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Summary

The availability of global orbital data has advanced the under-
standing of the geology of Mars. However, the limited availability
of verification data complicates the interpretation of the data,
resulting in multiple hypotheses on the geological history and past
conditions to explain interpreted mineralogical- and geochemical
differences. Also, it is unlikely that sufficient in-situ validation data
will be available in the near future to explain such differences. For
this reason, the research performed in this thesis is initiated with
the purpose that new global perspectives on the Martian geology can
come from either new orbital datasets or the use of novel analysis
techniques on existing data. The title “Mars in multi-dimensions”
can be explained in multiple ways. It refers to the multi-dimensions
of multi-variate data analysis techniques applied in most of the
studies within this thesis, and refers to the different dimensions or
perspectives of the different orbital instruments used in this study
to characterize mineralogy and geochemistry.
The CRISM (Compact Reconnaissance Imaging Spectrometer) map-
ping mode data is used to develop new global maps indicating the
important spectral features characteristic for primary mafic and
secondary alteration minerals. Because of known difficulties with
this data, such as observational differences between different orbit
observations and the shallow nature of some spectral absorption
features, the global mapping mode dataset of the CRISM is a rarely
used dataset for global mapping. This mapping and characterizing
the surface geology and composition was one of the pre-defined
primary goals of the CRISM instrument. The results have shown
that distinct compositional provinces on Mars can be characterized
by the CRISM dataset. Besides this study’s consistent results with
previous global mineralogical studies, the data has provided new
perspectives by classifying new regions that are potentially geologic-
ally interesting regions, around for example Hellas Basin and Ophir
Planum.
After demonstrating the geological mapping potential of the CRISM
data, the data is used as input for quantitative modeling of the
Gamma-Ray Spectrometer (GRS) geochemical element concentra-
tions. Studying these element distributions is challenging due to
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the coarse spatial resolution of this data (e.g. 5o x 5o). Using quant-
itative modeling of the GRS data, statistical, robust and transparent
comparisons between mineralogical information and the element
concentration was undertaken. The results have shown how well
the datasets relate to each other and which CRISM derived summary
products contribute most to the model. With these modeling results,
local anomalies in the element concentrations are interpreted for
geological processes based on their geochemical and mineralogical
nature.
The interpretations of the Martian surface geology are supported
here by Mars analog rock analysis. In this thesis, a variety of sedi-
mentary, volcanic and altered rocks are studied with geochemical
analysis as well as imaging and point spectroscopy. A selection of
Pilbara greenstone rocks, which are similar in age and composition
as the rocks on Mars, are studied to test whether the absorption
wavelengths of chlorite can be used to distinguish hydrothermal
alteration from metamorphosed rocks. In addition, a selection of
rocks, considered as Mars analog rocks, from the geoscience lab of
ITC were measured with imaging spectrometers. By calculating the
same equivalent summary products as those derived from CRISM for
Mars, it was possible to evaluate these products for their intended
mineralogy and possible alternative interpretations.
In conclusion, despite the earlier mentioned difficulties with the
CRISM data, the exploratory work in this thesis has indicated the
potential of this dataset for geological remote sensing. The surface
type classification using the CRISM data has provided new inform-
ation of earlier defined surface types but also described regions
that are not described before by previous surface type studies. The
predictive modeling of the geochemical element concentrations has
quantified the relation between this geochemical dataset with min-
eralogical infrared data. The importance of the spectral parameters
for the model was used to locally interpret the geology based on
geochemical and mineralogical data resulting in new perspectives on
the geological history. The spectral measurements of Mars analog
rocks were found useful to verify the interpretation of the commonly
used spectral parameters for Martian remote sensing. It showed the
usefulness of spectral parameters to describe the intended spectral
features of minerals but also the alternative interpretations for other
minerals. Many questions remain regarding the geological history
of Mars, but with the work in this thesis, presenting new data and
novel application of statistical analysis, has shown to be a valuable
addition to the current understanding of the Martian geology.
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Samenvatting

