TIR spectra and indicates distinct thermal 

conditions after emplacement (Farrand et al., 2016). TIR models of both welded ignimbrites and 

hydrovolcanic tephra are dominated by devitrified glass, indicating prolonged thermal alteration, 

but the hydrovolcanic tephra often also exhibits strong clay mineral absorptions, allowing us to 

specifically infer hydrothermal alteration (Ehlmann & Mustard, 2012; Farrand et al., 2018). 

Similarly, accretionary lapilli exhibit evidence for aqueous alteration in the VNIR but are 

dominated by glass in both VNIR and TIR, suggesting that alteration occurred under cooler and 

more water-limited conditions. Thus, spectroscopy of tephra deposits can be used not only to 

characterize eruption style but also to constrain the nature of phreatomagmatic volatiles and post-

eruption alteration processes. 



 

 

65 

2.5.3 Differentiating Impact and Volcanic Glasses 

This study provides a framework for using spectroscopy to constrain the origin and aqueous 

history of possible volcanic tephra deposits on Mars. However, additional work is needed before 

the spectral properties of deposits can confidently infer a volcanic origin without clear supporting 

evidence from morphology or geologic context. In particular, while explosive volcanism is a likely 

hypothesis for the origin of glass-rich deposits, on other planets, impact processes could also 

produce these deposits, and the mineralogical and spectral properties of impact products are not 

yet well understood. Studies conducted to date suggest that impact and volcanic glasses are both 

highly variable but may exhibit some consistent compositional or spectral differences. Hydration 

may be one good indicator of volcanic glass. On Earth, volcanic glasses tend to have higher water 

contents than glasses formed by impacts due to differences in temperature of formation, and the 

difference in water content can constrain formation processes (Glass, 2016; Zhang, 1999). 

However, some impact melts formed underwater may also be hydrated (Osinski et al., 2019). Some 

TIR studies suggest that the narrow or broad shape of the SiO4 bending feature between 21.3 and 

22.2 µm could distinguish between impact and volcanic glasses, respectively (Farrand et al., 2016; 

Wright et al., 2011). Many synthetic impact glasses are broadly spectrally similar to our unaltered 

glass-rich phreatomagmatic tephra in the VNIR (Cannon et al., 2017; Moroz et al., 2009), but it is 

unclear if these synthetic impact glasses are analogous to actual impact deposits. As our study has 

demonstrated for volcanic tephras, understanding the spectral properties of impact glass alone is 

insufficient because glass abundance, macro- and micro-textures, and syn- or post-emplacement 

alteration can modify both the TIR and VNIR spectral properties of the actual deposits 

significantly. Further work is needed on the spectral properties of impact deposits, but a 

combination of spectral properties and geologic context would likely be the most effective method 

to distinguish impact deposits and pyroclastic deposits from orbit. 

2.6 Conclusions 

Explosive volcanic deposits are records of local environmental conditions and the internal 

volatile content of planetary bodies. Wall et al. (2014) showed that XRD-derived crystallinity of a 

tephra deposit is a good indicator of the source of volatiles—magmatic volatiles produce highly 

crystalline tephra compared to the external volatiles that produces glass-rich (>50%) tephra during 
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phreatomagmatic eruptions For planetary exploration, XRD measurements would require landed 

missions or sample return, while VNIR and TIR spectra are far easier to collect and can be acquired 

from orbit over a far larger set of samples/targets or in situ. Our study suggests that high glass 

abundances identified using TIR and VNIR spectra of possible volcanic deposits can infer 

interactions with external volatiles during eruption. VNIR spectra can detect glass at high 

abundances and alteration minerals, both of which form during water-magma interactions. VNIR 

spectra are unable to detect moderate glass abundances typical of magmatic deposits and instead 

show featureless spectra consistent with fine-grained basalt. TIR spectral models can detect glass 

at all abundances; however, texture, grain size, and compositional variability of the sample 

influence the accuracy of TIR models. Thus, it would be ideal to use multiple remote sensing 

datasets as well as geomorphic context to characterize the origin of volcanic deposits. Detections 

of high abundance of glass (>50%) in both VNIR and TIR suggests a phreatomagmatic tephra (or 

a cinder cone, if present in visible imagery), while no glass detection in VNIR and moderate to 

low abundances of glass in TIR would suggest a magmatic tephra. These interpretations could be 

bolstered by the specific phases detected, where devitrified glass detected in TIR but little 

alteration or glass in VNIR is more likely to indicate an ignimbrite, and strong alteration and/or 

glass in VNIR would indicate water- or ice-magma interactions. Combining VNIR and TIR orbital 

data for analysis based on our new laboratory library may offer a basis for reevaluating Martian 

volcanic and volatile histories using existing orbital and in situ remote sensing datasets. 
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 MINERALOGY OF EXPLOSIVE AND EFFUSIVE 

VOLCANIC EDIFICES IN THE MARIUS HILLS VOLCANIC 

COMPLEX 

3.1 Introduction 

Within Oceanus Procellarum on the near-side of the Moon, the Marius Hills Volcanic 

Complex (MHVC, 13.3ºN, 47.5ºW; Figure 3-1) is a 35,000 km2 plateau raised 100-200 m above 

the surrounding plains with a wide assortment and unusual concentration of volcanic features 

(McCauley, 1967; Whitford-Stark and Head, 1977). These volcanic features include volcanic 

domes/shields, lava flows, sinuous rilles, and volcanic cones. Astronauts had been planned to 

explore the volcanic field of the MHVC during Apollo, but unfortunately, landing site changes 

and Apollo mission cancellations prevented the exploration of this volcanic complex. However, 

the intrigue for Marius Hills and its volcanic diversity has remained, and the volcanic complex is 

continually suggested as a landing site for crewed or robotic missions to the Moon.  

 

Figure 3-1. a. Marius Hills Volcanic Complex is outlined on the near side of the Moon within the 

Oceanus Procellarum b. Perspective Image of Marius Hills taken by NASA’s Lunar Orbiter 2 in 

1966 (NASA/Lunar and Planetary Institute). 

The volcanic cones in the MHVC were identified initially using visible images and based 

on morphologies similar to cinder cones on Earth (McCauley, 1967; Wood, 1979). A definitive 

designation of a cinder cone would require evidence that the volcanic edifice was constructed of 
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ballistic pyroclasts from an explosive, volatile-rich eruption. An explosive, volatile-rich eruption 

produces rapidly quenched and thus glassy pyroclasts as represented by cinders on Earth. That 

same process is expected to occur on the lunar surface within the MHVC. The region has been 

previously studied using images from the Lunar Reconnaissance Orbiter Camera  (LROC; 

Gustafson et al., 2012; Lawrence et al., 2013), 5-band multispectral Ultraviolet/Visible (UV/Vis; 

415-1000 nm) data from Clementine (Heather et al., 2003; Weitz and Head, 1999), and 280 m/pixel 

hyperspectral visible/near-infrared (VNIR; 420-3000 nm) data from the Moon Mineralogy Mapper 

(Besse et al., 2011). However, studies that focused on the cones are limited. (Lawrence et al., 2013) 

used the Lunar Reconnaissance Orbiter Wide and Narrow Angle Cameras to complete a 

morphological survey of the cinder cones of the MHVC. However, spectral data were not 

previously utilized to differentiate morphologic features in the Marius Hills Volcanic Complex.  

Marius Hills is a target for future human or robotic exploration as its diverse volcanic 

lithologies would help address various high-priority lunar science goals as described in the 2013-

2022 Decadal Survey. An investigation of Marius Hills could: 1. Constrain the composition of 

terrestrial planets by studying the composition of multiple volcanic products. 2. Characterize the 

differentiation and evolution of planetary interiors by assessing volcanic products created through 

partial melting of the lunar interior. 3. Characterize how planetary surfaces are modified by 

geologic processes (i.e., volcanism, National Research Council, 2011; Jawin et al., 2019). Samples 

from multiple volcanic sources, including both explosive and effusive deposits, could be collected 

within the MHVC and returned to Earth or for in-situ analysis and while preserving the long-term 

magma evolution on the Moon. Glass samples are of particular interest for detailed analysis, as 

lunar volcanic glasses have been shown to preserve magmatic volatiles from within the lunar 

interior (Allan et al., 1996). Thus, a clear detection of glass in the MHVC cones would be critical 

both for confirming models of the geologic history of the area and for identifying future sampling 

locations. 

In this study, we use 140 m/pixel spectral data collected by the Moon Mineralogy Mapper 

(Pieters et al., 2009) instrument on the ISRO Chandrayaan-1 spacecraft to investigate the 

mineralogy of the volcanic edifices previously identified in visible images as well as to evaluate 

the presence of volcanic edifices where analysis of visual images is ambiguous. We apply methods 

designed to detect glass in VNIR spectra to test the explosive origin of the MHVC cones. We also 

compare the mineralogy of the cones to other edifices in the area to investigate their eruptive 
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relationship. Correlating spectral and mineralogical information with morphological 

interpretations would provide insight into magmatic evolution, volatile content, and magmatic 

history in the region.       

3.2 Background 

3.2.1 Marius Hills Volcanic Complex 

The MHVC is located in Oceanus Procellarum, is surrounded by mare basalts, and is 

named for Marius crater along the SE margin of the region. The MHVC exhibits the highest 

concentration of volcanic positive relief structures on the Moon, in the form of both domes and 

cones (Whitford-Stark and Head, 1977). The domes and cones have been interpreted as volcanic 

shields with superimposed cinder cones (Wood, 1979). The volcanic cones in the MHVC were 

identified initially using visible images and morphologic comparison to cinder cones on Earth 

(McCauley, 1967; Wood, 1979). Marius Hills’ other notable volcanic features include 20 sinuous 

rilles located predominantly in the western region of the MHVC (Whitford-Stark and Head, 1977) 

and a pit crater, potentially a skylight to a lunar lava tube identified initially with the SELENE 

cameras and verified with the Lunar Radar Sounder (Haruyama et al., 2009; Kaku et al., 2017). 

Additionally, several wrinkle ridges with an SSE-NNW trend cross the MHVC and have modified 

volcanic constructs in the region (Lawrence et al., 2013).  

It has been hypothesized that the plateau or topographic bulge that defines the MHVC is a 

very large volcanic shield formed before the superimposed domes and cones (Spudis et al., 2013). 

The rise is elongated and elliptical in shape, with a summit NW of the Marius crater. Marius Hills 

has been proposed as the most developed large shield of the 8 proposed on the lunar near side. 

Shield building is proposed to have occurred between 3.9 and 3.0 Ga, during the main phase of 

mare volcanism (Spudis et al., 2013).  

The Lunar Prospector mission measured a positive Bouguer gravity anomaly at the Marius 

Hills about 200–250 km in diameter (Konopliv et al., 2001), indicating a significant volume of 

dense subsurface material. This dense material could be interpreted as a laccolithic intrusion or the 

infilling by basalt into the uppermost crust's pore spaces (Spudis et al., 2013). Gravity models from 

the GRAIL mission (Zuber et al., 2013) suggest that the gravity feature is produced by two dense, 
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subsurface bodies, one corresponding to the Marius Hills bulge (including the majority of the 

locations with the domes and cones) and a smaller gravity anomaly south of the central part of the 

Marius Hills shield. A narrow line of dense material connects the two bodies creating a “bridge”. 

This geophysical evidence led to the interpretation that Marius Hills was fed by a single subsurface 

magmatic system (Kiefer, 2013). Based on GRAIL gravity data, previous studies have 

hypothesized the presence of a crustal complex of vertical dikes near the center of the plateau, 

which would be consistent with the multiple volcanic morphologies in the MHVC (Deutsch et al., 

2019).  

 Previous investigations of the MHVC developed a hypothesized timeline for volcanic 

evolution (Besse et al., 2011; Heather et al., 2003; Spudis et al., 2013; Weitz and Head, 1999; 

Whitford-Stark and Head, 1977). The range of volcanic features in the MHVC suggests a complex 

and long-lived volcanic history in the region, which may be reflected in the mafic mineralogy. 

Formation of the plateau as a large shield volcano is hypothesized to be the first volcanic episode 

in the MHVC, possibly during the main phase of mare volcanism from 3.9-3.0 Ga ago (Spudis et 

al., 2013). Next, the domes and superimposed cones were built with the eruption of many relatively 

volatile-rich, partly crystallized magmas, which resulted in the production of abundant spatter, 

degassing, and a’a lava flows (Besse et al., 2011; Heather et al., 2003; Weitz and Head, 1999). 

Observations from NAC suggested the flows responsible for constructing the volcanic domes were 

sourced from the cones with breached walls, forming these features synchronously (Lawrence et 

al., 2013). Lastly, the youngest volcanic basalts in MHVC erupted, potentially contemporaneously 

with the mare basalts of Oceanus Procellarum. While the source of these flows is not well 

constrained, the flows appear to have embayed the raised volcanic domes and cones on the plateau 

in NAC images (Lawrence et al., 2013), then followed rilles and channels to the mare units of 

Procellarum (Besse et al., 2011). (Whitford-Stark and Head, 1977) inferred that the basalts in 

Oceanus Procellarum were erupted from multiple volcanic sources in the area, including but not 

limited to Marius Hills. 

3.2.2 History of MHVC Spectral Studies 

The small size of the MHVC cones (~1-3 km in diameter) and the low resolution of many 

previous observations have made the separation of the spectral signatures from the cones and the 
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domes challenging (Besse et al., 2011; Heather et al., 2003; Weitz and Head, 1999). The first 

analyses of Marius Hills VNIR reflectance spectra targeted the proposed Apollo landing site and 

used Earth-based telescopes in Mt. Wilson, California, with a spectral range of 0.3-1.1µm 

(McCord et al., 1972; Pieters and McCord, 1976). The low-resolution of these observations (~2 

km/pixel) prevented the ability to distinguish specific volcanic features but indicated average 

compositions similar to the surrounding Oceanus Procellarum mare (McCord et al., 1972). The 

first space-based spectral data was collected by the Galileo Solid State Imager during the Moon 

fly-bys while on course to Jupiter. The 6-band reflectance data between 0.4-1.0µm at a resolution 

of 1-3 km/pixel indicated differences in band ratios between the Marius Hills plateau and the 

surrounding mare, as well as locations with strong 1µm absorption bands due to mafic minerals or 

glass that were potentially consistent with pyroclastic deposits (Sunshine et al., 1994).   

High resolution orbital compositional analyses of MHVC have been conducted using UV-

VIS multispectral data from Clementine (Nozette et al., 1994), consisting of five spectral channels 

between 450-1000 nm with a resolution of 157 m/pixel (Heather et al., 2003; Weitz and Head, 

1999), and using hyperspectral VNIR data from the Moon Mineralogy Mapper (M3; Pieters et al., 

2009), which collected data between 0.42µm-3.0µm  ranging from 80-280 m/pixel in resolution 

(Besse et al., 2011). Besse et al., (2011) used 6 cubes of M3 data collected at 280 m/pixel to analyze 

the large-scale spectral properties of the MHVC, using spectral indices to map spectral diversity 

across the region.   

These previous high resolution orbital spectral studies have shown large-scale 

compositional differences due to variability in the mare on the Marius Hills plateau and identified 

two main mare units, interpreted as having different compositions from separate volcanic episodes 

(Besse et al., 2011; Heather et al., 2003; Sunshine et al., 1994; Weitz and Head, 1999). The older 

unit is attributed to the eruptive building of the shield volcano that created the topographic high of 

the MHVC (Spudis et al., 2013). Spectral interpretation of the older unit has categorized the mare 

as low-titanium (Weitz and Head, 1999) based on Clementine observations, and M3 spectra reveal 

an absorption band centered slightly below 1 µm suggesting a high-calcium pyroxene-bearing 

composition (Besse et al., 2011).  

The second mare unit in MHVC is interpreted as a later volcanic episode, based on the 

observation that it embays the volcanic domes and cones (Lawrence et al., 2013). This unit is 

associated with channels and rilles leading towards Oceanus Procellarum and may be a source of 
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Oceanus Procellarum mare basalts (Besse et al., 2011; Heather et al., 2003; Weitz and Head, 1999). 

Clementine spectra of the second mare unit indicated a high-titanium flow (Weitz and Head, 1999), 

and M3 spectra exhibited a stronger 1.25 µm shoulder on the broad 1 μm band, interpreted as due 

to olivine (Besse et al., 2011). (Besse et al., 2011) theorized that the observed elemental variations 

could be attributed to variations in olivine content of the mare from each volcanic episode which 

agreed with previous regional-scale mare interpretations which identified changes in olivine 

content between mare units (Staid et al., 2011). These studies also examined the spectral properties 

of the domes and cones, which are discussed in the following sections. 

3.2.3 Domes in the MHVC 

Shield volcanoes are a type of volcanic dome and form from effusive volcanic eruptions. 

Relatively low-viscosity lava flows (typically basalt) build the “shield-shaped” structure, with a 

base diameter that is larger than the height of the edifice, resulting in relatively low slopes 

(Whitford-Start, 1975). The slopes of the domes are usually steeper near the center of the dome 

and lower towards the base, while slopes measured with LRO data for domes in MHVC range 

from ≤3º to 10º, which is consistent with the low slopes of shield volcanoes on Earth (Lawrence 

et al., 2013). In some cases, shield volcanoes can exhibit a summit caldera, but it is not required 

for classification.  In MHVC, the domes are topographic rises with irregular surfaces and 

diameters, irregular outlines, and range in diameter from 2 to tens of kilometers, but most are 

between 5 and 6 km in diameter (Lawrence et al., 2013).  The surface texture of the domes, at the 

scale of LROC NAC, appear to have a rougher texture than the average mare surface, possibly 

demonstrating that ‘A‘ā lava, eruptive spatter, and/or interbedded pyroclastics could contribute to 

the composition of the domes (Campbell et al., 2009; Lawrence et al., 2013). Some domes have 

superimposed cones, but not all cones are located on domes.  

