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Abstract of the Dissertation 

Thermal and near-infrared analyses for understanding Martian surface mineralogy 

through orbital measurements, laboratory studies and statistic models 

by 

Cong Pan 

Doctor of Philosophy 

in 

Geosciences 

Stony Brook University 

2016 

 

Understanding the geologic evolution of Mars requires a detailed characterization of 

Martian surface compositions and their geologic settings. Because much of the Martian surface is 

covered with regolith or unconsolidated materials, in this work I focused on key locations in which 

to characterize Martian crustal materials as well as assess the degree of influence from physical 

sorting processes on measured surface compositions from orbit.   

In Chapter 2, I identified and characterized 26 crater central peaks with distinctive spectral 

signatures from surrounding plains with thermal infrared and visible/near-infrared data, based on 

a global survey of Martian impact craters between 10-200 km diameter. Some degree of regional 

clustering is observed, suggesting that subsurface diversity in crust-forming compositions, 

physical properties or alteration environments are present. The western Noachis Terra area is the 

only region where multiple THEMIS-defined spectral units are present in individual central peaks, 

suggesting crustal stratigraphies of igneous units or ejected crustal materials or impact melt from 

the Argyre Basin. 
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In Chapter 3, I assessed the degree and occurrence of thermophysical and compositional 

heterogeneity for 42 dune fields on Mars. Among these, only four exhibit spatial heterogeneity in 

spectral properties and composition. Two of the four sites show a strong positive relationship 

between particle size and olivine abundance. The rarity of compositional heterogeneity within 

dune fields may indicate phenocryst-poor source rocks; alternatively sorting within individual 

bedforms may be present but is below the resolution of available instruments. 

Discoveries of extensive sedimentary rock units on Mars call for a critical assessment of 

the ability to quantify mineral abundance from lithified sedimentary materials using infrared 

spectroscopy. In Chapter 4, I characterized the TIR spectral properties of compacted, very fine-

grained mineral mixtures and assessed the linearity of spectral combination using non-negative 

linear least squares minimization. Non-linear relationships between known and modeled 

abundance are observed. However, using a partial least squares method, accurate mineral 

abundances can be recovered from TIR spectra of very fine-grained rocks (within +/- 10% of 

known abundance for 78-90% of mixtures). This method could potentially be applied to landed or 

orbital TIR observations.   
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Chapter 1: Introduction and Overview 

 

1.1 Introduction 

Minerals preserved in rocks and sediments on the surface of terrestrial bodies record a 

significant part of a planet’s history. Furthermore, minerals can be used to understand the nature 

surface-atmosphere interactions, crustal formation and evolution, and the potential role of water 

for habitable environments(e.g. [Clancy et al., 1995; Farquhar et al., 1998; Knauth et al., 2005; 

Mustard et al., 2005; Mangold et al., 2007; S Murchie et al., 2009a; Michalski and Niles, 2010; 

Ehlmann et al., 2011a]). The species, abundance, and geologic context of minerals identified in 

various geologic settings may provide information about the igneous history and the ancient and 

modern environmental conditions of Mars [e.g., [Mustard et al., 2008; Tornabene et al., 2008; 

Ehlmann et al., 2011]. For example, abundant olivine suggests mantle-derived basaltic magmas 

with minimal fractionation during ascent and lava emplacement (e.g. [McSween et al., 2006; 

Peslier, 2010; Filiberto and Dasgupta, 2011]). More importantly, due to the relatively rapid 

weathering rate of olivine in common aqueous conditions, it can serve as a useful indicator of 

environmental conditions following when the rock was emplaced (e.g. [Hurowitz et al., 2006; 

Zolotov and Mironenko, 2007; Hausrath et al., 2008]). One example way to study ancient Mars is 

through analyses of crustal materials exposed by impact craters. Central uplifts of impact craters 

are a natural probe to the subsurface, which may reveal information about early geological 

conditions (e.g. [Pieters and Tompkins, 1999; Tompkins and Pieters, 1999; Rogers and Fergason, 

2011a; J R Skok et al., 2012b]). On the other hand, because many sand dunes are active on the 

Martian surface, the sediments within sand dunes provide information on modern environmental 

condition [Fenton et al., 2003; Mangold et al., 2008; Matthew Chojnacki et al., 2011].  
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The infrared spectroscopic instruments from orbiters, landers and rovers have mapped the 

surface globally with various spatial and spectral resolutions (e.g. [Christensen et al., 2001; 

Christensen et al., 2004; Bibring et al., 2006; S Murchie et al., 2009a]). Laboratory spectroscopy, 

which provides data similar to that acquired by orbiters, landers and rovers, is a powerful tool to 

help interpret remote sensing data (e.g. [Ramsey and Christensen, 1998; Shepherd and Walsh, 

2002; Michalski et al., 2006b]). The aim of this dissertation is to understand aspects of Mars’ 

crustal evolution and modification through a detailed infrared spectroscopic study of minerals. In 

particular, in this work I investigated the mineralogy of central uplifts in impact craters in order to 

better understand the compositional properties and heterogeneity of the crust. Next, I examined 

the heterogeneity of composition and thermophysical properties within sand dunes to enhance our 

knowledge on aeolian processes and physical sorting on Martian sediments. Lastly, I characterized 

the thermal infrared spectral properties of synthetic mineral mixtures, applying statistical models 

to enhance our abilities to extract quantitative compositional information from infrared spectra of 

sedimentary rocks.  

 

1.1.1 Major characteristics of the martian surface as observed from orbit and some open 

questions 

Over the past 15 years, many instruments have successfully explored the Martian surface, 

including CTX (Context Camera), HiRISE (High Resolution Imaging Science Experiment), 

CRISM (Compact Reconnaissance Imaging Spectrometer for Mars), OMEGA (Observatoire pour 

la Mine´ralogie, l’Eau, les Glaces et l’Activite), TES (Thermal Emission Spectrometer) and 

THEMIS (Thermal Emission Imaging System). This section focuses on the mineral composition 

and physical properties of the Martian surface provided by spectrometers covering visible and near 

infrared (VNIR) to thermal infrared (TIR) wavelengths. 
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1.1.1.1 Composition 

 VNIR and TIR spectroscopy have identified and mapped the primary igneous minerals 

(including plagioclase feldspar, pyroxene and olivine) and secondary altered minerals (including 

phyllosilicates, sulfates, carbonate, hematite, chlorite and chlorate) in low dust cover areas 

globally. The igneous and basaltic nature of Martian crust is confirmed by the detection of primary 

igneous minerals. The diversity in volcanic rock compositions from olivine-rich basalts to basalts, 

combined with the rare identifications of dacitic [e.g. Christensen et al., 2005], granitic [Bandfield 

et al., 2004] and possibly anorthositic [Carter and Poulet, 2013] rocks, displays a wide distribution 

of various minerals in distinct areas, indicating that Martian surface is heterogeneous and has 

undergone diverse igneous processes. The first global mineral maps produced from TES showed 

that there are two major types of spectral units dominating the surface [Bandfield et al., 2000b]: 

“Surface Type 1”, which was found mainly in the southern highlands and is spectrally consistent 

with terrestrial flood basalt; and “Surface Type 2”, which was found primarily in the northern 

lowlands and some portions in the highlands, and interpreted as basaltic andesite or weathered 

basalt [Wyatt and McSween, 2002]. In follow-up studies, the surfaces were further classified into 

four units using an improved spectral library and longer wavelength range [Rogers and 

Christensen, 2007a], and ten distinct classes combining observations from TES, GRS and CRISM 

[Rogers and Hamilton, 2015], showing variations in basaltic mineral assemblage or chemistry that 

correspond with major crustal provinces or age. The identification of mafic minerals (olivine, low-

calcium pyroxene (LCP), and high-calcium pyroxene (HCP)) from the VNIR spectrometer 

OMEGA extended the observations from thermal infrared measurements [Mustard et al., 2005; 

Bibring et al., 2006]: LCP is enriched in the ancient Noachian crust, HCP is found in more recent 

lava flows and olivine is detected in pyroxene-bearing areas or localized crater floors and rims 
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where olivine is dominant.  The lack of mafic mineral detections on younger surfaces of younger 

surface indicates that it has been altered or covered by dust.  

 Chemical weathering interacting with primary igneous minerals and physical weathering 

provoking mechanical breakdown are suggestive of various alterations environments on the 

surface of Mars that are varying spatially and temporally throughout its geological history. It has 

been proposed that phyllosilicates formed during early Martian history; while sulfates formed in a 

second mineralogical era characterized by an acidic environment; and lastly anhydrous ferric 

oxides formed in the most recent era with slow superficial weathering [Bibring et al., 2006]. The 

global widespread occurrence of phyllosilicates in the ancient Noachian terrains of Mars [Bibring 

et al., 2005; Poulet et al., 2005; Mustard et al., 2008; Ehlmann et al., 2009; S Murchie et al., 

2009a; Ehlmann et al., 2011a; J Carter et al., 2013] suggests subsurface formation by 

hydrothermal groundwater circulation and potentially cold, arid conditions on surface for over 4 

billion years. Hydrated sulfates associated with hematite were found in Hesperian sedimentary 

rocks indicating groundwater upwelling to form the shallow lakes [Grotzinger et al., 2005]. 

Carbonate-bearing rocks have been found in west of the Isidis basin and some impact craters in 

southern highlands [Ehlmann et al., 2008; Niles et al., 2013]. The lack of widespread carbonate 

phases may indicate deep burial, destruction by acid alteration, or a lack of a thick CO2 atmosphere 

throughout Martian history (e.g.,[Bullock and Moore, 2007; Ehlmann et al., 2011a; Edwards and 

Ehlmann, 2015]). Hydrated salts with VNIR spectral features consistent with magnesium 

perchlorate, magnesium chlorate, and sodium perchlorate were found associated with recurring 

slope lineae in Palikir crater, Horowitz crater, Hale crater, and Coprates Chasma suggesting the 

possible role of liquid in the formation of the lineae [Ojha et al., 2015].  
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1.1.1.2 Physical properties 

 Thermal inertia is a physical property that incorporates subsurface heat conduction and 

heat storage capacity of the surface layer, controlling the diurnal and seasonal temperature cycle 

in surface temperature. It is an indicator of material property including composition, particle size, 

porosity, density, soil temperature, heterogeneity of the bulk soil, and distribution of particle size. 

The global maps of thermal inertia derived from TES data observations covering 3 Mars years 

shows broad regions with diurnal and seasonal differences at mid-latitudes and greater differences 

in the polar regions, indicating horizontal and vertical heterogeneity affecting the change of 

apparent thermal inertia with the time of day and season [Putzig and Mellon, 2007]. Unlike 

elsewhere on the planet where thermal inertia represents any mixtures of loose grains, rocks, and 

consolidated materials, dune fields composed of well-sorted unconsolidated particles are ideal sites 

for particle size estimates [Fenton and Mellon, 2006].  

Albedo, which is the fraction of sunlight reflected, is a function of both particle size and 

composition. At a global scale, Mars’ albedo is largely indicative of dust cover. The low albedo 

(<0.2) regions defined by the broadband visible to near infrared lambert albedo values are 

consistent with relatively dust-free surfaces [Ruff and Christensen, 2002], with spectroscopy 

studies focusing on these dark regions (e.g. [Bandfield et al., 2000b; Rogers and Christensen, 

2007a]). With the comparisons of TES with Viking and Mariner 9 images, it suggested that the 

surface of Mars has changed dramatically during the three decades, with more than one third of 

the surface area becoming brightened or darkened by at least 10%, resulting from aeolian erosion 

[Geissler, 2005]. In a study of albedo of the Martian surface using the 2004-2010 Omega data, it 

showed that the surface albedo changed most dramatically during the 2007 global dust storm and 

the following year [Vincendon et al., 2015].  
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1.1.2 Open questions 

 Despite the extensive body of knowledge the exists about Mars surface and crust, there are 

many questions remaining. These include: 1. How do subsurface compositions differ from those 

of the Martian surface layer? 2. What is the spatial and vertical variability of the bulk composition 

of the upper Martian crust, on a global scale? 3. How does the bulk composition vary between 

phyllosilicate-bearing and non-phyllosilicate-bearing impact materials and can this reveal 

information about the origin of crater-hosted phyllosilicate minerals? 4. What is the role of aeolian 

processes in affecting Martian surface compositions measured from orbit? As described in Section 

1.2, two of my chapters address these questions.  

1.1.3 Quantitative mineral abundance determination 

 Discoveries of various rock units on the Martian surface call for a critical assessment of 

the ability to quantify mineral abundance in order to constrain the geological and climatic 

evolution of the Martian history. The confounding effects with minerals, particle size, surface 

physical properties, and matrix effects are major factors influencing the quantitative estimation of 

mineral abundance.  

The assumption of linear mixing of end-member radiant energy at the thermal emission 

spectra allows the application of a linear deconvolution algorithm to determine the mineral 

abundance from thermal infrared spectra, and enables mineral percentage prediction within 5% on 

average, with residual errors less than 0.1% [Ramsey and Christensen, 1998].  The linear 

deconvolution algorithm has been applied to derive mineral composition of a suite of igneous and 

metamorphic rocks using thermal infrared emission spectra [Feely and Christensen, 1999]. A 

similar method is now widely used to determine mineral abundance from thermal infrared spectra 

orbiting the Martian surface such as TES and THEMIS (e.g. [Bandfield et al., 2000b; Rogers and 

Christensen, 2007b; Rogers and Hamilton, 2015]).  
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These statistic models can provide useful information regarding quantitative estimation of 

mineral abundances, and have been applied to surface composition on Mars. However, what is 

currently not well understood is linearity of mixing within sedimentary rocks. Sedimentary rocks 

may contain a range of crystal sizes and fine-grained minerals, thus it is not clear how well bulk 

rock abundance may be modeled by a linear deconvolution algorithm and a library with coarse-

grained minerals. Assessing the linearity of spectral combination of fine-grained minerals and our 

ability to determine their abundances have great importance for spectral interpretation of 

sedimentary materials. This is the focus of one of my chapters, described in Section 1.2.    

1.2 Overview of Chapters 

 There are five chapters in this dissertation, including the introduction chapter. The 

subsequent three chapters each focus on a different aspect of application of near and thermal 

infrared spectroscopy, emphasizing the observation of mineral detection from orbital data and 

model building to quantitatively estimate the mineral abundance.  

 In Chapter 1, the Section 1.1 described the objectives of the chosen study topics for this 

dissertation. The Section 1.2 outlines the structure of the dissertation and overviews data and 

methods and using to solve the problems discussing in Chapter 2 to Chapter 4 and their major 

results. 

In Chapter 2, I first conducted a systematic global survey of previously-catalogued crater 

central peaks located in low-dust regions of Mars, to locate spectrally distinct materials associated 

with central peaks.  In order to  identify which craters within this subset exhibit spectrally distinct 

materials in the central peak, ejecta, walls or floor, THEMIS decorrelation stretched (DCS) 

radiance browse images were examined for each crater. It was determined that only 26 central 

peaks contained spectrally distinct materials in THEMIS images. The final set of 26 spectrally 
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distinct central peaks was further analyzed using the following data sets: (1) THEMIS thermal 

infrared images; (2) CRISM multispectral and targeted images; (3) TES hyperspectral data (where 

available); and (4) high-resolution visible imagery from THEMIS and CTX.  A cubic polynomial 

fit is used to determine the emissivity minimum of each THEMIS spectrum. The global distribution 

of spectrally distinct central peaks shows some degree of regional clustering, with a distribution 

similar to that presented by Skok et al. [2012], and are mostly restricted to low latitudes. Most of 

the spectrally distinct central peaks are found in western Noachis Terra, Tyrrhena Terra, and within 

the northern rim of Hellas Basin; two are located in the northern lowlands. The western Noachis 

Terra area is the only region in this study where multiple THEMIS-defined spectral units are 

present in individual central peaks. These units may represent crustal stratigraphies of igneous 

units or ejected crustal materials or impact melt from the Argyre Basin. A manuscript based on 

this work was published at Journal of Geophysical Research-Planets. 

In Chapter 3, forty-two (42) dune fields or sand deposits within impact craters located between 

0°N and -14.3°N, 43°E to 195°E were initially included as candidate areas for detailed study. First, 

each site was closely inspected with high-resolution visible imagery from the THEMIS and CTX 

to assess the degree of sand cover continuity within the sand deposit or dune field. Only six were 

found to exhibit contiguous sand cover. Next, each potential dune field was independently 

examined for spectral or thermophysical heterogeneity using THEMIS. Data from the THEMIS 

instrument was used to assess thermal inertia variations within each field and determine effective 

particle sizes. Analysis of compositional heterogeneity was carried out using THEMIS and CRISM 

images. Of the 42 sites, only four were found to exhibit spatial heterogeneity in spectral properties. 

All four of those sites are among the six contiguous-coverage dune fields described above, and 

also exhibit thermophysical heterogeneity. Among the four spectrally heterogeneous dune fields, 
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two show a strong positive relationship between olivine and particle size, similar to trends 

described for Gale crater [Lapotre et al., 2015] and El Dorado [Sullivan et al., 2008], but notably, 

opposite the trend described for basaltic sediments in Iceland [Mangold et al., 2011]. A manuscript 

based on this work is being prepared. 

 In Chapter 4, I characterize the spectral properties of compacted, very fine-grained (<10-

25 μm) mineral mixtures of oligoclase, augite, calcite, gypsum and montmorillonite to assess 

spectral mixing behavior of very fine-grained (<~10-25 um) materials. To assess linearity of 

spectral combination in compacted fine-grained mixtures, non-negative linear least squares 

minimization (NNLS) using spectra of pellets and powders of the end-member minerals was used 

to model mineral abundance of mixtures over the 350-1650 cm-1 spectral range. For the first time, 

we also apply a partial least squares (PLS) method to model mineral abundance from thermal 

emission spectra and provide an assessment of the applicability of PLS to fine-grained rocks. The 

results indicates that thermal infrared spectra from very fine-grained (<10 μm) rocks cannot be 

modeled reliably with NNLS. But, PLS can be used to recover abundances from very fine-grained 

rocks to within +/- 10% (absolute) from TIR datasets, provided a suitable training set is available. 

A manuscript based on this work is under revision at Journal of Geophysical Research-Planets. 

 In Chapter 5, I summarize the major findings and conclusion for the preceding chapters 

and point out the possible improvement for this work.  
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Chapter 2: Thermal and Near-Infrared Analyses of Central Peaks of Martian Impact 

Craters: Evidence for a Heterogeneous Martian Crust 

 

This chapter is a manuscript that was published at Journal of Geophysical Research-Planets with 

the same name. 

Pan, C., A. D. Rogers, and J. R. Michalski (2015), Thermal and near-infrared analyses of central 

peaks of Martian impact craters: Evidence for a heterogeneous Martian crust, Journal of 

Geophysical Research-Planets, 120(4), 662-688, doi:10.1002/2014je004676. 

 

Abstract 

Central peaks of impact craters contain materials exhumed from depth and therefore, 

investigation of these materials provide clues to subsurface geology and mineralogy. A global 

spectral survey of central peaks of Martian impact craters between 10-200 km diameter was 

completed using Mars Odyssey Thermal Emission Imaging System (THEMIS) data. Twenty-six 

central peaks with distinctive spectral signatures from surrounding plains were identified and 

characterized with thermal infrared and visible/near-infrared data. The distribution of spectrally 

distinct central peaks (SDCPs) shows some degree of regional clustering, with most craters found 

in western Noachis Terra, Tyrrhena Terra, within the northern rim of Hellas Basin, and fewer in 

the northern lowlands. With the exception of four craters in western Noachis Terra, SDCPs contain 

only one spectrally distinct unit at THEMIS resolution (100 m/pixel). The maximum number of 

spectrally distinct units observed was three, in Jones and Ostrov craters. The western Noachis 

Terra SDCPs may expose crustal stratigraphies of multiple igneous compositions or impact 

materials from Argyre. In the highlands, most SDCP units are consistent with enrichments in 

olivine or pyroxene relative to surrounding plains, suggesting olivine- and pyroxene-basaltic 

lithologies; few are olivine- and pyroxene-poor. No spatial trend in spectrally-derived 
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compositions of SDCPs was observed. Three SDCPs contain THEMIS signatures consistent with 

high abundances of phyllosilicates, which may contain the most phyllosilicate-rich lithologies 

found in central peak-associated materials globally.   

 

2.1 Introduction 

Constraining the compositions of Martian crustal materials is critical to understanding the 

processes through which the crust formed and evolved. Remote sensing provides a quantitative 

method for assessing the mineralogical composition of a planetary surface; and, using a number 

of sensors and techniques, it has been shown that the mineralogy of the Martian surface is diverse 

and heterogeneous at global, regional and local scales (e.g. [Bandfield et al., 2000; Christensen et 

al., 2005; Poulet et al., 2007; Rogers and Christensen, 2007; Bell III, 2008; Murchie et al., 2009b; 

Baratoux et al., 2011; Rogers and Fergason, 2011; Ody et al., 2013; Sautter et al., 2014] and 

references therein). However, to date, very little is known about compositions at depth.  

     Exploring the geology of the Martian subsurface is important for several reasons. First, the bulk 

crustal composition might not be represented in the composition of mobile surface regolith that 

composes most of the geologic surfaces on Mars [Christensen and Moore, 1992]; and, the crust 

could exhibit compositional stratification with depth [Baratoux et al., 2014]. Second, some of the 

most well understood Martian materials are the suite of Martian meteorites and, though the precise 

geographical origin of these stones remains elusive, it is generally accepted that they formed in the 

subsurface of Mars. Exploring the Martian subsurface is important for connecting petrological 

histories determined from Martian meteorites to crustal compositions measured remotely.  Third, 

some fraction of the alteration phases detected on Mars likely formed in the subsurface [Carter et 

al., 2013; Ehlmann et al., 2011; Loizeau et al., 2012; Michalski and Niles, 2010]. Characterizing 
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both altered and unaltered mineral assemblages exhumed from depth is key to understanding the 

habitability of the Martian subsurface [Michalski et al., 2013]. 

     A promising way to access deeper crustal compositions is through analysis of 

subsurface materials that have been exposed by natural geologic processes such as faulting or 

impacts. Both theoretical models and stratigraphic constraints observed in the field have shown 

that impact craters exhume materials from a depth that roughly equates to 1/10 of the final diameter 

of the crater. This relationship has been used in numerous studies to explore the subsurface geology 

and petrology of planetary crusts at depth [Pinet et al., 1993; Pieters et al., 1997; Tompkins and 

Pieters, 1999; Tornabene et al., 2005; Baratoux et al., 2007; Tornabene et al., 2008b; Barnhart 

and Nimmo, 2011; Caudill et al., 2012; Wulf et al., 2012].  

Because central peaks experience a variety of syn- and post-impact degradation, alteration 

and/or obscuration processes (e.g., [Baratoux et al., 2007; Osinski et al., 2013; Tornabene et al., 

2013; Tornabene et al., 2014]), there are challenges associated with using the remotely-measured 

morphology and spectral characteristics of central peak materials to infer subsurface properties. 

For example, impact-generated hydrothermal alteration can occur in central peaks, resulting in 

formation of a variety of phases including K-feldspar, carbonates, silica, phyllosilicate and zeolite 

minerals [Osinski et al., 2013; Tornabene et al., 2013]. In addition, bedrock uplifted during impact 

can be subsequently obscured by impact melt. The spectral properties of impact melt is difficult to 

predict, because it can range from glassy to fully crystalline (e.g.[French, 1998]), and also may be 

altered [Tornabene et al., 2013] and/or contain lithic clasts from the target [Cannon et al., 2014; 

Wohler et al., 2014]. Impact melts may in some cases be inferred from morphological and textural 

properties (e.g.[McEwen et al., 2007; Morris et al., 2010; Tornabene et al., 2012]), but this requires 

high-resolution imagery with adequate spatial coverage, which is not always available. Last, 
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uplifted bedrock may be partially or fully obscured by regionally-derived surface materials [e.g. 

Tornabene et al., 2014], either from shallower crustal units, or transported to the peak by wind or 

other impacts.  

Central peaks that contain materials that are spectrally distinguishable from surrounding 

materials are not likely to be fully obscured by regionally derived materials, because otherwise 

they would not be spectrally distinct from those materials. However, it must be recognized that the 

spectral properties presented in this work are likely not accurate representations of subsurface 

mineralogy in many cases, and could be influenced by regionally derived regolith material or 

impact melt. Despite these complications, useful inferences about crustal heterogeneity, subsurface 

alteration, and global variability in peak modification processes may be made, as shown below.  

In this work, we conducted a systematic global survey of previously-catalogued crater 

central peaks [Barlow et al., 2000] located in low-dust regions of Mars, to locate spectrally distinct 

materials associated with central peaks.  To date, compositional analyses of Martian crater central 

peaks have largely only utilized near-infrared reflectance data [Tornabene et al., 2008a; J Carter 

et al., 2010; Marzo et al., 2010; Michalski and Niles, 2010; Ehlmann et al., 2011; Quantin et al., 

2012; Skok et al., 2012; Sun and Milliken, 2014] (note that Skok et al. analyzed thermal infrared 

data for two of their craters), which are sensitive to Fe-bearing and hydrated minerals, even in low 

abundances. However, thermal infrared data provide a complementary perspective, as they are 

more sensitive to the bulk composition of materials. Here, we utilized data from both spectral 

regions to provide a comprehensive picture of primary (including feldspar and mafic minerals) and 

secondary minerals.   
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Thermal infrared data in this study are from the Mars Odyssey Thermal Emission Imaging 

System (THEMIS), which is a multispectral imager with ~100 m/pixel spatial resolution, and the 

TES instrument, a Michelson interferometer with ~3 x 8 km nominal spatial resolution and 10 cm-

1 spacing between ~200-1650 cm-1 range. The spatial resolution of THEMIS is higher than that of 

the Mars Express Observatoire pour la Minéralogie, l’Eau, les Glaces et l’Activité (OMEGA, 0.3 

to 4 km/pixel) and lower than the Mars Reconnaissance Orbiter Compact Reconnaissance Imaging 

Spectrometer for Mars (CRISM, ~18 m/pixel for targeted image mode and ~100 m/pixel for global, 

multispectral survey mode). Though the THEMIS spatial resolution is lower than that of CRISM, 

we show that many central peaks are resolved and contain spectrally distinct materials from their 

surroundings in this data set.  

 Below, we describe the methodology that was used to identify spectrally distinct central peaks. 

We present the global distribution of spectrally distinct peak materials and characterize their 

mineralogical compositions with TIR and NIR data sets. We compare our results with that of 

complementary NIR-based studies [Salvatore et al., 2010; Quantin et al., 2012; Skok et al., 2012] 

and conclude with a discussion of the implications for crustal heterogeneity and degree of 

alteration based on our results at global and regional scales.  

2.2  Data and Methods 

2.2.1 Crater down-selection and prioritization 

A crater database created by Barlow et al. [2000] was first queried for all craters containing 

central peaks on Mars (designated “PK” in their database). Next, we further limited our analyses 

to craters with diameters between 10-200 km. The minimum diameter was constrained by the 

spatial resolution of the THEMIS thermal imager (100 m/pixel) and the simple-complex crater 

transition range. The simple-complex crater transition diameter generally ranges between 5-11 km, 
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depending on terrain type[Robbins and Hynek, 2012b], and the largest simple crater on Mars is 

~12 km[Boyce and Garbeil, 2007]. Also, central peaks in complex craters smaller than 10 km have 

a tendency to be too small for distinction of spectral units in THEMIS data. The maximum 

diameter was constrained by the substantial degradation of central peaks associated with most 

craters above 200 km diameter. After constraining for diameter, 866 craters remained for further 

analysis (Figure 2.1).  

In order to  identify which craters within this subset exhibit spectrally distinct materials in the 

central peak, ejecta, walls or floor, THEMIS decorrelation stretched (DCS) [Gillespie et al., 1986] 

radiance browse images were examined for each crater (explained in detail below). A priority 

system was devised in which craters were ranked between zero (no spectral distinction from 

surroundings) and five (strong spectral distinction from surroundings). The primary criterion for 

determining a crater's priority rank was whether or not a strong color difference between crater 

materials and surroundings was observed in THEMIS decorrelation stretched radiance images. 

Strong color differences between the central peak and the crater floor, or between the crater wall 

and the rest of the crater, resulted in a higher ranking. In this process, care was taken to ensure that 

a crater did not receive a high rating arising from radiance saturation or other image artifacts (e.g. 