De beschikbaarheid van satellietdata in banen om Mars heeft
gezorgd voor veel kennis over zijn geologische geschiedenis. Er
bestaat echter weinig verificatiedata, waardoor er verschillende
hypotheses zijn ontwikkeld over de geologische geschiedenis
en de geologische omstandigheden die de mineralogische- en
geochemische verschillen op de planeet beschrijven. Het is on-
waarschijnlijk dat deze validatie data in de nabije toekomst wel
voldoende beschikbaar is. Daarom zullen nieuwe globale inzichten
van de geologie van Mars moeten komen van nieuwe satellietdata of
van het gebruik van innovatieve analyses op huidige datasets. Dit
is de inspiratie geweest voor het onderzoek van dit proefschrift. De
titel “Mars in multi-dimensions” (oftewel: Mars in meerdere dimen-
sies) kan op verschillende manieren worden uitgelegd. Het verwijst
ten eerste naar meerdere dimensies van de statistische multivariate
analyses toegepast in de meeste onderzoeken in dit proefschrift.
Daarnaast verwijst het ook naar de verschillende dimensies, of
perspectieven, van de verschillende satellietinstrumenten.

Data van de CRISM (Compact Reconnaissance Imaging Spectro-
meter) mapping mode is gebruikt om nieuwe globale kaarten te
maken van de belangrijke spectrale eigenschappen karakteristiek
voor mafische vulkanische, of alteratie mineralen. Vanwege de al
bekende uitdagingen met deze dataset, zoals verschillen tussen
orbitale observaties en kleine veranderingen in het absorptie spec-
trum, is de CRISM data een weinig gebruikte data voor globale
onderzoeken. Toch is het in kaart brengen en beschrijven van de
oppervlaktegeologie en samenstelling één van de gestelde doelen
voor het CRISM instrument. Deze thesis toont aan dat de CRISM
data gebruikt kan worden om regio’s met een unieke geologische
samenstelling te beschrijven. Deze bevindingen komen overeen
met geologische verschillen die zijn aangetoond door eerdere on-
derzoeken. Daarnaast heeft de data ook nieuwe inzichten verschaft
door gebieden te classificeren met een mogelijk unieke geologische
samenstelling die nog niet eerder geïdentificeerd zijn, zoals de
gebieden rond Hellas Basin en Ophir Planum.
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Samenvatting

Nadat de toepasbaarheid van deze data voor geologisch on-
derzoek is aangetoond, is de data gebruikt voor het kwantitatief
modelleren van de door Gamma-Ray Spectrometer (GRS) gemeten
geochemische element concentraties. Vanwege de lage pixelresolu-
tie van deze data (5*5o) is het bestuderen van deze data lastig. Door
middel van kwantitatieve modellen is er een robuuste, statistische,
en transparante vergelijking gemaakt tussen mineralogische inform-
atie en de element concentraties. De resultaten hebben laten zien in
hoeverre de data goed met elkaar overeenkomt en welk deel van de
spectrale data het meest bijdraagt aan het statistische model. Aan
de hand van deze modellen, zijn lokale veranderingen in element
concentraties geologisch geïnterpreteerd gebaseerd op zowel de
mineralogische- en geochemische veranderingen.

De bevindingen over de geologie van Mars zijn hier onder-
steund door analyses van aardse gesteentes vergelijkbaar met
die op Mars. In dit proefschrift zijn verschillende sedimentaire-,
vulkanische- en omzettingsgesteenten onderzocht door middel
van geochemische en spectrale analyses. Een selectie van Pilbara
greenstone gesteentes, die zowel in samenstelling als ouderdom
vergelijkbaar zijn met gesteentes op Mars, zijn bestudeerd om
te onderzoeken of de absorptiegolflengte van chlorietmineralen
bruikbaar is om hydrothermale alteratie gesteentes van metamorfe
gesteentes te onderscheiden. Daarnaast is een selectie gesteentes
vanuit het geowetenschap laboratorium van het ITC gebruikt voor
het maken van spectrale beelden. Hiermee zijn de spectrale para-
meters geïdentificeerd die gebruikt worden voor Mars onderzoek.
Vervolgens is bepaald hoe succesvol deze parameters zijn in bes-
chrijven van bepaalde mineralogische samenstellingen.