Previous VNIR spectral investigations with Clementine categorized the domes based on 

the slopes of their flanks (low vs. steep) as well as their interpreted association with high and low 

titanium units (Heather et al., 2003; Weitz and Head, 1999). Previous M3 analysis interpreted the 

domes as belonging to the older high‐calcium pyroxene mare unit while being embayed by later 

mare units but found no spectral differences between low-sloped and steep-sloped domes. These 

results implied that variations in eruption mechanics, rather than composition, were responsible 

for changes in dome morphologies (Besse et al., 2011).   
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More than 150 MHVC domes were more recently analyzed using data from LROC, Mini-

RF, and Diviner and found to be composed of blocky lava flows that were not enhanced in silica 

relative to the surrounding mare basalts (Lawrence et al., 2013). Observations from the LROC 

NAC indicate that some of the dome-building flows originate from volcanic vents and further 

support the hypothesis that differences in slope angle likely occur due to changes in viscosity 

influenced by effusion rate, temperature, and or degree of crystallization (Lawrence et al., 2013). 

3.2.4 Cones in the MHVC 

Silicate glasses form by the quenching of melted rocks, where rapid cooling prevents the 

crystallization of minerals. Glass can form by numerous natural processes, including impacts, 

tectonics, and volcanic eruptions (Glass, 2016). Explosive volcanic eruptions form glass during 

fragmentation of ascending magma. The rapid cooling of the magma enhanced by fragmentation 

due to the expansion of bubbles from dissolved volatiles quenches the fragments before crystals 

can form. Glass can form over the entire range of volcanic compositions from mafic to felsic 

magmas. Magma-volatile interactions, in addition to magma viscosity and composition, control 

the glass content of pyroclastic deposits. On Earth, the presence of significant glass can be used to 

distinguish if volcanic deposits were emplaced by an explosive or effusive eruption and the volatile 

content of that explosive eruption (Wall et al., 2014). High glass abundances in tephra from 

explosive eruptions are detectable in VNIR spectra  (Henderson et al., 2020).  

Cinder cones are one type of edifice formed during a Strombolian eruption (Walker, 1973). 

On Earth, cinder cones can form on the flanks of shield volcanos as “parasitic” volcanic cones 

(Figure 3-2a). On Earth, a parasitic cone is the cone-shaped accumulation of volcanic material not 

part of the central vent of a volcano forming from eruptions through fractures on the flank of the 

volcano. Commonly, cinder cones initially erupt explosively due to higher gas content and can be 

followed by a transition to an effusive eruption. On Earth, the flanks of a cinder cone are at the 

angle of repose, ~30º (Wood, 1979). The slopes of the MHVC volcanic cones are drastically less, 

averaging around 17º with diameters ranging from 0.5 – 4km (Lawrence et al., 2013). The lower 

slope is attributed to the low gravity and lack of atmosphere in the lunar environment. Both effects 

would allow pyroclastic material with ballistic trajectories to travel longer distances before falling 

to the ground and forming a cinder cone (Whitford-Stark and Head, 1977). A definitive designation 

of a cinder cone would require evidence that the volcanic edifice was constructed of ballistic 
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pyroclasts from an explosive, volatile-rich eruption, which produces rapidly quenched, glassy 

pyroclasts as represented by cinders on Earth. It is expected that the same process would occur on 

the lunar surface within the MHVC.  

 

 

Figure 3-2. (a) Examples from Earth of volcanic morphologies previously identified in the 

MHVC. (a) Image of San Cristobal Island, Galapagos taken from the water by M. Henderson. 

The island is a shield volcano with the typical low slope flanks designated by the white dashed 

line. Parasitic cinder cones erupted from the shield creating the edifices designated by the 

arrows. The bottom of the figure shows an Earth-analog and lunar example of each cone shape 

classification from (Lawrence et al., 2013). (b) N-class cones that do not display a breach (lunar 

diameter: ~1.5km) (c) C-class cone with breach of cone wall (lunar diameter: ~1.5km) (d) E-

class elongated cone representing eruption along a fissure (lunar diameter: ~1.25km). Lunar 

cones imaged by LROC NAC. All Earth analog images are open source photographs. 



 

 

84 

A correlation was identified in Clementine data between the presence of cones and spectral 

dark spots, or areas of lower overall albedo at visible wavelengths (Weitz and Head, 1998). Further 

investigation by Heather et al., (2003) revealed many cases where cones did exhibit low albedos 

and other instances in which the dark spots did not correspond to cones. Weitz and Head (1999) 

and Heather et al. (2003) proposed that glassy particles from explosive eruptions of the cones are 

responsible for the lower albedos; however, the lack of correlation between the volcanic constructs 

interpreted as cones and the dark spots showed the need for a more detailed spectral analysis to 

constrain the mineralogy than could be achieved with the limited spectral resolution and range of 

the Clementine dataset.  

 Using M3 data from Optical Period 2C with a resolution of 240 m/pixel, the dark spots 

identified by Heather et al., (2003) and Weitz and Head, (1999) were confirmed on the MHVC 

plateau and shown to be present on both cones and some domes, but the origin of the dark spots 

was not resolved (Besse et al., 2011). Shadowing was ruled out based on topographic analyses, but 

the dark spots also showed odd correlations with phase angle as well as decreased 1 μm band 

depths, leading to the interpretation that the origin of the dark spots might be more complicated, 

and that grain size or opaque minerals might be playing a role (Besse et al., 2011). Otherwise, the 

analysis did not reveal noticeable spectral differences between cones and domes, including in the 

properties of their 1µm iron band, and placed both within the HCP-bearing and olivine-poor 

spectral unit previously identified on MHVC. 

Lawrence et al., (2013) used data from LROC NAC, Mini-RF, and Diviner to create a new 

map of volcanic features in Marius Hills, including specific cone morphologies. The study showed 

that some cones were correlated with volcanic domes while others were stand-alone volcanic 

features embayed by younger basalt, although the basalt may have obscured any underlying dome 

(Lawrence et al., 2013). Images with a resolution of approximately 0.4-1.3m per pixel enabled the 

ability to study layers exposed in the cone walls, which revealed intermittent lava effusions and 

changing eruption conditions terminating with an effusive eruption from the cone, creating thick, 

lobate flows observed on many of the domes (Lawrence et al., 2013). 

The LROC NAC and WAC image analysis by (Lawrence et al., 2013) identified 93 volcanic 

cones in the MHVC, increasing from the previously reported numbers of 46 and 59 from (Weitz 

and Head, 1999) and (Whitford-Stark and Head, 1977), respectively. The 93 cinder cones were 

classified by their shape and split into three categories: N-class cones (a completely circular edifice 
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with no breached walls), C-class cones (a circular cone with a breached wall), and E-class cones 

(an elongated cone). Possible Earth analogs and lunar examples of these shape classifications are 

shown in Figure 3-2b-d. These cone morphologies represent different types and stages of cinder 

cone forming eruptions. N-class cones form from the ballistic trajectories of a volatile-rich 

explosive eruption. As the magma is degassed, the eruption can transition to a late-stage effusive 

eruption, creating a lava flow that can breach a wall of the cone, raft away from the wall material, 

and change the morphology from N-class to C-class. The E-class cones are consistent with fissure 

eruptions, where the magma erupts along a linear fissure (Lawrence et al., 2013). 64 cones were 

designated C-class, 12 cones were designated E-class, and 17 cones were designated N-class. In 

addition to the 93 cones classified by (Lawrence et al., 2013), 55 circular structures could not be 

definitively designated cones and were classified as U-class or uncertain constructs. The inability 

to definitively classify these structures as cones is due to the limitations of visible images where 

shadows and phase angles can cause an ambiguous interpretation, especially in cases where cones 

may have been degraded by later modification. 

In this study, we use higher resolution (140 m/pixel) M3 data and more detailed spectral 

analysis techniques (Bennett et al., 2016; Horgan et al., 2014) to investigate the composition of 

the MHVC cones and domes. We examine whether or not glass signatures are present in the cones 

and map the extent of any possible glass signatures. We also use the presence of glass signatures 

to confirm previous cone detections from Lawrence et al. (2013) and present a new map of cones 

and domes in the MHVC. Finally, we investigate the spectral properties of the domes compared to 

the cones and surrounding mare to better constrain the magmatic history of the region. 

3.3 Methods 

3.3.1 Moon Mineralogy Mapper 

The Moon Mineralogy Mapper (M3) was an imaging spectrometer supported by NASA as a 

guest instrument on the ISRO Chandrayaan-1 lunar orbiter (Green et al., 2011; Pieters et al., 2009). 

Launched in 2008, M3 operated in the visible to near-infrared (VNIR; 0.42-3.0µm), which is 

sensitive to absorption bands exhibited by iron-bearing minerals, including pyroxene, olivine, 

glass, as well as anorthosite (Adams, 1974; Besse et al., 2013; Cloutis and Gaffey, 1991).  M3 

collected data during five optical periods (OP), each defined by the date of collection, orbit height, 
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and instrument status as described in Boardman et al., (2011), Green et al., (2011), and Isaacson 

et al., (2013).  M3 has 85 spectral channels between 0.42-3.0 μm with a higher spectral resolution 

between 0.7-1.6 μm in order to better characterize the 1 μm iron band. M3 data calibrated to 

reflectance (Level 2) is available from the Planetary Data System and has nearly full coverage of 

the lunar surface, although the quality and resolution (75-280 m/pixel) of the data varies across the 

mission (Green et al., 2011; Pieters et al., 2009).  

3.3.2 M3 Mapping 

An M3 map of the MHVC was created using 23 spectral images and constructed with bounds 

300-314ºE and 8-17ºN using the methods described in (Horgan et al., 2014)  and (Bennett et al., 

2016). The map covers the Marius Hills and some surrounding mare. The 23 spectral cubes were 

acquired during three optical periods (OP2C, OP2A, and OP1B). Images collected in OP2C were 

obtained from an orbital distance of 200 km at high sun angles, with a warmer detector 

temperature, high signal levels, and a lower resolution of 280m/pixel.  Because of their lower 

quality but better spatial coverage, these cubes were mosaicked separately and shown in Figure 3-

4c,d. Images from OP2A and OP2B were mosaicked together into a second mosaic shown in 

Figure 3-4c, as they were all collected with a colder detector temperature and at higher zenith 

angles from an orbital distance of 100 km, resulting in higher quality spectra with a resolution of 

140m/pixel (Boardman et al., 2011; Green et al., 2011; Isaacson et al., 2013). 

 Each M3 cube is initially cropped to fit within the bounds of the desired map. Next, the 

backplanes and reflectance data for the cube are projected into the map using a cylindrical 

projection and IDL built-in mapping routines. Where multiple cubes cover a pixel, the cube with 

the highest overall quality is chosen based on visual inspection (e.g., least noise, least column-to-

column variation). Once the complete reflectance mosaic is constructed, an approximate 

continuum is removed from each spectrum individually (e.g., Clark and Roush, 1984). The 

continuum of a spectrum is the baseline on which mineral absorptions are superimposed and is 

influenced by the internal mechanics of the instrument, as well as space weathering and thermal 

effects (Hapke, 2001; Isaacson et al., 2013). To prevent possible errors due to thermal 

contributions, the continuum fit is limited to <2.6 µm, and caution was exercised when analyzing 

data at these longer wavelengths. The continuum of each spectrum in the mosaic is suppressed 

using a linear convex hull with two segments fit to endpoints near 0.70, 1.55, and 2.60 μm. A 
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rough estimate of the continuum is calculated for each spectrum using these endpoints; then, these 

endpoints are fine-tuned for each spectrum by identifying the local maxima between 0.65–1.00, 

1.35–1.60, and 2.00– 2.60 μm in this initial continuum removed spectrum. With all of the 

calculated new endpoints, the final continuum of two combined linear segments is calculated from 

the original spectrum. All spectral plots show continuum removed spectra as well as smoothed 

versions of these spectra, in which spectral noise was reduced using a median filter and a boxcar 

smoothing algorithm, both with widths of 5 channels. 

3.3.3 Spectral Parameters and Mineral Identification 

In this study, spectral variability was assessed using two types of spectral parameters, both 

applied to our continuum removed mosaic: (1) simple arithmetic spectral indices and (2) 1 and 2 

μm band position, area, and shape parameters derived from our continuum removed mosaic. The 

spectral indices BDOPX, BDCPX, and BDGLA, as defined in Table 3-1, are applied to smoothed 

continuum removed spectra, and can suggest the presence of OPX (based on enhanced absorption 

between 0.88-0.92 μm), CPX (based on enhanced absorption between 2.40-2.50 μm), and iron-

bearing glass (based on enhanced absorption between 1.15-1.20 μm) as shown in Figure 3-3. 

Spectral indices like these do not equate to quantitative information on the abundance of a mineral 

but rather provide information on whether or not the spectral characteristics of a given spectrum 

could be consistent with the presence of that mineral. In addition, the presence of other spectrally 

similar minerals can also lead to high values of these parameters. For example, the prominent 1.25-

1.30 μm shoulder in olivine can also cause high values of BDGLA. These spectral indices can also 

vary due to spectral contrast, or the overall depth of absorption bands in a spectrum, which is often 

related to factors other than the abundance of these Fe-bearing silicates (e.g., grain size, space 

weathering, or minor changes in the abundance of opaque minerals; Pieters et al., 2000; Scudder 

et al., 2021).   
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Table 3-1. Definitions of spectral parameters used for spectral interpretation and making 

composite and band parameter maps. 

 

 

Once the continuum of the spectrum is removed, it is also possible to conduct more detailed 

parameterizations of the shape and position of the 1 and 2 µm iron absorption bands (Horgan et 

al., 2014). The band minimum and band center parameterize the band position. The band minimum 

is the wavelength position of the minimum reflectance value in the band. In contrast, the band 

center is the wavelength position of the minimum of a fourth-order polynomial (allows for fitting 

of the narrower band shape characteristic of many pyroxenes) fit to all channels within 75 nm of 

the band minimum, with a fit resolution of 5 nm. In smooth spectra, the band minimum and band 

center would be very similar, but when the spectra are not ideal (e.g., noisy spectra, and when the 

fit has a higher resolution than the spectrum), the band center can be a better estimation of the true 

center of the band than the band minimum (Horgan et al., 2014). Band shape is parameterized by 

band depth, band area, and band asymmetry. The band depth is defined as one minus the value of 

the polynomial fit at the band center, while the band area is the total area under each continuum 

segment calculated as one minus the value of each channel in this range multiplied by the spectral 

resolution at each channel. Band asymmetry is defined as the difference in the areas to the left and 

right of the band center as a percentage of the total area (Horgan et al., 2014).   
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Figure 3-3. Selected continuum-removed laboratory VNIR spectra of orthopyroxene (OPX), 

clinopyroxene (CPX), glass, and olivine, showing the deep and broad bands due to iron centered 

near 1 and sometimes 2 μm exhibited by these minerals. Variability in band center, shape, and 

depth within mineral groups can occur due to variations in composition and grain size. 

These band parameters are useful in concert with the simple spectral indices described above 

because they are not strongly affected by spectral contrast, such as the low spectral contrast 

induced by space weathering on the Moon. Also, they can be more confidently linked to specific 

iron-bearing minerals and mineral mixtures (Horgan et al., 2014). OPX and CPX both exhibit two 

symmetric absorption bands, where OPX has bands centered near 0.90-0.94 and 1.8-2.0 μm, and 
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CPX has bands centered near 0.98-1.05 μm and 2.05-2.40 μm. Intermediate pyroxenes (e.g., 

pigeonite) and pyroxene mixtures fall in between these values. Olivine exhibits a broad and 

asymmetric 1µm absorption band most often centered between 1.05-1.07 μm, which is a 

combination of three bands centered near 0.85, 1.05, and 1.15 µm, and no 2 µm band (Sunshine et 

al., 1990; Sunshine and Pieters, 1998). Iron-bearing glasses exhibit a wide and symmetric 

absorption centered between 1.07-1.18 µm, and in some cases, an additional absorption centered 

between 1.90-2.05 µm (e.g., Cannon et al., 2017), which can therefore overlap with the 1 µm band 

center of olivine and CPX. While the lack of a 2µm band and increased 1 µm asymmetry can often 

distinguish olivine from these other ferrous minerals, mixtures of glass and pyroxene can produce 

olivine-like spectral shapes (Horgan and Bell, 2012; Horgan et al., 2014). Because of this 

ambiguity, careful spectral analysis is needed to make interpretations of iron-bearing mineralogy. 

Thus, following the creation of our spectral indices and parameter maps, average continuum 

removed spectra were extracted from representative regions of interest (ROIs) for the localities of 

cinder cones, volcanic domes, and the MHVC floor. 

3.3.4 Cone Classification and Analysis 

To determine if MHVC cones exhibited spectral properties consistent with glass, as would be 

expected in volcanic cinder cones, our glass parameter map made using the glass band depth 

spectral parameter (Table 3-1) was co-registered to an LROC WAC mosaic and the Lawrence et 

al. (2013) map of cone morphologies. First, definitive cones characterized by (Lawrence et al., 

2013) were assessed for increased glass signatures on the glass parameter map. If the glass 

parameter map showed a signature with a shape consistent with glass on multiple walls of the cone, 

it would be concluded to be spectrally and morphologically compatible with a cinder cone. An 

example of matching visible images and glass parameter maps is present in Figure 3-5. Following 

confirmation that glass parameter maps effectively identify volcanic cones, the 55 ambiguous U-

class constructs identified by (Lawrence et al., 2013) were confirmed or denied cone designation. 