[Bandfield et al., 2004]) . Another criterion was the availability of, and spectral detections found 

in CRISM summary product browse images. A site that showed a spectrally distinct central peak 

unit in CRISM images received a higher ranking. Finally, the availability of HiRISE and CTX 

images for the crater factored into a slightly higher rank. Craters in the lower priority ranks (ranked 

one to three) included those with central peaks with only subtle hue differences from surroundings, 

as well as craters with spectrally distinct material in floor materials only (e.g. dune fields, crater 

fill).  
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Because the criteria for assigning the craters to priority ranks are largely subjective, there may 

be some variation within the priority ranks. Thus, the central peaks of all craters within the top 

three priority ranks (158 craters of total 336 craters in one to five priority ranks) were examined in 

detail with both THEMIS and CRISM (where available) data. The boundary of the central peak 

was estimated using a combination of MOLA topography and visible images. After comparisons 

of spectral averages from each central peak and surrounding plains for these highest ranked craters, 

it was determined that only 26 central peaks contained spectrally distinct materials in THEMIS 

images (Figure 2.1). Peak units were considered spectrally distinct from surroundings if the 

emissivity values within one standard deviation of the mean for each surface did not overlap, for 

at least one THEMIS channel. The low number (26) of spectrally distinct peak units compared to 

the number that were initially flagged as potentially distinct based on the THEMIS DCS images 

(336) arises from the fact that spectral differences can appear exaggerated in DCS radiance images 

if there is little true spectral variability in the scene. In addition, color intensity differences can be 

observed in DCS radiance images that arise from temperature variations (because radiance is a 

function of emissivity and temperature). Figure 2.2 shows one example of a crater ranked in 

priority bin four and which contains a central peak that appears light blue relative to crater 

surroundings. However, after the conversion to emissivity, and removal of atmospheric 

contributions, it was found that the spectra from the peak and surroundings (once normalized to 

the same spectral contrast) are statistically indistinguishable. This strategy of using priority ranking 

based on DCS radiance images, followed by detailed spectral comparisons to eliminate false 

positives, is a conservative approach to ensuring that spectrally distinct units within the Barlow 

[2000] population of crater interior morphologies marked “PK” (866) were not missed.  
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It is important to note that though this global survey was conducted systematically and 

relatively exhaustively, there are likely to be some spectrally distinct peaks that were missed, due 

to the diameter constraint and/or the way the crater was flagged in the original database. For 

example, Ritchey Crater, a 79-km diameter crater near 28.8°S, -51°E, exhibits a spectrally distinct 

central peak in both CRISM data [Sun and Milliken, 2014] and THEMIS data. However, because 

it was not marked as “PK” in the database of Barlow et al. [2000], it was removed from the list of 

potential craters in the very first down-selection step. We note that the choice to exclude central 

pits or complex peaks, and only focus on “central peak” crater interior morphologies, may present 

a bias in the final distribution of spectrally distinct uplifted materials due to the tendency of these 

different interior morphologies to be associated with differing target properties (e.g., [Melosh, 

1989; Robbins and Hynek, 2012a]). 

The final set of 26 spectrally distinct central peaks (SDCPs) (Figure 2.1) was further analyzed 

using the following data sets: (1) THEMIS thermal infrared images; (2) CRISM multispectral and 

targeted images; (3) TES hyperspectral data (where available); and (4) high-resolution visible 

imagery from THEMIS and CTX. Results are based on these 26 craters. 

 

2.2.2 THEMIS 

THEMIS (Thermal Emission Imaging System) on Mars Odyssey is a multispectral instrument 

consisting of a 10-band infrared imager with ~100 m/pixel spatial resolution covering ~6.8 to 14.9 

µm and a 5-band visible/near-infrared imager with ~18 m/pixel spatial sampling covering 0.425 

to 0.86 µm. A detailed description of THEMIS and its calibration is given by [Christensen et al., 

2004]. 



 

23 

 

For each THEMIS image, spectral variations arising from time-dependent focal plane array 

temperature changes and emitted atmospheric radiance were corrected using the methods of 

[Bandfield et al., 2004]. Radiance was then converted to apparent emissivity using the emissivity 

normalization method [Gillespie, 1986; Realmuto, 1990]. Spectral contributions from atmospheric 

dust and water ice transmission are determined by dividing the average emissivity from a spectrally 

uniform region by the TES derived surface emissivity from the same area. Those contributions are 

then removed from the THEMIS scene, leaving only surface emissivity [Bandfield et al., 2004]. 

Because this method assumes that the atmosphere is invariant between the “known” surface (from 

TES-derived emissivity) and the region of interest, the training surface used to derive the “known” 

emissivity was limited to regions within 1000 m altitude and 150 km distance from the area of 

interest. Spatially variable water ice, if present, is removed using a linear least squares 

minimization routine [Bandfield et al., 2004].  

Decorrelation stretched (DCS) [Gillespie, 1986] and principal component analysis (PCA) 

[Pearson, 1901] emissivity images are used to identify spectrally distinct end-members in central 

peaks. Average spectra from representative regions of each unit are extracted to assess the spectral 

character of each unit as well as utilize them as scene end-members in a spectral image unmixing 

algorithm. The purpose of the image unmixing step is twofold: to quantitatively map the 

distributions of each THEMIS spectral unit [Bandfield et al., 2004] and to provide a check that the 

spectral unit corresponds with a spatially contiguous surface component rather than an 

instrumental artifact. Surface emissivity of the whole THEMIS scene is analyzed on a pixel-by-

pixel basis with full spectral range and minimized atmospheric and temperature effects. In this 

work, a synthetic negative spectral slope was included as an end-member to account for sloped 

emissivity spectra arising from non-isothermalities in pixels containing diverse surface aspect 
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angles, which were commonly observed on crater rims and other high-relief surfaces. Inclusion of 

synthetic slope spectra in spectral models to account for the apparent sloping continuum present 

in some rock/surface spectra arising from disparate temperatures in the field of view has been 

previously applied successfully by [Ruff et al., 2006; Stockstill-Cahill et al., 2008]. 

As a means to simply but quantitatively compare THEMIS measurements of surface 

composition between craters, we used a cubic polynomial curve fitting procedure to determine the 

wavelength of the emissivity minimum of the Si-O stretching absorption in each unit. Silicate 

minerals are characterized by broad emissivity minimums in the 8 to 12 µm region due to different 

Si-O bonding structures. The minimum emissivity in this region shifts to shorter wavelengths as 

silica content increases [Coblentz, 1906; Vincent and Thomson, 1972]. High abundance of sulfate 

minerals will also shift the minimum to shorter wavelengths [Baldridge and Christensen, 2009]. 

Therefore, the emissivity minima are indicators for compositional differences between surfaces. 

A Gaussian function has been used to determine this relationship between systematic shift in the 

minima of silicon and oxygen stretching and igneous rock composition [Gillespie, 1986] and 

applied to Thermal Infrared Multispectral Scanner (TIMS) [Sabine et al., 1994] and Advanced 

Spaceborne Thermal Emission and Reflectance Radiometer (ASTER) data [Hook et al., 2005]. 

Others have used a “center-of-gravity” technique [Vincent and Thomson, 1972] to map the silica 

content from THEMIS spectra [Smith et al., 2013]. Here, we applied both Gaussian fits and cubic 

polynomial fits to the THEMIS spectra, but found that cubic polynomial fits were more 

representative of the spectral shapes from surface units and yield better fits for more than 90% 

spectra according to root mean square error (RMSE). Figure 2.3 shows one example comparing 

Gaussian and cubic polynomial fits, and shows typical cubic polynomial fits to different rock 

types.  
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The cubic polynomial fit is used to determine the emissivity minimum of each spectrum here. 

It fits a nonlinear relationship between the value of x (THEMIS wavelength) and the corresponding 

conditional mean of y (emissivity): 

   y = p1x3 + p2x2 + p3x + p4                                                                                              (1)                                                                                                          

 An iterative non-linear least-squares algorithm was used to determine the parameters and 

minimum of the curve for each average unit spectrum.  

2.2.3 CRISM 

CRISM (the Compact Reconnaissance Imaging Spectrometers for Mars) on Mars 

Reconnaissance Orbiter (MRO) is a hyperspectral imaging spectrometer with 544 channels 

covering the visible to near-infrared spectral region from 0.4 to 4.0µm [Murchie et al., 2007]. 

There are two investigation modes: (1) a global, multispectral survey mode with ~72 channels at 

100~200 m/pixel; (2) a targeted image mode with 544 channels providing ~10×10-20 km images 

at 15-38 m/pixel. CRISM global mafic mineralogy and hydroxylated silicate indices (also known 

as “summary parameters”) were first used to identify regions of interest for extraction of spectra 

and detailed analyses. The following summary parameters for both multispectral and targeted 

images were analyzed: OLINDEX, OLINDEX2, LCPINDEX, HCPINDEX, BD1900 and 

BD2300. These parameters were designed to capture diagnostic spectral features related to a 

specific mineralogy [Pelkey et al., 2007], and may be used to infer the presence of olivine, low-

calcium pyroxene, high-calcium pyroxene, and hydrated minerals (particularly phyllosilicates) 

[Pelkey et al., 2007; Murchie et al., 2009a]. However, the indices may be subject to false detection 

due to a number of factors beyond abundance, for example frosts, aerosols, albedo, spectral slopes, 

fine-grained coatings, grain size and mineral mixtures (eg.[Pelkey et al., 2007; Poulet et al., 2007; 

Clenet et al., 2011]). Conversely, omissions can also occur, due to a variety of factors such as 
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spectral slopes or the presence of other minerals in the mixture (e.g. [Salvatore et al., 2010; Clenet 

et al., 2013; Horgan et al., 2014]). To confirm mineral detections suggested by the CRISM 

summary parameters, spectral averages from locations of interest were compared with laboratory 

spectra from the CRISM spectral library. However, we note that false detections are still possible 

even with visual inspection, particularly in the case of some mineral mixtures (e.g. Horgan et al. 

[2014]); thus we can infer mineral species but not identify them uniquely.  Prior to comparison 

with laboratory spectra, the CRISM spectra were ratioed to reference surfaces, to help further 

minimize atmospheric influence and accentuate spectral features. Wherever possible, a spectrally 

neutral reference surface was used, but in some cases, no such surface was available in the scene. 

These cases are described individually as they are presented.   

2.2.4 TES 

TES (Thermal Emission Spectrometer) is one of the five instruments on Mars Global Surveyor 

(MGS) which was launched on 7 November 1996. It consisted of a Fourier-transform Michelson 

infrared interferometric spectrometer, and visible/near-infrared (0.3-2.9µm) and thermal infrared 

(5.1-100µm) coaligned radiometers. The spectrometer measured spectral radiance between 5.8 to 

50 µm with a selectable sampling interval of 5 or 10 cm-1.  The spatial resolution is about 3×~8km 

from the MGS mapping phase altitude of ~378 km. A detailed description of the TES instrument 

and summary of its primary mission results is given in [Christensen et al., 1992; Christensen et 

al., 2001].  

For THEMIS-derived spectral units that are large enough to be isolated in TES data, TES 

spectra were analyzed from those units. A linear deconvolution method with nonnegative least 

square minimization was used to remove atmospheric components using a library of atmosphere, 

mineral and blackbody spectra to obtain the best fit emissivity spectrum [Ramsey and Christensen, 
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1998; Rogers and Aharonson, 2008]. TES data selection constraints are from [Rogers and 

Christensen, 2007] and a spectral library similar to [Rogers and Fergason, 2011] was used. 

Mineral abundances were grouped according to their structural/chemical class: feldspars, low-Ca 

pyroxenes (orthopyroxene and pigeonite), high-Ca clinopyroxene (augite and diopside), olivine, 

and ”high-silica” (combined modeled abundance of phyllosilicates, glasses, opals, zeolites, and 

amorphous silica). Other mineral groups, such as carbonate, sulfate, and quartz were not found 

above the general TES detection limits (10%) and are thus not reported here. 

2. 3 Results 

2.3.1 General characteristics of THEMIS spectra from SDCPs 

Using THEMIS data, spectrally distinct materials were identified in 26 central peaks (Figure 

2.1). In most cases, only a small portion of the peak area was spectrally distinct from surrounding 

materials in THEMIS data. However, in some cases, the majority of the peak area appears 

spectrally distinct. For some craters, multiple spectrally distinct units are present, in association 

with the central peak.  

The thermal infrared spectral properties of the SDCPs were compared with one another 

through both visual comparison of spectra and through calculating the minimum position of the 

cubic polynomial fit to each peak spectral unit (Section 2.2). The cubic fit minima from all spectral 

units, laboratory spectra of common rocks from Figure 2.3b, and TES Surface Type 1 and Surface 

Type 2 are plotted in Figure 2.4. Generally, the shift in emissivity minimum from the longest 

wavelength to the shortest wavelength likely indicates a shift from more mafic mineralogy to less 

mafic (e.g. Figure 2.3b). The spectral units with strong ~11µm absorption features are consistent 

with an olivine-enriched composition. Spectral units which are characterized by a minimum near 

~9.5-10µm are consistent with an olivine-poor composition; pyroxene-enriched compositions are 



 

28 

 

possible. Spectral units characterized by a stronger ~9µm absorption are consistent with lithologies 

that are poor in both pyroxene and olivine, and may indicate significant abundances of 

phyllosilicates, high silica glasses (volcanic or impact-generated), quartz, opaline silica or sulfate 

minerals. Additional spectral bands and wider wavelength ranges are required for detailed 

discrimination of compositional units. CRISM-derived compositional characteristics for each 

spectral unit associated with the central peaks are described in subsequent sections. Except where 

specified, all of the CRISM spectral averages are chosen from areas within the THEMIS-defined 

spectral units.  

2.3.2 Global distribution of SDCPs 

Locations of spectrally distinct central peaks (SDCPs) are shown in Figure 2.1. Though the 

small number of SDCPs preclude strong conclusions about the global distribution, some degree of 

geographical clustering is apparent. We attribute this clustering to genuine geological differences 

considering that all of the regions contain similar quantities of data covering similar numbers of 

craters in similar detail. The clustering likely reflects regional variation in 1) subsurface 

composition (including pre-impact alteration) or target properties (Section 2.1); 2) surface 

alteration processes; 3) impact-related alteration and/or 4) degree of exposure or regional sediment 

mantling (Section 2.1). However, we note that the clustering is remarkably similar to that observed 

by Skok et al. [2012], who limited their analyses to central peaks that clearly contained crater-

exposed bedrock in HiRISE imagery (using the “Crater-Exposed Bedrock” database created by 

Tornabene et al. [2010]). Thus we suggest that the geographical clustering is less likely to be 

influenced by regional variation in sediment mantling. Last, SDCPs are apparently not restricted 

to a particular elevation or diameter range, spanning -5000m to 2000 m elevations and 15 to 143 

km diameters (Table 2.1).  
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Figure 2.6 shows the global distribution of THEMIS-derived cubic fit minima (Section 

2.2) for the 26 SDCPs. There is no apparent association between minimum positions and spatial 

distribution. However, each geographical region does exhibit some similarities between craters. 

For example, in THEMIS data, the western Noachis Terra region is the only location where 

multiple spectrally distinct units are associated with the peak, possibly indicating a higher degree 

of vertical heterogeneity in this region compared to other, similarly-aged terrains. Possible origins 

for these units are described in Section 4.2.1. The Tyrrhena Terra region is the only area where 

phyllosilicate-bearing units in central peaks show thermal infrared spectral characteristics 

consistent with phyllosilicates in THEMIS data, likely indicating a higher abundance of 

phyllosilicate minerals in these craters. This is described further in Section 4.2.3. 

For ease of discussion, below we divide the craters into five groups according to their regional 

locations, and present results within each region. The “western Noachis Terra” group contains 

SDCPs within Mare Erythraeum, a low albedo region found north of Argyre basin, as well as one 

located on the northern rim of Argyre. The “northern lowlands” group contains one crater within 

Acidalia Planitia and one in the Cerberus plains. The “Tyrrhena Terra” group contains central 

peaks in the cratered terrains between Syrtis Major and Hellas Basin, and includes one crater just 

to the east of Hesperia Planum. The “northern Hellas” group contains central peaks found generally 

within the outer ring of the northern portion of Hellas Basin. As will be shown, craters within each 

of these regions tend to show distinct characteristics from those in other regions, and exhibit shared 

characteristics within each region. There are three craters that are spatially distant from these 

regions, and therefore are grouped to “other”. 

2.3.3 Spectral and geologic characteristics of central peaks by region 

2.3.3.1 Western Noachis Terra 
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   There are six craters in the west Noachis Terra region and all of them are found in Noachian-

aged terrain (Npl1) [Scott and Tanaka, 1986] (Figure 2.7). It should also be noted that Hale is 

located on the rim of Argyre Basin. Four craters (Craters Jones (-19.1°N,-19.7°E, diameter 90km), 

Alga (-24.3°S, -26.7°E, diameter 20km), Ostrov (-26.5°S, -28.1°E, diameter 76km) and C305 (-

30.3°S, -33.6°E, diameter 85km)) contain more than one spectrally distinct unit in the central 

peaks, which is unique among all of the study regions.  Spectral units in this region exhibit cubic 

fit minima positions from ~11.0 µm to ~9.3µm (Table 2.1), nearly covering the full range of 

minima observed within the full set of 26 craters (Figure 2.4). Thermal and near infrared spectral 

analyses of these craters are described below. 

Jones Crater, a 90 km diameter well -preserved crater located at -19.1°N, -19.7°E (Figure 2.8) 

contains a central peak which is bordered by a dune field to the southeast. Based on crater counts 

on Jones’ ejecta as well as cross-cutting relationships with fluvial valleys, Mangold et al [2012] 

suggest that Jones crater formed during the Late Hesperian period. Jones has three distinct 

THEMIS spectral units with cubic fit minimum positions near ~10.3µm (Unit A), ~9.62µm (Unit 

C) and ~9.57 µm (Unit B) (Figure 2.8A-B). The three units are spatially adjacent to one another 

and, together, span nearly the entire peak (Figure 2.8). Using the average unit spectra from Figure 

2.8B to linearly unmix the emissivity image (Figure 2.9A-C), it can be seen that Jones unit A is 

found in the low lying, central portion of the peak. Jones Unit B has high concentration in the 

western part of the peak as well as the dune field abutting the south and eastern margins of the 

peak. Jones Unit C covers the eastern portion of the peak. From CRISM data (Figure 2.8), unit A 

has a strong 1.2 µm absorption, consistent with olivine, unit B lacks absorption features, and unit 

C’s strong 1.8 µm absorption suggests a dominance of low-Ca pyroxene (Figure 2.8C-E). TES 

data were available only for Unit C, and fully isolate the unit as observed in THEMIS (Figure 
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2.9A-C). Figure 2.S 9D-I show geomorphologic characteristics of areas mapped with high 

concentrations of Unit A to Unit C respectively. High concentrations of Unit A are associated with 

light-toned buttes that contain intersecting linear raised ridges, which may be dikes. Unit B exhibits 

high concentrations along the large, light-toned ridge that forms the western portion of the peak, 

as well as in smaller, low-lying buttes and ridges nearby the larger ridge. It is also present in darker-

toned material found on the side and base of the large ridge.  Similar to the other two units, Unit 

C exhibits highest concentrations in the light-toned buttes. These buttes exhibit significant 

mantling by darker-toned material in many areas; these areas tend to exhibit lower concentrations 

of Unit C. The TES linear deconvolution  model indicates ~40% pyroxene, ~30% feldspar, and 

~5% olivine (Figure 2.10), consistent with a pyroxene basaltic composition (note that intrusive 

vs. extrusive origins cannot be distinguished spectrally. The TES spectrum of Jones unit C, 

convolved with THEMIS bandpasses, is consistent with the average THEMIS spectrum of the 

same unit (derived from different TES orbits), corroborating the TES-derived spectrum. The 

THEMIS spectral unit distribution of Unit C is somewhat diffuse (C and I in Figure 2.9), likely 

indicating variable spectral contrast or compositions within the TES field of view, but the spatially 

dominant composition is Unit C. Combining VNIR and TIR spectral analyses, the three units 

associated with Jones’ peak may be described as follows: unit A is olivine-enriched and feldspar-

poor, unit B is olivine- and pyroxene-poor, and unit C is pyroxene basaltic with little to no olivine. 

Another large crater, Ostrov (-26.5°S, -28.1°E diameter 76km), also contains three distinct 

units, with emissivity minimum positions at ~10.85 µm, ~10.16 µm and ~9.57 µm. CRISM shows 

that the unit with minimum position at ~10.85 µm is olivine–bearing and the other two units are 

pyroxene-bearing. The THEMIS and CRISM spectral characteristics of Ostrov were described in 

detail in previous work [Skok et al., 2012], but can also be viewed in Figure 2.S2.  
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Alga crater (-24.3°S, -26.7°E, diameter 20km), located between Jones and Ostrov, has two 

distinct units with minimum positions at 10.60 µm (Unit 1) and 9.99 µm (Unit 2) respectively. 

CRISM data show that Unit 1 is olivine-bearing, and the Unit 2 is pyroxene-bearing [Skok et al., 

2012](Figure 2.S1).  

Crater C305 (-30.3°S, -33.6°E, diameter 85km, Figure 2.S8), located between Ostrov and 

Hale crater (Figure 2.7), exhibits two statistically distinct spectral units in the central peak; with 

minimum positions at 11.0 µm and 10.53 µm. The CRISM olivine index stretch map suggests 

olivine in the peak Unit 1, however, it is difficult to confirm this detection due to the overall noise 

level in the spectra. Unit 2 of C305 is clearly pyroxene-bearing.  

     Crater C324 (-28.9°S, -46.2°E, diameter 26km, Figure 2.S9), located to the west of the 

other craters, contains only one spectrally distinct unit in its central peak with a  minimum position 

at 10.56 µm The spectrally distinct unit is also associated with isolated knobs around the margin 

of the crater floor. CRISM data do not cover the spectrally distinct area of the peak, however there 

is coverage over the spectrally distinct knobs around the floor. The spectra are consistent with 

olivine enrichment. 

Hale crater (-36°S, -36.2°E, diameter 143km) has a large, central peak that contains large areas 

that are distinct from the floor materials and surroundings. Its minimum position of cubic fit is   at 

10.09 µm. In this crater, a spectrally neutral reference surface was not available in CRISM. 

However, the peak unit likely contains pyroxene based on the broad ~2.0µm absorption feature in 

the unratioed spectrum. (Figure 2.S7).  

2.3.3.2 Northern lowlands   
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There are two craters in the northern lowlands; one of them is located in Chryse/Acidalia 

and the other one is located in the Cerberus plains.  Unlike the western Noachis Terra region, each 

central peak only exhibits one unit that is spectrally distinct in THEMIS from the surrounding 

plains or crater floor. In the Cerberus plains (crater C29), the central peak unit was characterized 

as minimum position at 10.42 µm, indicating increased olivine content relative to surroundings; 

the crater in Chryse/Acidalia has minimum position at 9.80 µm, indicating olivine-poor materials. 

Details for the Cerberus crater (C29, 9.48°N, 150°E, diameter 53km) are shown in Figure 

2.11. A large dune field covers the crater floor south of the peak. The central peak and the dune 

field both have an ~11 µm absorption, consistent with olivine enrichment, but the sand dune has a 

stronger ~11 µm absorption and deeper band depth (Figure 2.11). The spectral contrast differences 

may arise for a number of reasons, such as differences in particle size, concentration, and/or dust 

cover; the overall similarity in spectral shape suggests that the dunes might have been at least 

partially sourced from the central peak. CRISM spectra from the dune field are consistent with 

pyroxene enrichment, and possibly also olivine; the olivine contribution is difficult to assess given 

the overall positive slope imposed on the ratio spectrum. However, both TES (not shown) and 

THEMIS data indicate enrichments of olivine and pyroxene. Most of the central peak has no 

CRISM coverage, including the area identified as spectrally distinct in THEMIS. The small area 

of the peak that is covered by CRISM is spectrally bland. Though a variety of glassy materials, 

including impact melts, can have muted spectral features in the NIR, the lower spectral contrast of 

this area in the TIR points to increased dust cover [Horgan and Bell, 2012].   

For Crater Kunowsky (56.93°S, -9.71°E, diameter 66km, Figure 2.S23), found in Acidalia, 

CRISM parameter images suggest mafic minerals in a few isolated exposures in the central peak 

that are ~500m across. Interpretation of CRISM spectra from these areas is somewhat complicated 



 

34 

 

by the lack of a suitable reference spectrum (the reference surfaces exhibit strong negative slopes 

towards longer wavelengths, which is typical of the northern plains [e.g. Poulet et al., 2007; 

Salvatore et al. 2010]). However, the ratioed spectrum, despite the imposed slope, suggests a 

mixture of olivine and pyroxene. Olivine is clearly detected in the floor, wall and ejecta of 

Kunowsky from CRISM data. These observations are interpreted in Section 4.2.2.  Finally, though 

phyllosilicate minerals have been detected in some northern plains craters[J Carter et al., 2010], 

the craters presented here were not among those identified as phyllosilicate-bearing by Carter et 

al.  

2.3.3.3 Tyrrhena Terra and cratered terrain bordering eastern Hesperia Planum 

  Five SDCPs are found in the Tyrrhena Terra region. The cubic fit minimum positions are 

from 11.16 µm to 9.58 µm covering almost the whole range of all the spectrally distinct units 

(Figure 2.12). Among the five craters, two craters (C791 (-3.39°S, 97.91°E, diameter 56km) and 

C910 (-6.08°S, 58.8°E, diameter 43km)) have no mineral detections in CRISM spectral parameter 

browse images (though coverage does exist). The remaining three craters contain both olivine and 

hydroxylated silicate absorptions (Figure 2.13). For the hydroxylated silicate detections, the 

extracted spectra all show bands at ~1.4µm, ~1.9µm, and near 2.28-2.3µm, which are consistent 

with Fe/Mg phyllosilicates (eg. [Clark, 1999]). The spectra from crater C811 (-13.4°S, 93.78°E, 

diameter 20km) also show absorption near ~2.5µm. Paired absorptions at ~ 2.3 µm and ~2.5 µm 

are consistent with overtones and combination tones of C-O stretching and bending fundamental 

vibration (e.g. [Gaffey et al., 1993]), possibly indicating carbonates mixed with the phyllosilicates. 

Alternatively, a mixture of phyllosilicates and zeolites could give rise to these absorptions [e.g. 

Tornabene et al., 2013]. Zeolites exhibit a metal-OH plus hydration combination tone near ~2.5 

µm [Cloutis et al., 2002], (Figure 2.13). Carbonate minerals also exhibit absorptions near ~3.4 
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and 3.9 µm. From our data, it is not clear whether these absorptions are present or not (Figure 

2.15);interpretation of this spectral region is particularly complex due to contributions from both 

solar reflectance and thermal emission [Ehlmann et al., 2008].  

The THEMIS spectral character of units with 2.3 µm absorptions is variable, ranging from a 

very strong ~9.6µm absorption in C784 (Figure 2.14) to very strong ~11 µm absorption in C811 

(-13.4°N, 93.78°E , diameter 20km). In both of these cases, phyllosilicate absorptions are stronger 

and cover a larger area than the mafic mineral absorptions in CRISM summary parameter images 

(Figure 2.16C-D). On the basis of similar CRISM spectra, we conclude that similar species of 

phyllosilicate (similar to an Fe-bearing chlorite-group mineral) are found in both craters. However, 

only C784 exhibits THEMIS spectral character consistent with strong phyllosilicate abundance. 

Combined with the CRISM data, these observations suggest that the phyllosilicate abundance or 

particle size is much higher in C784 than in C811.  

2.3.3.4 Northern Hellas 

   There are 10 SDCPs in the northern Hellas region (Figure 2.17). As in the northern lowlands 

and Tyrrhena Terra regions, each crater in the northern Hellas region has only one spectrally 

distinct unit associated with the central peak, in THEMIS data. The cubic fit minimum positions 

are from 10.50 µm to 9.65 µm, with no association between composition and spatial distribution 

or elevation. CRISM spectral parameters suggest that olivine and/or pyroxene are present in all 

central peaks (except for one crater without CRISM data coverage, C904 (-22.2°S, 66.94°E, 

diameter 83km). Some craters contain only olivine-bearing materials, with no detectable pyroxene 

(C881, -31.6°S, 81.67°E, diameter 20km;C906, -22.1°S, 73.18°E, diameter 84km; C862, -24.6°S, 

87.56°E, diameter 29km; C870, 36.7°S, 86.66°E, diameter 31km; Crater1_1(-27°S, 76.04°E, 
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diameter 41km).  Two craters contain units whose CRISM spectra are consistent with mixtures of 

olivine and pyroxene (C17,-23.4°S, 74.36°E, diameter 67km; C151,-18.9°S, 62.81°E, diameter 

52km) (Table 2.1 and also Supplementary figures). Craters 398 (-21.8°S, 44.78°E, diameter 

40km) and 399(-24.5°S, 43.43°E, diameter 23km) contain multiple distinct units in CRISM. Crater 

398 contains one olivine-bearing unit, one pyroxene-bearing unit and one unit with a strong ~1.3 

µm feature. Crater 399 contains one pyroxene-bearing unit and one unit with a strong ~1.3µm 

feature. The ~1.3 µm feature has been attributed to feldspar-dominated lithologies such as granitic 

and/or anorthositic material [J Carter and Poulet, 2013; Wray et al., 2013]. THEMIS spectra of 

C398 and C399 are consistent with anorthosite or basalt, but not with pure granite (Figure 2.S26). 

   Here, we focus on a cluster of three craters centered at -26.95°N, 76.04°E (Figure 2.18). Two 

distinct spectral units (Unit A and Unit B) are associated with the central peak, crater wall and 

ejecta of these adjacent craters. The two units with cubic fit minimum positions at 10.23 µm and 

10.70 µm appear purple and bluish magenta in a THEMIS 8-7-5 DCS mosaic (Figure 2.18). They 

primarily differ by the strength and shape of their THEMIS absorption near ~12µm. Unit A is 

associated with the central peak and wall of Crater1_1, and with the peak of Crater1_2. Unit B is 

found in the ejecta of Crater1_1 and Crater1_3 (Crater1_3 is the smallest crater). TES spectral data 

covering the central peak of the largest of the three craters suggest an olivine abundance of >30% 

[Rogers and Fergason, 2011]. CRISM data also show a spectral distinction between the two units 

that may arise from differences in olivine composition and/or particle size [e.g. Ody et al., 2012]. 