Als conclusie heeft dit onderzoek, ondanks de eerder beschreven
uitdagingen van de CRISM data, de potentie en toepasbaarheid van
deze data voor geologisch onderzoek aangetoond. De oppervlakte
classificatie heeft nieuwe informatie verschaft over bekende geolo-
gische eenheden maar heeft daarnaast ook eenheden beschreven
die nog niet eerder als zodanig zijn gedefinieerd. Door het mod-
elleren van de geochemische concentraties is de relatie tussen
de geochemische- en mineralogische data gekwantificeerd. De
significantie van de spectrale parameters op het model is gebruikt
om lokaal de geologie te interpreteren met zowel geochemische en
mineralogische informatie, wat nieuwe inzichten heeft verschaft in
de geologische geschiedenis. De spectrale metingen van gesteentes
analoog aan die van Mars hebben hun nut aangetoond. Door
veelgebruikte spectrale parameters te evalueren is aangetoond in
welke mate ze de mineralogische samenstelling voorspellen en
worden mogelijke alternatieve interpretaties geïdentificeerd. Ook
na dit onderzoek blijven nog veel vragen over de geologie van Mars
onbeantwoord, maar het werk beschreven in dit proefschrift heeft
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bijgedragen aan de huidige kennis over de geologie van Mars en
het belang aangetoond van het toepassen van onconventionele
methodes.
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1Introduction

These days, most Mars geological remote sensing studies focus on
site-specific, high-resolution studies, or as phrased by Ehlmann et
al.: ”think local, not global” [31]. On the other hand, there are many
geological processes not well understood that affected the geology
on a global scale. Therefore global studies remain important to
provide the global context of Mars research.
The studies performed in this thesis are driven with the motivation
that new insights on the global Martian geology can come from
either new datasets or new analytical approaches on the established
datasets. At the moment, the CRISM (Compact Reconnaissance
Imaging Spectrometer [74]) multispectral mapping mode data is
an underused datasets for global remote sensing studies. The title
”Mars in multi-dimensions - a global geological survey” refers to
the global aspect of this study and the multi-variate (i.e. multi-
dimensions) data-analysis approach used for the remote sensing
studies. Multi-dimension also refers to the different perspectives
provided by the various orbital instruments of which the data is
used in this thesis. With exploratory data-analysis techniques the
application of the CRISM data for geological remote sensing is
studied.

1.1 Problem statement

The difficulty with any planetary remote sensing studies is the lack
of in-situ validation information. For Mars, the various landers and
rovers have been providing valuable geological information but
on a global scale, their surface coverage is negligible. Therefore,
it is difficult to use in-situ data to verify remote sensing analysis.
The lack of opportunity for validation leads to uncertainty in the
geological conclusions drawn from remote sensing studies.
Data integration between orbital instruments is a way to deal with
this uncertainty and could strengthen the geological interpretation.
However, differences in surface coverage and spatial resolution
make it difficult to make such a comparison. This problem is most
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apparent for the data integration of the OMEGA (Observatoire pour
la Minéralogie, l’Eau, les Glaces et l’Activité [9]) and TES (Thermal
Emission Spectrometer [21]) infrared data and geochemical GRS
(Gamma-ray Spectrometer) data. Infrared imaging data often have
a spatial resolution around hundreds of meters [84, 87] while the
geochemical distribution is mapped with a resolution between
200-500 km [10]. For such a data integration a statistical approach
is preferred above a visual qualitative comparison. The pitfall of a
visual comparison is that it could lead to a confirmation bias of the
results.
Most of the global geological studies using infrared data from TES
and OMEGA analyze the geology based on mineral spectral modeling
techniques. The results have proven to be useful and consistent
[84]. The problem with spectral modeling however is that it requires
prior assumptions on which minerals to model. As indicated by
Morris et al. [73], within the spectral data, absorption features have
been found for which no comparable Earth analog is found. These
spectral variance will be not be considered when spectral modeling
is applied. The alternative is studying the spectral variance itself
such as the work done by Bandfield et al. [5] or Rogers et al. [85].
In this thesis studying the variance of the spectra is preferred
above spectral modeling. With this approach, using the CRISM data
and doing data-integration with GRS geochemical data, it is tried
to provide a new perspective on Martian geology and potentially
reduce the uncertainty of the geological interpretation.