The cones were re-classified, and new cones were identified, creating a new map of the locations 

and morphologies of likely cinder cones in the MHVC.  

A rose diagram is a standard tool in geology used to plot the frequency of directional data and 

recognize correlations in geologic features' direction or orientation. In this study, a rose diagram 

was constructed to determine if there was a common direction of cones elongated cones along 
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fissures. Images with multiple illumination and elevation profiles were examined to confirm the 

direction of E-class cones. The calculated direction of the open end of all the E-class cones was 

plotted on a rose diagram for comparison.  

3.4 Results 

3.4.1 Spectral Mapping 

Spectral analysis of the Marius Hills volcanic complex reveals distinct spectral signatures 

associated with different geologic units, and M3 spectra extracted for MHVC units show clear iron-

bearing absorption bands near 1 and 2 µm. RGB composite images showcasing the spectral 

diversity are shown in Figures 3-4 c and d, where red is the glass band depth (BDGLA), green is 

the 1µm band center, and blue is the 2µm band center. In this combination, glass typically appears 

as yellow, CPX as blue, OPX as green, olivine as red, and CPX mixed with olivine or glass as 

pink. The horizontal variability across the higher resolution M3 frames in Figure 3-4c is due to 

changes in resolution and detector sensitivity (Besse et al., 2013; Boardman et al., 2011). The 

lower resolution map is comparable to maps using this same lower resolution data from Besse et 

al. (2011), which show the same distinct boundaries along mare regions on the western plateau 

with additional absorption near 1.2 μm (here captured by the glass band depth, represented as pink 

colors). However, the lower resolution map shows a distinct lack of sensitivity to glass compared 

to the higher resolution map, which we hypothesize is due to the difficulties inherent to identifying 

glass in VNIR spectra. Because of the transparency of glass at these wavelengths, it needs to be 

present at high abundances (>80 wt.%) for it to be definitively identified (Horgan and Bell, 2012). 

Therefore, when the M3 data is at lower resolutions, sub-pixel mixing of glass-rich and glass-poor 

terrains means that more of the signal must be contributed from glass to have the same spectral 

response, resulting in the differences between the high and low-resolution RGB composites 

(Figures 3-4 c and d) and glass maps (Fig 3-5 a and b).  
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Figure 3-4. Maps of regional-scale morphology and spectral properties of the Marius Hills 

Volcanic Complex (MHVC). (a) Wide-angle camera (WAC) mosaic from the Lunar 

Reconnaissance Orbiter Camera (LROC) (b) Topography from Lunar Orbiter Laser Altimeter 

(LOLA) overlaid on the LROC WAC mosaic. (c-d) Mosaicked composite RGB spectral maps 

from M3 data where R= glass band depth parameter, G=1µm band center parameter, B= 2µm 

band center parameter. (c) M3 mosaic of high-resolution cubes (140 m/pixel) collected during 

OP2A and OP2B. (d) M3 mosaic of low-resolution cubes (280 m/pixel) collected during OP2C. 

The horizontal variability and striping across the M3 frames are due to changes in resolution and 

sensitivity. 
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Figure 3-5. Glass band depth parameter maps overlaid on LROC WAC Mosaic of the Marius 

Hills Volcanic Complex. Warmer colors in parameter maps represent locations where the spectra 

are most likely to be representative of glass, but may also indicate olivine. (a) Low-resolution 

glass map, 280m/pixel. (b) High-resolution glass map, 140m/pixel. (c) Higher magnification 

location section of high-resolution glass map overlaid on LROC NAC mosaic showing process 

of reviewing cone-like morphologies from (Lawrence et al., 2013) with M3 spectral parameters. 
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Figure 3-6. Selected M3 continuum-removed and smoothed spectra showing differences between 

the cones (blue), domes (green), and mare (red) within the MHVC. Dotted lines indicate 1µm 

and 2µm wavelength positions for comparison between the spectra. Gray background spectra are 

continuum removed and unsmoothed.
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The composite parameter maps (Figure 3-4 c and d) display the diversity of the mineralogy 

in the MHVC which we examine in relationship to the previously identified volcanic morphologies 

in the following sections. The RGB map suggests relationships between different parts of the 

MHVC, but the mineral interpretations detailed below are based on analysis of individual spectra 

averaged from specific regions of interest.  

3.4.2 Domes 

Domes, as outlined in Figure 3-7, were identified initially by Lawrence et al., (2013). 

Morphologically, the domes are identified as raised topographic structures with irregular 

boundaries and low slopes. Figure 3-8 displays an example showing the lobate boundaries of the 

dome and an identified volcanic cone outlined in yellow. The majority of volcanic domes do not 

have associated cones, while some domes host multiple cones (Figure 3-7). 
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Figure 3-7. Reconstructed map in the style of Figure 1 in Lawrence et al. (2013) with updated 

cone types and locations overlaid on an LROC WAC mosaic. Colored shapes indicate the cinder 

cone morphology and the locations based on a combination of topography, visual images, and 

spectral data. Outlined white terrain are interpreted as dome morphologies, and the orange lines 

represent rille locations. 

In Marius Hills, the volcanic dome structures have an M3 spectral signature with clear 

absorption bands centered between 0.95-0.97 µm and 2.0-2.1 µm, as shown in Figure 3-9. These 

band centers are slightly higher than expected for pure orthopyroxene. The 1µm band is typically 

symmetric, with a slightly larger band depth than the 2µm band, as shown in Figure 3-6. These 

spectral properties are consistent with an orthopyroxene-dominated spectrum mixed with some 
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clinopyroxene to produce intermediate band centers, perhaps also with a minor contribution from 

glass or olivine in some locations based on elevated band area ratios and 1 μm band asymmetries. 

The presence of glass could be due to either small pyroclastic deposits or glass-rich impact melt, 

which emphasizes importance of understanding geologic context with respect to the spectral 

characterization.  

 

Figure 3-8. Marius Hills Cone located approximately 305.5ºE and 13.8ºN (solid outline) on 

a volcanic dome (dashed outline). (a) LROC NAC image mosaic (b) M3 RGB composite image 

where R= glass band depth parameter, G=1 µm band center parameter, B= 2 µm band center 

parameter (c) Glass parameter map image where warmer colors indicate spectral shapes 

consistent with glass or olivine. All images show that the cone can be distinguished from the 

dome by morphological and spectral properties. 
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Figure 3-9. Spectral band parameter graphs of the MHVC cones, domes, and mare. Labels 

indicate the approximate parameters and trends expected based on laboratory spectra of 

endmembers and mixtures analyzed by (Horgan et al., 2014) and (Klima et al., 2007). 

3.4.3 Cones 

The majority of previously identified cones in MHVC exhibit enhanced values of our glass 

band depth parameter (BDGLA) relative to surrounding terrain (dome or plateau surface). Figure 

3-10 displays three examples of LROC NAC images depicting known volcanic cones as well as 

the associated glass parameter maps. In the glass parameter maps, the shape and orientation of the 

volcanic cones mirror the visible images. Volcanic cones of all shape classes in the MHVC display 

both 1 and 2 µm bands. The 1 µm bands are centered between 1.05 and 1.1 µm, are the deeper of 
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the two bands, and have a slight asymmetry to longer wavelengths. The second broad and 

symmetric band is typically centered between 1.9-2.0 µm, at slightly shorter wavelengths than the 

domes or plateau surface (Figure 3-6). We interpret this signature due to additional Fe-bearing 

glass compared to the domes based on the high 1µm band center and the low 2µm band center 

(Figure 3-9). While the slight asymmetry and location of the 1µm band could be consistent with 

olivine, which would present as a broad and asymmetric 1µm absorption band most often centered 

between 1.05-1.07 μm, olivine exhibits no 2 µm band (Figure 3-3) and thus is not expected to 

affect the 2 μm band center (Sunshine et al., 1990; Sunshine and Pieters, 1998). The combination 

of these parameters is consistent with glass in the cones. 

 

 

Figure 3-10. LROC NAC images depicting known volcanic cones based on morphology from 

Lawrence et al. (2013). Bottom: Above locations in the glass parameter maps where areas of a 

deeper green color represent locations where the spectra are most likely to be representative of 

glass. The shape and orientation of the cones are similar in both images. 
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These results suggest that the presence of glass spectral signatures is a good indicator for 

explosive tephra associated with cones in MHVC and provides a secondary test for the presence 

of cones in addition to previous work from Lawrence et al., (2013) using LROC images to identify 

volcanic cones. Using our glass band depth parameter map, we re-examined the cones and domes 

identified by Lawrence et al., (2013) and compared the morphological features to the M3 spectral 

properties. Additionally, we used the glass band depth parameter maps (Figure 3-5) to identify 

new potential cinder cones. Table 3-2 shows the totals and shape designations for the volcanic 

cones identified from this study in the MHVC.  

LROC morphological studies from (Lawrence et al., 2013) identified 93 categorized cones 

(64 C-class, 12 E-class, and 17 N-class) and 55 potential cones. We confirmed that 99 cones 

identified as cones or possible cones in Lawrence et al. (2013) exhibit glass spectral signatures 

based on the glass band depth map and detailed spectral investigation of a subset of cones as 

discussed above. These confirmed cones fall into the same categories used by Lawrence et al. 

(2013): 58 C-class, 29 E-class, and 12 N-class. The remaining 30 cones we have categorized as 

potential cones, which include locations where either: 1. a clear glass signature is not present in 

the parameter map but with a distinct cone-like morphologic feature, or 2. a clear glass spectral 

signature is present but does not correspond to a clear cone morphological feature. The first 

category includes locations only mapped in the low-resolution mosaic (Figures 3-4c and d) where 

the spectral glass signature is not as strong, as is the case for nine of the U-class constructs. Finally, 

two C-class cones and 12 U-class constructs were removed from the original database altogether 

(Lawrence et al., 2013) based on a combination of a lack of clear M3 glass spectral signatures and 

unconvincing morphological characteristics. 
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Table 3-2. The listed amount of each type of cinder cone morphology as outlines in the 

Lawrence et al. (2013) paper, compared to this study when spectroscopy was added as a 

distinguishing component. The cones and their locations are listed in Appendix Table B.1. 

 

 

A rose diagram was used to map the limb directions of the 29 elongated E-class cones, as 

shown in Figure 3-11. Elongated cones follow an NNW/SSE trend, where approximately 17 

cones are oriented to the NNW while 12 are oriented to the SSE. 
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Figure 3-11. A rose diagram that showing the orientation of E-class cones along fissures. The 

majority of cones are oriented in the NNW-NNE and SSW-SSE directions. 

3.4.4 Plateau Mare 

The plateau of the MHVC rises above the surrounding mare plains, as visible in Figure 3-4b, 

but significant lava flows that embay the domes on the plateau are also interpreted as mare. Spectra 

were collected from a range of locations on the plateau mare to compare to previous spectral 

analyses (e.g., Besse et al., 2011; Heather et al., 2003; Weitz and Head, 1999). Our analysis 

confirmed that different spectral properties are associated with different mare surfaces in the 

MHVC. The varying spectral properties in the mare are easily identifiable in the lower resolution 

map in Figure 3-4d, which shows a clear distinction between green-blue vs. pink-blue locations on 

the plateau as well as the surrounding Oceanus Procellarum mare. Spectra collected from both 

mare types (Figure 3-6) show absorption bands near 1 and 2 µm. In some mare areas (green in 

Figure 3-4d), the 1 µm band is symmetric and centered below 1 µm (0.96-1.0 µm). In contrast, 

other areas (pinkish-blue in Figure 3-4d) exhibit an asymmetrical band centered above 1µm (1.00-

1.02 μm) with a shoulder centered between 1.20 and 1.40 µm. Both mare units have broad 2µm 
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bands centered between 2.0 and 2.15 μm. These properties are consistent with the presence of CPX 

in both mare units with additional olivine in some locations, where the addition of olivine produces 

an asymmetric 1 μm band centered at slightly longer wavelengths, but without significantly 

impacting the 2 μm band center (Bennett et al., 2016; Horgan et al., 2014).  

The spectra from both the domes and cones are thus spectrally distinguished from the 

surrounding mare (Figures 3-6 and 3-9). The mare spectra exhibit bands centered at longer 

wavelengths consistent with more CPX than in the typically more clearly OPX-dominated domes. 

The olivine-bearing portion of the mare show a clear shoulder on the 1 μm band and no shift in the 

2 μm band center, whereas the cone spectra exhibit rounder 1 μm band centered at longer 

wavelengths, do not show the same clear shoulder, and show a clear downward shift in the 2 μm 

band center. 

3.5 Discussion 

3.5.1 Significance of glass detection in the MHVC cones 

In this study, we present the first detections of volcanic glass in the Marius Hills Volcanic 

Complex. The interpretive advancements made in this investigation are a result of improved 

spectral resolution and analysis techniques. The higher resolution spectral data from M3 (140 

m/pixel) was imperative to constrain the volcanic cones' mineralogy, as their diameters range from 

0.5–4 km (Lawrence et al., 2013). Analysis of the spectra was completed using systematic band 

parameters and extracted individual spectra to characterize the Fe-bearing mineralogy of the 

region, as described in (Horgan et al., 2014). In the context of lunar spectroscopy, distinguishing 

glass from olivine has been a point of contention as the spectral shapes of glass and olivine are 

similar (Gaddis et al., 2003; Horgan et al., 2014). Spectra of olivine exhibit a broad and asymmetric 

absorption between 1.05-1.07 μm, produced from a combination of three bands centered near 0.85, 

1.05, and 1.15 µm, and no 2 µm band (Figure 3-3; Sunshine et al., 1990; Sunshine and Pieters, 

1998). The 1µm band center position can also increase as the fraction of Fe-rich olivine increases 

(King and Ridley, 1987). The wide and symmetric absorption of iron-bearing glasses is centered 

between 1.07-1.18 µm, and in some cases, glasses exhibit an additional absorption centered 

between 1.90-2.05 µm (Figure 3; e.g., Cannon et al., 2017). Therefore, there can be strong 

similarities between glass and olivine in the 1 µm spectral region. When there is a lack of a 2µm 
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band, and a strong asymmetric 1µm band, a confident interpretation of olivine can usually be made; 

however, mixtures of glass and pyroxene can produce olivine-like asymmetric 1 μm bands (Horgan 

and Bell, 2012; Horgan et al., 2014). Therefore, detailed spectral analysis was required to make 

our spectral interpretations for cinder cones as well as other features in the MHVC (Figure 3-6). 

The cones of all shape classes in Marius Hills exhibit spectra consistent with increased glass 

abundances, as would be expected in a cinder cone. Spectrally, the volcanic cones all display both 

1 and 2µm bands (Figure 3-6). The 1µm bands are centered between 1.05 and 1.1µm, are the 

deeper of the two bands and have a slight asymmetry to longer wavelengths. The second broad 

and symmetric band is centered at or below 2µm, shifted shortward compared to the surrounding 

domes and mare. This contrasts to spectra on some plateau mare units nearby, which exhibit a 

more asymmetric band centered near 1 μm and no change in 2 μm band center compared to 

surrounding pyroxene-dominated terrains, all of which is more consistent with olivine.  

Because glass is more transparent than other Fe-bearing minerals, it is not a strong absorber 

and thus detecting glass in VNIR spectra suggests that it is very abundant in the surface, typically 

>50 wt.% (Henderson et al., 2020; Horgan et al., 2014; Scudder et al., 2021). This suggests that 

the MHVC cones are mostly glass-rich in composition. The combination of the glass detections 

and the cone-class topographic edifices (Lawrence et al., 2013) confirms the hypothesis that the 

cones formed from an explosive eruption resulting in the formation of cinders instead of a mantled 

impact crater, degraded lava flow fronts, or other lunar geologic feature.  

Glass forms when melted rock is quenched, and the rapid colling prevents the crystallization 

of minerals (Glass, 2016).  In explosive volcanic eruptions, glass forms during fragmentation and 

the resulting rapid cooling of the magma. The identification of glass in VNIR spectral analysis of 

volcanic pyroclasts indicates an explosive volcanic origin (Henderson et al., 2020). Our detection 

of glass in the MHVC represents the first detection of glass in a lunar volcanic deposit outside of 

aerially extensive pyroclastic mantling deposits with little topographic relief mapped elsewhere 

across the Moon. The morphology of the cones in MHVC is consistent with cinder cones, which 

suggests that the glass formed as pyroclastic cinders or spatter from explosive eruptions to form 

an edifice with significant topographic relief. This would constitute a different style of glass on 

the lunar surface than the glass beads collected during the Apollo program from aerially extensive 

but low topographic relief pyroclastic deposits (Adams et al., 1974; Hughes et al., 1988; Zellner 

et al., 2002).  
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3.5.2 Diverse Cone Morphologies in MHVC 

We also used the high-resolution M3 data to more precisely map the distribution of potential 

lunar cinder cones in MHVC. Our investigation revealed 99 confident cone detections which was 

more than previous investigations (Table 3-2), where 93 were reported by (Lawrence et al., 2013), 

46 reported by (Weitz and Head, 1999); and 59 were reported by (Whitford-Stark and Head, 1977). 

The number of potential and uncategorized cones also decreased from the 55 identified by 

(Lawrence et al., 2013) to 30 in this study. The remaining potential cones, U-class constructs, fall 

within the following categories: 1. Cones that have a distinct cinder cone-like morphology but are 

located in areas where the spectra are not conclusive (e.g., in the portion of the M3 maps with only 

low-resolution data, Figures 3-4 c and d). 2. Localized concentrations of possible glass spectral 

features that do not have a matching cone-like morphology. In the latter case, these could be just 

small pyroclastic deposits without enough volume to build a cone. To further categorize these 

potential cones, additional LROC images could be collected to investigate their properties at 

different phase angles.  