If the two spectrally distinct units in these adjacent craters have similar degree of influence from 

syn- and post-impact degradation processes, they may represent vertical variations present in the 

subsurface, where Unit A represents the lower of the two units with a maximum depth of ~3km 

[Melosh and Ivanov, 1999].  
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2.3.3.5 Other 

   Three isolated craters were also observed to have spectrally distinct materials associated with 

their central peaks: crater C80 (-30.5°S, 160°E, diameter 84km), located in Mare Sirenum with 

cubic fit minimum position at 10.06 µm. There, two CRISM spectral units are found in the peak, 

with one olivine-bearing and the other pyroxene-bearing. Crater C378 (-6.32°S, 19.38°E, diameter 

22km), located in Sinus Meridiani with a fit minimum at 9.80 µm contains olivine and pyroxene 

bearing units in CRISM data. Crater C107 (-32.3°S, 140.8°E, diameter 67km), located in 

Cimmeria Terra, exhibits a cubic fit minimum at 10.53 µm. Hydroxylated silicates are observed 

in one crater, C107, located in Cimmeria Terra (Figure 2.19 and Figure 2.S5). Other than the 

Tyrrhena region, C107 contains the only SDCP where hydrated minerals are observed. The 

spectral character of the C107 detection, with a lack of a 2.29-2.30 μm absorption, and the presence 

of a 2.39 μm absorption, suggests phyllosilicate (a mixture of pumpellyite / prehnite and zeolite). 

This is different than the Fe/Mg-smectites found in the Tyrrhena region. This phyllosilicate unit is 

mixed with olivine ,and olivine is dominant at THEMIS resolution (with a fit minimum at 10.53 

µm).  

2.4 Discussion 

2.4.1 Implications from global distribution of SDCPs 

At THEMIS spatial resolution, SDCPs are generally restricted to latitudes equatorward of 

45° (Figure 2.1). The lack of SDCPs at high-latitudes suggest that latitude-dependent degradation 

processes, such as periglacial activity, may have obscured or altered peak units such that they are 

indistinguishable from surrounding units. From neutron spectroscopy data, near-surface ice is 

present continuously at latitudes >60° [Feldman et al., 2002]. At latitudes between 30-60°, a 

discontinuous mantle of “dissected” terrain, interpreted as devolatilized, formerly ice-cemented 

soils is also present [Mustard et al., 2001]. In addition, global, low-resolution spectral mapping of 
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martian surface materials has shown a relationship between surface alteration and latitude, which 

may relate to fluvial or glacial activity [Pinet and Chevrel, 1990; Wyatt et al., 2004; Rogers and 

Christensen, 2007].  As described for the global distribution of bedrock exposures by previous 

work [Edwards et al., 2009], near-surface ice could have led to mechanical breakdown and/or 

burial of central peak materials, causing enhanced homogenization with surrounding units. 

Chemical alteration associated with mechanical breakdown of materials could have also occurred, 

resulting in a lack of strong primary mineral signatures in the northern lowland central peaks.  

Some regions in the highlands have a much larger proportion of SDCPs than others. 

Tyrrhena Terra and western Noachis Terra are similar in age and surface units to Terra Cimmeria, 

Terra Sirenum, and central Noachis Terra [Scott and Tanaka, 1986; Greeley and Guest, 1987], yet 

they have a larger percentage of spectrally distinct craters per unit area. Given that SDCPs are 

mainly observed within ±30° latitude, this might suggest that the regional differences in peak 

spectral characteristics within this band are not dominantly due to differences in surficial chemical 

or mechanical alteration. Rather, subsurface differences in igneous, crust-forming compositions, 

physical properties or alteration environments may contribute to the regional clustering observed. 

However, it is difficult to rule out spatial variability in degradation processes. In addition, because 

the crater interior morphology (e.g. central peak, summit pit, floor pit, complex uplift) is somewhat 

controlled by the target properties [Melosh, 1987], the exclusive focus on central peaks in this 

study may also exert some control on the global distribution observed in Figure 2.6.   

Most of the SDCPs exhibit enrichments in pyroxene and/or olivine, which could be 

consistent with a variety of intrusive or extrusive igneous lithologies. It is difficult to distinguish 

intrusive and extrusive origins, in that textures (e.g. crystal size), which are critical for 

distinguishing these origins, are discernable from orbit. It is likely that the crust is composed of 
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buried volcanics and fragmented regolith that might have been intruded by plutonic rocks and/or 

dikes at depth, but those scenarios cannot be resolved from spectral data alone.   

 

2.4.2 Characteristics of central peaks in each region 

2.4.2.1 Western Noachis Terra 

The western Noachis Terra region is distinctive in that multiple spectral units are present 

in individual central peaks. In a similar study of impact craters using only CRISM data [Skok et 

al., 2012], which has a much higher spatial resolution than THEMIS, multiple spectral units were 

found in other regions besides western Noachis Terra. One likely reason for the difference in 

findings is the scale of the outcrops—for reasons unknown, the individual multiple units are 

large enough in this region to be distinguished in THEMIS data, but smaller in other locations. 

An alternative explanation is that perhaps this area has experienced a substantially different 

erosional history, resulting in better exposure of units.   

The spectral character associated with western Noachis Terra SDCPs range from olivine 

rich basaltic, pyroxene and/or olivine basaltic, and TES Surface Type 2-like (which likely has 

variable composition, and could include pyroxenite). There are also two units (Ostrov unit 3 and 

Jones unit B) which are not common in other regions. “Basaltic” designates composition only, 

and does not distinguish between extrusive, plutonic, or impact melt origins. In both THEMIS 

and CRISM data, the unit found in Jones crater with minimum at 9.62 µm is consistent with an 

olivine and pyroxene poor lithology; and the lack of evidence for hydration in CRISM points to a 

lack of contribution from hydrated silica or sulfates. Thus, this unit may represent a silicic 

lithology, such as rhyolite, siliceous tuff, or granite, or may have a strong contribution from an 

anhydrous sulfate such as anhydrite.  
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Similar to the results of Quantin et al. [2012] and Skok et al. [2012] for craters in an 

around this region, low-Ca pyroxene is the dominant pyroxene observed for these craters.  As 

nearly all of these impacted into Noachian crust, these observations support a previously 

observed trend that Noachian crust is dominated by low-Ca pyroxene (rather than high-Ca 

pyroxene) (e.g. [Mustard et al., 2005]). Finally, in contrast with the interpretations of previous 

work in this region [Skok et al., 2012], we do not find evidence for monomineralic olivine-

bearing units (e.g. dunites). This may be due to lack of sensitivity to plagioclase in the VNIR, or 

to the difference in spatial resolution between CRISM and THEMIS, where THEMIS pixels may 

include greater contribution from regionally derived, non-distinct materials. 

It is not clear whether some of these olivine- and pyroxene-basaltic spectral units 

associated with multiple peaks represent the same stratigraphic units or not. Limited data 

coverage with high spectral resolution, uncertainties in THEMIS atmospheric correction, and 

influence from impact-related alteration (shock and/or impact melt) or post-impact degradation 

processes all contribute to the difficulty in assigning common genetic origin to spatially isolated 

units separated by hundreds of kilometers. Furthermore, real variations in primary mineral 

abundance within stratigraphic units could be present, which could be confused as separate 

stratigraphic units from remote measurements. Nevertheless, below we assess the possibility that 

some units share a common origin.  

For Hale, there is a priori evidence that any subsurface materials exposed by this crater 

may have experienced a distinctly different geologic history than the other craters in the region. 

Hale crater is located on the rim of Argyre Basin, a much larger impact basin that likely exposed 

deep crustal material (e.g. [Ody et al., 2013]).  Thus we do not consider its units to have a strong 

likelihood of linkage to the other five craters.  
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Alga crater, because it has impacted the floor materials of a much larger crater in this 

region (“Chekalin”), may also not have impacted into similar target materials. Crater 

depth/diameter relationships for Martian complex craters in the southern highlands [Robbins and 

Hynek, 2012a] indicate that Chekalin likely had a depth of about ~3.8km when it initially formed 

(though depth/diameter relationships do vary as a function of latitude and terrain type [Robbins 

and Hynek, 2012a]). The current rim-to-floor depth of Chekalin crater is ~800m, suggesting ~3.0 

km of fill in Chekalin crater. Though this is an upper limit for fill depth because it does not 

account for degradation of the crater rim height; these relationships suggest that it is possible that 

Alga crater (20 km diameter) only exposed Chekalin’s crater fill materials, using approximate 

excavation depths of ~0.03 to~0.10 of the crater diameter [Maxwell, 1977; Croft, 1985; 

Sharpton, 2014].  However, the lowermost portion of Chekalin’s fill materials may be comprised 

of deposits originating from the melt and breccia lining of the transient cavity, and thus Alga 

could be sampling some of the same units as nearby Ostrov.  

     The five remaining craters (including Alga), which range in diameter from ~20-90 km, all 

exhibit olivine-basaltic or olivine- and pyroxene-basaltic lithologies associated with their central 

peaks. Alga, Ostrov, and C324 also exhibit olivine-bearing units in the crater walls or in isolated 

knobs near the margins of the crater floor. Olivine-poor, pyroxene basaltic units are exposed only 

by Jones, Ostrov, and Alga, which range in diameter from ~20-90 km. Because neither the 

olivine-basaltic or olivine-poor, pyroxene basaltic compositions are restricted to a given diameter 

range, a continuous subsurface stratigraphy of only a single olivine-bearing and single pyroxene-

bearing basaltic unit is not possible. Rather, the data suggest that these units exist at variable 

depths or that multiple olivine-bearing units are present in the crustal stratigraphy. To the north, 

in Ares Valles, multiple olivine-bearing units separated by olivine-poor units are clearly present 
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in exposed stratigraphy [Rogers et al., 2005; J H Wilson and Mustard, 2013]; units exposed in 

western Noachis Terra SDCPs may be analogous to this. A second possibility, consistent with 

the variable depths of exposure, is that the peaks expose impact ejecta blocks or impact melt 

from the Argyre Basin impact event. This giant impact basin would have likely excavated lower 

crust or mantle materials, which would have been enriched in olivine and pyroxene. Indeed, a 

high-Ca pyroxene- bearing unit was mapped out with CRISM data within a ring graben around 

Argyre as well as in nearby knobs interpreted as overturned ejecta from the Argyre impact 

[Buczkowski et al., 2010]. Though most of the units here exhibit absorptions more consistent 

with LCP than HCP, the possibility that these central peak units access Argyre impact ejecta still 

exists. Alternatively, thick sheets of impact melt could have differentiated into multiple units 

prior to complete crystallization. Later impacts into the ejecta would have exposed these 

materials.    

Smaller regions of continuous subsurface stratigraphy might be shared among some of 

the craters in this region, however. One test for continuous subsurface stratigraphy is that the 

shallowest units should also be exposed in deep channels in the region. Indeed, there are strong 

olivine signatures found in Ladon Valles [Kraft et al., 2014], a 2 km-deep channel located 

~100km northwest of Alga and Ostrov; however, preliminary analysis of THEMIS and CRISM 

data shows that there are no similar olivine detections in Samara Valles or Himera Valles, which 

are ~1 km deep and located ~ 300 km northeast of Alga and Ostrov craters. The small craters in 

this region (Alga, 20km in diameter) may expose rocks that were originally ~2 km below the 

pre-impact surface. Thus, it is possible that olivine-bearing units in Ladon Valles and olivine 

units in some of the western Noachis Terra central peaks are exposing the same subsurface 

stratigraphy. But an uncommon origin is difficult to rule out.  
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     Jones crater contains an olivine- and pyroxene-poor unit that lacks hydration or hydroxylation 

features in CRISM data. The combined THEMIS and CRISM signatures of the Jones unit are 

consistent with siliceous materials, or an anhydrous sulfate-bearing composition. Distinguishing 

between these compositional possibilities is difficult given the available data. Among the three 

units present in Jones’ central peak, this mafic-poor unit is also dominant in the sand deposits 

found on the eastern side of the crater floor, suggesting an easily eroded material; and, CTX 

imagery shows a partially mantled peak unit that has a friable appearance (Figure 2.9). Previous 

work [Bandfield et al., 2013] suggested that, on the basis of thermophysical and morphological 

observations of highland units exposed in crater and canyon walls, poorly-consolidated materials 

of likely volcaniclastic origin may dominate the upper few kilometers of some of the Noachian 

aged surfaces. It is possible that the olivine- and pyroxene-poor unit exposed in this fresh crater 

may represent a better-preserved, less altered version of such a volcaniclastic unit.   

2.4.2.2 Northern lowland central peaks 

Surface materials in the northern lowlands  are spectrally consistent with glassy or altered 

materials, either by acid leaching, isochemical surface weathering, silica deposition or oxidative 

weathering (e.g. [Bandfield, 2002; Kraft et al., 2003; Michalski et al., 2006; Minitti et al., 2007; 

Salvatore et al., 2010; Horgan and Bell, 2012]). However, in dune fields found in the floors of 

large-diameter (>40 km) craters in the northern lowlands [Rogers and Christensen, 2007; Ody et 

al., 2013], olivine-bearing or apparently unaltered basaltic materials have been detected,  and small 

exposures of olivine have been reported in some (but not all) crater ejecta, rims, walls and central 

peaks in Acidalia and Chryse Planitiae [Salvatore et al., 2010]. These authors argued that the 

distinctive mafic compositions in these crater-related units represent excavation of Hesperian 

basaltic material. As most of the olivine-bearing ejecta in Chryse and Acidalia Planitia are found 
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in small diameter (5-20 km) craters, [Ody et al., 2013] suggested that olivine bearing units are 

restricted to shallow depths.  Our work supports this hypothesis, in that the one central peak (crater 

>10 km diameter) that was found to be spectrally distinct in Acidalia and Chryse Planitiae 

(Kunowsky crater), exhibits only very small spots with weak olivine absorptions in CRISM data 

and a minimum at 9.80 µm (olivine-poor) signature in THEMIS data.  However, the crater floors, 

walls and ejecta of this crater is olivine-enriched in both datasets. Thus the subsurface could be 

olivine-enriched at shallow depth about 0.5-2 km, which is exposed by ejecta only, and the deeper 

subsurface (>2km) could be olivine-poor, and exposed in central peaks.  An alternative explanation 

is that the ejecta and central peaks may have expose similar compositions but the peaks are 

obscured compared to the ejecta.   

Last, the one SDCP in the northern lowlands that does exhibit THEMIS spectral character 

consistent with olivine is found in the plains of Cerberus Palus. These plains exhibit morphologies 

consistent with lava and have been widely interpreted as young volcanic plains [Plescia, 1990; 

Keszthelyi et al., 2006; Jaeger et al., 2007; Keszthelyi et al., 2010; Ryan and Christensen, 2012]. 

The weak olivine signatures found in the central peak of this crater supports this interpretation. 

2.4.2.3 Tyrrhena Terra central peaks 

A distinguishing characteristic of the Tyrrhena Terra region is that three of the five SDCPs 

contain both olivine and phyllosilicate minerals in near infrared data (this work, also Loizeau et 

al., [2012]). For one of these peaks (C811), olivine dominates the THEMIS spectrum over a 

portion of the phyllosilicate-bearing region of the peak (Figure 2.16). The remainder of the 

phyllosilicate-bearing area of the peak is not spectrally distinct in THEMIS data, suggesting that 

the abundance of phyllosilicate minerals is low across the peak. However, for craters C784 and 
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C810, the THEMIS spectrum from the spectrally distinct portion of the peak is consistent with 

high abundance of phyllosilicates. In fact, this is the only location where phyllosilicate-bearing 

units associated with central peaks show spectral character consistent with phyllosilicate minerals 

in THEMIS data, indicating a higher abundance of phyllosilicate minerals in these craters. The 

Tyrrhena Terra region as whole exhibits a higher than average number of phyllosilicate detections 

[J Carter et al., 2013];this study adds additional information that there is a higher than usual 

phyllosilicate abundance associated with crater central peaks in this region compared to other 

regions globally. If the phyllosilicate minerals associated with Tyrrhena peaks formed through 

non-impact related processes, this could point to a unique subsurface environment in this region.  

 

2.4.2.4 Northern Hellas 

The Hellas Basin likely brought mantle materials near the surface, and provides an 

opportunity to sample very deep materials in superposed crater central peaks along the basin rim. 

Though many central peaks found within the northern outer ring of Hellas Basin contain spectrally 

distinct materials, enriched in olivine or pyroxene, we do not observe a clear association between 

THEMIS cubic fit minimum positions and geographical location, diameter or elevation within the 

basin rim. This is not surprising, given that the craters sample different depths and that the impact 

very likely would not bring mantle lithologies up uniformly in depth. Furthermore, the Hellas 

Basin shows evidence for intense resurfacing and sedimentation [Tanaka and Leonard, 1995; 

Malin and Edgett, 2000; Leonard and Tanaka, 2001; Moore and Wilhelms, 2001; Korteniemi et 

al., 2005; Mest and Crown, 2005; Moore and Howard, 2005; S A Wilson et al., 2007; L M Carter 
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et al., 2009; Williams et al., 2009; Williams et al., 2010]; thus alteration, particularly mechanical 

weathering, may have played a role in modifying the original peak compositions. 

Despite the lack of trends on a large scale, some evidence for local-scale stratification in 

lithology is observed. In Figure 2.18, a location with three adjacent craters containing two distinct 

olivine-bearing compositions is shown. There, two olivine-bearing units are found in locations 

with self-consistent crater-exposed depths between the three craters. The stratigraphy may 

represent layers of ejecta brought up from the formation of Hellas basin, or very large scale (~20 

km) stratigraphy in the wall rock of the basin. Considering that no other central peaks expose a 

similar local-scale stratigraphy, it may be a particularly well preserved area within the Northern 

Hellas region.  

2.5 Conclusions 

Through detailed analyses of THEMIS, CRISM and TES data, we have made the following 

major observations and conclusions:  

1. Of the 866 craters central peaks and with diameter between 10-200 km, globally, 26 crater 

central peaks were found to contain materials that are spectrally distinct from surrounding 

plains in THEMIS data. Central summit pits, floor pits, and complex peaks were not examined 

in this study. 

2. The global distribution of spectrally distinct central peaks (SDCPs) shows some degree of 

regional clustering, with a distribution similar to that presented by Skok et al. [2012], and are 

mostly restricted to low latitudes. Most SDCPs are found in western Noachis Terra, Tyrrhena 

Terra, and within the northern rim of Hellas Basin; two are located in the northern lowlands. 

Though spatial variability in degradational processes are a likely factor, subsurface differences 

in igneous, crust-forming compositions, physical properties or alteration environments 
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probably also contribute to the regional differences observed. The lack of SDCPs at high-

latitudes (>45°) suggest that latitude-dependent alteration processes have obscured or altered 

peak units such that they are indistinguishable from surrounding units. 

3. Globally, no spatial trend in composition of central peak-associated materials is observed.  

4. The western Noachis Terra area is the only region in this study where multiple THEMIS-

defined spectral units are present in individual central peaks. These units may represent crustal 

stratigraphies of igneous units or ejected crustal materials or impact melt from the Argyre 

Basin. 

5. One central peak was found to be spectrally distinct in Acidalia and Chryse Planitiae, and 

exhibits weak olivine signatures in areally small locations in the peak. Though the peaks do 

not exhibit strong mafic mineral contributions, the crater floors, walls and ejecta are olivine 

enriched. The likely explanation, as proposed by Salvatore et al. [2010] and Ody et al. [2012], 

is that materials at shallow depths are olivine-bearing, whereas units at deeper levels (>~ 2 km) 

are olivine poor. Alternatively, peak materials may be less well exposed than wall and ejecta 

materials. 

6.  One central peak was observed to contain olivine-bearing material in Cerberus Palus, which 

has been widely interpreted as young volcanic plains [e.g. Plescia, 1990; Keszthelyi et al., 

2010]. 

7. Though numerous central peaks on Mars exhibit strong phyllosilicate signatures in 

visible/near-infrared data sets [e.g. Ehlmann et al., 2011; Loizeau et al., 2012; Carter et al., 

2013], central peaks with THEMIS spectral character consistent with phyllosilicate minerals 

are rare (among craters with diameter 10-200km, the range examined in this study). Spatial 

resolution differences likely contribute to many of these discrepancies, but not all of them. 
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Some central peaks with areally large detections of phyllosilicate-bearing materials lack 

spectral distinction in THEMIS data, suggesting that the abundance of phyllosilicate minerals 

may be low. However, in this study, we did identify two central peaks that exhibit strong 

phyllosilicate absorptions in CRISM data, and that also exhibit thermal infrared spectral 

character consistent with high abundance of phyllosilicates. If the phyllosilicates formed in the 

subsurface, rather than through impact-related processes, these craters may indicate regions 

with unique subsurface environments conducive to formation of abundant phyllosilicate 

minerals. 

8. Along the rim of Hellas Basin, crater central peak-associated materials exhibit a variety of 

olivine and pyroxene-bearing compositions, and likely sample very deep (possibly mantle) 

materials brought up by the Hellas impact. Local-scale stratification in lithology is inferred in 

one location, where two olivine-bearing units are found in locations with self-consistent crater-

exposed depths between the three craters.  
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Figure 2.1 Distribution of impact craters with diameters between 10-200 km, and with crater 

interior morphologies marked “PK” (“peak”) from Barlow’s crater database [Barlow et al., 2000]. 

Black squares: 840 craters with central peaks that are not spectrally distinct in THEMIS. Color 

squares: 26 impact craters with well exposed and spectrally distinct central peaks (SDCPs). 
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Figure 2.2 Example of a crater that was initially ranked in a high priority bin but was eventually 

removed after detailed spectral analysis. The crater displays color distinction in the peak (blue) in 

the THEMIS radiance DCS 8-7-5 image. A. Selection of regions of central peak (the blue spots in 

the peak) and surrounding area in B. B. Spectra of central peak and surrounding area from A. 

However, the peak and surrounding spectra have similar spectral characteristics after normalizing 

to the same spectral contrast.  
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Figure 2.3 Comparison of Gaussian and cubic polynomial fits to THEMIS spectra (a) and cubic 

polynomial fits to spectra of a variety of rock types at THEMIS resolution (b). The curve minimum 

of the cubic polynomial fit more closely matches the data minimum than the curve minimum of 

the Gaussian fit. Curves are offset for clarity. 
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Figure 2.4 Sorted plot of minimum position of cubic polynomial fit of THEMIS-derived spectral 

units found in central peaks (red crosses) and laboratory spectra of rocks at THEMIS resolution 

(green crosses). The positions of TES Surface Types 1 and 2 are also shown. The numbers and 

texts next to green crosses are minimum positions of cubic polynomial fit and names of the rocks. 
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Figure 2.5 Average THEMIS surface emissivity from all spectrally distinct units in central peaks. 

Spectra are offset for clarity. 
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Figure 2.6 Distribution of impact craters with diameters between 10-200 km and with crater 

interior morphologies marked “PK” (“peak”) from Barlow’s crater database [Barlow et al., 

2000]. Black squares: 840 craters with central peaks that are not spectrally distinct in THEMIS. 

Color squares: 26 impact craters with well exposed and spectrally distinct central peaks 

(SDCPs). Some regional clustering of SDCPs is observed. For ease of discussion in the text, 

SDCPs were divided by region (red ovals): northern Hellas (NH), northern lowland(NL), western 

Noachis Terra (WNT) and Tyrrhena Terra (TT) (Section 2.3.0). For display proposes, all the 

spectrally distinct units are divided equally to five categories of colors based on the minimum 

position of cubic polynomial fits for emissivity, with interval 0.4µm (see legend). 
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Figure 2.7 Locations of SDCPs in the western Noachis Terra region, overlain on MOLA colorized 

elevation and relief. For display proposes, all the spectrally distinct units are divided equally to 

five categories of colors based on the minimum position of cubic polynomial fits for emissivity, 

with interval 0.4µm (see legend). Except for Hale crater and C324, all craters expose more than 

one distinct spectral unit in the central peaks, in THEMIS data.  
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Figure 2.8 THEMIS and CRISM characteristics of spectral units in the Jones crater central peak. 

Unit A is olivine-enriched and feldspar-poor, unit B is olivine- and pyroxene-poor, and unit C is 
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pyroxene basaltic with little to no olivine. A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) 

as red-green-blue in the DCS radiance mosaic of Jones crater. The three spectral units appear as 

purple (Unit A), yellow/orange (Unit B), and green (Unit C) respectively  (quantitative 

distributions shown in Figure 2.9). B. THEMIS spectra from Jones crater’s three units. C. CRISM 

olivine index stretch map showing the olivine distribution in Unit A. The index is OLINDEX and 

stretch color is from 0 to 0.13. D. CRISM low-Ca pyroxene index stretch map showing the low-

Ca pyroxene distribution in Unit C. The index is LCPINDEX and stretch color is from 0 to 0.1. 

(Note that there is no CRISM mineral detection in Unit B) E. CRISM spectra of Jones crater’s 

three units and comparison with VNIR laboratory spectra. The spectra of units are from bright red 

pixels of B and C. Spectra are offset for clarity. 
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Figure 2.9 Jones THEMIS spectral unit maps (A-C), CTX images (D-F) and THEMIS spectral 

unit maps overlain on CTX images (G-I). The unit maps were created using spectra from Figure 

2.8B. The red and yellow colors indicate high concentrations of the spectral end-member. The red 

box in C shows the TES pixel footprint for the spectrum in Figure 2.10.  The white boxes in A-C 

indicates the areas shown in CTX images D and G, E and H, and F and I, respectively. The CTX 

overlays show that the highest concentrations of each spectral unit are associated with light-toned, 
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relatively unmantled ridges and buttes. In E, red arrows point to light-toned ridges and buttes, 

black arrows point to darker toned material at the base of the ridge, discussed in text. 
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Figure 2.10 TES and THEMIS spectra show spectral consistency of Jones Unit C. A. TES 

spectrum of unit C from Jones crater with TES Surface Type 1 (ST1) and Surface Type 2 for 

comparison. The TES spectra are distinct from ST1 and ST2. The inside table shows modeled 

mineral abundances of Jones crater unit C from linear deconvolution of TES pixels, with statistical 

uncertainties on derived abundance shown in parentheses. The high abundance of feldspar and 

pyroxene indicate it is pyroxene-rich basaltic (intrusive vs. extrusive igneous origins cannot be 

distinguished from spectral data alone). B. THEMIS spectra of Jones crater’s Unit C and TES 

spectrum of unit C degraded to THEMIS. The TES degraded spectrum is consistent with THEMIS 

spectrum of unit C. 

  



 

61 

 

 

Figure 2.11 An example of a SDCP in the Cerberus plains. A. THEMIS 8-7-5 DCS mosaic. The 

red, green and purple boxes are areas where THEMIS spectra were selected for B. B. THEMIS 

spectra of crater floor, peak and the nearby sand dune. The crater peak is distinct from the floor 

materials to the north of the peak. The floor and peak spectra are shallow due to dust coverage. C. 

CRISM olivine single stretch with stretch color from 0 to 0.13. D. CRISM spectra of crater peak 

and sand dune. Crater peak spectrum is from the bright yellow pixels of black box of C. Sand dune 

spectrum is from the bright red pixels. Spectra are offset for clarity. 
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Figure 2.12 Distribution of SDCPs in Tyrrhena Terra For display proposes, all the spectrally 

distinct units are divided equally to five categories of colors based on the minimum position of 

cubic polynomial fits for emissivity, with interval 0.4µm (see legend). Craters in orange ovals have 

both olivine and D2300 absorptions in CRISM data. 