1.2 Knowledge gap

In general with orbital remote sensing studies, the geological history
of Mars is interpreted in consecutive steps. From the infrared
spectral data the mineralogical abundance is interpreted and used
to estimate the lithology. Based on the lithology, geological pro-
cesses are hypothesized. The level of uncertainty increases each
interpretation step. For example regarding the interpreted variance
of mafic minerals that was found to be similar observed by TES and
OMEGA observations [84]. But whether the lower content in the
northern lowlands is related to a difference in volcanic composition
[5], or weathering in aqueous conditions [112, 61] remains a topic of
debate.
New orbital data could provide a new perspective on the Martian geo-
logy previously proposed geological interpretations. In that sense,
for an exploratory research field as Martian remote sensing, just the
fact that there is an almost unused dataset can be considered as a
knowledge gap itself. The CRISM instrument measures in the visible
and short-wave infrared wavelength range and is, therefore, suitable
to detect both primary volcanic minerals and secondary alteration
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minerals. Therefore this instrument has the potential of giving a
new perspective on the global mineral distribution in comparison
with those of TES [87] and OMEGA [84]. In addition, the similarity
in measured wavelength range as the OMEGA instrument could
make it a useful dataset to verify the mineralogical interpretation or
presence of absorption features detected by both instruments.
The earlier described difficulties with the GRS geochemical element
maps contribute to the number of geological theories to explain the
spatial distribution of each element [10]. Several data-integration
attempts are performed using different infrared orbital instruments,
such as TES [87], OMEGA [84], and CRISM [105], but although they
might explain locally the variation of element concentration the
global variation remains uncertain. Also, new modeling attempts
resulted in new global element maps for Al, Ca, and S which are
made available [46] for this study. These maps are interpreted here
globally for the first time.

1.3 Objectives

As described before the novelty of the studies described within this
thesis are characterized by (1) the use of an underused dataset (2)
and the applied methodology. Together this is combined as the main
research questionWhat can the CRISM mapping data in combination
with novel application of methods, including multivariate statistical
and exploratory spectral analysis and geochemical data integration,
contribute to the current knowledge on the geology of Mars? Based
on this question several objectives and sub-questions are formulated
that together form the structure of the thesis.
Objectives
1. To test the applicability of CRISM mapping-mode data for char-

acterizing global surface mineralogy surface-type classification

2. To explain the relationships between the geochemical and spec-
tral datasets and how they can complement each other in the
interpretations of regions on Mars and of Mars analog rocks

3. To evaluate the added value of the study of Mars analog rocks
as a means of verification of the results of Mars remote sensing
studies

Corresponding research questions
I What can global CRISM summary product maps contribute to
the current understanding of the Martian geology?

II What can infrared spectra say about the geological formation
of greenstone rocks from Western Australia, and what are the
implications for Mars?

III How do the CRISM summary products respond to the compos-
ition of Mars analog rocks?
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IV How do global CRISM mapping data and gamma-ray spectro-
metry geochemistry data correlate, and what does the correla-
tion tell about the effects of geological processes on the miner-
alogical and element distributions in the Martian surface?

1.4 Datasets

The work in the thesis is based on the processing and analysis of
spectral mineralogical and geochemical data sets. These datasets ori-
ginate from laboratory instruments used for the Mars analog studies
and satellite instruments for remote sensing studies. In the next sec-
tions, the measuring techniques and specifics of the instruments of
which the data is used in this thesis are introduced.