There are still numerous irregularly shaped features in the Marius Hills that are not mapped 

in our study. These features may be degraded cones, but to further classify them would require an 

understanding of how cones erode on the lunar surface and the extent of the later embayment of 

the mare around the domes and cones.  

The diversity of shapes exhibited by the MHVC cones (C-, N-, and E-class cones) is 

significant because it also represents the same diversity of cones observed in Earth volcanic 

complexes, enabling the comparison of the volcanic system below the surface. The orientation of 

the elongated cones can provide insight into the subsurface plumbing system as they show the 

direction of fissures and magma movement.  Elongated cones in MHVC have a consistent NNW-

NNE and SSW-SSE direction (Figure 3-11), likely indicating the location and orientation of dyke 

swarms beneath the plateau. The presence of dyke swarms in the MHVC is supported by gravity 

data from the GRAIL spacecraft (Deutsch et al., 2019; Kiefer, 2013).  

3.5.3 Possible Primitive Volcanics Preserved in MHVC domes 

The domes or low shields in Marius Hills are spectrally distinct from the cones and the 

embaying mare.  M3 spectra of the domes are orthopyroxene-dominated, likely mixed with some 
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clinopyroxene, based on absorption bands centered near 0.95 and 2.05 µm. Both bands are 

symmetric, and the 1µm band has a slightly larger band depth than the 2µm band, as shown in 

Figures 3-6 and Figure 3-9. As previously hypothesized, the domes are likely small shield 

volcanoes formed through effusive eruptions (Head and Gifford, 1980; Heather et al., 2003; 

Lawrence et al., 2013; Weitz and Head, 1999). 

While the domes appear to be more spectrally dominated by OPX, the surrounding and 

embaying mare, both on the plateau and the surrounding plains, are more spectrally dominated by 

CPX and olivine. Previous research hypothesized that the dome-forming eruptions potentially 

sourced the Oceanus Procellarum mare basalts (Besse et al., 2011; Heather et al., 2003; Weitz and 

Head, 1999). However, this interpretation is not well-supported by our spectral analysis, as the 

domes and cones are spectrally distinct from the mare deposits. Thus, if the mare erupted from 

within the MHVC, this suggests that the domes were not the source. To better understand the origin 

of mare basalts in MHVC, they should be analyzed within the broader context of Oceanus 

Procellarum, which is outside the scope of this investigation.     

If the plateau mare were sourced from within the MHVC, this may imply significant igneous 

evolution in the MHVC source region, from earlier, more Fe/Mg-rich magmas producing the 

domes to later, more Ca-rich magmas producing the mare flows. Notably, the dome spectra have 

very similar spectral properties to OPX-dominated terrains in the South Pole-Aitken Basin 

produced from excavation of primitive materials in the upper mantle and lower crust (Melosh et 

al., 2017; Huang et al., 2020). In addition, when compared to VNIR lab spectra of Apollo samples, 

the dome spectral parameters are most similar to Apollo 16 rocks (Huang et al., 2020), which are 

dominated by ancient breccias excavated by large impacts. These comparisons suggest that the 

MHVC domes are spectrally in family with known primitive materials on the Moon and that the 

MHVC system could represent a unique local example of lunar magma evolution. 

3.5.4 Volcanic Evolution of the MHVC 

The Marius Hills plateau is raised above the Oceanus Procellarum. Raised domes and cones 

are embayed by younger mare flows, likely obscuring the edifices' extent in orbital datasets 

(Lawrence et al., 2013). Later compressional stresses, as indicated by the presence of wrinkle 

ridges from the mare's cooling, may have also contributed to modifying volcanic edifices and 

sinuous rilles (Lawrence et al., 2013). Many wrinkle ridges cross the Marius Hills and primarily 
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follow an SSE-NNW trend (Lawrence et al., 2013; 2010), similar to the elongated cones mapped 

in this study (Figure 3-11).  

Combining the morphological and spectral data, we hypothesize the volcanic evolution of the 

region was long-lived and with distinct early edifice-forming and later mare-forming episodes. 

The first stage of volcanism in the region was likely a long-lived sequence of effusive eruptions to 

form the MHVC plateau. A large shield volcano has been hypothesized to be the cause of the 

MHVC plateau, which would require an edifice approximately 330 km in diameter and rising about 

2.2 km above the surrounding mare plains (Spudis et al., 2013). For reference, this is on par with 

some of the smaller shield volcanoes on Mars (e.g., Pityusa Patera at ~230 km diameter, ~1.5 km 

height) and only slightly larger in diameter than Mauna Kea (~250 km diameter, ~10 km in height) 

on Earth. Shield volcanoes characteristically have fissure zones, serving as points of weakness 

where magma can reach the surface through dykes for succeeding parasitical eruptions resulting 

in cone and dome building  (e.g., Head and Wilson, 1991; McDonald and Abbott, 1970). The 

consistent NNW-NNE and SSW-SSE direction of the E-class cones could indicate the direction of 

these fissures (Figure 3-11), and the presence of dyke swarms in the area is supported by gravity 

data from the GRAIL spacecraft (Deutsch et al., 2019; Kiefer, 2013).  

It has been hypothesized that shield building occurred during the main phases of mare 

volcanism on the Moon, between 3.9 and 3.0 Ga ago (Spudis et al., 2013; Wilhelms et al., 1987; 

BVSP,1981). However, M3 analysis shows that the domes are spectrally distinct from the mare 

and perhaps more primitive in composition. This suggests that shield building in MHVC may have 

occurred closer to the onset of mare volcanism or may even represent pre-mare volcanism.  

In the MHVC, the domes and cones represent the last stage of shield building. The domes 

would have erupted effusively while the cones erupted explosively, as indicated by the presence 

of glass in the volcanic cones, but not the domes. Additionally, the domes and cones likely erupted 

concurrently in time, as indicated by NAC observations showing the dome-building flows 

originating from the C-class cones and through the identification of cones both on and off volcanic 

domes  (Lawrence et al., 2013). Differences in the explosivity of the eruptions could be attributed 

to changes in the magma ascent rate (Lawrence et al., 2013), which can be controlled by magma 

buoyancy, volatiles, conduit geometry, chamber overpressure, stress fields, and viscosity (Cassidy 

et al., 2018). Concurrent eruption of the domes and cones would indicate that the explosiveness is 

not due to difference in the intrinsic properties of the magma (e.g., volatile content or viscosity), 
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but more likely a result of extrinsic parameters (e.g., conduit geometry, rate of decompression, or 

a buildup behind a clogged vent). This is distinct from the factors driving explosivity for large 

mantling pyroclastic deposits elsewhere on the Moon, which are thought to be due to the buildup 

of juvenile volatiles in deeply sourced magmas (Head and Wilson, 2017).  

Lastly, the effusive eruption of mare occurred on the Marius Hills plateau. The source of these 

eruptions is unknown. However, the distinct mineralogy of the cones and domes from the mare 

and the embayment of the positive relief edifices would indicate that the mare eruptions came later. 

These eruptions likely contributed to the Oceanus Procellarum mare. Whitford-Stark and Head 

(1980) mapped the lava flows of Oceanus Procellarum and found they spatially coincided with 

mare mapped within the MHVC. Recent studies have continued to map the flows on the plateau 

and estimated ages from 2.5 to 3.3 Ga (Heather et al., 2003; Heather and Dunkin, 2002) to 0.8 to 

1.3 Ga (Hiesinger et al., 2016; Huang et al., 2011). 

3.5.5 Implications for Future Exploration 

Marius Hills has been proposed as a priority target for exploration of the Moon (Jawin et al., 

2015). A history of long-lived volcanism is preserved in multiple volcanic units in MHVC, 

including the cones, domes, rilles, mare, and collapse pits. Marius Hills would meet multiple 

priorities for exploration of the Moon and would address key lunar science questions outlined in 

the 2007 National Research Council (NRC) Scientific Context for the Exploration of the Moon 

(SCEM, National Research Council 2007), the 2017 LEAG Specific Action Team Report 

Advancing Science of the Moon (ASM-SAT, LEAG, 2017), and Vision and Voyages for Planetary 

Science in the Decade 2013–2022 (National Research Council, 2011).  The long-lived volcanism 

in the Marius Hills could provide constraints for the bombardment history of the Moon by 

providing age anchors through precisely dating the sampled volcanic material that could be related 

to relative ages across the solar system based on crater counting, and their composition could 

provide insight into the thermal and chemical evolution (National Research Council, 2011; Jawin 

et al., 2019). As described in the 2013-2022 Decadal Survey, an investigation of Marius Hills 

could: 1. Constrain the bulk composition of terrestrial planets by studying the composition of 

volcanic products. 2. Characterize planetary interiors to determine how they differentiate and 

evolve by assessing volcanic products created through partial melts of the lunar interior. 3. 
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Characterize planetary surfaces to understand how they are modified by geologic processes (i.e., 

volcanism, National Research Council, 2011; Jawin et al., 2019).  

MHVC would be ideal for collecting samples from multiple volcanic sources, including both 

explosive and effusive deposits, to be returned to Earth or for in-situ analysis that may preserve 

long-term magma evolution on the Moon. The proximity of these deposits to one another would 

be amenable to in situ investigation and sampling by both robotic and human exploration. Long-

range rovers with the ability to traverse the slopes of the volcanic landforms have been proposed 

(Robinson and Elliott, 2020; Stopar et al., 2016). The spectral mapping completed within this study 

would be imperative for planning a mission to the MHVC, and in-situ spectral analysis could 

confirm or supplement the remote sensing analysis and be extrapolated to other lunar volcanic 

provinces (Spudis et al., 2013).  

3.6 Conclusions 

Volcanic glass has been detected for the first time in the cones of the Marius Hills Volcanic 

Complex. The Marius Hills Volcanic Complex is unique with multiple visible positive relief 

volcanic edifices representative of explosive volcanism compared to other lunar pyroclastic 

deposits (Gaddis et al., 2003; Gustafson et al., 2012). M3 spectral analysis shows that the cones in 

MHVC exhibit spectra consistent with glass, confirming cinder cone origin and the identification 

of glass consistent with pyroclasts not constrained to glass beads. Domes in MHVC exhibit spectra 

consistent with more OPX than in surrounding CPX-dominated mare.  

Spectral analysis of the MHVC reveals distinct spectral signatures associated with different 

geologic units, and M3 spectra extracted for MHVC units show clear iron-bearing absorption bands 

near 1 and 2 µm. This research provides evidence to showing spectroscopy can identify volcanic 

landforms when visible images and morphology fail. This is important for future exploration of 

volcanic terrains where visible images may not be ideal.  

The domes and cones likely erupted concurrently in time, and differences in the mineralogy 

of the resulting edifices add supporting evidence to the hypothesis that extrinsic properties (e.g., 

ascent rate), not changes in magma composition (e.g., amount of volatiles), led to the different 

volcanic morphologies. The source for the domes and cones may be the result of eruptions from 

numerous dykes (Head and Wilson, 1991) supported by dyke swarms identified by the GRAIL 

spacecraft (Deutsch et al., 2019; Kiefer, 2013). Combining the morphology and the spectral data, 
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we hypothesize the magma evolution of the region was long-lived and with distinct early edifice-

forming and later mare-forming episodes. This time difference may have resulted in magma 

evolution, as reflected in the distinct pyroxene mineralogies of the domes vs. mare.  The long-lived 

volcanism visible through multiple volcanic units within close proximity in MHVC would be ideal 

for future exploration of the Moon.  
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 SPECTRAL DIVERSITY OF EXPLOSIVE VOLCANIC 

DEPOSITS IN SCHRÖDINGER BASIN ON THE MOON 

4.1 Introduction 

Schrödinger basin has been an area of heightened interest for lunar exploration due to the 

proximity of well-preserved impact and volcanic materials that could be accessed in a single 

mission, but its location in the lunar south pole had previously inhibited human and robotic 

exploration. However, Schrödinger is slated to be the landing site for two payload suites delivered 

in tandem on a robotic lander by the Commercial Lunar Payload Services Contract (CLPS) in 2024 

(NASA, 2020). Schrödinger (Figure 4-1) is a 320 km diameter Imbrium-aged (~3.8 billion years 

old) impact crater located within South Pole-Aitken (SPA) basin on the lunar far side, centered at 

138ºE, 75ºS (Wilhelms et al., 1979). Schrödinger is thought to be the second youngest basin on 

the lunar surface (Shoemaker et al., 1994). Pre-Nectarian-aged (~4.533-3.92 billion years old) SPA 

basin is a 2400 km by 2050 km impact structure centered at 53°S, 191°E on the far side (Bethell 

& Zuber, 2005).  

 

 

Figure 4-1. Schrödinger basin context. (a) LROC WAC mosaic of the South Pole showing the 

location of Schrödinger basin outlined in yellow. (b) LROC WAC mosaic of Schrödinger Basin, 

basin diameter is 320 km. (c) LOLA elevation data overlain on LROC WAC mosaic. 
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Schrödinger is a target for future human or robotic exploration as its diverse lithologies 

would help address various high-priority lunar science goals (Jawin et al., 2019; Kring & 

Robinson, 2018; O’Sullivan et al., 2011). Schrödinger contains a large conical edifice surrounded 

by a low-albedo region interpreted as a large cinder cone and associated pyroclastic deposit, and a 

low-albedo lobate deposit interpreted as a lava flow (Shoemaker et al., 1994; Pieters et al., 2009; 

Shanker et al., 2012). These volcanic deposits are located near the center of the basin, within the 

uplifted peak ring, which is composed of Pre-Schrödinger crust (Potts et al., 2014). The relative 

adjacency and the accessibility of these deposits can help to answer questions about the history of 

volcanic and impact processes on the Moon in a single mission, which would fulfill goals outlined 

in the Decadal Survey (National Research Council, 2011). 

However, the relationship between the volcanic deposits in Schrödinger is not well 

understood, and a variety of origins have been hypothesized for the cone, flow, and other possibly 

related features in the basin. Here we use orbital reflectance spectroscopy to determine the 

mineralogy and crystallinity of the volcanic deposits in Schrödinger, and ultimately to assess the 

volcanic eruption history of the basin. In particular, this study aims to characterize the eruption 

style of volcanic deposits in Schrödinger, both whether eruptions in the basin were explosive vs. 

effusive, and the nature of any explosive eruptions (e.g., Strombolian, Hawaiian, Vulcanian). 

Understanding the eruption properties of the Schrödinger volcanics provides key insights into 

magma source regions in the lunar interior and will provide context for the Lunar Interior 

Temperature and Materials Suite (LITMS).  LITMS will investigate the lunar interior's heat flow 

and electrical conductivity in the Schrödinger basin when delivered by the CLPS lander in 2024. 

Finally, the Schrödinger cone is the largest conical edifice identified to date on the lunar surface, 

and if it is explosive in origin, represents a key endmember within the population of lunar 

pyroclastic deposits (LPDs). By comparing the eruption history of any explosive volcanic deposits 

in Schrödinger to other LPDs, we aim to better understand the relationship between deposit size, 

deposit morphology, geologic context, and eruption style.  

This investigation of Schrödinger addresses a NASA Strategic Knowledge Gap (SKG) by 

analyzing the composition, distribution, and presence of lunar volatiles in pyroclastic deposits and 

at the lunar poles (Jawin et al., 2019). SKGs represent gaps in knowledge or information required 

to decrease risk, increase effectiveness, and improve the design of robotic and human space 

exploration missions (See https://www.nasa.gov/exploration/library/skg.html).  

https://www.nasa.gov/exploration/library/skg.html
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4.2 Background 

4.2.1 Schrödinger Basin 

Schrödinger basin is the second youngest impact basin on the Moon and is located within 

the oldest and largest impact basin, South Pole-Aitken (SPA). Schrödinger contains well-preserved 

materials generated through both impact and volcanic processes (Gaddis et al., 2003; Shoemaker 

et al., 1994).  

The SPA basin is pre-Nectarian in age, has an ellipsoidal shape with axes of 2400 km by 

2050 km, has a maximum depth of 18 km, and is centered at 53°S 191°E on the lunar far side 

(Bethell & Zuber, 2005). SPA is characterized by high thorium and iron anomalies (Jolliff et al., 

2000). The SPA basin-forming event has been hypothesized to have exposed the lunar upper 

mantle (Pieters et al., 2001), and spectroscopic analysis combined with impact modeling confirmed 

that orthopyroxene-rich materials consistent with the upper mantle were exposed during the SPA 

basin impact (Melosh et al., 2017; Moriarty et al., 2021). The floor of the SPA basin was recently 

explored by China’s Chang’E-4 lunar far-side lander and its rover Yutu-2 (Li et al., 2015, 2019). 

Observations from the Visible and Near Infrared Spectrometer (VNIS; Huang et al., 2020) 

identified the presence of orthopyroxene derived from the upper mantle and corroborating the 

orbital spectral interpretation (Melosh et al., 2017). 