  



 

63 

 

 

Figure 2.13 CRISM spectra from craters in the Tyrrhena Terra region with laboratory 

phyllosilicate spectra for comparison. The positions of dash lines are at ~1.405 µm, ~1.920 µm, 

~2.308 µm, and ~2.527 µm respectively. USGS spectra: analcime GDS1, saponite SapCa-1, 
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chlorite SMR-13.e<30µm, corrensite corwa-1, nontronite NG-1.a, hectorite SHCa-1, Fe-smectite 

SWa-1. Spectra are offset for clarity. 
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Figure 2.14 THEMIS spectrum of C784 and comparison with candidate phyllosilicate and zeolite 

minerals. 
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Figure 2.15 CRISM spectra from C810 in the Tyrrhena Terra region with laboratory carbonate 

spectra for comparison. CRISM spectral library: calcite JB-549, siderite CAGR03, magnesite 

CACB06. Spectra are offset for clarity. Spectra are offset for clarity. The positions of dash lines 

are at ~1.414 µm, ~2.302 µm, ~2.566 µm, ~3.401 µm, and ~3.876 µmrespectively. 
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Figure 2.16 An example of phyllosilicate- and olivine-bearing SDCPs in the Tyrrhena Terra 

region. A. and B. CRISM mafic and hydroxylated stretch maps of C784. C. and D. CRISM mafic 

and hydroxylated stretch maps of C811. E. THEMIS spectra from Crater C811and C784, olivine 

and smectite. CRISM spectra are shown in Figure 2.13 and Figure 2.15.   
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Figure 2.17 Distribution of SDCPs in the rim of Hellas Basin. For display proposes, all the 

spectrally distinct units are divided equally to five categories of colors based on the minimum 

position of cubic polynomial fits for emissivity, with interval 0.4µm (see legend).  Black stars: two 

craters adjacent to Crater1_1 that lack central peaks, but that have spectrally distinct ejecta or 

central pit. Craters 1_1, 1_2 and 1_3 were studied in detail in Figure 2.18. See text for explanation.  
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Figure 2.18 An example of craters in the northern Hellas region. A. Polygons show regions of 

THEMIS spectral averages shown in (D), overlain on a THEMIS 8-7-5 DCS mosaic. B. CRISM 

olivine single stretch with stretch color from 0 to 0.13 and mafic stretch map of CRISM targeted 

image with red as OLVINEX, green as LCPINDEX and blue as HCPINDEX. C. THEMIS 

spectra of three spectral distinct units from A. D.CRISM spectra of units from C. Unit A 
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spectrum is from the bright red pixels of olivine stretch and Unit B spectra is from the bright red 

and blue pixels of mafic stretch map. Unit A is consistent with fayalitic olivine and Unit B is 

consistent with fosteritic type in certain particle size, suggesting particle sizes or types of olivine 

difference. Unit B is also consistent with pyroxene.  Spectra are offset for clarity. 
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Figure 2.19 CRISM spectra of C107 with laboratory spectra for comparison. This is the only 

hydrated mineral observation associated with a SDCP besides those found in the Tyrrhena Terra 

region. However, the type of mineral is different from the Tyrrhena Terra region and it is restricted 

to very small exposures. CRISM spectral library: zeolite c1ze17, pumpellyite c1ze02, prehnite 

c1ze03. USGS library: chlorite SMR-13.e<30µm, nontronite NG-1.a, clinochlore GDS158, Fe-

smectite SWa-1. The positions of dash lines are at ~1.432 µm, ~1.920 µm, and ~2.351 µm 

respectively.  Spectra are offset for clarity. 
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Table 2.1 Details of each crater peak in this study, sorted by region.  

Regio

n 

Crater 

ID 
Name Lat Lon Diameter Unit 

Min of 

Cubic  

CRISM 

Index 

Avg of  

Remarks 
Polynom

ial Fitc 

CRISM 

Index 

WNT 
C165 Jones -19.1 -19.7 90 

peak_U1 
10.343 

MRDR 

OLV1 0.104 
Figure8-10 

WNT 

C165 Jones       

Peak_U2 
9.2538 

no 

mineral 

detection   

Figure8-10 

WNT 
C165 Jones       

peak_U3 
9.6168 

MRDR 

LCP 0.305 
Figure8-10 

WNT 
C1001 Alga -24.3 -26.7 20 

peak_U1 
10.598 OLV2 0.137 

  

WNT 
C1001 Alga       

peak_U2 
9.9888 HCP 0.151 

  

WNT 
C1002 Ostrov -26.5 -28.1 76 

Peak_U1 
10.85 OLV2 0.166 

  

WNT 
C1002 Ostrov       

peak_U2 
10.157 LCP 0.586 

  

WNT 
C1002 Ostrov       

peak_U3 
9.5688 LCP 0.586 

  

WNT 
C305   -30.3 -33.6 85 

peak_U1 
10.997 

MRDR 

OLV1 0.143 
  

WNT 
C305         

peak_U2 
10.535 

MRDR 

LCP 0.647 
  

WNT 

C324   -28.9 -46.2 26 

peak 
10.556 

no 

mineral 

detection   

  

WNT 
C153 Hale -36 -36.2 143 

peak 
10.094 LCP 0.121 

  

NL 
C945 

Kunow

sky 56.9 -9.71 66 
peak 

9.8012 OLV2 0.082 
  

NL 
C29   9.48 150 53 

peak 
10.415 

no data 

coverage   
Figure11 

TT C811   -13.4 93.8 20 peak 10.505 

OLV2 

and 

D2300 0.13, 0.045 

Figure13,15,1

6 

TT C784   -13.8 120 42 peak 9.6468 

OLV2 

and 

D2300 

0.119, 

0.028 

Figure13,14,1

6 

TT C810   -11.7 96.4 21 peak 9.7148 

OLV2 

and 

D2300 

0.145, 

0.131 

Figure13 
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TT C791   -3.39 97.9 56 peak 10.017 

no 

mineral 

detection   

  

TT C910   -6.08 58.8 43 peak 10.075 

no 

mineral 

detection   

  

NH C881   -31.6 81.7 20 peak 11.157 OLV2 0.140   

NH 

Crater1_

2   -26.2 76.4 14 

pit and 

ejecta 10.693 
OLV2 

and LCP 

0.128, 

0.043 
Figure 18 

NH C906 Saheki -22.1 73.2 84 peak 10.233 
MRDR 

OLV1 0.064 
  

NH 

Crater1_

1 

Runan

ga -27 76 41 peak 10.231 
MRDR 

OLV1 0.038 
Figure 18 

NH C862   -24.6 87.6 29 peak 10.177 
MRDR 

OLV1 0.146 
  

NH C17   -23.4 74.4 67 peak 10.079 

MRDR 

OLV1 

and LCP 

0.105, 

0.323 

  

NH C151   -18.9 62.8 52 peak 10.011 
OLV2 

and LCP 

0.034,0.34

5 
  

NH 

Crater1_

3 Jorn -27.2 76.4 20 ejecta 10.029 
MRDR 

OLV1 0.098 
Figure 18 

NH C398   -21.8 44.8 40 peak 9.9768 
OLV2 

and HCP 

0.110, 

0.283 
  

NH C399   -24.5 43.4 23 peak 9.7328 

OLV2 

and 

LCP/HC

P 

0.047, 

0.148/0.25

7 

  

NH C870 Poti -36.7 86.7 31 peak 9.8428 
MRDR 

OLV1 0.056 
  

NH C904   -22.2 66.9 83 peak 9.5788 

no 

mineral 

detection   

  

other C378   

-6.32 19.4 

22 peak 9.8048 

OLV2 

and  

HCP 

0.106, 

0.178 

  

other C107 
Horow

itz 
-32.3 141 

67 peak 10.529 HCP and 

D2300 

0.183,  

0.017 
Figure19 

other C80   
-30.5 -160 

84 peak 10.061 OLV2 

and LCP 

0.120,0.39

9 
  

 

a. The CRISM index values given are from averaged from the highest index values observed in the peak, rather than 

the average for the entire spectrally distinct unit. 

b. Crater 1_2 and Crater1_3 are in the table, but do not have central peaks 

c. Please refer to Figure 3-6 and Section 2.2 for more details on interpretations of THEMIS units 
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Figure 2.S1 THEMIS and CRISM characteristics of spectral units in the Alga crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM spectra and NIR laboratory spectra for comparison. 

Spectral unit distributions for THEMIS Units 1 and 2 are shown in Skok et al., [2012]. 
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Figure 2.S2 THEMIS and CRISM characteristics of spectral units in the Ostrov crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM spectra and NIR laboratory spectra for comparison. 

Spectral unit distributions for THEMIS Units 1-3 are shown in Skok et al., [2012]. 
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Figure 2.S3 THEMIS and CRISM characteristics of spectral units in the C17 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM olivine browse image. C. CRISM low-Ca pyroxene index browse image. D. CRISM 

spectra and NIR laboratory spectra for comparison. Note: CRISM “Unit 1” corresponds with the 

THEMIS spectrally distinct unit (shown in E). CRISM “Unit 2” was extracted from an additional 

area identified as distinct from Unit1 in the CRISM browse images. E. THEMIS spectra unit map 

shows the spectrally distinct unit in the central peak. 
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Figure 2.S4 THEMIS and CRISM characteristics of spectral units in the C80 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM spectra and NIR laboratory spectra for comparison. Note: 

CRISM “Unit 1” corresponds with the THEMIS spectrally distinct unit (shown in D). CRISM 

“Unit 2” was extracted from an additional area identified as distinct from Unit1 in the CRISM 

browse images. D. THEMIS spectra unit map shows the spectrally distinct unit in the central peak.   
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Figure 2.S5 THEMIS and CRISM characteristics of spectral units in the C107 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM hydroxylated silicate browse image. D. CRISM spectra 

and NIR laboratory spectra for comparison. Note: CRISM “Unit 1” corresponds with the THEMIS 

spectrally distinct unit (shown in E). E. THEMIS spectra unit map shows the spectrally distinct 

unit in the central peak. 
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Figure 2.S6 THEMIS and CRISM characteristics of spectral units in the C151 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM spectra and NIR laboratory spectra for comparison. Note: 

CRISM “Unit 2” corresponds with the THEMIS spectrally distinct unit (shown in D). CRISM 

“Unit 1” was extracted from an additional area identified as distinct from Unit 2 in the CRISM 

browse images.  D. THEMIS spectra unit map shows the spectrally distinct unit in the central peak 

(arrow). The spectrally distinct unit is also found in a few isolated spots of the crater floor. 
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Figure 2.S7 THEMIS and CRISM characteristics of spectral units in the C153 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM spectra and NIR laboratory spectra for comparison. Note: 

CRISM “Unit 1” corresponds with the THEMIS spectrally distinct unit (shown in D). D. THEMIS 

spectra unit map shows the spectrally distinct unit in the central peak. 
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Figure 2.S8 THEMIS and CRISM characteristics of spectral units in the C305 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS. B. CRISM 

olivine browse image. C. CRISM low-Ca pyroxene index browse image. D. CRISM spectra and 

NIR laboratory spectra for comparison. Note: CRISM “Unit 1” corresponds with the THEMIS 

spectrally distinct unit 1 (shown in E). CRISM “Unit 2” corresponds with the THEMIS spectrally 

distinct unit 2 (shown in F).  E-F. THEMIS spectral unit maps show the distributions of spectrally 

distinct units in the central peak. 
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Figure 2.S9 THEMIS and CRISM characteristics of spectral units in the C324 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM olivine browse image. C. CRISM spectra and NIR laboratory spectra for comparison. 

Note: CRISM “Unit 1” corresponds with the THEMIS spectrally distinct unit (shown in D). D. 

THEMIS spectra unit map shows the spectrally distinct unit in the central peak. The spectrally 

distinct unit is also found on the isolated knobs around the margin of the crater floor. 
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Figure 2.S10 THEMIS and CRISM characteristics of spectral units in the C378 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM spectra and NIR laboratory spectra for comparison. Note: 

CRISM “Unit 1” corresponds with the THEMIS spectrally distinct unit (shown in D). CRISM 

“Unit 2” was extracted from an additional area identified as distinct from Unit 1 in the CRISM 

browse images. D. THEMIS spectral unit map shows the spectrally distinct unit in the central peak 

(arrow). The spectrally distinct unit is also found on the crater floor. 
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Figure 2.S11 THEMIS and CRISM characteristics of spectral units in the C398 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM spectra and NIR laboratory spectra for comparison. Note: 

CRISM “Unit 1” corresponds with the THEMIS spectrally distinct unit (shown in D). CRISM 

“Unit 2” and “Unit 3” were extracted from additional areas identified as distinct from Unit 1 in the 

CRISM browse image. D. THEMIS spectral unit map shows the spectrally distinct unit in the 

central peak (arrows). The spectrally distinct unit is also found in a few isolated spots of the crater 

floor and wall. 
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Figure 2.S12 THEMIS and CRISM characteristics of spectral units in the C399 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM spectra and NIR laboratory spectra for comparison. Note: 

CRISM “Unit 1” corresponds with the THEMIS spectrally distinct unit (shown in D). CRISM 

“Unit 2” was extracted from an additional area identified as distinct from Unit 1 in the CRISM 

browse images. D. THEMIS spectra unit map shows the spectrally distinct unit in the central peak. 

The spectrally distinct unit is also found on the crater floor and wall. 
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Figure 2.S13 THEMIS and CRISM characteristics of spectral units in the C784 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM hydroxylated silicate browse image. D. CRISM spectra 

and NIR laboratory spectra for comparison. Note: CRISM “ratioed” corresponds with the THEMIS 

spectrally distinct unit (shown in E). E. THEMIS spectral unit map shows the spectrally distinct 

unit in the central peak. The spectrally distinct unit is also found in a few isolated spots of the 

crater floor. 
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Figure 2.S14 THEMIS and CRISM characteristics of spectral units in the C791 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

THEMIS spectral unit map shows the spectrally distinct unit in the central peak. 
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Figure 2.S15 THEMIS and CRISM characteristics of spectral units in the C810 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM olivine browse image. C. CRISM hydroxylated silicate browse image. D. CRISM spectra 

and NIR laboratory spectra for comparison. Note: CRISM “ratioed” corresponds with the THEMIS 

spectrally distinct unit (shown in E). E. THEMIS spectra unit map shows the spectrally distinct 

unit in the central peak. The spectrally distinct unit is also found on the crater floor. 
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Figure 2.S16THEMIS and CRISM characteristics of spectral units in the C811 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM hydroxylated silicate browse image. D CRISM spectra 

and NIR laboratory spectra for comparison. Note: CRISM “ratioed” corresponds with the THEMIS 

spectrally distinct unit (shown in E). E. THEMIS spectra unit map shows the spectrally distinct 

unit in the central peak. 
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Figure 2.S17 THEMIS and CRISM characteristics of spectral units in the C862 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM olivine browse image. C. CRISM spectra and NIR laboratory spectra for comparison. 

Note: CRISM “Unit 1” corresponds with the THEMIS spectrally distinct unit (shown in D).  D. 

THEMIS spectra unit map shows the spectrally distinct unit in the central peak (arrow). The 

spectrally distinct unit is also found in a few isolated spots of the crater floor. 
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Figure 2.S18 THEMIS and CRISM characteristics of spectral units in the C870 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM olivine browse image. C. CRISM spectra and NIR laboratory spectra for comparison. 

Note: CRISM “Unit 1” corresponds with the THEMIS spectrally distinct unit (shown in D).  D. 

THEMIS spectra unit map shows the spectrally distinct unit in the central peak (arrow). The 

spectrally distinct unit is also found in a few isolated spots of the crater floor and wall. 
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Figure 2.S19 THEMIS and CRISM characteristics of spectral units in the C881 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM spectra and NIR laboratory spectra for comparison. Note: 

CRISM “Unit 1” corresponds with the THEMIS spectrally distinct unit (shown in D).  D. THEMIS 

spectral unit map shows the spectrally distinct unit in the central peak. 
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Figure 2.S20 THEMIS and CRISM characteristics of spectral units in the C904 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

THEMIS spectral unit map shows the spectrally distinct unit in the central peak. 
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Figure 2.S21 THEMIS and CRISM characteristics of spectral units in the C906 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM olivine browse image. C. CRISM spectra and NIR laboratory spectra for comparison. 

Note: CRISM “Unit 1” corresponds with the THEMIS spectrally distinct unit (shown in D).  D. 

THEMIS spectral unit map shows the spectrally distinct unit in the central peak. The spectrally 

distinct unit is also found in a few isolated spots of the crater floor. 
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Figure 2.S22 THEMIS and CRISM characteristics of spectral units in the C910 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

THEMIS spectral unit map shows the spectrally distinct unit in the central peak. The spectrally 

distinct unit is also found on the crater floor. 
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Figure 2.S23 THEMIS and CRISM characteristics of spectral units in the C945 crater central peak. 

A. THEMIS bands 8(~11.8µm)-7(~11µm)-5(~9.4µm) as red-green-blue in the DCS mosaic. B. 

CRISM mafic browse image. C. CRISM spectra and NIR laboratory spectra for comparison. Note: 

CRISM “Unit 1” corresponds with the THEMIS spectrally distinct unit (shown in F).   D. CRISM 

false color image of C945 (band223(2.46 µm)-band78(1.51 µm)-band13(1.08 µm) as red-green-

blue). E. CRISM OLINDEX2 stretch map (stretch parameters 0-0.13) showing the olivine-bearing 

pixels in bright spots. F. THEMIS spectral unit map shows the spectrally distinct unit small spots 

in the central peak. The spectrally distinct unit is also found in a few isolated spots of the crater 

floor. 
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Figure 2.S24 Near infrared spectra of central peak units in the Tyrrhena Terra region and laboratory 

spectra of smectite, olivine and pyroxene.  The spectra are consistent with the presence of both 

olivine and phyllosilicate minerals. 
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Figure 2.S25 THEMIS spectra of C398 and C399 and comparison with anorthosite, basalt, granite 

and TES Surface Type 1 and 2, at THEMIS resolution. 
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Chapter 3: Understanding the role of aeolian processes and physical sorting on Martian 

surface compositions through analysis of spectrally and thermophysically heterogeneous 

dune fields 

 

This chapter is a preliminary manuscript that will be submitted to peer-review journal. Some of 

this work has been presented at the 44th Lunar and Planetary Science Conference and the 8th 

International Conference on Mars. 

Abstract 

Aeolian transport and hydrodynamic sorting have been proposed to be a significant 

influence on Martian sediment bulk compositions, through laboratory experiments, modeling and 

terrestrial analogies. But to date, few studies have directly examined compositional-grain size 

relationships within sediment fields on Mars; thus the prevalence of hydrodynamic sorting as well 

as the scales at which sorting is important remains poorly understood. To that end, we assessed the 

degree and occurrence of thermophysical and compositional heterogeneity for 25 dune fields 

within a ~42,000,000 km2 area on Mars. Among these, only four exhibit spatial heterogeneity in 

spectral properties and composition. Two of these four sites show a strong positive relationship 

between particle size and olivine abundance. The rarity of compositional heterogeneity within 

dune fields may indicate phenocryst-poor source rocks; alternatively, sorting within individual 

bedforms may be present but is below the resolution of available instruments. In addition, we find 

that the bulk spectral properties of dune fields vary from one location to the next, likely indicating 

variations in source protolith compositions. Together, these results suggest that aeolian transport 

and hydrodynamic sorting have not had significant influence on Martian sediment compositions 

at regional (>103 km) or larger scales. 
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3.1 Introduction 

Interpretation of sediment compositions from remote measurements requires consideration of a 

variety of factors, including source rock properties, chemical and mechanical alteration, transport 

history, and sorting processes. Presently, major questions regarding Martian sediments and aeolian 

processes relate to the degree to which sediments have been compositionally homogeneized by 

aeolian, impact and other processes, and conversely, the role that physical sorting plays in 

generating compositional variations with particle size. The similarity in chemical compositions of 

basaltic aeolian bedforms at Gale crater, Gusev crater and Meridiani Planum, measured in-situ by 

landed missions, has prompted the hypothesis of a “global soil”, meaning that the saltatable 

sediment fraction has been globally homogeneized.  However, from remote sensing data, 

variations in the average mineralogy of isolated dune fields are clearly present (e.g., [Aben, 2003; 

Rogers and Christensen, 2003; Stockstill-Cahill et al., 2008; Chojnacki et al., 2014]), and prior 

infrared mapping studies of Martian dune fields and nearby bedrock provide evidence that many 

dune field compositions are at least partially controlled by local inputs [Fenton, 2005; Tirsch et 

al., 2011; Chojnacki et al., 2014]. Additionally, global mapping of surface compositions from 

infrared and gamma ray measurements shows spatial variability, indicating that complete 

homogenization of the sediment fraction has not occurred [Rogers and Hamilton, 2015]. However, 

it is possible that homogenization occurs within a restricted size range of the saltatable fraction, 

where smaller sediments are physically separated from larger ones and homogeneized at larger 

scales.  

     Understanding the potential role of physical sorting in controlling bulk sediment 

composition is an important facet in interpreting surfaces from orbit. Though the processes that 

result in compositional fractionation from a bulk source during erosion and aeolian transport are 

generally well understood (Section 3.2), it is unclear under what scales these processes are 
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important, as well as how the these changes might appear on surfaces dominated by basaltic 

sources. Martian sediments investigated in-situ with landed missions show evidence of 

compositional and grain size sorting over the scale of individual bedforms [Sullivan et al., 2008; 

McGlynn et al., 2011; McGlynn et al., 2012] and within a portion of the Gale crater dune field 

[Seelos et al., 2014; Lapotre et al., 2015]. However, studies across larger areas, such as a whole 

dune field, have been limited. Dune fields are natural environments in which to assess the degree 

to which physical sorting processes affect Martian sediments. 

Aside from the in-situ observations at few landing sites (described above), and a comprehensive 

study of aeolian bedforms in Valles Marineris [Chojnacki et al., 2014], detailed analyses of 

heterogeneity (or lack thereof) within Martian aeolian deposits are generally lacking. This work 

complements previous studies by assessing the frequency of particle size and spectral 

heterogeneity within dune fields in the northern hemisphere of Mars, and then characterizing 

compositional-particle size relationships in the heterogeneous dune fields.  

3.2 Background 

Variations in composition and particle size distributions within aeolian dune fields on Earth are 

a function of source rock composition(s), mechanical and chemical weathering, and aeolian sorting 

mechanisms [Blatt et al., 1980; Boggs, 1995]. The original crystal size and composition of source 

rock(s) first determine the grain size and composition of sediments derived from those rocks 

[Pettijjohn et al., 1987]. Preferential comminution and chemical alteration can change the 

composition of those sediments (as a function of grain size) during transport. Finally, aeolian 

sorting of particles leads to preferential enrichment of specific materials in certain grain-size 

fractions (e.g. [Weltje and von Eynatten, 2004; Tolosana-Delgado and von Eynatten, 2009]). Grain 

size, grain shape and density are major factors controlling the aeolian sorting (e.g. [Anderson and 
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Bunas, 1993; Makse, 2000]). Grain sizes are commonly segregated in individual dunes, with 

coarse-grained ripple crests and fine-grained troughs [Anderson and Bunas, 1993].  

On Earth, starting composition has been shown to play a major role in affecting compositional 

sorting trends. Because the minerals in basaltic rocks can have a wide range of densities compared 

to intermediate and silicic rocks, the effects of hydraulic sorting on compositional trends with 

particle size can differ greatly from those of intermediate-to-silicic rocks (e.g., [Kiminami and 

Fujii, 2007]). Unfortunately, studies of aeolian sorting in basaltic terrains are rare. Spatial 

variations of chemical composition were observed in volcanic sands in Iceland, such that sands 

showed enrichments in MgO compared to the source rock and correlated with a decrease in mean 

grain size of sand [Mangold et al., 2011]. This was explained by olivine shape, hardness and 

density leading to longevity as sand-sized particles compared to plagioclase. In the basaltic terrains 

surrounding Moses Lake, Washington, dune crests were observed to be compositionally dissimilar 

from the remaining dune surfaces in remotely sensed infrared data [Bandfield et al., 2002]. In this 

example, however, the differences were due to distinct sand sources, followed by aeolian sorting, 

rather than preferential comminution from a single sand source.  Last, particle size sorting can 

occur with density variations related to porosity/vesicularity, which is expected for basaltic 

terrains. This has been observed in granule mega-ripples in Iceland and Mono Crater, where the 

high density and finer obsidian grains formed the crests and the low density and coarser pumice 

was concentrated between the crests[Greeley and Peterfreund, 1981; Peterfreund, 1982].  

     Despite the shortage of terrestrial examples, combined experimental and modeling work on 

basaltic sediments suggests that physical processes could produce significant spatial heterogeneity 

in Martian sediment compositions [Fedo et al., 2015]. In that study, two  basalt samples differing 

in composition and petrographic texture were crushed and pulverized to generate synthetic 
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sediments [Fedo et al., 2015]. The two basalt samples, trachybasalt from Cima volcanic field in 

Mojave Desert, CA and porphyritic vesicular basalt from Kilauea volcano in Hawaii, represent the 

compositions of many rocks and soils in Gusev Crater. Samples were sieved into multiple grain-

size fractions; particles finer than 62 microns were not further subdivided. The mineral abundance 

of sieved sediments and source rocks was determined and divided to five groups: lithic fragments, 

olivine, plagioclase and pyroxene and opaque oxides. The compositions of the sieve fractions 

differed greatly with starting composition. They concluded that the crystal-size distribution of the 

parent material had a major influence on the compositional variability between grain size fractions. 

Unfortunately, the volumetric abundances of individual minerals in each bulk sediment size 

fraction could not be directly assessed because of the lack of measurement of groundmass mineral 

abundance in lithic fragments.  Next, using aeolian transport models, Fedo et al [2015] showed 

that these compositionally distinctive size fractions could then be spatially sorted through 

hydrodynamic processes under Martian atmospheric conditions. They conclude that physical 

sorting should be likely on Mars, and that sorting is a process that should not be overlooked when 

assessing chemical or mineralogical variability in Martian sediments. However, the hydrodynamic 

effects related to density differences within basaltic sediments may have been lost or conflated 

during the processes of sieving, thus the likelihood of physical sorting remains unclear.  

     Some well-characterized dune fields on Mars do show evidence for sorting, however. The “El 

Dorado” dune field investigated by the Spirit Rover is characterized by olivine-enriched coarse 

grains and pyroxene-enriched fine grains [Sullivan et al., 2008]. They speculated both types of 

sand were derived from a single original basalt composition, where particles dominated by one or 

more phenocrysts of olivine abraded more slowly due to the hardness and conchoidal fracture 

compared with less durable pyroxene. Thermal inertia variations have been observed in the dune 
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field within Proctor Crater, where both the interdunes and the dune troughs have lower thermal 

inertia values than the dune crests. In this case, rather than sorting, the preferred interpretation was 

that sand saltation may only be prevalent enough to keep the dunes crests themselves clear of dust 

while the interdunes and troughs are not as dust free as crests[Fenton and Mellon, 2006]. These 

terrestrial and laboratory studies provide a framework in which to evaluate our Mars observations. 

3.3 Data and Methods 

    Twenty-five (25) dune fields within impact craters located between 0°N and -14.3°N, 43°E to 

195°E were initially included as candidate areas for detailed study (Figure 3.1). The study region 

includes a variety of terrain types, ages, and elevations. Dune fields within the study region were 

identified by using the Mars Global Digital Dune Database [Hayward et al., 2014], but additional 

low albedo deposits within craters were also examined. First, each dune field was closely inspected 

with high-resolution visible imagery from the Mars Odyssey THEMIS (Thermal Emission 

Imaging System) instrument (~18 m/pixel) [Christensen et al., 2004] and the Mars Reconnaissance 

Orbiter CTX (Context Imager) instrument (~6 m/pixel) [Malin et al., 2007], to assess the degree 

of sand cover continuity within the sand deposit or dune field. This is important because deposits 

with significant interdune surfaces or rocky protrusions (e.g. buttes, crater rims) could result in 

mis-interpreted thermal inertia or compositional variations. Figure 3.2 shows an example dune 

field with incomplete sand coverage. Next, each potential dune field was independently examined 

for spectral or thermophysical heterogeneity using Mars Odyssey THEMIS (Thermal Emission 

Imaging System) thermal infrared data (100 m/pixel) [Christensen et al., 2004]. Then, for the dune 

fields with contiguous sand cover, data from THEMIS and the Mars Reconnaissance Orbiter 

Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) [Murchie et al., 2007] were 

analyzed in detail to discern relationships between thermophysical and compositional properties. 

Finally, in order to compare bulk dune field compositions from one dune field to the next, THEMIS 
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spectral averages from each dune field were extracted.  A polynomial fit to each average spectrum 

was calculated, and the minimum position of the fit was derived in order to display a rough 

comparison of composition between fields (example spectra shown in Figure 3.3). This method 

was previously used to compare the mineral composition from central peaks of impact craters [Pan 

et al., 2015]. CRISM data covering the entire dune field were used to analyze the mineral 

composition, where available.  

     Thermal inertia is the measurement of a material’s resistance to changes in temperature, and 

can be related to the average particle size of a surface [Kieffer et al., 1977; Presley and Christensen, 

1997]. Thermal inertia is defined as   

I=(k ρ c)0.5                                                                                                                         (1)    

where K is the thermal conductivity, ρ is the bulk density of the surface material and c is the 

specific heat. For non-indurated particulate surfaces on Mars, variations in thermal inertia are 

largely driven by the mean particle size of the surface [Jakosky, 1979; Edgett and Christensen, 

1991].  In this work, data from the THEMIS 10-band infrared imager (~6.8 to 14.9 µm, 100 

m/pixel) [Christensen et al., 2004] was used to assess thermal inertia variations within each field. 

THEMIS-derived thermal inertia images [Fergason et al., 2006; Christensen et al., 2013] from 

nighttime, low dust opacity observing conditions over each region were selected for analysis. 

Effective particle sizes were determined from thermal inertia using equation (1) and the 

experimentally determined relationship between thermal conductivity and particle diameter for 5 

torr (the average pressure of the Martian surface) [Presley and Christensen, 1997]. Values of 5 

kgm-3 and 0.0015 Jkg-1K-1 where used as estimates for density and specific heat, respectively. Only 

areas with thermal inertia between 164 and 365 Jm-2s-0.5K-1, corresponding to sand-sized 
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sediments, were included for further thermal inertia and composition analysis [Presley and 

Christensen, 1997]. 