Schrödinger basin is a distinctive feature near the western rim of SPA (138ºE and 75º), 

measuring 320 km in diameter, 4.5 km deep, and exhibiting a prominent inner peak ring (Wilhelms 

et al., 1979). It is believed to be the second youngest lunar basin with an early Imbrium age (~3.8 

billion years old) and includes secondary craters on the basin floor from the formation of Orientale 

(Shoemaker et al., 1994). The peak-ring rises 1–2.5 km above the basin floor with a diameter of 

125 km (Wilhelms et al., 1979). Possible mare-like lava flow plains have been identified within 

the peak ring on the basin floor as well as a conical edifice that rises to a height of ~415 m that is 

located along a wide graben (Wilhelms et al., 1979). Graben within Schrödinger are 

circumferential to the center of the basin and roughly follow the arc of the peak ring (Shoemaker 

et al., 1994). Within the basin are two distinct rilles: Vallis Schrödinger is approximately 315 km 

long with a radial direction of 315°, and Vallis Planck is ~600 km long and has a radial direction 

of 350° (Wilhelms et al., 1979). These rilles have been hypothesized to be the likely source of the 
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inner-peak ring mare plains (Mest 2011; Shankar et al., 2012; Shoemaker et al., 1994). Multiple 

geologic maps (Kramer et al., 2013; Scott C Mest, 2011; Shankar et al., 2012; Shoemaker et al., 

1994) of the Schrödinger basin have been completed and can be referenced for distinguishing units. 

In the LROC WAC mosaic (Figure 4-1b), low albedo units within the inner-peak ring stand out as 

distinct from the basin floor. Figure 4-2b outlines and labels these units as the cone, lobate mafic 

unit (previously referred to as the mare plains), and ridge unit.  

 

Figure 4-2. (a) Perspective view of Schrödinger basin. Illustration credit: NASA Scientific 

Visualization Studio (NASA SVS). (b) Inner-peak ring image with pyroclastic deposits analyzed 

in this study outlined and labeled. (c) LROC low-sun NAC mosaic. Outlined are locations of 

potential cones that may have been a source of the lobate mafic unit. (d) Perspective view of the 

vent on the Schrödinger Cones. 



 

 

121 

4.2.2 Lunar Pyroclastic Deposits 

The potential explosive volcanic deposits in Schrödinger can be compared to hypothesized 

explosive volcanic deposits elsewhere on the Moon. Lunar pyroclastic deposits (LPD), also known 

as “dark mantling” deposits, are low-albedo and low-relief units believed to have formed during 

ancient explosive volcanic eruptions (Head, 1974). These deposits are composed of juvenile 

magmatic minerals (e.g., clinopyroxene (CPX) and olivine), glass (quenched and partially 

crystalline glass beads), as well as local country rock (orthopyroxene (OPX) and plagioclase in the 

lunar highlands; clinopyroxene in the mare; Hawke et al., 1989). The deposits exhibit an extensive 

range of sizes and have been previously divided into two categories: regional (>1000 km2 in area) 

and local deposits (<1000 km2 in area; Gaddis et al., 2003). Pyroclastic deposits erupted from deep 

within the lunar interior represent primitive materials that could help further characterize the lunar 

interior and expand our understanding of lunar basaltic magmatism (Gaddis et al., 2003). 

The collection of pyroclastic samples in the form of dark glass beads from the Apollo 17 

lunar landing site, Taurus Littrow, sparked an interest in the glass-rich deposits formed from 

volcanic eruptions (Pieters et al., 1974). Based on early spectral studies using Earth-based 

telescopes, localized pyroclastic deposits were theorized to result from violently explosive 

Vulcanian-style eruptions due to the buildup of gases behind a plug due to low eruption rates. This 

eruption style can eject juvenile material along with large amounts of country rock (Head & Wilson 

1979). In contrast, regional pyroclastic deposits are believed to form from Strombolian-style 

eruptions (coalesced bubble explosions) or from Hawaiian-style fire-fountain eruptions (Head & 

Wilson 1979), both of which occur due to high eruption rates. This eruption style produces mainly 

juvenile material, and deposits are thus composed of glass and partially crystalline glass beads 

(Gaddis et al., 1985). The Clementine spacecraft collected higher resolution (~100m/pixel) 

ultraviolet-visible multispectral data from lunar orbit (Nozette et al., 1994). This allowed for the 

first global compositional analysis of lunar pyroclastic deposits (Gaddis et al., 2003). While 

Clementine was able to detect some variability within regional pyroclastic deposits related to 

crystallinity, the data could not provide explicit constraints on the mineralogy of the deposits 

(Gaddis et al., 2003; Hawke et al., 1989; Weitz et al., 1999).  

More recently, higher resolution spectral data has provided new insights into the 

mineralogy of pyroclastic deposits on the Moon and has suggested that this simple model between 
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small Vulcanian eruptions and large strombolian eruptions does not represent the full diversity of 

volcanic eruption styles. In some cases, this diversity is apparent even at local scales.  

Oppenheimer crater is a floor-fractured crater located at 35°S and 166°W that is also located within 

the SPA.  Pre-Nectarian in age, Oppenheimer has a diameter of about 200 km with a population 

of over 15 distinct pyroclastic deposits. The Oppenheimer pyroclastic deposits often have clear 

vents and are located along fractures in the crater floor (Bennett et al., 2016) The deposits range in 

size from a few square kilometers to 1500 km2, crossing the boundary between local and regional 

deposits (Gaddis et al., 2003). Spectral examination of the Oppenheimer deposits revealed 

mineralogical evidence for the existence of a range in eruption styles in the deposits from 

Vulcanian to fire-fountaining and Strombolian, with evidence of effusive activity observed as well 

(Bennett et al., 2016).  

Bennett et al. (2016) hypothesized that the low crustal thickness in SPA may have allowed 

easier access for deep and volatile-rich magma to the surface, thus creating more volatile-rich and 

explosive eruptions even for small volumes of magma. However, this hypothesis requires more 

analysis of lunar pyroclastic deposits within and outside of low crustal thickness areas, interpreted 

by GRAIL gravity data (Wieczorek et al., 2013) to confirm. If crustal thickness does play an 

essential role in controlling the explosivity of lunar volcanic eruptions, then it is possible that 

volcanic deposits in Schrödinger also experienced a stronger pressure gradient during ascension, 

resulting in higher eruption rates than expected for other eruptions with the same volatile content.  

There are still many unknowns regarding explosive volcanic deposits on the Moon, 

including the drivers of explosivity (Cassidy et al., 2018) and how eruption characteristics are 

recorded in the mineralogical and morphological diversity of the resulting pyroclasts. 

Understanding if the primary driver of explosive volcanism on the Moon is magmatic volatile 

content or extrinsic geologic factors (e.g., rate of decompression, crustal properties, and 

conduit/vent geometries; (Cassidy et al., 2018) could have implications for In-Situ Resource 

Utilization (ISRU). Lunar volcanic glasses rich in FeO2 could be exposed to an H2 environment, 

creating Fe2+ and H2O, which could be electrolyzed to yield oxygen. The pyroclastic glasses 

produced the most oxygen out of any Apollo sample (Allen et al., 1996) and lending support for 

these materials as important feedstocks for future human exploration. Additionally, rare volatile 

elements needed for industrial processes could be extracted from lunar pyroclastic deposits (Duke 

et al., 2006). Observations of Schrödinger can inform this knowledge gap by assessing the 
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composition of the volcanic deposits and determining the eruption style to help understand any 

resulting pyroclasts proposed as potential sources of oxygen for future astronauts.  

4.2.3 History of Schrödinger Spectral Studies 

Visible wavelength images (Robinson et al., 2010) reveal that the pyroclastic deposits 

within the Schrödinger basin may be relatively complex, with multiple pyroclastic deposits and an 

unusually high albedo (Figure 4-1) compared to other lunar pyroclastic deposits (Gaddis et al., 

2003). The Clementine Ultraviolet Visible (UVVIS) multispectral instrument (Nozette et al., 1994) 

provided the first spectral analysis of Schrödinger basin (Shoemaker et al., 1994).  (Shanker et al. 

2012) analyzed a single M3 image to test their Clementine results. Kramer et al. (2013) previously 

examined the Schrödinger basin with Level 1 M3 hyperspectral data (Pieters et al., 2009) and 

limited their analysis to fresh material exposed by impact craters. These studies examined the 

spectral properties of the peak-ring, inner peak-ring floor, as well as the pyroclastic units, including 

the cone, mafic, and ridge units. 

The uplifted peak-ring rises to 1-2.5 km high and appears as a circular mountain range. It 

was formed during the impact that created the Schrödinger basin, and the mineralogy could provide 

insight into the peak ring formation process. M3 analysis performed by Kramer et al., (2013) 

confirmed the Kaguya Multispectral Imager identification of olivine and anorthosite (Ohtake et 

al., 2009; Yamamoto et al., 2010) as well as the Clementine interpretations of pyroxene and 

feldspar (Shankar et al., 2012). Notably, the only M3 spectral signatures of olivine in Schrödinger 

basin were found within the peak-ring (Kramer et al., 2013). The peak-ring is hypothesized to be 

composed of massive blocks with the composition of orthopyroxene-bearing (norite) and olivine-

rich (troctolite or dunite) cumulates that have been hypothesized as the remnants of the lunar 

magma ocean and subsequent magmatic intrusions into the crust (Kramer et al., 2013).  

The inner-peak ring floor had previously been separated into two units based on texture. A 

rough plains unit exhibits gentle hummocks, swales, and low knobs, while the smooth plains unit 

has no distinguishable relief (Shoemaker et al., 1994). Both inner-peak ring floor units, when 

analyzed by Clementine, were interpreted to be noritic in composition with an impact melt origin 

(Shoemaker et al., 1994). However, limited previous M3 investigations largely worked with noisy 

spectra with shallow 1000 nm iron bands without a discernable 2000 nm band.  The inner peak-
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ring floor was interpreted as a thick glass-rich impact melt with low spectral contrast caused by 

space weathering (Kramer et al., 2013). 

The most distinct volcanic deposit in Schrödinger is a conical edifice raised 415 m above 

the floor and an associated pyroclastic deposit with an area of 1250 km2 located near the uplifted 

peak ring (Shoemaker et al., 1994; Wilhelms et al., 1979). Throughout the manuscript, the conical 

deposit will be referred to as the Schrödinger cone. While the cone was initially interpreted as a 

maar-type volcano (Shoemaker et al., 1994), later investigations revealed a positive relief conical 

deposit with a low albedo that was interpreted as a large pyroclastic deposit potentially emplaced 

via more continuous Hawaiian-style fire-fountain eruptions (Gaddis et al., 2003; Wilson & Head, 

1981). Analysis with Clementine revealed that the sizeable conical edifice was spectrally distinct 

from the nearby mare with a higher reflectance ratio in the 750-nm versus the 415- nm bands, but 

did not find evidence of an iron absorption near 1000 nm that would indicate olivine, pyroxene, or 

glass (Shoemaker et al., 1994). However, a later investigation with Clementine spectral data 

showed that the conical vent and other potential pyroclastic deposits predominantly did exhibit 

spectra with distinctive absorption features near 1µm and 2µm, interpreted as olivine and pyroxene 

(Shankar et al., 2012).  A more recent M3 analysis of the Schrödinger basin (Kramer et al., 2011, 

2013) interpreted the cone to be glass-rich from the low albedo and a single spectrum collected 

from the sun-facing slope of the interior of the volcanic vent exhibiting broad and weak mafic 

absorption features, with a steep, linear continuum slope. However, these previous studies were 

unable to provide a thorough spectral analyses including spectral mapping and the analyses of 

multiple individual spectra of the cone with spectral band parameters. Therefore, further M3 

analysis is required to determine the mineralogy and crystallinity of the Schrödinger cone and 

associated pyroclastic deposits.  

The low albedo inner-peak ring lobate mafic unit (Figure 4-2b,c) has been called by many 

names through the previous publications including, ‘mare’ (Shoemaker et al., 1994), ‘dark plains 

material’ (Mest, 2011), ‘inner-basin mare unit’ (Kramer et al., 2013), and ‘mare patches’ (Shankar 

et al., 2012). Many of these names included the interpretive term mare, which implies effusive 

volcanic deposits. This interpretation was made based on the lobed margins of the deposit that 

resemble lava flow features. Within this investigation, we use the name Lobate Mafic Unit as a 

non-interpretive term with respect to the originating eruption style. 
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Some previous studies have divided the lobate mafic unit into two units, while other studies 

have combined them into one unit. Within this study, we refer to this as a singular unit based on 

the most recent geologic maps (Kramer et al., 2013; Mest, 2011), in which a break between the 

units was not identified through either morphology or spectroscopy. Radar observations of the 

lobate mafic unit with the Mini-RF radar revealed that the textures were relatively rough, atypical 

of lunar mare patches (Shankar et al., 2012) and exceed those of rough terrestrial lava flows at 

radar wavelengths (Campbell et al., 1997).  

The lobate mafic unit has been identified as spectrally distinct from the inner-peak ring 

floor. Clementine spectral observations of the lobate mafic units identified an absorption band near 

1000 nm interpreted as basaltic rocks similar to mare elsewhere on the lunar surface (Shoemaker 

et al., 1994). Further investigations of the Clementine data revealed a strong mafic signature (based 

on the 950 nm/750 nm ratio vs. 750 nm reflectance) and were interpreted as suggesting mixed 

anorthositic and mafic material (Mest, 2011).  A previous M3 investigation led to the interpretation 

of a pyroxene-rich unit based on an absorption centered below 1 µm and a broad band centered 

near 2 µm (Shankar et al., 2012). Kramer et al., (2013) extracted M3 spectra from limited fresh 

craters in the lobate mafic unit and found the unit to be spectrally indistinguishable from the 

orthopyroxene-rich inner-peak ring basin floor, and therefore interpreted the unit as a very thin 

layer and that was hypothesized to be glass-rich based on the low albedo that could indicate a 

pyroclastic deposit. (Kramer et al., 2013).  

The ridge unit is a small lenticular unit within the inner-peak ring. The unit is about 22 km 

long and ranges between ~1.5 km and 4.5 km wide and rises about 115-200 m above the inner-

peak ring floor. The unit appears to be asymmetric in the slope profile, where one side has a 

sharper, more distinct margin, while the other has a more gradual descent into the inner-peak ring 

floor.  This unit has also had many unit names: the ‘ridged unit’ (Shoemaker et al., 1994), the 

‘tectonic ridge’ (Shankar et al., 2012), the ‘ridge crest’ (Mest, 2011)  and the ‘Bluff’ (Kramer et 

al., 2013). Many previous investigations struggled to accurately identify the composition of the 

ridge unit (Shankar et al., 2012; Shoemaker et al., 1994) and it has been hypothesized to be of 

either tectonic or volcanic origin.  

  Shoemaker et al., (1994) hypothesized that this ridge may represent an intrusion of viscous 

magma raised slightly above the basin floor or due to buckling of the melt sheet (Shoemaker et al., 
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1994).  However, LOLA topography showing that there is a topographic rise disproved the 

buckling melt sheet hypothesis. (Kramer et al., 2013) instead interpreted the unit as a blind thrust 

fault that formed in the thickest section of the initial melt sheet then experienced compressional 

stress. The asymmetry in the ridge suggested faulting rather than buckling indicating a wrinkle 

ridge, resulting from a thrust fault (Kramer et al., 2013). 

In this study, we create a hyperspectral map of the Schrödinger basin using a more recent 

calibration of the M3 data (Level 2; Boardman et al., 2011) than was available for previous studies, 

and we analyze the spectral properties of the various volcanic units using more sensitive spectral 

parameters (Horgan et al., 2014). This analysis will enable us to compare specific units within the 

basin and confirm the presence of glass and iron-bearing minerals. Through these observations, 

we seek to better constrain the volcanic eruption styles that emplaced the Schrödinger deposits as 

well as to provide insight into the volcanic history within the basin.   

4.3 Methods 

4.3.1 Moon Mineralogy Mapper 

The Moon Mineralogy Mapper (M3) was an imaging spectrometer supported by NASA as 

an instrument on the ISRO Chandrayaan-1 lunar orbiter (Green et al., 2011; Pieters et al., 2009). 

M3 was launched in 2008 and operated in the visible to near-infrared (VNIR; 0.42-3.0µm). M3 

collected data during five optical periods (OP), each defined by the date of collection, orbit height, 

and instrument status as described in (Boardman et al., 2011), (Green et al., 2011), and (Isaacson 

et al., 2013).  VNIR is sensitive to absorption bands exhibited by iron-bearing minerals, including 

pyroxene, olivine, glass, and anorthosite (Adams, 1974; Besse et al., 2013; Cloutis and Gaffey, 

1991).  M3 has 85 spectral channels between 0.42-3.0 μm with a higher spectral resolution between 

0.7-1.6 μm to better characterize the 1 μm iron band. M3 data calibrated to reflectance (Level 2) is 

available from the Planetary Data System and has nearly full coverage of the lunar surface, 

although the quality and resolution (75-280 m/pixel) of the data varies across the mission (Green 

et al., 2011; Pieters et al., 2009).  

M3 observations of Schrödinger have a resolution of 280 m/pixel in 86 spectral channels 

(Pieters et al., 2009). Schrödinger M3 data were obtained in optical period 2C with an orbital height 
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of 200 km at high sun angles, with a warmer instrument temperature, high signal levels, and a 

lower resolution of 280m/pixel relative to other optical periods (Isaacson et al., 2013). Because of 

these less ideal observation conditions, spectra extracted from M3 images in Schrödinger tend to 

exhibit significant noise.  
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Figure 4-3. M3 maps covering the entirety of Schrödinger Basin and enlarged to focus on the 

volcanic units within the inner- peak ring, compared to Clementine-derived geochemistry. (a) M3 

albedo map derived from reflectance at 2976 nm. (b) LOLA elevation data overlain on LROC 

WAC mosaic. LOLA elevation data overlain on LROC WAC mosaic (c-d) Glass band depth 

parameter map overlaid on LROC WAC Mosaic of Schrödinger Basin. Warmer colors in 

parameter maps represent locations where the spectra are most likely to represent glass. (e-f) 

Mosaicked composite RGB spectral maps from M3 data where R= glass band depth parameter, 

G=1 µm band center parameter, B= 2 µm band center parameter. Green colors indicated OPX on 

the basin floor, blue indicates CPX, and yellow/pink indicates possible glass, mixtures with 

glass, or olivine. (g-h) Clementine UVVIS/FeO abundance data where warmer colors represent 

locations with higher FeO wt%. White/black outlines show mapped extent of possible volcanic 

units as labeled in Figure 4-2b. 
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An M3 mosaic of the basin was constructed with bounds 110-155ºE and 82-67ºN in an 

orthographic projection with six spectral images (Figure 4-3), using the methods described in  

(Horgan et al., 2014), (Bennett et al., 2016) and (Chapter 3). During mapping, each M3 cube is 

initially cropped to fit within the bounds of the desired map. Next, the backplanes and reflectance 

data for the cube are projected into the map using a cylindrical projection and IDL built-in mapping 

routines. Where multiple cubes cover a map pixel, the cube with the highest overall quality is 

chosen based on visual inspection (e.g., least noise, least column-to-column variation). Once the 

complete reflectance mosaic is constructed, the continuum is calculated for each spectrum 

individually (e.g., Clark & Roush, 1984). The continuum of a spectrum is the baseline on which 

mineral absorptions are superimposed and is influenced by the internal mechanics of the 

instrument, as well as space weathering and thermal effects (Hapke, 2001; Isaacson et al., 2013).  

The continuum of each spectrum in the mosaic is determined using a linear convex hull with 

two segments fit to endpoints near 0.70, 1.55, and 2.60 μm. A rough estimate of the continuum is 

calculated for each spectrum using these endpoints; then, these endpoints are fine-tuned for each 

spectrum by identifying the local maxima between 0.65–1.00, 1.35–1.60, and 2.00– 2.60 μm in 

this initial continuum removed spectrum. With all the calculated new endpoints, the final 

continuum of two combined linear segments is calculated from the original spectrum. This 

function is then divided out of the reflectance spectrum to produce continuum-removed spectra. 

To prevent possible errors due to thermal contributions, the continuum fit is limited to <2.6 µm, 

and caution was exercised when analyzing data at these longer wavelengths. All spectral plots 

show continuum removed spectra over plotted with smoothed versions of these spectra, in which 

spectral noise was reduced using a median filter and a boxcar smoothing algorithm, both with 

widths of 5 channels. 

4.3.2 Spectral Parameters and Mineral Identification 

Spectral diversity maps of Schrödinger basin were created by parameterizing the shape, 

position, and depth of the 1- and 2-µm absorption bands in the M3 mosaic. In this study, spectral 

variability was assessed using two types of spectral parameters: (1) spectral indices using simple 

arithmetic and (2) 1 and 2 μm band position, area, and shape parameters derived from our 

continuum removed mosaic.  The spectral indices BDOPX, BDCPX, and BDGLA are defined in 
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Chapter 3 (Table 3-1) and applied to smoothed reflectance spectra. Spectral indicies can suggest 

the presence of OPX (based on enhanced absorption between 0.88-0.92 μm), CPX (based on 

enhanced absorption between 2.40-2.50 μm), and iron-bearing glass (based on enhanced 

absorption between 1.15-1.20 μm), respectively, as shown in laboratory spectra (Figure 3-3). 

These spectral indices do not equate to quantitative information on the abundance of a mineral but 

rather provide information on whether or not the spectral characteristics of a given spectrum could 

be consistent with the presence of that mineral. Additionally, the presence of other spectrally 

similar minerals can also lead to high values of these parameters. For example, the prominent 1.25-

1.30 μm shoulder in olivine can also cause high values of BDGLA. These spectral indices can also 

vary due to spectral contrast, or the overall depth of absorption bands in a spectrum, which is often 

related to factors other than the abundance of these Fe-bearing silicates (e.g., grain size, space 

weathering, or minor changes in the abundance of opaque minerals; Pieters et al., 2000; Scudder 

et al., 2021).  

Once the continuum of the spectrum is removed, it is possible to conduct more detailed 

parameterizations of the shape and position of the 1 and 2 µm iron absorption bands (Horgan et 

al., 2014). The calculated band minimum and band center parameterize the band position (Table 

Chapter 3-1).  The band minimum is the wavelength position of the minimum reflectance value in 

the band. In contrast, the band center is the wavelength position of the minimum of a fourth-order 

polynomial (allows for the narrower band center characteristic of many pyroxenes) fit all channels 

within 75 nm of the band minimum, with a fit resolution of 5 nm. In smooth spectra, the band 

minimum and band center would be very similar, but when the spectra are not ideal (e.g., noisy 

spectra, and when the fit has a higher resolution than the spectrum), the band center can be a better 

estimation of the true center of the band than the band minimum (Horgan et al., 2014). Band shape 

is parameterized by band depth, band area, and band asymmetry. The band depth is defined as one 

minus the value of the polynomial fit at the band center, while the band area is the total area under 

each continuum segment calculated as one minus the value of each channel in this range multiplied 

by the spectral resolution at each channel. Band asymmetry is defined as the difference in the areas 

to the band center's left and right as a percentage of the total area (Horgan et al., 2014).   

These band parameters are useful in concert with the simple spectral indices described above 

because they are not strongly affected by spectral contrast, such as the low spectral contrast 

induced by space weathering on the Moon. Also, they can be linked to specific iron-bearing 
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minerals and mineral mixtures (Horgan et al., 2014). OPX and CPX both exhibit two symmetric 

absorption bands, where OPX has bands centered near 0.90-0.94 and 1.8-2.0 μm, and CPX has 

bands centered near 0.98-1.05 μm and 2.05-2.4 μm. Intermediate pyroxenes (e.g., pigeonite) and 

pyroxene mixtures fall in between these values.  Olivine exhibits a broad and asymmetric 1µm 

absorption band most often centered between 1.05-1.07 μm, which is a combination of three bands 

centered near 0.85, 1.05, and 1.15 µm, and no 2 µm band (Sunshine & Pieters, 1998; Sunshine et 

al., 1990). Iron-bearing glasses exhibit a wide and symmetric absorption centered between 1.07-

1.18 µm, and in some cases, an additional absorption centered between 1.90-2.05 µm  (e.g., 

Cannon et al., 2017) therefore overlapping with the 1 µm band center of olivine and CPX. While 

the lack of a 2µm band and increased 1 µm asymmetry can often distinguish olivine from these 

other ferrous minerals, mixtures of glass and pyroxene can produce olivine-like spectral properties 

(Horgan and Bell, 2012; Horgan et al., 2014). Because of this ambiguity, careful spectral analysis 

is needed to make interpretations of iron-bearing mineralogy. Thus, following the creation of our 

spectral indices and parameter maps, average continuum removed spectra were extracted from 

representative regions of interest (ROIs) for the localities of the cone as well as the mafic and ridge 

units in Schrödinger Basin. 

4.3.3 Clementine 

Clementine was launched to the Moon on January 25, 1994, as a joint project between the 

Dept of Defense and NASA. The Clementine Ultraviolet Visible (UVVIS) multispectral 

instrument (S. Nozette et al., 1994) provided the first spectral analysis of Schrödinger basin 

(Shoemaker et al., 1994).  For this study, the spectral data derived from M3 was compared to the 

Clementine-derived iron abundance (as weight percent iron oxide, FeO). The Clementine iron 

abundance map provides a qualitative value that can be useful for comparisons of relative values. 

The data has a spatial resolution of 200 meters per pixel. This FeO map (Figure 4-3g,f) was 

accessed through JMars and is derived from Clementine Ultraviolet/Visible camera (UVVIS) data 

as described by Lawrence et al. (2002), with FeO weight percent ranges from 0 to ~25% in this 

map (Lawrence et al., 2002; Lucey et al., 1998, 2000).  
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4.4 Results and Spectral Interpretations 

The volcanic deposits are spectrally distinct units within Schrödinger. Morphologically, the 

volcanic units have been mapped through precise boundaries and surface expressions (Kramer et 

al., 2013; Mest & Arsdall, 2008; Shoemaker et al., 1994). A lower albedo is observed in the M3 

2.8 μm reflectance (Figures 4-3a) of the volcanic units compared to the surrounding inner peak-

ring floor. RGB composite images highlighting the spectral diversity are shown in (Figures 4-3e,f), 

where red is the glass band depth (BDGLA), green is the 1µm band center, and blue is the 2µm 

band center which highlights the mineralogical diversity of the Schrödinger units. Green in this 

combination indicates OPX, blue indicates CPX, yellow indicates glass or olivine, and pink 

indicates mixtures of pyroxene with glass or olivine. The subtle horizontal striping across the 

higher resolution M3 frames in (Figures 4-3,4-4) maps is due to slight resolution and detector 

sensitivity changes. Analysis of these data reveals that the volcanic terrains of the pyroclastic cone 

and the inner-peak ring pyroclastic deposits are spectrally distinct from impact features as well as 

the inner-peak ring floor.  
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Figure 4-4. Subset of Schrödinger volcanic units within the inner-peak ring (a-c) focus on the 

pyroclastic cone (d-f) are focused on the lobate mafic and ridge units.  (a,d) LOLA elevation data 

overlain on LROC WAC mosaic. (b,e) Mosaicked composite RGB spectral maps from M3 data 

where R= glass band depth parameter, G=1 µm band center parameter, B= 2 µm band center 

parameter. (c,f) Glass band depth parameter map overlaid on LROC WAC Mosaic. Warmer 

colors in parameter maps represent locations where the spectra are most likely to be 

representative of glass. Arrows point to locations of potential volcanic cones. 

4.4.1 Inner-peak ring and basin floor 

Spectral mapping of the basin floor (Figure 4-3e,f) reveals a consistent spectral signature that 

is not affected by the texture of the geologic units identified through Clementine observations 

(Shoemaker et al., 1994). Spectra collected from the inner-peak ring basin floor exhibit bands 

centered near 0.97-0.99 and 1.70-1.80 µm (Figure 4-5) consistent with orthopyroxene (OPX). OPX 

is common throughout the SPA and is interpreted to be upper mantle material excavated by the 

SPA impact (Melosh et al., 2017).  The only locations with a strong glass band parameter identified 

in the inner-peak ring floor were within impact craters, interpreted as impact melt glass (Neish et 
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al., 2021). Possible glass signatures are also present in the peak ring, but this may instead be due 

to olivine, which has been identified in the area (Kramer et al., 2013). 

 

Figure 4-5. (a) Selected M3 continuum-removed and smoothed spectra from Schrödinger 

volcanic units that have been averaged to reduce noise. Spectra show differences between the 

pyroclastic cone (blue), ridge unit (red), potential cones in the lobate mafic unit (orange), lobate 

mafic unit (purple), and the inner-peak ring floor (green). Dotted lines indicate 1µm and 2µm 

wavelength positions for comparison between the spectra. Gray background spectra are 

continuum removed and unsmoothed. (b) Spectral band parameter graphs of the Schrödinger 

volcanic units. Labels indicate the approximate parameters and trends expected based on 

laboratory spectra of endmembers and mixtures analyzed by (Horgan et al., 2014) and (Klima et 

al., 2007). 
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4.4.2 Schrödinger Cone 

The large Schrödinger cone has a distinct spectral signature compared to other units in the 

basin. From the vent and down beyond the cone's flanks and onto the apron (outlined in Figure 4-

2b), the cone has a glassy spectral signature as shown by the yellow color in (Figures 4-3e,f,4-4b). 

The ‘yellow’ glassy material does become more diffuse before transitioning to spectra dominated 

by the OPX inner-peak ring basin floor signatures. The glass parameter map (Figure 4-3c) shows 

the highest density of possible glass signatures to the SE of the vent. Impact ejecta resulting from 

the fresh craters in the inner-peak ring floor could account for the diffusion of glass-rich spectral 

signature NW of the vent.  M3 spectra of the Schrödinger volcanic cone are consistent with a 

clinopyroxene and glass mixture, supporting an explosive origin. The conical edifice in 

Schrödinger basin has bands centered near 0.98-1.10 and 1.85-2.00 μm, and strong shoulders to 

long wavelengths on the 1 μm band, consistent with a mixture of glass and pyroxene (Cloutis & 

Gaffey, 1991; Horgan et al., 2014). Olivine is unlikely to be a major contributor to these spectra 

based the band center positions, the presence of the 2µm band, and the 1µm band asymmetry. The 

detection of glass spectral signatures in the cone suggests that it is comprised of glass-rich volcanic 

materials, as laboratory measurements have shown that that glass is only confidently detected in 

VNIR spectra when present in mixtures with crystalline minerals at abundances higher than 70–

80 wt.% (Horgan et al., 2014; Henderson et al., 2020). 

4.4.3 Lobate Mafic Unit 

The inner-peak ring basin lobate mafic unit was previously hypothesized to be mare-like 

deposits based on the presence of flow-like morphologies and the raised FeO abundance 

(Shoemaker et al., 1994), or an explosive deposit too thin to extract a conclusive spectrum (Kramer 

et al., 2013). Our M3 analysis reveals that the unit is spectrally distinct from the inner-peak ring 

floor material. With spectral mapping (Figures 4-3e,f and 4-4e), the lobate mafic unit mostly 

presents as magenta in color, in contrast to the yellow shown in the glassy cone and green in the 

OPX-dominated floor. The magenta color would suggest a mixture of glass and CPX and this 

interpretation is confirmed by individual spectra, as seen in Figure 4-5. Most of the inner peak-

ring lobate mafic unit exhibits bands near 0.95-1.05 µm and 1.8-2.0 µm, and the 1 μm band is 

narrow without any additional absorption at long wavelengths that could be attributed to olivine 
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or glass. The overall upward shift in the 1 and 2 μm band centers can be attributed to the increased 

influence of clinopyroxene (CPX) relative to the basin floor. 

Integrating the spectral map and the visual imagery from LROC with the morphology of 

the lobate mafic unit leads to the first possible identification of small secondary vents or cones in 

Schrödinger (Figures 4-2c,4-4e,f). The two C-shaped topographic rises resembling breached cones 

have diameters of 1.5 and 3.0 km (Figure 4-2c), are consistent with locations of enhanced possible 

glass signatures in the glass parameter map (Figure 4-4f), and show up as yellow in the RGB 

combination map (Figure 4-4e). Spectra of the cones are difficult to extract due to their small size, 

but an average spectrum taken from both cones together shows band centers near 1.03-1.05 μm 

and 1.80-1.90 μm, with a broad 1 μm band that may be consistent with glass (Figure 4-5). Based 

on their cone-shaped morphology, possible glass signatures, and association with the lobate margin 

volcanic unit, we hypothesize that these edifices are remnants of cinder cones.  

4.4.4 Linear Ridge Unit  

The linear ridge unit is a thin lenticular unit that is isolated within the inner-peak ring basin 

(Figure 4-2b). While the ridge unit is spectrally distinct from the floor in Clementine FeO 

abundance models (Figures 4-3g,h), it has an FeO abundance similar to the mafic and cone units, 

suggesting that it is related to the volcanic units in the basin. Spectral mapping of the inner-peak 

ring basin showed that the ridge unit exhibits a similar yellow color to the cone in our RGB 

composite map (Figure 4-4e), suggesting a similar composition. Within the glass band parameter 

map (Figure 4-4f), a line of potentially glass-dominated spectra corresponds with the location of 

the topographically raised ridge. The distinct linear ridge on the floor exhibit bands centered near 

0.97 µm and 1.9-2.0 µm (Figure 4-5), attributed to the influence of clinopyroxene (CPX). The 1 

μm band is wider than expected for CPX alone and exhibits additional absorption at long 

wavelengths, suggesting a limited contribution from glass. Spectral from the linear ridge unit are 

similar in shape, but less pronounced, than spectra from the large cone. 
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4.5 Discussion 

4.5.1 Origin of the Schrödinger Cone and implications for SPA volcanism 

The Schrödinger cone has spectral signatures consistent with a mixture of pyroxene and 

significant glass, indicating an explosive emplacement, and consistent with previous studies 

(Gaddis et al., 2003; Kramer et al., 2011). The spectral differences in the west and east side of the 

volcanic vent (Figure 4-4b) can potentially be attributed to the covering of the volcanic deposits 

by ejecta from more recent impacts. 

The Schrödinger cone is the largest conical edifice identified to date on the lunar surface. 

There are other large domes and shield volcanoes on the Moon, but the slope and spectral 

signatures consistent with a significant glass component support the interpretation of a volcanic 

cone. Shoemaker et al., 1994 interpreted the cone as a large maar-type volcano (Shoemaker et al., 

1994). However, a maar-type volcano would require significant groundwater interaction with the 

magma, which seems unlikely in the lunar environment (Mest, 2011). Strombolian eruptions have 

been hypothesized as the source for the largest lunar pyroclastic deposits (LPDs), including 

Schrödinger (Gaddis et al., 2003; Wilson & Head, 1981). However, spectral interpretations of 

multiple LPDs have shown that size is not a sufficient basis for determining eruption styles, as 

explosive eruptions on the Moon are significantly more complex than previously assumed. As 

described in Bennett et al. (2016) for similar spectral signatures in large Oppenheimer pyroclastic 

deposits, the spectral interpretation of significant glass with minor CPX on the cone could indicate 

that Schrödinger could have been built by a Vulcanian eruption followed by a continuous fire 

fountaining eruption, a sustained Strombolian/fire fountaining eruption, or some combination of 

the two. In all cases, the cone could have built up through multiple early, explosive volcanic 

episodes.  