     Analysis of compositional heterogeneity was carried out using infrared images. Decorrelation 

stretched (DCS) [Gillespie et al., 1986] THEMIS daytime thermal infrared multispectral data (with 

surface temperatures > 250 K) images were used to preliminarily assess whether spatial 

heterogeneity in composition was present within dune units (indicated by color variations within 

the stretch). It is important to note that DCS images, because they are stretched, can produce “false 

positives” when assessing spectral variability, but not “false negatives”. Lack of color variation in 

a DCS image is a good indicator of spectral uniformity. Potential areas of compositional distinction 

highlighted with the DCS images were further analyzed quantitatively by extraction of surface 

emissivity from regions of interest identified within the scene. To extract emissivity spectra, 

instrument artifacts and atmospheric influences were corrected using the methods described by 

[Bandfield et al., 2004]. As will be shown, much of the variation can be captured using varying 

amounts of olivine (Section 3.4). Thus to map compositional variations quantitatively across the 

scene, linear spectral unmixing [Bandfield et al., 2004]) using scene-derived olivine-poor and 

laboratory olivine emissivity spectra as end-members was applied to each THEMIS pixel over the 

dune field. Olivine concentrations are normalized for blackbody and presented as areal abundance 

(0-100%). Last, THEMIS-derived spectral images and nighttime images were co-registered to 

directly compare spectral properties (including olivine abundance) and thermal inertia. Images 

were classified based on 20th percentile thermal inertia intervals, and olivine abundance values and 

emissivity spectra were retrieved for each thermal inertia interval. Comparisons by thermal inertia 

interval, rather than pixel-to-pixel, were used due to the possibility of sub-pixel mixing and/or 

slight pixel mis-registration between day and nighttime images.  
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CRISM is a hyperspectral imaging spectrometer with 544 channels covering the visible to near-

infrared spectral region from 0.4 to 4.0µm and a nominal spatial resolution of ~18 m/pixel 

[Murchie et al., 2007]. CRISM parameters for targeted images and  laboratory spectra from the 

CRISM spectral library were used to identify the presence and distribution of olivine, low-calcium 

pyroxene, high-calcium pyroxene, hydrated minerals [Pelkey et al., 2007; Viviano-Beck et al., 

2014] and glass [Horgan and Bell, 2012]. OMEGA, an imaging spectrometer with comparable 

spectral range to CRISM, was not used in this study due to its coarser spatial resolution.  

High spatial resolution visible images from CTX were used to define the boundaries of dune 

fields and characterize the dune morphology of spectrally or physically distinct units identified by 

THEMIS.  

3.4 Results 

Within the study region, 25 candidate dune fields were identified. All of the dune fields are 

within impact craters, which are major accumulation sites for sediment. The range of cubic fit 

minima for all the 25 dune fields is from 11.02 to 9.52 µm, indicating a wide range of compositions 

from olivine rich basalt to more intermediate silica contents (Figure 3.1, 3.3). In some areas, dune 

fields in close proximity to one another exhibit similar compositions, whereas in others (for 

example 150°E,40°N~190°E, 0°N and 60°E, 40°N~80°E, 20°N), the compositions are different 

from one other. All of the dune fields exhibited intra-field variability in thermal inertia, but upon 

closer inspection with visible imagery, only six were found to exhibit adequate continuity of sand 

surface coverage such that the thermal inertia variations could be attributed to variations in particle 

size within the sediment component (Section 3.3) (Table 3.1, Figure 3.4). The ranges of thermal 

inertia and effective particle size indicate that the particle size within a dune field varies 

considerably (Table 3.1). Thermal inertia values of these dunes range from 164 Jm-2s-0.5K-1 to 365 
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Jm-2s-0.5K-1, indicating very fine sand to coarse sand [Presley and Christensen, 1997]. With the 

exception of the Gale crater dune field site, TES albedo values of these dunes range from 0.1 to 

0.15 and TES dust cover index values range from 0.97 to 0.98 [Ruff and Christensen, 2002], 

suggesting dust free and likely active surfaces. The low albedo and intermediate thermal inertia 

values suggest sand-sized material with little or no silt (e.g., [Wentworth, 1922; Fergason et al., 

2006]). In Gale, TES albedo and dust cover index values are ~0.21 and ~0.965 respectively, 

suggesting slightly higher dust cover.  

Of the 25 sites, only four were found to exhibit clear spatial heterogeneity in spectral properties. 

All four of those sites are among the six contiguous-coverage dune fields described above, and 

also exhibit thermophysical heterogeneity. THEMIS olivine abundance maps and CRISM spectral 

parameter images (where available) show variable olivine signatures within the remaining four 

dune fields, suggesting compositional heterogeneity (Figures 3.5-9, S1-S6). For two sites (D20 

and D1), olivine abundance derived from THEMIS is strongly related to thermal inertia and dune 

geomorphology across the entire field (Figures 3.5-7, S1-S3), where the high thermal inertia 

(larger particle size) portion of the dune exhibits higher olivine abundance and distinct ridge forms, 

and the lower thermal inertia portion is relatively olivine poor and morphologically smooth. For 

the remaining two sites (D21, D23), this trend is present, but only for portions of the dune field, 

and in general, the olivine abundance is low. Comparisons across the entire field show no strong 

relationship between particle size and composition. We describe one of each of these examples 

below.  

The dune field located at 44.26°E, 42.16°N (D20) shows a strong relationship between olivine 

abundance and thermal inertia. From CTX imagery (Figure 3.4), we observe a larger size and 

greater areal coverage of bedforms and well defined slip faces and crescents in the northeastern 



 

116 

 

part of the site, whereas the remainder of the field is smooth and exhibits smaller bedforms and 

fewer slip faces. The thermal inertia of the large bedform portion is higher than the small bedform 

portion, indicating a decrease of effective particle size in the small bedform portion (Figure 3.4). 

Olivine abundance is higher in the high thermal inertia part compared to the low thermal inertia 

portion (Figure 3.5). Though derived thermal inertia can be affected by surface slope and aspect 

angle [Jakosky, 1979], we observe little evidence that this is a strong factor influencing the spatial 

variability in thermal inertia in this region, because the olivine and high thermal inertia areas are 

concentrated both on lee and slip faces, and in the crests as well as low-lying troughs (Figure 3.4 

and Figure 3.5). The average THEMIS spectrum of the high thermal inertia portion exhibits low 

emissivity at ~11 µm relative to ~9 µm, consistent with increased olivine abundance. Conversely, 

the low thermal inertia portion of the dune field lacks a strong 11 µm absorption, consistent with 

olivine poor materials (Figure 3.5). The CRISM mafic parameter browse image also shows 

stronger olivine index values in the large bedform part, with a stronger absorption near ~1.2µm 

(Figure 3.6). The stronger ~1.2 µm absorption can indicate higher olivine abundance and/or a 

particle size difference [Hapke, 1993; Salisbury, 1993]. The CRISM 1.3µm albedo stretch map 

indicates that the dune is dark and active (Figure 3.6.C). In general, a positive correlation between 

thermal inertia and olivine abundance is observed (Figure 3.7). In Figure 3.7, average THEMIS 

spectra were plotted from each thermal inertia interval. With the thermal inertia increase, the 

absorption feature of THEMIS spectra shifts from ~9 µm to ~11 µm, indicating increase of olivine 

abundance. In summary, for region D20, high thermal inertia surfaces are associated with olivine 

rich areas, while low thermal inertia surfaces are associated with olivine poor portions. A similar 

pattern was observed for region D1 (Figure 3.S2-S3). 
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A contrasting example is a dune field located at 57°E, -2.1°N (D21). Transverse and barchanoid 

dune types with large ridge and slip faces are in the west and south, whereas the remainder of the 

dune is smooth and exhibits sand sheet morphology (Figure 3.4). These areas also exhibit lower 

thermal inertia values, indicating a decrease of effective particle size (Figure 3. 4). Olivine is 

lowest in some of the lowest thermal inertia areas compared to the highest  thermal inertia portions 

based on the THEMIS spectra (Figure 3. 8).  However, when spectra are compared with thermal 

inertia across the entire dune field, the relationship between spectral properties and thermal inertia 

becomes less clear; the change of olivine abundance and spectral properties with thermal inertia is 

very small. A similar pattern was observed in region D23 (Figure 3. S4). 

The dune field (D25) within Gale Crater can be broken into two parts. To the north, there is a 

NE-SW trending portion that contains both barchan and longitudinal dune forms [Seelos et al., 

2014] and significant interdune surfaces within km scales; this portion of the dune field is currently 

under investigation by the Curiosity Rover. To the south, there is a “sand sea” [Lane and 

Christensen, 2013] that contains a large (300 km2) area of contiguous sand cover. Much of the 

NW-SE trending portion exhibits THEMIS thermal inertia values >365 Jm-2s-0.5K-1, possibly due 

to influence from interdune surfaces (Figure 3.S8). THEMIS spectra from this area are consistent 

with olivine- and pyroxene-bearing basaltic materials (Figure 3.S8), as reported by previous 

authors [Rogers and Bandfield, 2009; Lane and Christensen, 2013; Seelos et al., 2014; Lapotre et 

al., 2015]. The sand sea to the south exhibits color variations in the THEMIS DCS images (using 

bands 8-7-5 as red-green-blue), ranging from orange to pink. However, spectral averages from 

these different colored areas show that the spectral differences are very minor, particularly 

compared to other dune fields investigated (D20, D1) (Figure 3.S8). The subtle differences are 

consistent with small differences in olivine abundance. Given that compositional differences are 
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observed within the NE-SW trending portion of the dune (observed in higher resolution CRISM 

data, [Seelos et al., 2014]), it is possible that the sand sea contains real variations in olivine 

abundance that are obscured by dust cover. 

3.5 Discussion 

The diversity of bulk compositions of the 25 dune fields (Figure 3.1) likely reflects regional 

variations in sand source compositions. This is consistent with global observations that show 

compositional heterogeneity in rock and soil compositions from region to region (e.g., [Aben, 

2003; Rogers and Christensen, 2003; Stockstill-Cahill et al., 2008; Chojnacki et al., 2014; Rogers 

and Hamilton, 2015]), and suggests that aeolian redistribution of sands across >103 km scales is 

not a significant process on Mars. However, it is possible that the compositional variations are due 

to variable exposure of interdune surfaces, given the small number (six) of dune fields exhibiting 

adequate continuity of sand surface coverage. 

Of the 25 sites examined, only four exhibited clear spatial heterogeneity in spectral 

characteristics. The rarity of spectral heterogeneity within dune fields in our study region could be 

attributed to one or more factors. First, drawing from the experimental results of Fedo et al. [2015] 

(Section 3.2), the source protoliths for many of the dune fields could have been phenocryst-poor, 

resulting in derived sediments that are dominated by sand-sized lithic or glass fragments rather 

than individual mineral grains. Based on the spectra of 12 dune fields that have CRISM data 

coverage, only one showed spectra that are consistent with volcanic glass (Figure 3.S7), which 

could suggest that if the sands are phenocryst poor, they are likely dominated by lithic fragments 

rather than glass. However, Fe-bearing glasses can be difficult to detect when mixed with other 

minerals such as olivine and pyroxene [Horgan et al., 2014]. 



 

119 

 

Alternatively, individual mineral grains may have been compositionally homogenized across 

size fractions through multiple impacts. We consider this to be less likely due to impact 

comminution experiments that show that repeated impacts lead to mineral-specific comminution 

[Horz et al., 1984].  

A third possibility is that the particle size ranges within some of these dune fields may be narrow 

enough such that very little sorting and separation can occur. However, spatial sorting does not 

necessarily require a wide particle size range. For example, the particle size range of one of the 

two spatially heterogeneous dune fields (D20) is 63-226µm.  

Last, it is possible that the dune fields are heterogeneous at spatial scales below the resolution 

of the THEMIS images (<100m/pixel), but not at larger spatial scales.   

Among the four spectrally heterogeneous dune fields, two (D20 and D1) show a strong positive 

relationship between olivine and particle size, similar to trends described for Gale crater [Lapotre 

et al., 2015] and El Dorado [Sullivan et al., 2008], but notably, opposite the trend described for 

basaltic sediments in Iceland [Mangold et al., 2011]. The high thermal inertia (larger particle size) 

portions of these two dune fields exhibit higher olivine abundance and distinct bedforms, whereas 

the lower thermal inertia portion of the dune field is relatively olivine poor and morphologically 

smooth. For the remaining two dune fields (D21 and D23), spectral variation is observed, but the 

relationship to thermal inertia is less clear. Broad averages of spectral emissivity across high- and 

low-thermal inertia portions of the dune field suggest that some compositional sorting may have 

occurred (Figure 3.S8 and S6). However, there is great overlap in the spectral properties within 

each thermal inertia range for these two dune fields, indicating that the relationship between 

thermal inertia and composition is imperfect and suggesting that compositional sorting is less well-

developed. The few areas of elevated olivine abundance could be due to local inputs from areally 
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minor olivine-rich bedrock. Other possible causes could relate to complicating factors in deriving 

thermal inertia (e.g. not accounting for slope/aspect angles) or to slight misregistration of daytime 

and nighttime THEMIS images (Section 3.3). 

From the available data, it is difficult to determine whether the sediments in the spectrally 

heterogeneous dune fields are from a single source that contains large olivine pheoncrysts within 

a finely crystalline matrix, or from multiple sources. In any case, this study highlights the fact that 

relationships between aeolian sediment compositions and particle sizes cannot be easily predicted 

on Mars using terrestrial examples, without knowledge of the source rock petrographic textures 

and compositions (e.g. [Fedo et al., 2015]). 

3.6 Conclusion 

    We investigated 25 dune fields and sand deposits within impact craters located between 0°N, 

43°E to -14.3°N, 195°E to assess the degree and occurrence of thermophysical and compositional 

heterogeneity. Mineral compositions of entire dune fields vary from dune field to dune field for 

the 25 sites, suggesting diverse sand source compositions at the regional scale. Of these 25 sites, 

only four dune fields exhibit spatial heterogeneity in spectral properties and composition. Nearly 

all exhibit spatial heterogeneity in thermophysical properties, but, for all but six sites, it is difficult 

to rule out interdune/non-sand surfaces as the dominant source of that heterogeneity. 

The rarity of spectral heterogeneity within dune fields in our study region could be due to one 

or more factors, but is most likely related to composition and texture of the individual sediment 

source rocks or the spatial resolution of the thermal infrared data (100 m/pixel) used to search for 

heterogeneity. Phenocryst-poor source materials, such as volcaniclastic/glassy lithologies or finely 

crystalline basalts would not be expected to exhibit strong compositional relationships with 
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particle size. Alternatively, heterogeneity could be present at the individual dune scale (<100 

m/pixel), as observed for El Dorado in Gusev crater [Sullivan et al., 2008]. 

Among the four spectrally heterogeneous dune fields, two (D20 and D1) show a strong positive 

relationship between particle size and olivine abundance. This is similar to the observation in “El 

Dorado” dune field, which was investigated by the Mars Exploration Rover Spirit [Sullivan et al., 

2008]. However, this trend is opposite of what was observed by [Mangold et al., 2011] for basaltic 

sediments on Earth. This suggests that composition and particle size relationships observed in 

terrestrial basaltic settings cannot be extrapolated to Mars and is dependent on source material 

texture and composition.  
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Table 3.1 Details of six dune fields exhibiting adequate continuity of sand surface coverage in this 

study. 

Dune ID D1 D20 D21 D23 D17 D25 

Latitude 9.48°N 42.16°N -2.1°N -14.3°N 20.77°N -5°N 

Longitude 150°E 44.26°E 57°E 128.5°E 75.57°E 137.03°E 

TES 
albedo 0.11 0.12 0.11 0.1 0.13 0.21 

TES dust 
index 0.97 0.98 0.98 0.98 0.97 0.97 

Thermal 
inertia  280-365 164-220 225-332 190-240 

202-
296 234-365 

Effetive 
particle 

size 
639-

2000µm 
63-

226µm 
249-

1333µm 
120-

328µm 
156-
812 

294-
2000 

Figure 
numbers 

Figure S1-
S3 

Figure 4-
7 

Figure 4,8-
9 

Figure S4-
S7 Figure 4 

Figure 
S8 

       

Note: thermal inertia unit is Jm-2s-0.5K-1     

 

  



 

123 

 

 

Figure 3.1 Distribution of dune fields in this study. Colors indicate the minimum positions of 

polynomial fits to THEMIS spectra, and are rough indicators of bulk composition (see text). The 

white square is a dune field without qualified THEMIS data coverage. Arrows with the same colors 

of squares are dune fields with contiguous sand cover and that were analyzed in detail.  
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Figure 3.2 CTX images of an intracrater dune field located at 65.61°E, 23.1°N. A. CTX image 

shows the entire dune field. B. CTX image shows the white polygon region in A. Interdune 

surfaces are abundant and likely contribute to observed thermophysical heterogeneity. 
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Figure 3.3 Example of THEMIS spectra with cubic fit minima from 11.02 µm to 9.7 µm. 
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Figure 3.4 Examples of dune fields with 

contiguous dune coverage (D20: A-B, D21: C-

D, D17: E-F). CTX images are shown in A, C, 

and E. THEMIS thermal inertia images are 

shown in B, D, and F. Spatial heterogeneity in 

thermal inertia is observed in all three examples. 

Spectral heterogeneity is observed in D20 and 

D21 (Figures 3.5-9) but not D17.  
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Figure 3.5 THEMIS-derived maps of dune field located at 44.26°E, 42.16°N (D20). THEMIS 

derived olivine abundance (A) and average spectra of high and low thermal inertia parts of the 

dune (B). C.THEMIS olivine abundance map overlain on CTX map showing the olivine 

distribution with morphology. Color scale is same as for (B). 
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Figure 3.6 CRISM parameter maps of dune field located at 44.26°E, 42.16°N (D20). CRISM mafic 

index map (OLINDEX with scaling 0.00-0.13, LCPINDEX with scaling 0.00-0.1, HCPINDEX 

with scaling 0.00-0.2 as red green and blue) (A) and average spectra of high and low thermal inertia 

parts of the dune (B).  
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Figure 3.7 Thermal inertia classification map of dune field located at 44.26°E, 42.16°N (D20), and 

relationship to olivine abundance. A. Classified THEMIS thermal inertia image. Each color 

represents the 20th percentile of thermal inertia ranges. B. Scatter plot of thermal inertia vs. olivine 

abundance; average and standard deviation of thermal inertia and olivine abundance for each 

thermal inertia range.  C. Average olivine abundance of each thermal inertia range shown in (A). 

D. Average THEMIS spectra from each thermal inertia range shown in (A). The colors correspond 

to the class colors in (A). Spectra are offset for clarity. 
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Figure 3.8 THEMIS-derived maps of dune field located at 57°E, -2.1°N (D21). THEMIS derived 

olivine abundance (A) and average spectra of high and low thermal inertia parts of the dune (B).  
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Figure 3.9 Thermal inertia classification map of dune field located at 57°E, -2.1°N (D21). A. 

Classified THEMIS thermal inertia image. Each color represents the 20th percentile of thermal 

inertia ranges. B. Scatter plot of thermal inertia vs. olivine abundance; average and standard 

deviation of thermal inertia and olivine abundance for each thermal inertia range.  C. Average 

olivine abundance of each thermal inertia range. Each color represents the 20th percentile of 

thermal inertia ranges. D. THEMIS spectra of each thermal inertia range. The colors are 

correspond to the colors of thermal inertia ranges in A. Spectra are offset for clarity.  
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Table S3.1 Details of 25 dune fields in this study. 

dune ID 
longitude 

(°E) 
latitude 

(°N) 

THEMIS 
cubic fit 

min (µm) CRISM index 
avg of CRISM 

index 

C1 150 9.48 10.2 no data coverage   

D2 4.57 3.11 9.52 no mineral detection   

D3 93.77 -8.9 9.7 no data coverage   

D4 79.48 19.81 9.6 no mineral detection   

D5 124.96 -13.68 9.92 OLV3 0.1357 

D6 128.28 -14.22 10.16 HCP2, LCP2 0.417,0.0149 

D7 62.86 26.66 9.52 no data coverage   

D8 127.9 -14.84 9.74 no data coverage   

D9 137.54 -6.03 10.2 no mineral detection   

D10 79.44 19.82 9.6 no data coverage   

D11 67.67 7.19 11.02 no data coverage   

D12 169.2 8.47 9.9 HCP2 0.0016 

D13 93.85 -6.95 9.7 no data coverage   

D14 167.96 14.58 6--(*) no data coverage   

D15 185.89 11.88 10.86 HCP2 0.019 

D16 159.26 11.18 10.14 no data coverage   

D17 75.57 20.77 10.14 no data coverage   

D18 59.76 36.98 9.82 no data coverage   

D19 67.12 8.83 10.44 HCP2, LCP2 0.0147,0.003 

D20 44.26 42.16 10.84 OLV3 0.022 

D21 57 -2.1 10.24 no data coverage   

D22 79.06 20.29 9.68 no data coverage   

D23 128.5 -14.3 9.62 Glass 0.29 

D24 65.61 23.1 9.7 no mineral detection   

D25 137.03 -5 9.72 OLV3, HCP2(**)   

      

*No TES for atm correction.    

** Seelos et al, 2014.     
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Figure S3.1 CTX and thermal inertia images for the dune field D1. A.CTX image. B. Color stretch 

map of THEMIS thermal inertia of the dune field.  
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Figure S3.2 THEMIS-derived maps of dune field D1. THEMIS derived olivine abundance (A) and 

average spectra of high and low thermal inertia parts of the dune (B). 
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Figure S3.3 Thermal inertia classification map of dune field D1. A. Classified THEMIS thermal 

inertia image. Each color represents the 20th percentile of thermal inertia ranges. B. Scatter plot of 

thermal inertia vs. olivine abundance; average and standard deviation of thermal inertia and olivine 

abundance for each thermal inertia range. C. Average olivine abundance of each thermal inertia 

range. D. THEMIS spectra of each thermal inertia range. The colors correspond to the colors of 

thermal inertia ranges in A. Spectra are offset for clarity. 
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Figure S3.4 CTX and thermal inertia images for the dune field D23. A.CTX image. B. Color stretch 

map of THEMIS thermal inertia of the dune field.  
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Figure S3.5 THEMIS-derived maps of dune field D23. THEMIS derived olivine abundance (A) 

and average spectra of high and low thermal inertia parts of the dune (B). 

  



 

138 

 

 

Figure S3.6 Thermal inertia classification map of dune field D23. A. Classified THEMIS thermal 

inertia image. Each color represents the 20th percentile of thermal inertia ranges. B. Scatter plot of 

thermal inertia vs. olivine abundance; average and standard deviation of thermal inertia and olivine 

abundance for each thermal inertia range. C. Average olivine abundance of each thermal inertia 

range. D. THEMIS spectra of each thermal inertia range. The colors correspond to the colors of 

thermal inertia ranges in A. Spectra are offset for clarity.  
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Figure S3.7 CRISM spectra of dune field D23. A. CRISM enhanced visible color image overlain 

on color stretch map of THEMIS thermal inertia showing the coverage of CRISM image. B. 

CRISM spectra of high and low thermal inertia region, comparing with laboratory spectra of glass 

from  [Minitti et al., 2007] and forsterite.  Spectra are offset for clarity.  
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Figure S3.8 CTX, gray stretch map of THEMIS thermal inertia image, THEMIS color stretch map 

and THEMIS spectra of D25. A. CTX image shows the entire dune filed within Gale crater. B. 

CTX image shows the NE-SW trending dune. C. Color stretch map of THEMIS thermal inertia 

image of NE-SW trending dune. D. CTX image shows the N-S trending dune. E. Color stretch 

map of THEMIS thermal inertia image of N-S trending dune showing the portion of the dune field 

with contiguous sand cover in CTX. F. THEMIS bands 8 (~11.8μm)-7 (~11μm)-5 (~9.4μm) as 

red-green-blue in the DCS radiance mosaic of N-S trending dune. Purple and green polygons are 

two areas with color variation in DCS image which may indicate composition variation. G. 

THEMIS spectra of the NE-SW trending portion of the dune field, as well as from two areas within 
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the sand sea (areas indicated with purple and green polygons in Figure S8F. For comparison, 

THEMIS spectra of low and high thermal inertia areas within dune field D20 are also shown.  

Spectra are offset for clarity. 
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Chapter 4: Quantitative Compositional Analysis of Sedimentary Materials Using Thermal 

Emission Spectroscopy: Application to Compacted Fine-grained Mineral Mixtures and 

Assessment of Applicability of Partial Least Squares (PLS) Methods 

This chapter is a manuscript that is under revision at Journal of Geophysical Research-Planets 

with the same name.  

Pan, C., A. D. Rogers, and M.T. Thorpe (2015), Quantitative Compositional Analysis of Sedimentary 

Materials Using Thermal Emission Spectroscopy: 2. Application to Compacted Fine-grained Mineral 

Mixtures and Assessment of Applicability of Partial Least Squares (PLS) Methods 

 

Abstract 

Fine-grained sedimentary deposits on planetary surfaces require quantitative assessment of 

mineral abundances in order to better understand the environments in which they formed. One way 

that planetary surface mineralogy is commonly assessed is through thermal emission (~6-50 μm) 

spectroscopy. To that end, we characterized the TIR spectral properties of compacted, very fine-

grained mineral mixtures of oligoclase, augite, calcite, montmorillonite and gypsum. Non-negative 

linear least squares minimization (NNLS) is used to assess the linearity of spectral combination. 

A partial least squares (PLS) method is also applied to emission spectra of fine-grained synthetic 

mixtures and natural mudstones to assess its applicability to fine-grained rocks. The NNLS 

modeled abundances for all five minerals investigated are within ±10% of the known abundances 

for 39% of the mixtures, showing the relationships between known and modeled abundance follow 

non-linear curves. The poor performance of NNLS is due to photon transmission through small 

grains over portions of the wavelength range and multiple reflections in the volume. The PLS 

method was able to accurately recover the known abundances (to within +/-10%) for 78-90% of 

synthetic mixtures and for 85% of the mudstone samples chosen for this study. The excellent 

agreement between known and modeled abundances is likely due to high absorption coefficients 
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over portions of the thermal infrared (TIR) spectral range, and thus combinations are linear over 

portions of the range. PLS can be used to recover abundances from very fine-grained rocks from 

TIR measurements, and could potentially be applied to landed or orbital TIR observations.  

4.1 Introduction 

Sedimentary deposits, including fine-grained siliciclastic materials, clay, sulfate and hematite 

have been found on the Martian surface, and their formation may indicate liquid water activity for 

a period of time in early Martian history (e.g. [Christensen et al., 2000a; Malin and Edgett, 2000; 

Squyres et al., 2004; Ehlmann et al., 2008b; Grotzinger et al., 2014; McLennan et al., 2014]). For 

example, sandstones in the Burns formation, Meridiani Planum, contain significant abundances of 

sulfate and hematite, indicating possible evaporitic and diagenetic processes [e.g. Christensen et 

al., 2004b; McLennan et al., 2005; Glotch et al., 2006]. Carbonate minerals are identified in the 

soils at the Mars Phoenix Landing site [Boynton et al, 2009], in rare outcrops [Ehlmann et al., 

2008], as well as in low quantities in the global Martian dust [Bandfield et al., 2003]. Last, clay 

minerals have been identified in numerous geologic settings [e.g. Poulet et al., 2005; Ehlmann et 

al., 2011; Carter et al., 2013], including in fans and deltas within sedimentary basins, which may 

indicate alteration by substantial amounts of water.  

Interpreting the origin of sedimentary materials requires detailed analysis of geologic context, 

stratigraphy, mineral assemblages, and mineral abundances (e.g. [McLennan et al., 2005; 

Tornabene et al., 2008; Wray et al., 2008; Mustard et al., 2009; Dobrea et al., 2010; Michalski 

and Niles, 2010; Roach et al., 2010; Ehlmann et al., 2011; Grotzinger and Milliken, 2012]). One 

of the ways to characterize mineral assemblage and abundances remotely is through thermal 

emission spectral measurements (e.g. [Lyon, 1965; Kahle et al., 1984; Christensen et al., 2000b; 

Lucey, 2004; Hook et al., 2005]), which have been acquired of Martian surfaces both from orbit 
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and from the Mars Exploration Rover (MER) missions. Data from the Mars Global Surveyor 

Thermal Emission Spectrometer [Christensen et al., 2001] (200-1650 cm-1, 3 x 8 km spatial 

resolution) have been used to determine the distribution and abundance of minerals at global and 

regional scales.. Miniature Thermal Emission Spectrometers [Christensen et al., 2004a; 

Christensen et al., 2004b], onboard the Spirit and Opportunity rovers, measured thermally emitted 

radiance from soils, outcrops and float rocks over the 400-1650 cm-1 range. And the Mars Odyssey 

Thermal Emission Imaging System [Christensen et al., 2003] measures emitted energy over 9 

broad spectral channels between ~650-1550 cm-1, with a spatial resolution of 100 m/pixel, 

allowing for discrimination of compositional units at the outcrop scale. 

Spectral absorptions measured in the thermal infrared (TIR) range arise from molecular 

vibrations in the material of interest. The vibrations occur at specific frequencies based on the 

chemical composition and structure of the mineral of interest (e.g. [Farmer, 1974]). For mineral 

mixtures (e.g. rocks), the spectra of the individual components of the rock combine to produce the 

mixed spectrum. Previous studies of igneous and metamorphic rocks, as well as coarse-grained 

sand mixtures, have shown that the component spectra combine in proportion to their volume 

abundance in the mixed spectrum when grains are larger than ~>60 µm [Ramsey and Christensen, 

1998; Feely and Christensen, 1999]. On this basis, linear spectral models of thermal emission 

spectra measured remotely have been used to estimate mineral abundances of Martian surface 

materials in low-dust regions [e.g., Bandfield, 2002; Rogers and Christensen, 2007; Huang and 

Xiao, 2014]. However, the spectral mixing behavior of compacted, fine-grained mineral mixtures 

that would be characteristic of sedimentary depositional environments (e.g. paleosols, mudstones, 

mixed-phase cements) has received little attention.   



 

148 

 

A difference in spectral mixing behavior for fine-grained rocks might be expected, given 

previous work demonstrating spectral dependence on grain size and porosity in the thermal 

infrared (TIR) (e.g. [Hunt and Vincent, 1968; Clark and Roush, 1984; Salisbury and Wald, 1992; 

Hapke, 1993; Mustard and Hays, 1997]. In a non-compacted volume consisting of particles whose 

diameters are on the order of the measured wavelength, there are proportionally more surface and 

internal reflections compared to larger grains. In spectral regions where the absorption index (k) is 

large (strongly absorbing), a reduction in spectral contrast with decreasing particle size is observed 

due to increased opportunities for absorption. In spectral regions where k is small (weakly 

absorbing), spectral contrast increases, due to increased opportunity for photons to exit the surface 

through refraction at each grain interface [Hunt and Vincent, 1968; Moersch and Christensen, 

1995]. For mixtures of non-compacted particles whose diameters are on the order of the measured 

wavelength, the increased number of reflections described above leads to photon interaction with 

multiple phases before exiting the mixture, and thus the observed absorptions are not predictive of 

volume abundances (non-linear mixing) (e.g., [Mustard and Hays, 1997; Ramsey and Christensen, 

1998]). 

In a volume where small particles are closely packed, multiple surface reflections are reduced, 

and spectra more closely resemble those from coarse-grained materials [Salisbury and Wald, 

1992]. Despite this, a volume scattering component remains due to the grain size being equal to or 

smaller than the mean optical path length (e.g. [Hunt and Logan, 1972; Clark and Roush, 1984]). 

These effects of compaction on fine grained mixtures have not been examined in a systematic 

manner, however. Because k is wavelength-dependent for each mineral, and transmission through 

small grains occurs where k is small (e.g. [Hunt and Logan, 1972; Salisbury et al., 1987; Cooper 

and Mustard, 2002]), we would expect a mixture of linear and non-linear mixing behavior that 
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varies with wavelength. Characterizing the TIR spectral mixing behavior of compacted fine-

grained mineral assemblages is necessary for facilitating quantitative mineralogy of sedimentary 

surfaces and understanding their origins from spectral measurements.    

In a companion paper (Thorpe et al., 2015, hereafter referred to as “Paper 1”), we characterize 

the spectral mixing behavior of a suite of terrestrial sandstones and mudstones to assess the 

accuracy of quantitative mineral abundance estimates derived from thermal emission spectra of 

sedimentary rocks. In this paper, we characterize the spectral properties of compacted, very fine-

grained (<10-25 μm) mineral mixtures to assess spectral mixing behavior of very fine-grained 

materials. For the first time, we also apply a partial least squares (PLS) method to model mineral 

abundance from thermal emission spectra and provide an assessment of the applicability of PLS 

to fine-grained rocks. 

 

4.2 Data and Methods 

4.2.1 Sample preparation 

Five minerals including oligoclase, augite, calcite, gypsum and montmorillonite were used for 

this study. These five minerals were chosen to encompass a suite of basaltic minerals as well as 

alteration products that have been identified on Mars. Montmorillonite was purchased from the 

Clay Minerals Society and the other four were from Ward’s Science. The oligoclase sample from 

Ward’s was labeled “albite”, but is actually oligoclase, confirmed by electron microprobe (Table 

4.1). The gypsum sample was already in powdered form. The oligoclase, augite and calcite 

samples were crushed with an agate mortar and pestle. Except for gypsum, all samples were then 

centrifuged to obtain particle sizes less than 10 µm [Jackson, 1967] and to reduce impurities for 

montmorillonite [Moore and Reynolds, 1997] (Table 4.1). Particle size was measured using a 
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Malvern Instruments Mastersizer 2000 laser diffractometer with Hydro 2000MU pump accessory 

at Stony Brook University. The median particle sizes used in this study were: 3 µm for oligoclase, 

3 µm for montmorillonite, 4 µm for augite, 2.5 µm for calcite and 23 µm for gypsum (Table 4.1). 

Mixtures of two, three and four components were made in varying proportions by volume (Table 

4.2). Single phase and mixture samples were pressed into ~3 mm thick pellets with ~1 cm in 

diameter at 15000 PSI (pound-force per square inch) to generate compacted samples. The pellets 

were not made from binding agents. Pellets were visually shiny and reflective, suggesting an 

absence of clinging fines. Though pressing can result in a preferred grain orientation, this should 

not negatively influence our results because we are using pressed pellets for both the mixed spectra 

and the end-member spectra, and thus orientations should be similar. Coarse-grained samples with 

particle size larger than 500 µm of oligoclase, augite and calcite, and loose powder of all five 

minerals were also prepared for spectroscopic measurements and comparison.  

4.2.2 Raman microspectroscopy 

To validate whether the targeted volume percentages in Table 4.2 are close to areal 

abundance in the pellets, Raman spectral images of some mixture pellets were measured. The 

Raman spectra were measured using a WITec alpha300R confocal Raman imaging system at the 

Stony Brook University Vibrational Spectroscopy Lab. For each pellet, hyperspectral Raman 

images of three 75x75 µm areas were measured for three different pellets with 1 cm-1 spectral 

resolution. The spectral angle mapping (SAM) [Kruse et al., 1993] supervised classification 

method was used to determine the areal abundance of minerals in each area. SAM analysis of 

Raman spectral images results showed that areal abundance is within +/- 5% of targeted volume 

percentage in these pellets. An example is shown in the supplementary materials (Figure 4.S16).  
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4.2.3 Thermal infrared spectroscopic measurements 

Thermal infrared spectra of pellets were measured at the Stony Brook University Vibrational 

Spectroscopy Lab from ~225 to 2000 cm-1 at 2 cm-1 spectral sampling using a Nicolet 6700 FTIR 

spectrometer. Except for gypsum-bearing samples, samples were heated and maintained at 80°C 

to provide adequate signal to noise ratio. In order to avoid dehydration of gypsum during 

measurement, gypsum-bearing mixtures were cooled with dry ice for several hours and then 

measured [Baldridge and Christensen, 2009]. Sample temperatures during measurement were ~-

10°C, approximately ~35°C below detector temperature. This results in slightly lower signal-to-

noise ratios than the conventional emissivity measurement method (where samples are heated, e.g. 

Ruff et al. [1997]), but because the samples for measurement exhibit high spectral contrast, the 

quality of the measured spectra are more than sufficient for resolving all features [Baldridge and 

Christensen, 2009]. A blackbody heated to 70°C and 100°C was used to generate the instrument 

response function, which is then use to convert measured sample signal to radiance units. 

Environmental radiance contributions are controlled using a temperature-regulated sample 

chamber; these contributions are mathematically removed from the measured radiance using the 

methods of [Ruff et al., 1997]. 

4.2.4 Non-negative linear least squares (NNLS) minimization 

To assess linearity of spectral combination in compacted fine-grained mixtures, non-negative 

linear least squares minimization (NNLS) [Lawson and Hanson, 1974] using spectra of pellets and 

powders of the end-member minerals (Table 4.1) was used to model mineral abundance of 

mixtures over the 350-1650 cm-1 spectral range. Most of the major and minor minerals found on 

the Martian surface have thermal infrared absorption features in these spectral ranges, and the 

range is comparable to that of the Mars Global Surveyor TES and Mars Exploration Rover Mini-

TES instruments. Linear least squares minimization has been widely used to derive surface 
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emissivity and mineral abundance from TES and Mini-TES data (e.g., [Smith et al., 2000; 

Bandfield, 2002; Glotch et al., 2006; Ruff et al., 2006; Rogers and Christensen, 2007; Koeppen 

and Hamilton, 2008; Rogers and Aharonson, 2008; Ruff et al., 2011; Hamilton and Ruff, 2012; 

Pan et al., 2015]. The use of this method assumes linear spectral mixing across the entire spectral 

range (Section 4.4.1).  

4.2.5 Partial least squares (PLS) 

    Partial least squares (PLS) is an extension of a multiple linear regression statistical method that 

assumes a system of observations can be described with a small number of unobservable (or 

“latent”) variables, similar to principal component or factor analysis techniques. PLS generalizes 

predictive models from these latent variables [H Wold, 1982; S Wold et al., 2001], and is widely 

used in chemometrics, bioinformatics and related fields. For example, it is one of the primary data 

reduction techniques employed by the Mars Science Laboratory Rover Curiosity ChemCam team 

[Clegg et al., 2009; Dyar et al., 2012]. It has been successfully applied to thermal reflectance 

spectra of granites [Hecker et al., 2012], and was also investigated as a possible technique to 

retrieve mineral abundance from near-infrared spectra of mineral mixtures [Li et al., 2012] 

(discussed further in Section 4.3).  PLS analysis [H Wold, 1982] was employed to generate a 

calibration model from which unknown mineral abundance of mixture spectra (testing data set) 

can be predicted using spectra with known mineral abundance (training data set). Both NNLS and 

PLS involve generating regression models to solve the linear multivariate problem:  

𝑌 = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + ⋯ + 𝛽𝑛𝑋𝑛 

where Y is one or several dependent variables, X is the independent variable or predictor variable, 

𝛽0 is the regression coefficient for the intercept, and 𝛽𝑖 (𝑖 = 1 ⋯ 𝑛) is the matrix of regression 

coefficients. For NNLS, Y is the mixture spectrum, Xi is the spectral library (usually consisting of 
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well-characterized, “pure” mineral sample spectra) [Lawson and Hanson, 1974; Ramsey and 

Christensen, 1998], and  𝛽𝑖 is a function of the number of library spectra. For PLS, Xi is a matrix 

containing the emissivity spectra of mixtures with known abundances, where i is the number of 

spectral channels, Y is the corresponding matrix of known mineral abundances (vol %), and 𝛽𝑖 is 

the regression coefficient for each spectral channel i. PLS analysis determines the statistical linear 

correlation between the known mineral abundance and observed spectra (both of these constitute 

the training set). 

        Single-phase pellets and powders and all of the mixtures from Table 4.2 were used as the 

training data set for PLS, and based on this training set, regression coefficients were derived for 

each mineral. The derived regression coefficients vary as a function of wavelength, and are related 

to the thermal infrared spectral features that most strongly drive the correlations between mineral 

abundance and spectral properties in the mixed set of spectra. This is described in more detail in 

Section 4.3.1.2.  The “PLS-2” method commonly applied to ChemCam data [Clegg et al., 2009; 

Dyar et al., 2012], where multiple Y variables are simultaneously analyzed, was used. PLS-2 

allows for better prediction of regression coefficients over PLS-1, because of correlations between 

mineral components within the mixtures (e.g., as one component is increased, there must be a 

decrease in another component) [e.g. Dyar et al., 2012].  In this work, the number of latent 

variables within the training set was estimated by examining the percentage of variance explained 

in the response variable Y as a function of the number of components (Figure 4.S17 and S18). 

Higher-number components correspond with smaller contribution to total variance. The number 

of components chosen for our predictive models for the compacted fine-grained mixtures was 15, 

based on an iterative process of examining the percent of variance contribution and checking the 

modeled abundance results for changes with increasing number of components. Using higher 



 

154 

 

numbers of components beyond 15 was found to have little effect on the predictive performance 

of the model (<3% change in modeled abundance, on average); these first 15 components account 

for >90% of the variance within the training set. Next, a “leave-one-out” approach was used to 

generate regression coefficients from the original training data set, excluding one spectrum from 

the set. Those coefficients were then applied to the excluded spectrum to retrieve mineral 

abundance for that spectrum. This process was repeated for all of the mixtures from Table 4.2, 

and then compared with the known abundances for each mixture to evaluate the PLS model 

accuracy.  

     Lastly, we applied the same method to the mudstone samples from paper 1 with the same 

wavenumber range as paper 1 (230-1650 cm-1), in order to examine the performance of PLS 

applied to natural rock samples. There are 14 mudstone samples, whose mineral abundances were 

determined by X-Ray diffraction (XRD) [Thorpe et al., 2015] (given also in Table 4.3). The 

mudstone samples are from the Huronian Supergroup (2.5-2.2 Ga) outcrop belt on the northern 

shore of Lake Huron, Canada. As described in paper 1, they vary in their abundances of sericite, 

chlorite, and framework minerals. Only the minerals with abundances more than 3 vol%, as 

determined by XRD, and minerals that were clearly present in almost all of the mudstone samples 

were included as inputs to our PLS model. These minerals groups are: feldspar, quartz, clays and 

mica. Thus the training set for the mudstone samples consists of the XRD-determined abundances 

for each of these four groups, as well as the mudstone spectra. The number of components chosen 

for mudstone models was five (Figure 4.S18), which represents more than 95% of the variance. 

Using higher numbers of components had negligible effects on the final modeled abundances. 
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4.3 Results 

4.3.1 Sand samples and pressed pellets 

Figure 4.1 shows a comparison of TIR spectra of sand (500-841 µm) and pellet samples 

of oligoclase, augite and calcite. Notable differences between the sand and pellet versions of each 

mineral are present, both in terms of spectral contrast and spectral shape. These differences likely 

arise from an increased contribution of volume scattering in the compacted fine-grained material 

relative to that in the larger, optically thick sand grains.   

4.3.1.1 NNLS 

In this section, we present the spectra from each set of mineral mixtures (Table 4.2), along 

with the best-fit spectral model from NNLS (Figures 4.2-4.4). Due to space limitations, only one 

representative set of spectra from the binary, ternary, and quarternary mixtures is shown. The 

remaining sets of spectra are shown in the supplementary information (Figures 4.S1-4.S15). In 

Figure 4.5, we show the modeled abundances for all mixtures, compared with the known 

abundance.  

Figures 4.2-4.4 show representative model fits from three of the 18 mixtures examined. 

Some of the mixtures are well-modeled by their end-member pellet components, whereas others 

are not. Additionally, some spectra are well-modeled over portions of the spectral range, with other 

portions showing large misfits. Because each spectrum was modeled with its known components, 

the possibility of missing end-members may be ruled out, and the misfits may be attributed directly 

to non-linear spectral mixing. 

For oligoclase-bearing mixtures, approximately 60% of modeled oligoclase abundances 

fall within ±10% of the true abundance, with remaining mixtures generally overestimated. Model 

accuracy was generally better for two component mixtures than for more complex mixtures with 
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three or more components (Figure 4.5a). Modeled abundance accuracy is generally better for 

higher true abundances of oligoclase. 

For augite-bearing mixtures, approximately half of the results fall within  ±10% of the true 

abundance, with the remaining half generally over-estimated (Figure 4.5b). There is no clear trend 

of the model accuracy with mixture complexity or true abundance.  

Approximately 60% of the modeled calcite abundances are within ±10% of true abundance, 

whereas the remainder are generally over-estimated (Figure 4.5c). For the three- and four-

component mixtures, smaller abundances (<20%) are more accurately modeled. 

For montmorillonite-bearing mixtures, ~30% of the results fall within 10% from the 

known, with most modeled abundances under-estimated (Figure 4.5d). The modeled abundance 

accuracy improves when the true abundance of montmorillonite is less than 10%.  

For gypsum-bearing mixtures, less than 40% of the results are within 10% of the known 

abundance (Figure 4.5e). The model accuracy improves slightly for lower abundances. 

In summary, modeled abundances for all five minerals investigated are within ±10% of the 

known abundances for 39% of the mixtures. Model accuracy varies for each mineral group, and 

also depends on what other mixture components are present. For example montmorillonite 

abundances in binary mixtures with gypsum are accurately determined, whereas montmorillonite 

abundances in binary mixtures with augite are generally underestimated. For each mixture in a 

given series (e.g. 10:90, 20:80, 50:50, etc), differences from the known abundance generally do 

not follow a constant offset from the known, Rather, the relationships between known and modeled 

abundance follow non-linear curves (Figure 4.5). 
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4.3.1.2 PLS 

 In this section, we present the regression coefficients derived from PLS using a training set 

containing all mixture series shown in Table 4.2, along with the endmembers in both powder and 

pellet form (Figure 4.6). The inclusion of both powder and pellet end-member spectra in our 

training set allows us to better account for possible volume scattering features that are not fully 

diminished in spectra from the pelletized mixtures (Section 4.1). The training set included 88 

spectra in total. Then, using a “leave-one-out” approach, we repeatedly generate new sets of 

regression coefficients, and then apply those to the missing sample (Section 4.2.5), in order to 

determine the accuracy to which PLS can predict the mixture abundances (Figure 4.7).  

 For oligoclase, the strongest regression coefficients from PLS are located at ~1170, 870, 

850, and between 750-790 cm-1 (Figure 4.6a). Of these, only the features near ~850 and 870 cm-

1 correspond directly with the center of a major absorption (in this case, the powdered version of 

oligoclase). The regression coefficient peak near ~1170 cm-1 corresponds with the shoulder of the 

broad fundamental absorption in oligoclase, rather than the center of the absorption, and the strong 

coefficients between 750-790 cm-1 do not appear to correspond with any particular absorption in 

the pellet or powder versions of these samples. Pelletized oligoclase exhibits a deep absorption 

near ~1010 cm-1, which corresponds with a moderately strong negative regression coefficient 

“dip”, but this feature is not as strongly predictive as some of the other frequencies described 

above.  Despite the lack of clear correspondence between regression coefficient values and 

emissivity features, the coefficients accurately predict the abundance of oligoclase, with more than 

84% of the modeled oligoclase abundances falling within ±10% of the known abundance (Figure 
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4.7a). False positives were observed for some non-oligoclase-bearing mixtures; these most 

commonly occurred in montmorillonite-bearing mixtures, and modeled abundances were 

generally <20% (Table 4.S2)  

 For augite, the strongest regression coefficients are at ~1170, 850, 670, 500, 460 and 400 

cm-1 (Figure 4.6b). As with oligoclase, most of these do not correspond with the strongest 

emissivity absorptions or peaks. The ~1170 cm-1 coefficient corresponds to the Christiansen 

feature of augite. The ~460 cm-1 coefficient corresponds to the near-center of a low-frequency 

major absorption of the augite pellet, and the ~400 cm-1 value to a minor absorption feature of both 

augite powder and pellet. The ~850 cm-1 coefficient is co-located with the shoulder of the broad 

fundamental absorption, and the ~670 cm-1 value is not correlated with any absorption. Augite 

abundances for approximately 22% of the mixtures are incorrectly modeled by more than ±10% 

(Figure 4.7b). The accuracy of modeled abundance increases as the number of mixture 

components increase (Figure 4.7b). In some mixtures where augite is not truly present, low 

abundances of augite (<20%) were modeled with PLS, with one mixture (oligoclase- 

montmorillonite-gypsum) exhibiting 45% modeled abundance of augite (Table 4.S2).  These false 

positives are discussed further in Section 4.4. 

 For calcite, in general, the regression coefficients overall are lower than those of the other 

four minerals. As discussed in Section 4.4, this is likely due to the very low degree of overlap 

between absorptions in the pellet and powder versions of calcite, as well as the presence of features 

for calcite powder occurring across much of the spectral range. Though they are generally low, the 

strongest regression coefficients are located near ~1590, 1550, 1280, 1010 and 1050 cm-1. The 

~1550, 1280, 1010 and 1050 cm-1 coefficients correspond to absorption features of calcite powder 

while the coefficient at ~1590 cm-1 is near the Christiansen frequency (Figure 4.6c). The strongest 
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absorption feature of calcite pellet at ~1500 cm-1 corresponds to only a moderately strong 

regression coefficient compared to the other features. Modeled calcite abundances for more than 

90% of the mixtures fall within the ±10% of known abundance. Modeled abundances for the 

remaining mixtures are generally underestimated, except for one false detection (Figure 4.7c). 

Calcite abundances from the three component mixtures are modeled less accurately than those 

from two- and four-component mixtures (Figure 4.7c).  

 Montmorillonite exhibits a fewer number of strong regression coefficients, but those values 

are amongst the highest observed for all five minerals of this study. As described in Section 4.4, 

this is likely due to similarities between the powdered and pellet versions of montmorillonite. Two 

of the strongest regression coefficients, at ~500 and 470 cm-1 correspond directly with the peak 

and valley of one-half of the spectral doublet that is characteristic of dioctahedral smectite clays 

[Michalski et al., 2006; Ruff and Christensen, 2007] (Figure 4.6d).  A strong coefficient at ~550 

cm-1 corresponds to the shoulder of the higher-frequency portion of the doublet. Last, a strong 

coefficient at ~670 cm-1 is not related to any particular absorption or peak. The strong absorption 

feature of montmorillonite pellet and powder at ~1040 cm-1 corresponds to only a weak regression 

coefficient. Modeled montmorillonite abundances for ~13% of the mixtures fall outside ±10% of 

known abundance (Figure 4.7d). As with the calcite results, modeled montmorillonite abundances 

for the remaining mixtures are all generally underestimated, with a few exceptions (Figure 4.7d). 

 For gypsum, the strongest regression coefficients are at ~1600- 1630, 1550, 1160 and 1130 

cm-1. The values in the ~1600-1630 cm-1 range correspond to a small bound-water peak [Salisbury 

et al., 1991] in the gypsum powder, which is manifested as a minor absorption in the gypsum 

pellet. The other strongest coefficients correspond to the shoulders of the broad fundamental 

absorption centered at ~1150 cm-1. Modeled gypsum abundances for more than 90% of the 
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mixtures fall within ±10% of known abundance, with no false detections (Figure 4.7e). Four of 

the mixtures, however exhibit modeled gypsum abundances greater than 20% from the known 

value.  

     Note that PLS has no constraint to sum to 100%; in addition, negative abundance values are 

permitted by the algorithm (Figure 4.7, Table 4.S2). In our results, negative values are usually 

between 0 and -5%. Small negative values likely arise from subtle, non-systematic differences in 

slope between samples. The slight differences in spectral slope can arise from variable 

temperatures in the field of view during the measurement. This would result in over- or under-

estimates of one component, resulting in compensation using negative abundances of other 

components. 

4.3.2 Mudstone samples 

Figure 4.8 compares NNLS-derived mineral abundances with PLS-derived abundances to 

that of XRD abundances for the mudstone samples from paper 1 [Thorpe et al., 2015]. The PLS 

method retrieved known abundances to within ±10% for the majority of the mudstones, with no 

more than three samples falling outside this range. Modeled mica abundances are significantly 

improved using the PLS method. For the remaining three mineral groups, model accuracy from 

PLS and NNLS are comparable, with perhaps slightly better accuracy for PLS on quartz and clay 

abundances (Figure 4.8).  

4.4 Discussion 

4.4.1 Spectral characteristics of compacted fine-grained particulates 

Figure 4.1 demonstrates that the spectral characteristics of compacted fine grains exhibit 

non-negligible differences from coarse-grained sands of identical composition. Compared to sand 

samples, compressed powders show reduced spectral contrast and shifts in the position of some 
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absorption features. As described in Section 4.4.1, this is to be expected given that both surface 

and volume scattering occur within a particulate medium [Hunt and Vincent, 1968; Salisbury and 

Eastes, 1985; Salisbury and Wald, 1992]. Compaction of the fine particles minimizes (or 

eliminates) the multiple surface reflections, but some amount of the volume scattered component 

remains [Salisbury and Wald, 1992]. Because the magnitude of k is wavelength-dependent, 

spectral changes due to transmission through small grains and multiple reflections in the volume 

are only observed across portions of the spectrum.  

4.4.2 Applicability of NNLS to compacted fine-grained mixtures 

Compared to coarse-grained (>~60 µm) particulate mixtures and rocks [Ramsey and 

Christensen, 1998; Feely and Christensen, 1999; paper 1], the accuracy of the NNLS model is 

poor for compacted fine-grained mixtures (Figure 4.5). Though many of the modeled abundances 

are within +/- 10% of the known abundance, approximately 40~70% were not, depending on which 

minerals were present in each combination. For oligoclase, augite and calcite, the modeled 

abundances are overestimated in most of the cases, whereas for montmorillonite and gypsum, the 

modeled abundances are generally underestimated.  

Clues to the cause(s) of the poor performance of NNLS come from Figure 4.1, which 

shows noticeable spectral changes between pressed fine grains and coarse-grained sands of the 

same composition. This suggests that transmission through small grains is occurring over portions 

of the wavelength range, due to small absorption coefficients in those ranges. In addition, the larger 

number of grains per volume results in multiple reflections in the volume (Section 4.4.1). With 

mixtures, these volume scattering effects would result in a disproportionate number of photon 

interactions with the more strongly absorbing phases (which varies as a function of wavelength), 

and thus reduces the ability to model abundances accurately with NNLS.   
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Over portions of the spectral range, however, the features scale predictably with 

abundance. For example, in the oligoclase-augite binary mixture (Figure 4.2), an augite 

fundamental feature near ~1070 cm-1 decreases in strength with decreasing abundance, and is 

replaced by an oligoclase peak at that location. In another example, using the gypsum-oligoclase 

binary mixture (Figure 4.S2), the gypsum Restrahlen band decreases with gypsum abundance, and 

the oligoclase fundamental feature near 1010 cm-1 begins to appear. These examples indicate that 

volume scattering is not significant for the entire wavelength range for many of the mixtures. 

However, because NNLS treats each channel equally, it is unable to produce a linear combination 

across the entire wavelength range used for modeling.  

4.4.3 Applicability of PLS to compacted fine-grained mixtures 

The PLS method was able to accurately recover the known abundances (to within +/-10%) 

for 78-90% our synthetic mixtures and for 85 % of the mudstone samples. This is in contrast to 

model accuracies found by a similar study investigating a lunar sample [Li et al., 2012], in which 

PLS was applied to visible/near-infrared (VNIR) spectra of mineral mixtures. We suggest that the 

difference in applicability findings are due to the higher k values that are typically found in the 

TIR range; because k is usually very high (>1) over some portion of the TIR, combinations are 

linear (or close to linear) over portions of the range. However, in the VNIR, the low k values 

(usually <~10-2) across the full wavelength range results in non-linear combinations across that 

range. In that situation, PLS cannot be used to retrieve accurate abundances.  

Despite the excellent agreement between known and modeled abundances for most of our 

mixtures, there are a few issues worthy of discussion. First, false positive detections were observed 

for some minerals (for example Section 4.3.1.2). We suggest that this is likely due to overlap in 

the wavelength locations of strong regression coefficients for some of our minerals. For example, 
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PLS identified a moderately strong regression coefficient at ~550 cm-1 and ~660 cm-1 for both 

oligoclase and montmorillonite. Correspondingly, oligoclase was identified at low levels in 

montmorillonite-bearing mixtures, even where oligoclase was absent. Second, the regression 

coefficients derived from some of our mixtures are relatively low compared to others. For example, 

regression coefficients derived for calcite are much lower than those derived from 

montmorillonite. This is likely due to the grouping of both powders and pellet samples in the 

training set; the drastically different absorption features in different wavelength ranges between 

powders and pellets may result in less of a correlation and lower regression coefficients for a single 

calcite “group”. The regression coefficients are indicators of the importance of each wavelength 

for predicting the abundance within the system from which they were derived. The importance of 

a particular wavelength for a given mineral may be obscured or diluted if the absorption features 

for powders and pellets are in different locations. In future work, a potential way to overcome this 

would be to treat these as subgroups for a given mineral, and combine abundances for each 

subgroup. Third, the strongest regression coefficients are sometimes correlated with a strong 

emissivity absorption, but in other cases, are not; this varies from mineral to mineral. For example, 

the regression coefficients for montmorillonite at ~470 and 500 cm-1 are correlated to strong 

absorption features of montmorillonite, but most of the coefficients  for augite are not correlated 

to strong emissivity features of augite. A similar phenomenon was described for LIBS data [Dyar 

et al., 2012], where the strongest regression coefficients were sometimes associated with the 

weaker atomic emission lines. As described above, one possible explanation is that the spectral 

shapes of powder and pellet for montmorillonite are similar, whereas for augite, they are different. 

However, this is also strongly controlled by the spectral characteristics of all other components in 

the training set. For example, for a given mineral whose major absorptions overlap fully or partially 
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with another mineral, the shoulder of a feature or the absence of a feature may prove to be the 

strongest drivers of the coefficients for that mineral.  

In summary, all of these issues can be generally attributed to the appropriateness of the 

training set; thus, the training set is the key to model accuracy of PLS.  This can include either 

adding mixtures of additional varying proportions, but also deleting non-relevant mixtures from 

the training set.  

PLS offers many advantages over NNLS, but like any technique, also has its limitations. 