A Vulcanian eruption style would be caused by a low ascent rate, likely due to low volatile 

content, which results in buildup of magma under the crater floor  (Jozwiak et al., 2012). An initial 

Vulcanian eruption would clear the plug in the conduit and would produce an initial layer that 

includes blocky country-rock deposits (Bennett et al., 2016). In the Schrödinger basin, the inner 

mare floor (OPX-dominated in VNIR spectra) is thought to be the most-likely composition of the 

country-rock that Vulcanian eruptions would incorporate, and CPX and glass would be considered 
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juvenile magmatic material. Alphonsus crater has a similar floor composition and several 

pyroclastic deposits, and in that case rings of OPX-bearing materials are observed on the margins 

of the glass-rich pyroclastic deposits, supporting a Vulcanian eruption style (Gaddis et al., 2016). 

Similar patterns are not observed around the Schrödinger cone. However, the presence of a 

volcanic plug could be entirely obscured by the continuous eruption of juvenile magmatic material, 

so a Vulcanian eruption style cannot be entirely ruled out.  

In a Strombolian/fire-fountaining eruption, higher ascent rates and thus higher volatile 

content result in a more direct emergence of magma, likely through a fracture or graben in the 

crater floor. The presence of the cone along the large radial graben in Schrödinger does support 

the hypothesis that the Schrödinger cone originated from a Strombolian or fire-fountaining 

eruption, driven by high magma ascent rates. However, an initially slow explosive eruption that 

evolved into a more continuous fire-fountain with intermittent effusion of magma cannot be ruled 

out based on these data.  In any case, the earlier simple model of emplacement (Gaddis et al., 2003) 

does not seem to apply at Schrodinger. 

4.5.2 Inner-Peak Ring Lobate Mafic Unit 

The lobate mafic unit within the peak ring is spectrally distinct from the other volcanic units 

in the Schrödinger basin. The lobate mafic unit has been identified as a location of interest for 

exploration within Schrödinger (Kring & Robinson, 2018; O’Sullivan et al., 2011). The spectral 

signature of the unit indicates a CPX-dominated composition for the majority of the unit.  

Previously, the lobate mafic unit was considered a mare unit that has erupted effusively instead of 

explosively (Shoemaker et al., 1994; Shanker et al., 2012; Kramer et al., 2013). However, we have 

also identified possible glass signatures on the flow associated with small edifices that appear to 

be small cinder cones. We hypothesize that the unit first erupted explosively, building an edifice 

similar to a terrestrial cinder cone, and then erupted the flow component to create the lobate 

morphology of the margins. The flow may have been emplaced through one of two possible 

mechanisms. 1. Similar to terrestrial cinder cones, as the magma becomes degassed transitioning 

the explosive eruption to an effusive eruption creating smooth lava flows. 2. There was only an 

explosive eruption, and the large molten pyroclasts or blebs coalesced and did continue to flow 

and slowly cool (Bennett et al., 2016) . This slow cooling may have been facilitated by an optically 
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thick eruption column (Head & Wilson, 1989) that created a temporary ‘atmosphere’, which would 

have given the emplaced crystalline juvenile material (e.g., CPX) the time to slowly crystalize 

instead of immediately quenching as glass. To differentiate between the hypotheses, we can 

incorporate radar of the lobate mafic unit from Mini-RF (Nozette et. al., 2010). The radar response 

is more consistent with a unit with a rougher texture than typical lunar mare (Campbell et al., 1997; 

Shankar et al., 2012). Therefore, the roughness observation corroborates the hypothesis that the 

large blebs/pyroclasts coalesced and continued to slowly flow before they crystalized, versus a 

transition to a smooth effusive flow.  

The cones within the Marius Hills Volcanic Complex (MHVC; 13.3ºN, 47.5ºW) can be 

compared to the cones in the lobate mafic unit. The MHVC is a 35,000 km2 plateau raised 100-

200 m above Oceanus Procellarum with a wide assortment and unusual concentration of volcanic 

features (McCauley, 1967; Stark & Head, 1980) including volcanic domes/shields, lava flows, 

sinuous rilles, and volcanic cones. Small glass-rich cones of similar sizes have been identified in 

the Marius Hills Volcanic Complex (Lawrence et al., 2013) (Chapter 3). The yellow glass-rich 

spectral signature (Figure 4-4e) and glass parameter response (Figure 4-4f) along with the shape 

of the potential cones in the lobate mafic unit match the cone morphology and spectral response 

consistent with cones identified in Marius Hills (Figures 3-5, 3-8, 3-10). In the MHVC, the cones 

would erupt explosively, and in some cases, transition to an effusive eruption. However, the 

resulting flows from the small cones were not spectrally distinct as they are within the Schrödinger 

mafic lobate unit. The flows from the cones in Marius Hills also did not have a CPX spectral 

signature. Comparing the similar sized volcanic edifices and their resulting pyroclasts between 

MHVC and Schrödinger reinforces the hypothesis that the lobate mafic units are composed of 

material that erupted from a glass-rich cone and then coalesced to flow and cool slowly, allowing 

the CPX juvenile component to crystallize. 

4.5.3 Linear Ridge Unit  

The ridge unit is a small lenticular unit within the inner-peak ring with a length of about 

22 km long and a width ranging from ~1.5 km to 4.5 km. LOLA topography (Figure 4-3b) shows 

that the unit rises about 115-200m above the inner-peak ring floor. The unit appears to have an 

asymmetry where the one side has a sharper, more distinct margin, while the other has a more 
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gradual decent into the inner-peak ring floor. Raised topography of the unit has disproved the 

hypothesis that the unit was potentially a buckled impact melt sheet (Shoemaker et al., 1994), and 

subsequent hypotheses have included a magma intrusion (Shoemaker et al., 1994) or a blind thrust 

fault or wrinkle ridge (Kramer et al., 2013).  

The ridge unit is spectrally distinct from the inner-peak ring floor material as seen in the 

albedo (Figure 4-3a) and the Clementine FeO abundance map (Figure 4-3h) but also shows 

similarities in FeO wt% to the other volcanic units in Schrödinger. These properties alone strongly 

support a volcanic, rather than tectonic, origin. Spectral mapping observations revealed increased 

detection of potential glass within the color composite and glass parameter maps (Figures 4-4e,f).  

Further investigation with M3 spectra revealed that the spectra collected from the linear ridge 

exhibit wide bands shifted to near 0.97 µm and 1.9-2.0 µm (Figure 4-5), attributed to the increased 

influence of clinopyroxene (CPX) and with a potentially with a limited contribution from glass 

relative to the basin floor. This detection corroborates the volcanic origin hypothesis because CPX 

and glass both likely represent juvenile magmatic material, similar to the lobate mafic unit. The 

presence of juvenile magmatic material with the location separated from the radial fractures lead 

us to believe that this was a magmatic intrusion erupted through a fissure that created a thin layer 

of erupted material that cooled quickly overlaying the inner-peak ring floor.  

4.5.4 Relationship between volcanic units in Schrödinger 

The spectral observations using M3 data in this study were compared to the Clementine-

derived iron abundance (as weight percent iron oxide FeO). The Clementine iron abundance map 

(Figures 4-3g,h) has a spatial resolution of 200 meters per pixel and the FeO weight percent ranges 

from 0 to ~25% in this map (Lawrence et al., 2002; Lucey et al., 1998, 2000). The FeO abundance 

map shows significant correlations with our M3 parameter maps. The M3 maps show highlight 

subtle differences in mineralogy (Figure 4-3f) while the Clementine FeO abundance map (Figure 

4-3h) shows similar compositions for the cone, linear ridge, and lobate mafic units. Similar iron 

abundances support volcanic origins for these units versus impact or tectonic origins. The 

similarity in the iron-abundance signature could also be indicator that a similar magma source 

could have possibly fed these eruptions and that other factors including conduit geometry and 

crustal properties could have caused the differences in crystallinity and edifice/deposit 
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morphology. Thus, more explosive eruptions could create the very glass-rich deposits that form 

the cone, whereas more crystalline juvenile minerals like CPX in the lobate margin and ridge units 

could have resulted from less explosive eruptions where the extruded magma was able to cool 

more slowly and potentially flow. Further investigation of Schrödinger with Diviner (Paige et al., 

2009) could further illuminate the differences between the deposits and other features within 

Schrödinger with respect to iron content.  

Previously, there were multiple hypotheses for how the smaller volcanic units are 

connected to the large conical pyroclastic deposit (Henderson et al., 2020). 1. A single volcanic 

vent may have produced a large explosive volcanic edifice before transitioning to effusive flows 

that were later segmented by impacts. 2. Alternatively, Schrödinger deposits could result from 

multiple volcanic vents, similar to the multiple volcanic pyroclastic deposits ranging in 

crystallinity observed in Oppenheimer crater, located farther north within the SPA basin (Bennett 

et al., 2016). Identifying cones as the source of the lobate mafic unit and the glass-rich ridge unit 

interpreted as a fissure eruption would eliminate the single vent hypothesis and provide evidence 

for the multiple vent hypothesis.  

4.5.5 Constraints on eruption properties from comparison to other pyroclastic deposits 

Oppenheimer crater is a floor-fractured crater also located within the South Pole–Aitken 

basin (35°S, 166°W) exhibiting more than a dozen localized pyroclastic deposits associated with 

the fractures (Bennett et al., 2016). While the largest deposit in Oppenheimer is comparable in size 

to the large deposit in Schrödinger, it is flat compared to the 415 m conical edifice in Schrödinger. 

This could be consistent with the eruption of a similar volume of magma from one vent compared 

to seven. The inner mafic deposits of Schrödinger have spectral properties compatible with CPX 

mixed with glass, similar to some Oppenheimer floor deposits (Bennett et al., 2016). These 

Oppenheimer LPDs have been hypothesized to have formed during a fire fountaining or 

Strombolian event where large blebs of molten magma accumulated near the vent and formed a 

lava flow and crystallized (Bennett et al., 2016). Combining the spectral analysis of Oppenheimer 

and Schrödinger suggests that complex volcanic eruption styles may be typical among SPA 

pyroclastic deposits.  
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We hypothesize that high magma ascent rates are plausible in Oppenheimer and Schrödinger 

based on their location within SPA. Within SPA, the crust is thinner, about 20 km as opposed to 

30-50 km thick typical lunar crust (Wieczorek et al., 2013); therefore, the magma could more 

easily reach the lunar surface. This would allow magmas from deeper source depths with possibly 

higher volatile content to reach the surface, resulting in more explosive eruptions as well as 

increased resource potential. This is consistent with the apparent high ascent rate inferred for even 

small LPD’s in Oppenheimer (Bennett et al., 2016).  

Many large LPDs are flat and relatively thin draping deposits that do not exhibit the 

significant positive relief edifice seen in the Schrödinger cone. Even in Oppenheimer, the volcanic 

deposits are characterized by a large number of small to large low relief LPD’s, rather than the 

single large cone in Schrödinger. Potential factors that could have influenced the building of a 

cone include extrinsic factors like crustal properties, which could influence the magma plumbing 

system below Schrödinger, and vent geometries, which could restrict pyroclast distribution.  It is 

also possible the cone was constructed because there was a much larger available magma volume 

than other LPDs (an intrinsic magma property). This suggests that some other LPDs would have 

grown into cones if they had the same magma reserves. However, eruption styles and edifice 

morphologies are the result of both extrinsic and intrinsic factors, so the presence of the cone could 

be the result of complex coupling between any of these factors within Schrödinger (Cassidy et al., 

2018). 

4.5.6 Proposed Exploration 

Schrödinger is a target for future human or robotic exploration as its diverse lithologies 

would help address various high-priority lunar science goals (Jawin et al., 2019; Kring & 

Robinson, 2018; O’Sullivan et al., 2011). This study has shown that Schrödinger contains a variety 

of volcanic deposits that may share a magma source, but exhibit different crystallinities and 

morphologies, likely due to both local geologic context and temporal or spatial variations in 

volatile content. Investigating and sampling these features together would provide valuable insight 

into the role of eruption mechanics and volatile content on the resulting properties of volcanic 

deposits helping constrain the properties of their source reservoir. 
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These diverse volcanic deposits are located near the Pre-Schrödinger crust uplifted peak ring 

(Potts et al., 2014). The proximity of these deposits can answer questions about the history of 

volcanic and impact processes in a singular mission, which would fulfill goals outlined in the 

Decadal Survey (National Research Council, 2011). Missions to Schrödinger would meet multiple 

priorities for exploration of the Moon. They would address key lunar science questions outlined in 

the 2007 National Research Council (NRC) Scientific Context for the Exploration of the Moon 

(SCEM; National Research Council, 2007) the 2017 LEAG Specific Action Team Report 

Advancing Science of the Moon (ASM‐SAT; LEAG, 2017), and Vision and Voyages for Planetary 

Science in the Decade 2013–2022 (National Research Council, 2011). Schrödinger has been 

selected as a landing site for two payload suites delivered in tandem by the Commercial Lunar 

Payload Services Contract (CLPS) in 2024 (NASA, 2020).  

As described in the 2013-2022 Decadal Survey, an investigation of Schrödinger could: 1. 

Constrain the bulk composition of terrestrial planets by analyzing the diversity of lithologies 

present in the basin, including the peak ring and volcanic units. 2. Characterize planetary interiors 

to determine how they differentiate and evolve by studying the volcanic mafic, ridge, and cone 

formed from partial melts of the lunar interior. 3. Characterize planetary surfaces to understand 

how they are modified by geologic processes (i.e., volcanism and impacts). 4. Understand the 

composition and distribution of volatile chemical compounds in the volcanic deposits (National 

Research Council, 2011; Jawin et al., 2019). 

4.6 Conclusion 

We completed the first hyperspectral mapping of the Schrödinger inner basin with Moon 

Mineralogy Mapper data. We identify three distinct volcanic units within the inner-peak ring basin 

-- the large cone, the lobate mafic unit, and the ridge unit -- all of which are spectrally distinct from 

the inner-peak ring floor and have similar FeO abundances, potentially indicating a single 

magmatic source. Glass signatures in M3 spectra support a pyroclastic origin of the cone. We 

hypothesize that the Schrödinger cone originated from a Strombolian or fire-fountaining eruption, 

which may be related to its location along the large radial graben within the central basin. Smaller 

cones with potentially glassy spectral signatures have been identified within the lobate mafic units, 

suggesting an initial explosive pyroclastic eruption that later transitioned to an effusive component 
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where coalesced pyroclasts flowed to create the lobed flow margins and a rough flow surface in 

radar images. The linear ridge unit exhibits spectra consistent with CPX and possible glass, which 

is unlike the basin floor but similar to the lobate mafic unit, thus confirming a volcanic origin over 

a tectonic feature.  

Comparing the diversity of pyroclastic deposits in Schrödinger to LPDs in Oppenheimer, 

also located within SPA, suggests that high magma ascent rates resulting in complex volcanic 

eruption styles over a range of deposit sizes may be typical among SPA pyroclastic deposits. 

Therefore, the geologic context of SPA, in particular the thin crust in the SPA basin, may be a 

large contributor to the explosiveness of eruptions in the south pole.  

Schrödinger basin and the lunar south pole are sites of interest for crewed and robotic 

exploration (Jawin et al., 2019; Kring & Robinson, 2018; O’Sullivan et al., 2011; Artemis III SDT, 

2020) the location has been selected for a CLPS landing site in 2024. The work presented in this 

study will provide context for instruments observation and potentially future traverse planning. 

Ultimately, Schrödinger is another endmember in the diverse suite of explosive volcanic eruption 

styles that have been observed on the Moon and more research is required to understand the extent 

and range of lunar explosive volcanism.  
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 CONCLUSION 

5.1 Conclusions 

In this dissertation, I aimed to further understand the composition and eruption style of 

explosive volcanic deposits on the terrestrial bodies of the Earth, Moon, and Mars. Explosive 

volcanic deposits can illuminate the composition and structure of planetary interiors, as well as 

volcanic and volatile histories, but are not well understood. The volatiles within erupted pyroclasts 

may provide in situ resources for future planetary explorers, as lunar volcanic glasses rich in FeO2 

could be exposed to an H2 environment, creating Fe2+ and H2O, which could be electrolyzed to 

yield oxygen. In previous in situ resource utilization (ISRU) laboratory experiments, the 

pyroclastic glasses produced the most oxygen out of any Apollo sample (Allen et al., 1996).  

Orbital and laboratory spectroscopy was utilized in this dissertation to analyze volcanic 

tephras. Spectroscopy is applicable to both terrestrial and planetary analyses, as spectrometers can 

be used in a laboratory or field setting and have collected data across the solar system, enabling 

large-scale compositional observations. In this dissertation, spectral observations have provided a 

window into the emplacement history of explosive and effusive volcanic deposits. By identifying 

glass and other iron-bearing minerals in the visible/near-infrared (VNIR) and thermal infrared 

(TIR) spectra of volcanic deposits, I was able to develop new techniques for using spectroscopy 

to infer volcanic eruption styles on Mars and constrain the history of explosive volcanism on the 

Moon. 

In Chapter 2, Mars analog tephra samples were used to investigate if eruption styles and the 

past presence of water during the eruption of possible volcanic deposits on Mars can be determined 

using orbital spectroscopy. VNIR reflectance and TIR emission spectra were collected of basaltic 

volcanic tephras sourced from a range of eruption styles and deposit types on Earth. Our research 

demonstrates that TIR and VNIR data are both sufficient to detect increased glass abundances in 

volcanic deposits, potentially indicating volatile interactions during an eruption and that glass-poor 

tephras have distinct TIR properties that can be used to infer tephra type (e.g., ignimbrite vs. 

scoria). Combining VNIR and TIR orbital data for analysis based on our new laboratory spectral 

endmember library may allow a reevaluation of Martian volcanic and volatile histories using 

current and future planetary orbital and in situ spectral datasets. Using spectral observations to 
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constrain crystallinity directly contributes to the Mars Exploration Program’s goal of 

understanding the history of water and habitable environments on Mars (MEPAG, 2020). The 

ability to detect signs of possible water-magma interactions in the geologic record would be a 

novel way to place constraints on the history of water at the surface (Henderson et al., 2020). 