The major advantage of PLS is improved accuracy for fine-grained compacted mixtures (compare 

Figures 4.5 and 4.7). In addition, PLS allows an unlimited number of samples in the training 

dataset. In contrast, NNLS requires that the number of library spectra be less than or equal to the 

number of channels in the mixed spectrum. A third advantage is the ability to retrieve mineral 

abundances without a complete library of isolated, pure end-members. This could prove useful in 

cases where rocks contain phases that are difficult to isolate for spectral measurement; example 

phases include pigeonite [Hamilton and Christensen, 2000] and sericite [paper 1], which are 

underrepresented or absent from spectral libraries. As long as these phases can be quantified in the 

training set through other techniques (e.g., XRD, petrographic imaging), it should be possible to 

retrieve their abundance from the mixed spectrum of interest despite absence of spectral library 

data. The biggest practical limitation of PLS is the need to first develop a well-characterized 

training set of relevant mixtures. This requires either preparation of numerous synthetic mixtures 

and/or characterization of natural samples through independent quantitative techniques (e.g. XRD, 

petrographic imaging). A second limitation of PLS applied to TIR spectra is that, like NNLS, 

abundances cannot be retrieved for minerals that are spectrally transparent across much of the 

wavelength range, such as chlorides (e.g., [Lane and Christensen, 1998; Baldridge et al., 2004]). 
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Last, as with NNLS, differences in spectral contrast within the training set, such as those that might 

arise if spectra of both coarse particulate mixtures and rocks are included, can affect the derived 

abundances from PLS (Supplementary Text S1). Ideal training sets for PLS would include spectra 

from samples of similar particle size or similar compaction. An exception to this would be the 

inclusion of samples which have unique features due to their particle size (for example, fine 

powders, which have transparency features that are not observable in coarse grained samples).    

Though not investigated in this study, PLS might be applicable to non-compacted fine-

grained (<60 µm) mixtures or to coated rocks, provided some portions of the wavelength range 

were dominated by surface reflections. For some non-compacted mixtures of only a few 

components, it is possible that this condition could be met. This is an area deserving more attention 

in future studies. 

4.4.4 Implications for mineral abundance estimation on Martian surfaces 

Results from our study indicate that the NNLS-modeled abundances of clays, in compacted 

fine-grained (<10-25 μm) mixtures are commonly underestimated. This differs somewhat from 

previous results using natural mudstones [Michalski et al., 2006; Thorpe et al., 2015], where clay 

abundances were commonly predicted to within 10% of the known, or in some cases, slightly 

overestimated [Michalski et al., 2006]. The differences may be related to differences in the host 

matrix (e.g., what other minerals are present in the mixtures, such as augite), or perhaps differences 

in bulk grain size. In any case, the possibility of underestimating clay abundances in fine-grained 

compacted mixtures is relevant to interpreting mineral abundances from known phyllosilicate-

bearing regions from the higher spatial-resolution NIR imaging spectrometers CRISM and 

OMEGA. For example, from radiative transfer modeling of OMEGA NIR spectra, select regions 

of Mawrth Vallis exhibit modeled abundances as high as 65%; modeled abundances are as high as 
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35% in other locations in the southern highlands [Poulet et al., 2008]. However, conventional 

linear least squares models of TES spectra show less than 15% of phyllosilicate at Mawrth Vallis 

and ~30% or less in the southern highlands [McDowell and Hamilton, 2009; Michalski and 

Fergason, 2009; Michalski et al., 2010]. Though differences in spatial resolution are likely major 

contributors to these discrepancies, spatial resolution cannot fully account for the differences 

[Viviano and Moersch, 2013]. Our results demonstrate that clay abundances in some fine-grained 

compacted mixtures could be underestimated by ~10-40% in linear least squares models of TIR 

spectra. 

More broadly, our study indicates that TIR spectra from very fine-grained sedimentary 

rocks (e.g. <~10 µm) cannot be modeled reliably with the conventional least squares methods 

[Ramsey and Christensen, 1998; Rogers and Aharonson, 2008]. But, PLS can be used to recover 

abundances from very fine-grained rocks to within +/- 10% (absolute) from TIR datasets, provided 

a suitable training set is available. Mini-TES observations of fine-grained rocks at Gusev crater 

and Meridiani Planum [Christensen et al., 2004a; Christensen et al., 2004b; Grotzinger et al., 

2005; McLennan et al., 2005] could be ideal data sets in which to apply PLS. PLS could also 

potentially be applied to orbital observations, provided atmospheric components were first 

removed (e.g. [Bandfield and Smith, 2003]). Low-dust sedimentary deposits hosting 

phyllosilicates such as Mawrth Vallis, Jezero crater, and Eberswalde crater [Ehlmann et al., 2008a; 

Murchie et al., 2009; Dehouck et al., 2010; Milliken and Bish, 2010; Milliken et al., 2010; Ansan 

et al., 2011; Wray et al., 2011] would be ideal for analyzing mineral abundance with PLS, due to 

the likely mixture of both coarse and fine grains. 

 



 

167 

 

4.5 Conclusions 

We characterized the thermal infrared spectral properties of compacted, very fine-grained 

(<10 µm) mineral mixtures of oligoclase, augite, calcite, montmorillonite and gypsum. Non-

negative linear least squares minimization (NNLS) using spectra of pellets and powders of the 

end-member minerals was used to assess the linearity of spectral combination of fine-grained 

mixtures, by modeling mineral abundance of mixtures over the 350-1650 cm-1 spectral range. For 

the first time, we also applied a partial least squares (PLS) model to thermal emission spectra of 

synthetic mixtures and natural mudstones to assess its applicability for retrieving mineral 

abundances from to fine-grained rocks. We have made the following major observations and 

conclusions:  

1. Notable differences between thermal infrared spectra of the sand and compacted powder (pellet) 

versions of minerals are present, both in terms of spectral contrast and spectral shape. These 

differences are likely due to an increased contribution of volume scattering in the compacted fine-

grained material relative to that in the larger, optically thick sand grains (Section 4.4.1).   

2. The NNLS-modeled abundances for all five minerals investigated are within ±10% of the known 

abundances for 39% of the mixtures. Model accuracy varies depending on the mineral and also on 

other mixture components (Figure 4.5). For oligoclase, augite and calcite, the modeled 

abundances are overestimated in most of the cases whereas for montmorillonite and gypsum, the 

modeled abundances are generally underestimated. However, these trends depend greatly on other 

components present in the mixture, and cannot be universally applied (Section 4.4.4). Results 

show that the relationships between known and modeled abundance follow non-linear curves. 

Drawing from the literature, we suggest the poor performance of NNLS is due to a combination 
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of transmission through small grains over portions of the wavelength range and multiple photon 

reflections in the volume. 

3. The PLS method was able to accurately recover the known abundances (to within +/-10%) for 

78-90% our synthetic mixtures. We suggest that the excellent agreement between known and 

modeled abundances is due to the higher k values that are typically found in the TIR range; because 

k is usually very high (>1) over some portion of the TIR range, combinations are linear over 

portions of the range. 

4. The PLS method retrieved known abundances to within ±10% for 85% of the mudstone samples, 

with no more than three out of 14 samples falling outside this range. Modeled mica abundances 

are significantly improved using the PLS method, compared to NNLS. 

5. Our study indicates that thermal infrared spectra from very fine-grained (<10 μm) rocks cannot 

be modeled reliably with NNLS. But, PLS can be used to recover abundances from very fine-

grained rocks to within +/- 10% (absolute) from TIR datasets, provided a suitable training set is 

available. PLS could also potentially be applied to orbital observations, provided atmospheric 

components were first removed. 
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Figure 4.1 Spectral comparison of sand (500-841 µm) and pellet samples of oligoclase, augite and 

calcite. Spectral pairs are offset for clarity. No scaling factors were applied. 
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Figure 4.2 Measured and modeled spectra of oligoclase and augite compacted mixtures derived 

from NNLS. The mixtures were modeled with compacted oligoclase and compacted augite only. 

Both pellet and powder spectra of single phase end-members were plotted for comparison. Spectral 

pairs are offset for clarity. No scaling factors were applied. 
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Figure 4.3 Measured and modeled spectra of augite, calcite and montmorillonite compacted 

mixtures from NNLS. The mixtures were modeled with compacted augite, calcite and 

montmorillonite only. Both pellet and powder spectra of single phase end-members were plotted 

for comparison. Spectra are offset for clarity. No scaling factors were applied. 

  



 

173 

 

 

Figure 4.4 Measured and modeled spectra of oligoclase, augite, montmorillonite and gypsum 

compacted. mixtures from NNLS. Spectra of single phases were plotted for comparison. Spectral 

pairs are offset for clarity. No scaling factors were applied. 
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Figure 4.5 Measured abundance and modeled abundance derived from NNLS for oligoclase (a), 

augite (b), calcite (c), montmorillonite (d) and gypsum (e), and percentage of points < ±10% of 

true abundance (f). The solid line represents a perfect correspondence between known abundance 

and NNLS modeled abundance, and the dashed lines are ±10% from the 1:1 correspondence line. 

The error bars are statistical errors from NNLS [Rogers and Aharonson, 2008]. 
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Figure 4.6 Regression coefficients derived from PLS for oligoclase (a), augite (b), calcite (c), 

montmorillonite (d) and gypsum (e). The blue lines are regression coefficients for each mineral. 

Spectra of single phases were plotted for comparison and offset for clarity. No scaling or offset 

factors were applied for regression coefficients. Vertical dashed lines indicate the strongest 

regression coefficients and/or other features discussed in the text. Vertical dash lines are strongest 

regression coefficients and emissivity absorption features. Horizontal lines are zero reference for 

regression coefficients.  
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Figure 4.7 Measured abundance and modeled abundance derived from PLS for oligoclase (a), 

augite (b), calcite (c), montmorillonite (d) and gypsum (e), and percentage of points < ±10% of 

true abundance (f). The solid line represents a perfect correspondence between known abundance 

and PLS modeled abundance, and the dashed lines are ±10% from the 1:1 correspondence line. 
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Figure 4.8 Measured XRD abundances and Modeled abundance derived from PLS for feldspar (a), 

quartz (b), mica (c) and clays (d) for mudstone samples. Modeled abundance derived from NNLS 

were plotted for comparison. The solid line represents a perfect correspondence between known 

abundance and modeled abundance, and the dashed lines are ±10% from the 1:1 correspondence 

line. 
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Table 4.1 Samples and particle size distributions. 

  10th percentile 20th percentile 50th percentile 80th percentile 90th percentile 

oligoclase 0.9µm 1.4µm 2.9µm 5.5µm 7.8µm 

augite 0.8µm 1.7µm 4.1µm 7.3µm 9.4µm 

calcite 0.9µm 1.3µm 2.5µm 4.9µm 7.5µm 

gypsum 4.8µm 10.0µm 23.7µm 45.1µm 62.2µm 

montmorillonite 0.9µm 1.4µm 2.8µm 6.6µm 17.9µm 

      

Note: 1. Oligoclase (WAR-0234), Augite (WAR-6474), Calcite (WAR-1604),Montmorillonite (SWy-

1),Gypsum (CAS-10101414) 

            2. The median grain size of montmorillonite, derived from laser diffraction, is larger than 

expected for pure clay.This may be due to either particle flocculation during measurement [Sperazza et 

al., 2004], or possibly larger-grained impurities [Chipera and Bish, 2001]. 

        3. Oligoclase and augite compositions were confirmed with electron microprobe. Calcite 

and gypsum samples are spectrally indistinguishable from well characterized samples in Lane 

and Christensen [1997] and Lane [2007], confirming the quality of these samples. The 

montmorillonite sample was characterized using X-ray diffraction, and contains ~6% quartz. 

No other impurities were detected. 
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Table 4.2 Synthetic mineral mixture proportions. 

 

Mixtures Proportion (vol%) 

oligoclase:augite 
10:90, 20:80, 50:50, 80:20, 

90:10 

oligoclase:montmorillonite 

10:90, 20:80, 50:50, 80:20, 

90:10 

oligoclase:gypsum 

10:90, 20:80, 50:50, 80:20, 

90:10 

augite:montmorillonite 

10:90, 20:80, 50:50, 80:20, 

90:10 

augite:calcite 

10:90, 20:80, 50:50, 80:20, 

90:10 

augite:gypsum 

10:90, 20:80, 50:50, 80:20, 

90:10 

montmorillonite:calcite 

10:90, 20:80, 50:50, 80:20, 

90:10 

montmorillonite:gypsum 

10:90, 20:80, 50:50, 80:20, 

90:10 

calcite:gypsum 

10:90, 20:80, 50:50, 80:20, 

90:10 

oligoclase:augite:calcite 20:20:60, 40:40:20, 45:45:10 

oligoclase:augite:montmorillonite 20:20:60, 40:40:20, 45:45:10 

oligoclase:augite:gypsum 20:20:60, 40:40:20, 45:45:10 

oligoclase:montmorillonite:gypsum 80:10:10, 60:20:20, 20:40:40 

augite:montmorillonite:gypsum 80:10:10, 60:20:20, 20:40:40 

oligoclasemontmorillonite:calcite 80:10:10, 60:20:20, 20:40:40 

augite:montmorillonite:calcite 80:10:10, 60:20:20, 20:40:40 

oligoclase:augite:montmorillonite:calcite 40:40:10:10, 30:30:20:20 

oligoclase:augite:montmorillonite:gypsum 40:40:10:10, 30:30:20:20 
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Table 4.3 Modeled abundance derived from PLS for mudstones. 

Sample 

Label Mineral abundance from XRD PLS modeled Abundance NNLS modeled Abundance 

  

Felds

par Quartz Clay Mica 

Felds

par 

Quart

z Clay Mica 

Felds

par 

Quart

z Clay Mica 

sm-75-

165 
47.13 12.17 4.34 0.00 39.02 20.95 23.79 14.22 47.13 12.17 4.34 0.00 

sm-75-

103 
21.26 14.84 12.08 3.25 29.55 25.32 14.73 28.81 21.26 14.84 12.08 3.25 

sm-75-

104 
20.21 9.02 15.62 2.57 18.11 23.18 19.35 36.53 20.21 9.02 15.62 2.57 

sm-75-

105 
51.01 12.30 5.13 0.00 51.72 19.11 16.98 10.19 51.01 12.30 5.13 0.00 

sm-75-

107 
35.35 2.27 6.23 0.00 56.62 9.04 11.16 22.42 35.35 2.27 6.23 0.00 

sm-75-

134 
28.67 33.45 13.50 5.27 24.03 38.31 12.47 24.92 28.67 33.45 13.50 5.27 

sm-75-

140 
24.40 22.89 14.45 3.91 16.56 38.51 11.17 34.04 24.40 22.89 14.45 3.91 

sm-75-

158 
12.64 18.17 3.52 0.00 44.59 37.03 31.21 0.00 12.64 18.17 3.52 0.00 

sm-75-

113 
16.25 29.25 13.19 5.62 17.98 39.47 11.02 30.84 16.25 29.25 13.19 5.62 

sm-75-

120 
7.10 29.41 11.18 11.47 7.33 35.35 9.27 47.89 7.10 29.41 11.18 11.47 

sm-75-

142 
10.83 15.98 16.26 12.33 10.99 30.37 8.25 50.61 10.83 15.98 16.26 12.33 

sm-75-

115 
15.15 23.53 10.86 12.07 18.99 26.43 21.12 32.68 15.15 23.53 10.86 12.07 

sm-75-

117 
13.44 47.69 7.84 4.04 14.41 42.92 9.61 31.99 13.44 47.69 7.84 4.04 

sm-75-

123 
24.29 17.90 12.22 10.06 14.61 24.38 15.42 44.58 24.29 17.90 12.22 10.06 
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Text 4.S1. Effect of spectral contrast on derived abundances 

     The depth of fundamental absorptions (restrahlen bands) in thermal emission spectra is affected by 

particle size; for example, coarse grained sands exhibit lower spectral contrast than rocks [e.g., 

Christensen et al., 2000]. Thus in this section, we address the effect of variable spectral contrast on the 

derived abundances. Specifically, we ask, 1) how does variable spectral contrast between the training set 

and test spectrum affect the modeled abundances, and 2) how does variable spectral contrast within the 

training set affect the modeled abundances? To address the first question, we adjusted the spectral 

contrast of all of the training spectra in Table 2 by 150%, and then recalculated the regression coefficients 

and modeled abundances. We found that the differences between modeled abundances from the original 

and adjusted training set were negligible, with a mean difference of 2 ± 3% (Table 4.S3). To investigate 

the effect of varying spectral contrast within the training set, we adjusted the contrast of ~20% of the 

training set by 150%, and recalculated the regression coefficients and modeled abundances. In this case, 

we found that the modeled abundances differed from the original by 4 ± 4% (Table 4.S3).  The number of 

possible combinations of mixture composition and spectral contrast prohibits a complete assessment of 

the effect of variable spectral contrast; however, this preliminary analysis demonstrates that variable 

spectral contrast within the training set can have an effect on modeled abundance. This suggests that, 

while the training set need not have the same spectral contrast as the unknown spectrum, the ideal training 

set would have minimal variability in particle size or compaction. For example, pressed pellets and rocks 

have similar compaction and thus should have similar contrast. But coarse particulate sands have reduced 

spectral contrast compared to rocks, and thus mixtures of rocks and coarse particulate sands in training 

sets should be avoided. An exception to this notion of uniform particle size would be the inclusion of 

fine-grained powders, which have unique spectral features due to grain transparency (e.g. see Section 4.1 

of the main article) that are not accounted for by coarse-grained particulates or hand samples.  
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Figure 4.S1 Measured and modeled spectra of oligoclase and montmorillonite mixtures derived 

from NNLS. Spectra of single phase were plotted for comparison. Spectra are offset for clarity. 

No scaling factors were applied. 
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Figure 4.S2 Measured and modeled spectra of oligoclase and gypsum mixtures derived from 

NNLS. Spectra of single phase were plotted for comparison. Spectra are offset for clarity. No 

scaling factors were applied. 
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Figure 4.S 3 Measured and modeled spectra of augite and calcite mixtures derived from NNLS. 

Spectra of single phase were plotted for comparison. Spectra are offset for clarity. No scaling 

factors were applied. 
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Figure 4.S4 Measured and modeled spectra of augite and montmorillonite mixtures derived from 

NNLS. Spectra of single phase were plotted for comparison. Spectra are offset for clarity. No 

scaling factors were applied. 
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Figure 4.S5 Measured and modeled spectra of augite and gypsum mixtures derived from NNLS. 

Spectra of single phase were plotted for comparison. Spectra are offset for clarity. No scaling 

factors were applied. 
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Figure 4.S6 Measured and modeled spectra of calcite and montmorillonite mixtures derived from 

NNLS. Spectra of single phase were plotted for comparison. Spectra are offset for clarity. No 

scaling factors were applied. 
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Figure 4.S7 Measured and modeled spectra of calcite and gypsum mixtures derived from NNLS. 

Spectra of single phase were plotted for comparison. Spectra are offset for clarity. No scaling 

factors were applied. 
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Figure 4.S8 Measured and modeled spectra of montmorillonite and gypsum mixtures derived 

from NNLS. Spectra of single phase were plotted for comparison. Spectra are offset for clarity. 

No scaling factors were applied. 
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Figure 4.S9 Measured and modeled spectra of oligoclase, augite and calcite mixtures derived 

from NNLS. Spectra of single phase were plotted for comparison. Spectra are offset for clarity. 

No scaling factors were applied. 
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Figure 4.S10 Measured and modeled spectra of oligoclase, augite and montmorillonite mixtures 

derived from NNLS. Spectra of single phase were plotted for comparison. Spectra are offset for 

clarity. No scaling factors were applied. 
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Figure 4.S11 Measured and modeled spectra of oligoclase, augite and gypsum mixtures derived 

from NNLS. Spectra of single phase were plotted for comparison. Spectra are offset for clarity. 

No scaling factors were applied. 
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Figure 4.S12 Measured and modeled spectra of oligoclase, calcite and montmorillonite mixtures 

derived from NNLS. Spectra of single phase were plotted for comparison. Spectra are offset for 

clarity. No scaling factors were applied. 
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Figure 4.S13 Measured and modeled spectra of oligoclase, montmorillonite  and gypsum 

mixtures derived from NNLS. Spectra of single phase were plotted for comparison. Spectra are 

offset for clarity. No scaling factors were applied. 
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Figure 4.S14 Measured and modeled spectra of augite, montmorillonite and gypspum mixtures 

derived from NNLS. Spectra of single phase were plotted for comparison. Spectra are offset for 

clarity. No scaling factors were applied. 
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Figure 4.S15 Measured and modeled spectra of oligoclase, augite, calcite and montmorillonite 

mixtures derived from NNLS. Spectra of single phase were plotted for comparison. Spectra are 

offset for clarity. No scaling factors were applied. 
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3 

 

Figure 4.S16 SAM results of three images of Raman spectra for a pellet mixture of calcite and 

gypsum in 1:1 proportions. Green is calcite and red is gypsum. Measured mineral proportions in 

Spot1 are: gypsum: 48.3%, calcite: 52.7%. Spot2: gypsum: 42.8%, calcite:56.2%. Spot3: 

gypsum: 46.6%, calcite:46.5%. The average abundance in the mixture pellet is: gypsum:46.2%, 

calcite: 53.8%. 
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Figure 4.S17  Percentage of variance explained in the response variable (Y) as a function of the 

number of components for mixture pellets in PLS.. For the mixture pellet training set, the 

number of components was set to 15. This number accounts for more than 90% of the variance, 

with little difference in predictive performance beyond this number. 
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Figure 4.S18  Percentage of variance explained in the response variable (Y) as a function of the 

number of components for mudstones in PLS. The number of components chosen for the 

predictive model was based on searching for an infection in this curve. For the mudstone training 

set, the number of components was set to five. This number accounts for more than 95% of the 

variance , with little change in predictive performance beyond this number. 
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Table 4.S1 Measured abundance and modeled abundance derived from NNLS 

Mixture 

labels Measured abundance   NNLS Modeled abundance  

  

oligoc

lase augite 

calcit

e 

mont

morill

onite 
gypsu

m   

oligoc

lase augite calcite 

montm

orilloni

te 
gypsu

m 

olig-

augite 

10.00 90.00 0.00 0.00 0.00   22.05 77.95 0.00 0.00 0.00 

20.00 80.00 0.00 0.00 0.00   16.87 83.14 0.00 0.00 0.00 

50.00 50.00 0.00 0.00 0.00   41.13 58.87 0.00 0.00 0.00 

80.00 20.00 0.00 0.00 0.00   78.50 21.49 0.00 0.00 0.00 

90.00 10.00 0.00 0.00 0.00   88.48 11.51 0.00 0.00 0.00 

                        

olig-

mont 

10.00 0.00 0.00 90.00 0.00   37.18 0.00 0.00 62.81 0.00 

20.00 0.00 0.00 80.00 0.00   36.96 0.00 0.00 63.04 0.00 

50.00 0.00 0.00 50.00 0.00   50.84 0.00 0.00 49.17 0.00 

80.00 0.00 0.00 20.00 0.00   95.13 0.00 0.00 4.87 0.00 

90.00 0.00 0.00 10.00 0.00   99.99 0.00 0.00 0.00 0.00 

                        

olig-

gyp  

10.00 0.00 0.00 0.00 90.00   23.36 0.00 0.00 0.00 76.64 

20.00 0.00 0.00 0.00 80.00   29.87 0.00 0.00 0.00 70.13 

50.00 0.00 0.00 0.00 50.00   64.97 0.00 0.00 0.00 35.03 

80.00 0.00 0.00 0.00 20.00   89.69 0.00 0.00 0.00 10.30 

90.00 0.00 0.00 0.00 10.00   96.14 0.00 0.00 0.00 3.86 

                        

augite-

calcite 

0.00 10.00 90.00 0.00 0.00   0.00 0.00 100.00 0.00 0.00 

0.00 20.00 80.00 0.00 0.00   0.00 10.59 89.42 0.00 0.00 

0.00 50.00 50.00 0.00 0.00   0.00 69.22 30.77 0.00 0.00 

0.00 80.00 20.00 0.00 0.00   0.00 76.13 23.87 0.00 0.00 

0.00 90.00 10.00 0.00 0.00   0.00 80.16 19.84 0.00 0.00 

                        

aug-

mont  

0.00 10.00 0.00 90.00 0.00   0.00 17.17 0.00 82.83 0.00 

0.00 20.00 0.00 80.00 0.00   0.00 57.12 0.00 42.88 0.00 

0.00 50.00 0.00 50.00 0.00   0.00 83.70 0.00 16.30 0.00 

0.00 80.00 0.00 20.00 0.00   0.00 96.13 0.00 3.87 0.00 

0.00 90.00 0.00 10.00 0.00   0.00 95.94 0.00 4.06 0.00 

                        

aug-gyp  

0.00 10.00 0.00 0.00 90.00   0.00 24.50 0.00 0.00 75.50 

0.00 20.00 0.00 0.00 80.00   0.00 41.42 0.00 0.00 58.58 

0.00 50.00 0.00 0.00 50.00   0.00 72.22 0.00 0.00 27.78 

0.00 80.00 0.00 0.00 20.00   0.00 85.47 0.00 0.00 14.53 
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0.00 90.00 0.00 0.00 10.00   0.00 89.18 0.00 0.00 10.82 

                        

cal-

mont 

0.00 0.00 10.00 90.00 0.00   0.00 0.00 22.06 77.94 0.00 

0.00 0.00 20.00 80.00 0.00   0.00 0.00 44.17 55.83 0.00 

0.00 0.00 50.00 50.00 0.00   0.00 0.00 90.90 9.10 0.00 

0.00 0.00 80.00 20.00 0.00   0.00 0.00 100.00 0.00 0.00 

0.00 0.00 90.00 10.00 0.00   0.00 0.00 100.00 0.00 0.00 

                        

cal-gyp 

0.00 0.00 10.00 0.00 90.00   0.00 0.00 28.70 0.00 71.30 

0.00 0.00 20.00 0.00 80.00   0.00 0.00 40.29 0.00 59.71 

0.00 0.00 50.00 0.00 50.00   0.00 0.00 89.18 0.00 10.82 

0.00 0.00 80.00 0.00 20.00   0.00 0.00 99.06 0.00 0.94 

0.00 0.00 90.00 0.00 10.00   0.00 0.00 100.00 0.00 0.00 

                        

mont-

gyp  

0.00 0.00 0.00 10.00 90.00   0.00 0.00 0.00 20.58 79.42 

0.00 0.00 0.00 20.00 80.00   0.00 0.00 0.00 26.05 73.95 

0.00 0.00 0.00 50.00 50.00   0.00 0.00 0.00 56.71 43.29 

0.00 0.00 0.00 80.00 20.00   0.00 0.00 0.00 81.20 18.81 

0.00 0.00 0.00 90.00 10.00   0.00 0.00 0.00 85.30 14.71 

                        

olig-

aug-

calc 

20.00 20.00 60.00 0.00 0.00   0.00 24.11 75.89 0.00 0.00 

40.00 40.00 20.00 0.00 0.00   0.00 76.80 23.20 0.00 0.00 

45.00 45.00 10.00 0.00 0.00   34.02 60.67 5.33 0.00 0.00 

                        

olig-

aug-

mont 

20.00 20.00 0.00 60.00 0.00   37.00 45.06 0.00 17.93 0.00 

40.00 40.00 0.00 20.00 0.00   50.35 46.02 0.00 3.63 0.00 

45.00 45.00 0.00 10.00 0.00   49.83 50.18 0.00 0.00 0.00 

                        

olig-

aug-gyp 

20.00 20.00 0.00 0.00 60.00   46.24 28.02 0.00 0.00 25.75 

40.00 40.00 0.00 0.00 20.00   62.70 19.09 0.00 0.00 18.21 

45.00 45.00 0.00 0.00 10.00   56.23 43.74 0.00 0.00 0.03 

                        

olig-

cal-

mont 

20.00 0.00 40.00 40.00 0.00   0.00 0.00 76.94 23.07 0.00 

60.00 0.00 20.00 20.00 0.00   67.14 0.00 27.06 5.80 0.00 

80.00 0.00 10.00 10.00 0.00   89.62 0.00 10.38 0.00 0.00 

                        

olig-

mont-

gyp 

20.00 0.00 40.00 0.00 40.00   79.91 0.00 0.00 0.00 20.09 

60.00 0.00 20.00 0.00 20.00   84.14 0.00 0.00 0.00 15.86 

80.00 0.00 10.00 0.00 10.00   92.39 0.00 0.00 0.00 7.61 
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aug-cal-

mont 

0.00 20.00 40.00 40.00 0.00   0.00 53.98 43.19 2.83 0.00 

0.00 60.00 20.00 20.00 0.00   0.00 96.70 3.30 0.00 0.00 

0.00 80.00 10.00 10.00 0.00   0.00 100.00 0.00 0.00 0.00 

                        

aug-

mont-

gyp 

0.00 20.00 0.00 40.00 40.00   0.00 45.50 0.00 22.39 32.11 

0.00 60.00 0.00 20.00 20.00   0.00 69.20 0.00 19.50 11.31 

0.00 80.00 0.00 10.00 10.00   0.00 84.38 0.00 8.92 6.70 

                        

olig-

aug-cal-

mont 

30.00 30.00 20.00 20.00 0.00   16.36 67.30 16.34 0.00 0.00 

40.00 40.00 10.00 10.00 0.00   39.40 51.36 9.32 0.00 0.00 

                      