 Chapters 3 and 4 focused on the composition and originating eruption style of lunar 

pyroclastic deposits. Lunar pyroclastic deposits and volcanic cones are expected to be the result of 

explosive volcanism. Our results show that explosive volcanism is primarily driven by dissolved 

magmatic volatiles but that the eruption style is modified by extrinsic geologic factors like crustal 

thickness and ascent rate. The presence of magmatic volatiles in these deposits could have 

implications for lunar In-Situ Resource Utilization (ISRU) (Allen et al., 1996) and could help 

define the scientific objectives for future surface exploration missions. Through spectral 

observations, multiple explosive eruption styles have been identified (Bennett et al., 2016), 

sometimes in close proximity (Chapters 3 and 4). This dissertation is timely as multiple sites with 

evidence of explosive volcanism have been proposed (Jawin et al., 2019) or chosen as landing sites 

for Commercial Lunar Payload Services Contract (CLPS) missions (NASA, 2020).   

 In Chapter 3, volcanic glass was detected for the first time in the cones of the Marius Hills 

Volcanic Complex. The interpretive advancements made in this investigation are a result of 

improved spectral resolution and analysis techniques. Moon Mineralogy Mapper (M3) spectral 

analysis shows that the cones in MHVC exhibit spectra consistent with glass, confirming a cinder 

cone origin and suggesting the presence of scoria-like glass-rich pyroclasts that should be 

morphologically distinct from the glass beads collected during Apollo. This research also provides 

evidence that spectroscopy can identify volcanic landforms when visible images and morphology 

fail. This is important for future exploration of volcanic terrains where visual images may not be 

ideal. The likely concurrent eruption of the domes and cones with the differences in the mineralogy 

of the resulting edifices add supporting evidence to the hypothesis that extrinsic properties (e.g., 

ascent rate), not changes in magma composition (e.g., amount of volatiles), led to the different 

volcanic morphologies. Combining the morphology and the spectral data, I hypothesize that the 

magma evolution of the region was long-lived and with distinct early edifice-forming and later 

mare-forming episodes.  The long-lived volcanism recorded in multiple volcanic units within close 

proximity in MHVC would be ideal for future exploration and eventual sample return.  
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 In Chapter 4, I investigated previously proposed volcanic deposits within the Schrödinger 

basin in an effort to understand the contribution of geologic context to lunar explosive eruptions 

through the creation of the first hyperspectral map of the Schrödinger basin with M3. The detection 

of glass-dominated M3 spectra supports a pyroclastic origin of the cone originating from a 

Strombolian or fire-fountaining eruption. The other volcanic units present within the inner-peak 

ring are spectrally distinct from the inner-peak ring floor and have similar FeO abundances as the 

cone, potentially indicating a single magmatic source. Smaller cones with glass-dominated 

signatures were identified within the lobate mafic units, suggesting that these deposits may have 

had an explosive pyroclastic origin with a later component where coalesced pyroclasts flowed, 

creating the lobed flow margins. Comparing the diversity of pyroclastic deposits in Schrödinger 

to LPDs in Oppenheimer crater, also located within the South Pole Aitken Basin (SPA), suggest 

that high magma ascent rates resulting in complex volcanic eruption styles over a range of deposit 

sizes may be typical among SPA pyroclastic deposits. Therefore, the geologic context of SPA, in 

particular the thin crust in the SPA basin, may be a significant contributor to the explosiveness of 

eruptions in the south pole. This investigation was timely as Schrödinger basin and the lunar south 

pole have are sites of interest for crewed and robotic exploration (Jawin et al., 2019; Kring and 

Robinson, 2018; O’Sullivan et al., 2011; Artemis III SDT, 2020). The location has been selected 

for a CLPS landing site in 2024. The study will provide context for instruments observations and 

potentially future traverse planning.  

Spectral analyses of multiple LPDs, including those studied in Chapters 3 and 4 (Bennett et 

al., 2016; Gaddis et al., 2016; Henderson et al., 2020; Henderson and Horgan, 2021; Horgan et al., 

2014; McBride et al., 2016), were completed using M3 VNIR spectral observations (Green et al., 

2011; Pieters et al., 2009). The range of results from these investigations can act as endmembers 

in the pursuit to further constrain the drivers of explosivity and resulting pyroclast morphologies 

of lunar explosive volcanism. Table 5-1 summarizes the identified explosive volcanic endmembers 

with their spectral interpretation and inferred eruption styles and outlines scientific unknowns and 

possible sampling locations. 
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Table 5-1. Explosive Volcanic Endmembers that have been analyzed with M3 spectral data. 

 

These orbital VNIR spectral studies of the detailed mineralogy of lunar explosive deposits 

suggest that the simple eruption model based on deposit size introduced in Chapter 1 may need to 

be revisited. Mineralogical analysis of the local deposits in Alphonsus and Oppenheimer craters 

(Bennett et al., 2016; Gaddis et al., 2016) revealed different spectral signatures indicating a range 

of crystallinities and variable incorporation of country rock (Table 5-1).  The fact that the small 

Oppenheimer deposits are so compositionally distinct compared to the small Alphonsus deposits 

suggests that local pyroclastic deposit formation mechanisms are more complicated than 

previously indicated (Head and Wilson, 1979). Since deposit size does not seem to be correlated 

to eruption style, we hypothesize that geologic context (surface/subsurface geology including 

deposit location) and volatile magma content are the major contributors to the formation 

mechanisms of explosive volcanic deposits. This hypothesis is further substantiated by the spectral 

analyses of Aristarchus (McBride et al., 2016), Marius Hills (Chapter 3), and Schrödinger (Chapter 

4). Aristarchus and Marius Hills are proximally located but exhibit very different explosive 

volcanic deposits: a very large draping glass-rich pyroclastic deposit vs. multiple glass-rich small 

edifices (cones), respectively (Henderson and Horgan, 2021; McBride et al., 2016). Schrödinger 

is located in the South Pole, where the crust is thinner (Wieczorek et al., 2013) and has a colossal 

glass-rich edifice (cone) and some smaller pyroclastic deposits (Henderson et al., 2020).  

The comparisons of these sites have revealed the diversity in deposits and eruption styles that 

will inform future observations of LPDs. The discussion in Chapter 4 shows that comparisons to 
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other LPDs played a prominent role in understanding the deposits within Schrödinger basin. 

Therefore, continued observations of other lunar LPDs will continue to set constraints on our 

understanding of lunar explosive volcanism.   

5.2 Future Investigations 

The spectral interpretations are only part of the story of explosive volcanism on the Moon. 

Therefore, future research aims to answer the questions: 1. What constraints does integrating 

additional data lunar orbital datasets with the spectral interpretations presented here place on the 

drivers and pyroclast properties of explosive volcanic deposits? 2. On Earth, volcanic textures can 

provide clues for volcanic eruption type and eruption dynamics; how would these textures translate 

to the lunar environment and lunar eruptions? And 3. How can combining spectral and 

morphological observations with the physical properties of explosive volcanic environments 

develop techniques and strategies for lunar exploration? 

I have proposed a future study to the NASA Postdoctoral Program with the primary goal to 

create a framework for understanding explosive deposits on the Moon in preparation for future 

exploration through orbital and physical observations. The research will take a systematic 

approach for preparing to explore explosive volcanic sites on the Moon. First, orbital analysis from 

multiple instruments (M3, Diviner, LROC, LOLA, and Mini-RF) will be used to investigate the 

explosive volcanic endmember sites listed in Table 5-1. Second, based on the orbital mapping 

hypotheses, physical geology hypotheses will be made to predict the pyroclast types and textures 

that could be identified by crewed or robotic exploration. Third, combining orbital and surface 

hypotheses and strategies informing the techniques and methodology will be developed for their 

exploration. 
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APPENDIX A. CHAPTER 2 SUPPORTING INFORMATION  

INTRODUCTION 

 

The measured visible/near-infrared (VNIR) and thermal-infrared spectra data for the 

tephra samples and glass mixtures are included in an associated excel worksheet available within 

the Supporting Information of the published paper located at 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019EA001013. Additionally, the TIR 

unmixing results are included for both the tephra samples and the glass mixtures. The spectral 

library used for the deconvolutions listed in the main text Table 2 is publicly available on the 

ASU TES spectral library site (http://speclib.asu.edu/) under the name mhenderson_2019.   
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APPENDIX B. CHAPTER 3 SUPPORTING INFORMATION  

Table B-1. List of cones within Marius Hills identified by Lawrence et al. (2013) and through the 

spectral observations in Chapter 3. New cones identified are located at the bottom of the table.  

Identifier Latitude Longitude Class Origin E Direction 

124 12.01 301.39 C Lawrence et al. (2013)  
M61 12.52 301.67 U This Study  
123 12.57 301.70 E  Lawrence et al. (2013) 216º 

194 12.49 301.85 U Lawrence et al. (2013)  
050 15.30 302.08 C Lawrence et al. (2013)  
126 11.09 302.10 C Lawrence et al. (2013)  
104 11.47 302.32 C Lawrence et al. (2013)  
M34 11.33 302.43 N This Study  
049 15.52 302.43 C Lawrence et al. (2013)  
085 11.18 302.46 C Lawrence et al. (2013)  

049 -2 15.65 302.66 no Lawrence et al. (2013)  
M57 14.40 302.71 C This Study  
M1 12.84 302.76 No This Study  
M2 12.85 302.81 U This Study  
M6 14.41 302.83 C Lawrence et al. (2013)  
119 14.67 302.87 No Lawrence et al. (2013)  
M5 13.66 303.00 C This Study  

034-2 14.24 303.08 C Lawrence et al. (2013)  
034-1 14.32 303.10 no Lawrence et al. (2013)  
100 14.78 303.11 C Lawrence et al. (2013)  
M4 13.76 303.12 C This Study  
121 13.55 303.28 no Lawrence et al. (2013)  
039 14.77 303.35 E Lawrence et al. (2013) 348º 

M3 12.28 303.40 E This Study 356º 

036-C 14.57 303.45 U This Study  
036-P 14.68 303.46 No Lawrence et al. (2013)  
036-I 14.61 303.47 E Lawrence et al. (2013) 325º 

097 12.28 303.62 U Lawrence et al. (2013)  
038 14.59 303.65 No Lawrence et al. (2013)  
193 10.45 303.92 U Lawrence et al. (2013)  
M31 10.39 304.07 N This Study  
041 13.47 304.10 C Lawrence et al. (2013)  
M32 10.36 304.10 U This Study  
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M54 10.99 304.20 C This Study  
045 14.62 304.21 C Lawrence et al. (2013)  
075 10.79 304.24 C Lawrence et al. (2013)  
M30 13.72 304.29 C This Study  
M60 13.11 304.33 U This Study  
M33 10.33 304.35 C This Study  
025 13.04 304.36 No Lawrence et al. (2013)  
M56 14.24 304.34 E This Study 25º 

090 10.82 304.60 No Lawrence et al. (2013)  
M52 15.09 304.63 C This Study  
M51 15.07 304.63 No This Study  
046 14.97 304.66 C Lawrence et al. (2013)  
M53 15.19 304.67 U This Study  
063 12.72 304.74 No Lawrence et al. (2013)  
101 15.31 304.76 C Lawrence et al. (2013)  
M55 14.07 304.78 E This Study 310º 

M15 14.11 304.82 N This Study  
M14 14.60 304.88 N This Study  
005 14.31 304.88 No Lawrence et al. (2013)  
M13 12.24 304.91 N This Study  
M16 14.38 304.95 C This Study  
M12 12.17 304.96 E This Study 139º 

M11 12.01 305.01 C This Study  
102-2 14.41 305.05 E Lawrence et al. (2013) 322º 

M17 14.78 305.06 N This Study  
102 14.53 305.07 C Lawrence et al. (2013)  
M18 14.88 305.12 U This Study  
154 11.98 305.13 N Lawrence et al. (2013)  
219 11.14 305.13 C Lawrence et al. (2013)  
M10 11.44 305.15 E Lawrence et al. (2013) 316º 

186 12.65 305.17 U Lawrence et al. (2013)  
M8 10.91 305.18 C Lawrence et al. (2013)  

M58 12.28 305.19 E This Study 139º 

M59 12.18 305.20 E This Study 349º 

M7 10.87 305.23 C Lawrence et al. (2013)  
118 14.35 305.25 C Lawrence et al. (2013)  
M9 10.83 305.25 C Lawrence et al. (2013)  

M19 14.20 305.28 N Lawrence et al. (2013)  
098-3 11.71 305.41 C Lawrence et al. (2013)  
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098-1 11.61 305.41 C Lawrence et al. (2013)  
M35 10.60 305.43 U This Study  

098-2 11.63 305.46 C Lawrence et al. (2013)  
M24 13.77 305.52 C Lawrence et al. (2013)  
003 14.37 305.53 no Lawrence et al. (2013)  
M36 11.55 305.58 U This Study  
M20 14.65 305.83 E Lawrence et al. (2013) 359º 

43 12.46 305.87 E Lawrence et al. (2013) 141º 

M37 13.53 306.01 E This Study 348º 

M22 14.33 306.02 E This Study 342º 

M38 13.54 306.05 N This Study  
M39 13.51 306.07 E This Study 156º 

M40 13.54 306.12 U This Study  
M21 14.56 306.12 E Lawrence et al. (2013) 24º 

163 14.16 306.13 C Lawrence et al. (2013)  
M23 14.05 306.25 C Lawrence et al. (2013)  
103 14.57 306.25 N Lawrence et al. (2013)  
055 13.40 306.35 C Lawrence et al. (2013)  
M27 15.30 306.41 no This Study  
M26 15.21 306.41 U Lawrence et al. (2013)  
M25 15.26 306.42 C This Study  

059-1 13.43 306.45 no Lawrence et al. (2013)  
M29 14.68 306.47 U This Study  

061-1 13.64 306.48 C Lawrence et al. (2013)  
M28 14.71 306.49 C Lawrence et al. (2013)  
059 13.14 306.50 E Lawrence et al. (2013) 174º 

164 14.48 306.50 E Lawrence et al. (2013) 323º 

059-2 13.34 306.51 no Lawrence et al. (2013)  
061-I 13.65 306.52 U Lawrence et al. (2013)  
061 13.74 306.59 C Lawrence et al. (2013)  

061-2 13.71 306.60 E Lawrence et al. (2013) 158º 

M41 12.89 306.62 E This Study 188º 

060-1 13.51 306.62 N Lawrence et al. (2013)  
185-2 13.40 306.63 C Lawrence et al. (2013)  
060-2 13.45 306.65 C Lawrence et al. (2013)  
185-1 13.36 306.67 C Lawrence et al. (2013)  
218 13.25 306.69 no Lawrence et al. (2013)  
M44 9.48 306.70 E Lawrence et al. (2013) 175º 

184 13.17 306.74 C Lawrence et al. (2013)  
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M43 13.54 306.82 E This Study 206º 

M42 15.05 306.88 C This Study  
M73 14.35 307.10 no This Study  
129 9.96 307.17 E Lawrence et al. (2013) 230º 

M63 13.63 307.19 U Lawrence et al. (2013)  
092 8.10 307.21 no Lawrence et al. (2013)  
129 10.03 307.21 U Lawrence et al. (2013)  
018 14.29 307.31 U Lawrence et al. (2013)  
107 13.24 307.31 C Lawrence et al. (2013)  
M74 13.93 307.35 U This Study  
M68 14.77 307.39 U Lawrence et al. (2013)  
M75 14.05 307.52 C This Study  
M62 11.09 307.61 no This Study  
M67 15.20 307.94 C Lawrence et al. (2013)  
M65 12.58 308.05 C Lawrence et al. (2013)  
M66 12.61 308.15 no Lawrence et al. (2013)  
172 13.68 308.16 U Lawrence et al. (2013)  
179 14.34 308.17 no Lawrence et al. (2013)  
M69 15.10 308.23 U This Study  
225 14.66 308.23 U Lawrence et al. (2013)  
188 13.50 308.26 E Lawrence et al. (2013) 38º 

M64 12.69 308.36 C This Study  
M71 14.82 308.43 U This Study  
M76 13.66 308.52 no This Study  
076 14.68 308.56 E Lawrence et al. (2013) 205º 

M70 15.03 308.59 U Lawrence et al. (2013)  
015 13.31 308.60 C Lawrence et al. (2013)  
M61 10.23 308.73 no This Study  
021 13.77 308.80 U Lawrence et al. (2013)  
139 10.11 308.82 C Lawrence et al. (2013)  
147 15.11 308.88 U Lawrence et al. (2013)  
M72 14.26 309.09 C This Study  
M49 13.51 309.49 E This Study 4º 

M48 13.46 309.51 C Lawrence et al. (2013)  
M45 10.92 309.80 E This Study 331º 

M50 14.43 309.85 U Lawrence et al. (2013)  
173 14.31 310.01 no Lawrence et al. (2013)  
M47 13.66 310.33 C Lawrence et al. (2013)  
016 13.31 310.42 C Lawrence et al. (2013)  
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M46 11.73 311.43 N This Study  
New Cones 

M77 10.96 304.23 C This Study  
M78 11.70 305.41 C This Study  
M79 12.57 306.24 E This Study 331º 
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