                        

 olig-

aug-

mont-

gyp 

           

30.00 30.00 0.00 20.00 20.00   48.79 37.10 0.00 7.45 6.67 

40.00 40.00 0.00 10.00 10.00   52.30 42.70 0.00 4.22 0.79 
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Table 4.S2 Measured abundance and modeled abundance derived from PLS 
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Mixture 

label 

Measured abundance   PLS Modeled abundance  

  

oligocl

ase augite 

calcit

e 

montmor

illonite gypsum   

oligo

clase augite calcite 

mont

morill

onite 

gyps

um 

olig-

augite 

10.00 90.00 0.00 0.00 0.00   22.97 70.60 -0.56 9.88 -1.03 

20.00 80.00 0.00 0.00 0.00   16.58 69.54 -0.65 15.76 0.30 

50.00 50.00 0.00 0.00 0.00   36.14 55.11 2.50 6.80 -0.13 

80.00 20.00 0.00 0.00 0.00   74.03 23.61 3.29 -1.42 -2.05 

90.00 10.00 0.00 0.00 0.00   79.45 16.69 1.83 2.12 -3.10 

                        

olig-

mont 

10.00 0.00 0.00 90.00 0.00   15.70 12.34 -2.61 83.60 -3.32 

20.00 0.00 0.00 80.00 0.00   26.21 7.51 3.47 71.12 -7.20 

50.00 0.00 0.00 50.00 0.00   48.53 11.10 0.33 42.99 -1.68 

80.00 0.00 0.00 20.00 0.00   61.57 3.11 7.87 27.65 -2.18 

  90.00 0.00 0.00 10.00 0.00   89.97 18.02 3.17 -4.49 

-

10.90 

                        

olig-

gyp  

10.00 0.00 0.00 0.00 90.00   25.66 -0.40 2.84 -7.89 82.80 

20.00 0.00 0.00 0.00 80.00   18.61 -5.15 -2.62 6.76 84.16 

50.00 0.00 0.00 0.00 50.00   58.12 -5.25 -0.46 0.00 47.83 

80.00 0.00 0.00 0.00 20.00   87.59 -6.82 -1.86 3.48 18.17 

90.00 0.00 0.00 0.00 10.00   92.41 -5.85 2.79 -2.63 11.91 

                        

augite-

calcite 

0.00 10.00 90.00 0.00 0.00   -3.12 5.06 95.01 -6.03 4.68 

0.00 20.00 80.00 0.00 0.00   -3.55 15.74 74.20 4.17 4.42 

0.00 50.00 50.00 0.00 0.00   -1.87 54.18 37.57 3.89 0.75 

0.00 80.00 20.00 0.00 0.00   -4.81 86.09 22.07 -7.47 -0.50 

0.00 90.00 10.00 0.00 0.00   -0.56 86.34 11.48 0.26 0.44 

                        

aug-

mont  

0.00 10.00 0.00 90.00 0.00   20.06 -13.80 8.92 86.37 2.01 

0.00 20.00 0.00 80.00 0.00   -0.64 30.22 -5.68 83.19 -0.23 

0.00 50.00 0.00 50.00 0.00   -6.42 56.97 1.97 46.00 5.07 

0.00 80.00 0.00 20.00 0.00   16.84 61.47 -7.08 32.76 -2.48 

0.00 90.00 0.00 10.00 0.00   1.54 75.34 2.33 19.96 -0.05 

                        

aug-gyp  0.00 10.00 0.00 0.00 90.00   -7.50 7.37 2.29 6.35 92.27 
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0.00 20.00 0.00 0.00 80.00   -1.01 20.25 6.87 -1.77 75.18 

0.00 50.00 0.00 0.00 50.00   1.67 44.32 7.79 -2.46 43.29 

0.00 80.00 0.00 0.00 20.00   

-

16.57 91.10 1.09 -6.59 27.79 

0.00 90.00 0.00 0.00 10.00   

-

13.97 103.33 1.47 -8.74 14.86 

                        

cal-

mont 

0.00 0.00 10.00 90.00 0.00   

-

16.33 -5.77 0.91 125.23 5.21 

0.00 0.00 20.00 80.00 0.00   -5.81 13.80 22.53 74.11 -1.88 

0.00 0.00 50.00 50.00 0.00   7.57 -7.99 68.64 26.96 4.01 

0.00 0.00 80.00 20.00 0.00   6.19 -8.40 69.64 31.18 0.31 

0.00 0.00 90.00 10.00 0.00   10.58 -2.51 77.35 14.19 -1.92 

                        

cal-gyp 

0.00 0.00 10.00 0.00 90.00   -4.78 16.30 -1.72 12.45 80.01 

0.00 0.00 20.00 0.00 80.00   -1.88 8.59 12.20 -3.86 80.14 

0.00 0.00 50.00 0.00 50.00   

-

13.97 -16.64 70.40 -1.29 56.73 

0.00 0.00 80.00 0.00 20.00   3.11 -9.47 85.84 7.65 19.29 

0.00 0.00 90.00 0.00 10.00   24.03 25.85 87.21 -34.82 6.89 

                        

mont-

gyp  

0.00 0.00 0.00 10.00 90.00   -6.64 17.29 -3.31 4.63 88.45 

0.00 0.00 0.00 20.00 80.00   -3.01 -9.74 -0.44 15.95 91.07 

0.00 0.00 0.00 50.00 50.00   12.24 13.36 0.20 42.48 23.93 

0.00 0.00 0.00 80.00 20.00   0.32 -1.44 -9.04 83.20 21.26 

0.00 0.00 0.00 90.00 10.00   -8.54 -15.56 5.95 100.12 12.90 

                        

olig-

aug-

calc 

20.00 20.00 60.00 0.00 0.00   20.41 18.13 59.71 5.41 -7.48 

40.00 40.00 20.00 0.00 0.00   38.35 36.20 26.22 3.97 -7.37 

45.00 45.00 10.00 0.00 0.00   44.26 40.18 6.86 5.23 4.75 

                        

olig-

aug-

mont 

20.00 20.00 0.00 60.00 0.00   24.66 29.44 -0.03 49.26 2.61 

40.00 40.00 0.00 20.00 0.00   37.38 37.94 4.68 21.49 2.04 

45.00 45.00 0.00 10.00 0.00   39.64 40.92 3.36 16.40 1.36 

                        

olig-

aug-gyp 

20.00 20.00 0.00 0.00 60.00   20.36 44.58 28.93 -28.87 35.79 

40.00 40.00 0.00 0.00 20.00   19.26 -2.57 4.30 39.29 48.29 

45.00 45.00 0.00 0.00 10.00   40.28 37.16 8.08 5.79 15.38 

                        

olig-

cal-

mont 

20.00 0.00 40.00 40.00 0.00   27.25 6.84 33.88 37.15 -5.96 

60.00 0.00 20.00 20.00 0.00   64.25 4.66 25.30 6.30 -1.97 
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80.00 0.00 10.00 10.00 0.00   78.08 2.64 9.03 1.50 7.72 

                        

olig-

mont-

gyp 

20.00 0.00 40.00 0.00 40.00   38.05 42.56 1.65 4.36 16.73 

60.00 0.00 20.00 0.00 20.00   75.90 2.04 2.72 1.26 17.89 

80.00 0.00 10.00 0.00 10.00   83.31 -0.88 7.04 -3.17 11.56 

                        

aug-cal-

mont 

0.00 20.00 40.00 40.00 0.00   2.80 23.27 49.94 27.85 -3.24 

0.00 60.00 20.00 20.00 0.00   -3.43 59.73 21.71 17.02 3.20 

0.00 80.00 10.00 10.00 0.00   -1.65 68.70 9.24 16.80 5.72 

                        

aug-

mont-

gyp 

0.00 20.00 0.00 40.00 40.00   11.13 12.30 -0.73 21.45 49.66 

0.00 60.00 0.00 20.00 20.00   -2.81 71.61 0.47 13.59 16.09 

0.00 80.00 0.00 10.00 10.00   -2.87 99.50 4.68 -1.17 0.43 

                        

olig-

aug-cal-

mont 

30.00 30.00 20.00 20.00 0.00   32.66 27.15 19.19 22.12 -0.73 

40.00 40.00 10.00 10.00 0.00   43.49 23.29 11.05 19.57 6.56 

                      

            

  

olig-

aug-

mont-

gyp 

                      

30.00 30.00 0.00 20.00 20.00   42.25 29.19 -2.06 3.99 31.36 

40.00 40.00 0.00 10.00 10.00   48.29 30.54 4.86 7.67 15.96 
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Table 4.S3 Comparison of PLS results with: no contrast adjustment, 150% adjustment of all 

training set spectra, and 150% adjustment for 20% of training set 

Mixture 

label 
no adjustment   150% adjustment  

  
oligo

clase 
augite calcite 

mont

morill

onite 

gypsum   
oligo

clase 
augite calcite 

mont

morill

onite 

gypsum 

olig-

augite 

22.97 70.60 -0.56 9.88 -1.03   18.92 82.32 -1.79 4.93 -0.44 

16.58 69.54 -0.65 15.76 0.30   8.17 82.50 -2.99 13.53 1.67 

36.14 55.11 2.50 6.80 -0.13   35.35 61.99 2.15 0.08 1.54 

74.03 23.61 3.29 -1.42 -2.05   92.39 16.35 2.22 -13.75 -0.93 

79.45 16.69 1.83 2.12 -3.10   98.95 6.30 -0.08 -6.84 -2.45 

                        

olig-

mont 

15.70 12.34 -2.61 83.60 -3.32   17.44 11.01 -2.88 82.38 -3.34 

26.21 7.51 3.47 71.12 -7.20   31.80 10.01 1.66 66.16 -7.86 

48.53 11.10 0.33 42.99 -1.68   49.70 12.93 0.09 41.28 -2.75 

61.57 3.11 7.87 27.65 -2.18   61.15 7.44 7.93 27.37 -2.90 

89.97 18.02 3.17 -4.49 -10.90   80.95 18.36 3.54 2.83 -10.16 

                        

olig-gyp  

25.66 -0.40 2.84 -7.89 82.80   24.67 -2.22 3.76 -7.78 83.76 

18.61 -5.15 -2.62 6.76 84.16   20.21 -5.32 -2.27 4.38 83.95 

58.12 -5.25 -0.46 0.00 47.83   57.18 -3.75 -0.21 -1.09 47.72 

87.59 -6.82 -1.86 3.48 18.17   85.35 -4.88 -2.24 3.65 18.00 

92.41 -5.85 2.79 -2.63 11.91   92.28 -4.71 2.08 -3.01 11.19 

                        

augite-

calcite 

-3.12 5.06 95.01 -6.03 4.68   0.76 9.44 92.28 -9.36 3.65 

-3.55 15.74 74.20 4.17 4.42   2.48 20.11 71.50 -0.80 2.93 

-1.87 54.18 37.57 3.89 0.75   1.70 52.48 37.43 4.03 -0.42 

-4.81 86.09 22.07 -7.47 -0.50   -5.79 83.41 23.49 -6.04 -0.91 

-0.56 86.34 11.48 0.26 0.44   1.08 80.23 13.21 0.81 -0.49 

                        

aug-

mont  

20.06 -13.80 8.92 86.37 2.01   25.77 -7.04 2.69 79.22 0.85 

-0.64 30.22 -5.68 83.19 -0.23   -5.68 27.55 -4.21 85.34 0.53 

-6.42 56.97 1.97 46.00 5.07   -5.31 54.66 2.69 45.92 4.55 

16.84 61.47 -7.08 32.76 -2.48   16.80 60.99 -7.03 32.23 -2.79 

1.54 75.34 2.33 19.96 -0.05   -0.05 72.18 3.73 23.01 0.30 
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aug-gyp  

-7.50 7.37 2.29 6.35 92.27   -5.15 7.56 2.28 4.67 92.50 

-1.01 20.25 6.87 -1.77 75.18   0.52 21.20 6.78 -2.95 75.21 

1.67 44.32 7.79 -2.46 43.29   4.65 45.17 7.99 -3.76 42.63 

-

16.57 
91.10 1.09 -6.59 27.79   

-

15.45 
88.40 1.85 -4.80 28.02 

-

13.97 
103.33 1.47 -8.74 14.86   

-

14.69 
98.24 3.51 -5.33 14.89 

                        

cal-

mont 

-

16.33 
-5.77 0.91 125.23 5.21   

-

17.13 
-6.63 0.50 121.91 6.11 

-5.81 13.80 22.53 74.11 -1.88   -0.19 9.64 22.25 71.88 -3.21 

7.57 -7.99 68.64 26.96 4.01   1.69 -12.97 73.72 34.80 3.84 

6.19 -8.40 69.64 31.18 0.31   8.66 -7.21 70.11 30.35 -0.72 

10.58 -2.51 77.35 14.19 -1.92   13.64 2.08 75.93 11.73 -3.48 

                        

cal-gyp 

-4.78 16.30 -1.72 12.45 80.01   2.28 17.93 -0.95 6.66 78.67 

-1.88 8.59 12.20 -3.86 80.14   4.50 19.20 11.08 -10.05 79.27 

-

13.97 
-16.64 70.40 -1.29 56.73   

-

10.04 
-6.36 68.63 -5.58 57.11 

3.11 -9.47 85.84 7.65 19.29   -2.08 -18.99 89.02 13.27 18.79 

24.03 25.85 87.21 -34.82 6.89   7.08 12.77 90.43 -18.97 11.24 

                        

mont-

gyp  

-6.64 17.29 -3.31 4.63 88.45   
-

10.30 
12.13 -1.91 10.65 88.46 

-3.01 -9.74 -0.44 15.95 91.07   -5.27 -9.38 -1.37 17.82 91.79 

12.24 13.36 0.20 42.48 23.93   11.71 14.39 -2.28 42.87 24.93 

0.32 -1.44 -9.04 83.20 21.26   -1.64 -3.55 -7.74 86.34 20.97 

-8.54 -15.56 5.95 100.12 12.90   -3.40 -11.81 5.27 96.39 12.16 

                        

olig-

aug-calc 

20.41 18.13 59.71 5.41 -7.48   14.42 17.79 60.21 10.58 -5.57 

38.35 36.20 26.22 3.97 -7.37   39.21 35.46 26.33 4.49 -7.99 

44.26 40.18 6.86 5.23 4.75   40.77 39.00 9.08 8.66 4.75 

                        

olig-

aug-

mont 

24.66 29.44 -0.03 49.26 2.61   26.13 26.26 0.46 49.52 1.84 

37.38 37.94 4.68 21.49 2.04   33.43 32.55 6.64 25.28 2.42 

39.64 40.92 3.36 16.40 1.36   36.05 36.21 5.06 22.03 1.50 

                        

olig-

aug-gyp 

20.36 44.58 28.93 -28.87 35.79   23.87 42.58 29.94 -28.99 36.29 

19.26 -2.57 4.30 39.29 48.29   17.16 -0.56 4.18 36.45 49.51 

40.28 37.16 8.08 5.79 15.38   43.05 30.41 10.06 9.78 14.74 
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olig-cal-

mont 

27.25 6.84 33.88 37.15 -5.96   26.32 7.27 34.15 37.11 -4.82 

64.25 4.66 25.30 6.30 -1.97   59.50 7.49 25.58 7.05 -0.86 

78.08 2.64 9.03 1.50 7.72   73.86 6.66 9.84 2.00 7.69 

                        

olig-

mont-

gyp 

38.05 42.56 1.65 4.36 16.73   41.32 40.73 2.32 6.20 15.81 

75.90 2.04 2.72 1.26 17.89   70.54 5.37 2.63 2.52 18.71 

83.31 -0.88 7.04 -3.17 11.56   80.35 0.36 6.73 -1.21 11.42 

                        

aug-cal-

mont 

2.80 23.27 49.94 27.85 -3.24   -5.49 25.33 49.07 33.43 -1.11 

-3.43 59.73 21.71 17.02 3.20   -0.34 59.91 19.88 15.00 2.65 

-1.65 68.70 9.24 16.80 5.72   3.79 69.53 7.95 12.43 4.10 

                        

aug-

mont-

gyp 

11.13 12.30 -0.73 21.45 49.66   5.96 21.31 -0.88 20.58 50.21 

-2.81 71.61 0.47 13.59 16.09   -3.66 77.34 -1.22 11.35 16.63 

-2.87 99.50 4.68 -1.17 0.43   -2.15 99.81 3.14 -0.55 0.53 

                        

olig-

aug-cal-

mont 

32.66 27.15 19.19 22.12 -0.73   34.11 32.83 16.59 19.40 -1.02 

43.49 23.29 11.05 19.57 6.56   39.24 23.53 12.01 20.62 7.04 

                        

olig-

aug-

mont-

gyp 

42.25 29.19 -2.06 3.99 31.36   45.61 28.78 -1.86 3.73 30.61 

48.29 30.54 4.86 7.67 15.96   51.62 27.72 5.52 8.37 14.81 

Mixture 

label 
no adjustment   150% adjustment for 20% of the spectra 

  
oligo

clase 
augite calcite 

mont

morill

onite 

gypsum   
oligo

clase 
augite calcite 

mont

morill

onite 

gypsum 

olig-

augite 

22.97 70.60 -0.56 9.88 -1.03   18.33 83.48 -2.41 4.07 -1.32 

16.58 69.54 -0.65 15.76 0.30   6.37 81.97 -4.05 11.90 4.64 

36.14 55.11 2.50 6.80 -0.13   35.54 61.77 1.20 0.04 0.01 

74.03 23.61 3.29 -1.42 -2.05   85.29 17.00 1.16 -7.99 -1.49 

79.45 16.69 1.83 2.12 -3.10   88.75 9.58 -0.47 -1.30 -1.80 

                        

olig-

mont 

15.70 12.34 -2.61 83.60 -3.32   2.98 6.60 -6.56 106.39 -4.06 

26.21 7.51 3.47 71.12 -7.20   25.24 4.57 1.37 80.92 -9.05 

48.53 11.10 0.33 42.99 -1.68   53.73 11.15 -2.27 42.54 -3.92 

61.57 3.11 7.87 27.65 -2.18   69.54 3.75 10.31 19.21 -2.32 

89.97 18.02 3.17 -4.49 -10.90   98.72 21.82 3.43 -13.75 -19.19 

                        

olig-gyp  25.66 -0.40 2.84 -7.89 82.80   14.93 -5.46 5.00 -12.73 103.52 
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18.61 -5.15 -2.62 6.76 84.16   3.43 -8.02 -2.45 9.75 101.55 

58.12 -5.25 -0.46 0.00 47.83   58.36 -6.74 -0.95 -0.45 50.95 

87.59 -6.82 -1.86 3.48 18.17   98.17 -11.30 -7.04 3.79 17.26 

92.41 -5.85 2.79 -2.63 11.91   
109.5

8 
-12.54 -0.07 -10.81 10.07 

                        

augite-

calcite 

-3.12 5.06 95.01 -6.03 4.68   -0.05 8.11 90.95 -6.27 2.91 

-3.55 15.74 74.20 4.17 4.42   2.40 18.37 70.78 0.37 3.66 

-1.87 54.18 37.57 3.89 0.75   2.19 51.59 37.21 5.92 -1.25 

-4.81 86.09 22.07 -7.47 -0.50   -5.75 82.96 23.37 -4.47 -2.14 

-0.56 86.34 11.48 0.26 0.44   0.16 79.42 12.52 2.17 0.54 

                        

aug-

mont  

20.06 -13.80 8.92 86.37 2.01   28.53 -6.19 1.77 79.25 -1.70 

-0.64 30.22 -5.68 83.19 -0.23   -4.05 27.30 -4.20 81.02 2.21 

-6.42 56.97 1.97 46.00 5.07   -3.04 54.18 2.77 40.52 8.52 

16.84 61.47 -7.08 32.76 -2.48   8.10 62.13 -5.55 38.51 1.17 

1.54 75.34 2.33 19.96 -0.05   1.70 71.04 3.98 17.29 4.71 

                        

aug-gyp  

-7.50 7.37 2.29 6.35 92.27   -0.19 11.65 4.10 8.29 78.71 

-1.01 20.25 6.87 -1.77 75.18   2.64 22.74 7.48 -0.50 68.19 

1.67 44.32 7.79 -2.46 43.29   2.68 47.75 8.61 -0.08 38.36 

-

16.57 
91.10 1.09 -6.59 27.79   

-

17.70 
89.43 2.13 -4.13 25.20 

-

13.97 
103.33 1.47 -8.74 14.86   

-

16.21 
98.85 3.22 -3.68 11.62 

                        

cal-

mont 

-

16.33 
-5.77 0.91 125.23 5.21   -9.58 -3.76 3.41 114.31 -0.96 

-5.81 13.80 22.53 74.11 -1.88   4.64 10.83 24.21 66.45 -5.77 

7.57 -7.99 68.64 26.96 4.01   3.39 -13.24 71.63 35.60 2.76 

6.19 -8.40 69.64 31.18 0.31   7.53 -6.86 69.40 31.72 0.14 

10.58 -2.51 77.35 14.19 -1.92   13.74 2.87 75.89 11.69 -3.22 

                        

cal-gyp 

-4.78 16.30 -1.72 12.45 80.01   6.33 18.89 -0.61 7.79 71.66 

-1.88 8.59 12.20 -3.86 80.14   8.28 18.74 11.01 -9.57 75.24 

-

13.97 
-16.64 70.40 -1.29 56.73   

-

15.69 
-9.66 66.76 -4.07 64.30 

3.11 -9.47 85.84 7.65 19.29   -0.04 -18.02 88.76 13.47 18.47 

24.03 25.85 87.21 -34.82 6.89   9.44 13.86 89.21 -22.69 14.97 

                        

mont-

gyp  

-6.64 17.29 -3.31 4.63 88.45   -6.66 12.53 -3.70 8.54 85.90 

-3.01 -9.74 -0.44 15.95 91.07   -2.21 -10.89 -4.16 14.65 92.85 
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12.24 13.36 0.20 42.48 23.93   10.14 9.88 -3.01 34.76 32.55 

0.32 -1.44 -9.04 83.20 21.26   -1.86 -2.37 -7.14 85.21 19.75 

-8.54 -15.56 5.95 100.12 12.90   -4.94 -10.69 6.21 94.64 14.40 

                        

olig-

aug-calc 

20.41 18.13 59.71 5.41 -7.48   13.60 17.66 60.46 13.76 -6.94 

38.35 36.20 26.22 3.97 -7.37   39.13 35.21 26.16 6.63 -7.96 

44.26 40.18 6.86 5.23 4.75   42.62 38.84 8.81 7.24 5.91 

                        

olig-

aug-

mont 

24.66 29.44 -0.03 49.26 2.61   30.95 27.70 3.39 38.99 3.07 

37.38 37.94 4.68 21.49 2.04   36.22 31.69 6.66 23.86 4.86 

39.64 40.92 3.36 16.40 1.36   38.33 35.26 4.63 18.82 4.87 

                        

olig-

aug-gyp 

20.36 44.58 28.93 -28.87 35.79   23.61 39.61 27.63 -24.53 36.64 

19.26 -2.57 4.30 39.29 48.29   19.20 2.93 7.04 28.28 47.38 

40.28 37.16 8.08 5.79 15.38   43.97 30.72 8.51 7.56 17.33 

                        

olig-cal-

mont 

27.25 6.84 33.88 37.15 -5.96   25.25 9.14 36.44 33.34 -4.21 

64.25 4.66 25.30 6.30 -1.97   54.44 9.72 25.90 12.36 -1.34 

78.08 2.64 9.03 1.50 7.72   70.31 10.13 10.36 4.95 6.28 

                        

olig-

mont-

gyp 

38.05 42.56 1.65 4.36 16.73   42.31 38.62 2.45 7.42 16.38 

75.90 2.04 2.72 1.26 17.89   67.41 10.13 4.76 2.56 16.32 

83.31 -0.88 7.04 -3.17 11.56   74.28 5.61 8.19 2.35 8.67 

                        

aug-cal-

mont 

2.80 23.27 49.94 27.85 -3.24   -3.72 25.39 49.49 28.23 0.01 

-3.43 59.73 21.71 17.02 3.20   -1.25 58.51 19.41 16.15 5.23 

-1.65 68.70 9.24 16.80 5.72   2.58 68.74 7.49 14.72 5.62 

                        

aug-

mont-

gyp 

11.13 12.30 -0.73 21.45 49.66   3.82 22.04 0.15 24.38 48.72 

-2.81 71.61 0.47 13.59 16.09   -6.13 76.67 -1.22 11.46 19.04 

-2.87 99.50 4.68 -1.17 0.43   -1.88 100.13 2.44 0.16 -0.59 

                        

olig-

aug-cal-

mont 

32.66 27.15 19.19 22.12 -0.73   34.52 32.61 17.38 16.82 1.00 

43.49 23.29 11.05 19.57 6.56   40.44 21.90 11.65 20.74 9.42 

                        

olig-

aug-

mont-

gyp 

42.25 29.19 -2.06 3.99 31.36   48.15 28.97 -0.55 3.03 27.42 

48.29 30.54 4.86 7.67 15.96   53.22 28.58 5.80 7.84 13.19 
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Chapter 5 Conclusion and future work 

Understanding the geologic evolution of Mars requires a detailed characterization of 

Martian surface compositions and their geologic settings. Because much of the Martian surface is 

covered with regolith or unconsolidated materials, in this work I focused on key locations in which 

to characterize Martian crustal materials, and assessed the degree of influence from physical 

sorting processes on measured surface compositions from orbit.   

First, I identified and characterized 26 crater central peaks with distinctive spectral 

signatures from surrounding plains with thermal infrared and visible/near-infrared data, based on 

a global survey of Martian impact craters between 10-200 km diameter of 866 craters. The 

distribution of spectrally distinct central peaks (SDCPs) shows some degree of regional clustering, 

with most craters found in western Noachis Terra, Tyrrhena Terra, within the northern rim of 

Hellas Basin, and fewer in the northern lowlands, suggesting that subsurface diversity in crust-

forming compositions, physical properties or alteration environments are present. The western 

Noachis Terra area is the only region where multiple THEMIS-defined spectral units are present 

in individual central peaks, suggesting crustal stratigraphies of igneous units, or ejected crustal 

materials, or impact melt from the Argyre Basin.  

Detailed mapping for western Noachis Terra area is needed to further investigate the 

geologic history of this potentially unique region, as well as to understand its relationship to nearby 

Thaumasia Planum and outflow/chaos terrain. High resolution geomorphology and mineral 

distribution identification and mapping will help to understand the origin of the three distinct units 

detected in the crater central uplifts. The nearby Thaumasia highlands may have undergone a 



 

219 

 

distinct geologic evolution from western Noachis Terra [Dohm et al., 2001]. In addition, there are 

multiple olivine-bearing units exposed in Ladon valles and Ares valles, which may share a  similar 

origin with subsurface olivine units as in western Noachis Terra. By comparing these regions for 

compositional stratigraphy, geomorphology and physical properties, it will help reveal processes 

related to theevolution of the Tharsis rise and surroundings.  

Second, I assessed the degree and occurrence of thermophysical and compositional 

heterogeneity for 42 dune fields and sand deposits within impact craters located between 0°N, 

43°E to -14.3°N, 195°E on Mars. Among these, only four exhibit spatial heterogeneity in spectral 

properties and composition. Two of the four sites show a strong positive relationship between 

particle size and olivine abundance. This is similar to the observation in “El Dorado” dune field, 

which was investigated by the Mars Exploration Rover Spirit. However, this trend is opposite of 

what was observed for basaltic sediments on Earth. The rarity of compositional heterogeneity 

within dune fields may indicate phenocryst-poor source rocks; sorting within individual bedforms 

may be present but is below the resolution of available instruments. Alternatively, this could 

indicate that aeolian transport/processing is not a significant effect at the regional or global scale.  

 Lastly, I characterized the TIR spectral properties of compacted, very fine-grained mineral 

mixtures of oligoclase, augite, calcite, montmorillonite, and gypsum and then assessed the linearity 

of spectral combination using non-negative linear least squares minimization. I also applied a 

partial least squares model to thermal emission spectra of synthetic mixtures and natural mudstones 

to assess its applicability for retrieving mineral abundances from to fine-grained rocks. Non-linear 

relationships between known and modeled abundance are observed. However, using a partial least 

squares method, accurate mineral abundances can be recovered from TIR spectra of synthetic 

mixtures (within +/- 10% of known abundance for 78-90% of mixtures) and fine-grained rocks 
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(within ±10% for 85% of the mudstone samples).This method could potentially be applied to 

landed or orbital TIR observations, provided atmospheric components were first removed. 

 An improvement of the partial least squares model application would be two fold. First, 

non-negative partial least squares incorporated with constraints to output abundance to 0-100% 

will be applied to improve the accuracy and robustness. In addition, constraining the total 

abundance of minerals from single mixture to 100% will be added if it is needed. Second, the 

improved partial least squares algorithm will be applied to thermal infrared data orbiting on 

Martian surface. Starting with atmospheric corrected TES data, a comprehensive spectra library 

including rocks and minerals will be used as a training dataset. Much attention will be paid to areas 

with low-dust sedimentary deposits hosting phyllosilicates and the primary goal will be to look for 

detectable abundances of phyllosilicates through thermal infrared data.  
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