1.4.1 Mars remote sensing

The geochemical and mineralogical interpretations of Mars is done
based on two different instruments carried on two different satel-
lites. The global surface mineralogy is interpreted based on the
interpretation of spectral features within the data of the CRISM
instrument carried on the Mars Reconnaissance Orbiter (in orbit
since 2006) [74]. The geochemical element distribution comes
from modeling gamma-ray energy measured by the Gamma-Ray
Spectrometer on the Mars Global Surveyor (1997-2006) [10].
Besides the modes of measuring, also the spatial resolution and
measuring depth of both instruments are completely different.
The CRISM instrument measures the visible- (VIS) (0.4 - 0.7 µm)
and near-infrared wavelength ranges (NIR) (0.7-3.93 µm) [74]. In
push-broom multispectral imaging mode it scans the surface with a
spatial resolution of 200 m/pix in 73 wavelengths[74]. The gamma-
ray spectrometer measures all gamma-ray energies in contact with
the instrument without context from what part of the planet the
energy comes from. So the gamma-ray energy can come from
anywhere within the visual edges of the planet, and to derive global
element concentrations maps, the gamma-ray energy data needs
to be modeled within a 5o*5o grid, which equals a resolution of
200-500 km depending on the latitude [10]. Different from infrared
spectroscopy the gamma-ray can detect from up to approximately 1
m depth. As a consequence, the element maps do not resemble the
concentration of the surface but the subsurface. [10]

1.4.2 Laboratory datasets

Multiple different instruments have been used for laboratory
studies. Details on the instruments and modes of measuring are
provided in the Chapters 3 and 4. Infrared spectroscopy studies are
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performed both with imaging spectroscopy (SPECIM instrument [95])
as single spectrum measurements (ASD instrument [80]). Geochem-
ical element concentrations are measured of single minerals with an
electron microprobe and of bulk rocks with x-ray fluorescence.

1.5 Analytical approach

Most research presented here is characterized by either the use of
applying novel analysis techniques or applying common techniques
to a new dataset. The details of each method will be discussed in
each chapter individually but the studies have a data exploratory
approach in common. This means that the geology is interpreted
from the variance found in the data, rather than finding evidence in
the data to support a geological theory.
The Mars remote sensing studies are both done with unsupervised
and multi-variate data analysis techniques. It is hypothesized that
such an approach contributes to an unbiased perspective on a
dataset, or relations between datasets.
The laboratory studies are done as an attempt to verify the findings
based on Martian remote sensing data. The limited spatial coverage
of landers and rovers on Mars results in the lack of in-situ validation
measurements. The hypotheses of geological processes on Mars
and the response of data can be tested on terrestrial rocks similar
to those found on Mars.

1.5.1 Analysis techniques CRISM

As mentioned before in the Objectives section 1.3, the CRISM
instrument plays a key role in most of the studies in this thesis.
The instrument has three types of observations: a targeted mode, a
multispectral mapping mode, and an atmospheric mode [74]. The
data of the multispectral mode has a close to global coverage but
the data is hardly used for global geological studies.
The data is studied with so-called summary products. These are
spectral parameters developed in particular to explain the spectral
variance in the CRISM dataset [82, 106]. Most of the summary
products are developed to describe spectral features that indicate
specific mineralogy. The description of the summary products and
their formulas are summarized in a Table attached in Appendix 6.4.
The continuous data values of these products are thought to be in
particular useful for the statistical data exploration approach.
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1.6 Organization thesis

The earlier defined objectives form the structure of the chapters.
The general variance of the CRISM mapping mode data and the ap-
plicability of summary products for global surface type analysis is
addressed in Chapter 2. These summary products are evaluated in
Chapter 3 by calculating the same summary products on spectral im-
ages of Mars analog rocks. This way the interpretations of the sum-
mary products can be compared with what was observed on Mars
(Chapter 2) and in the lab 3. In Chapter 4 Mars analog rocks from
the Pilbara Craton are studied for spectral variances between phyl-
losilicate minerals, especially chlorite, formed in hydrothermal and
metamorphic conditions, and how this relates to rock geochemistry.
In a more detailed scale Chapter 5 describes the modeling attempts
of the global geochemical variance in relation to the mineralogical
information from CRISM.
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2Mars Global Surface
Classification *

2.1 Introduction

To make the most accurate reconstruction of the global surface
composition and geological history of Mars, information is required
from all available orbital instruments. So far, the global mapping
data of CRISM (Compact Reconnaissance Imaging Spectrometer) has
rarely been used for global surface analysis. Shallow absorption
features in reflectance spectra and differences between orbital
observations complicate the use of this dataset. Nevertheless, it
is thought that this dataset can provide important information to
understand Mars’ global geology.
Most global surface composition studies that use infrared spectro-
scopy, are performed with the TES (Thermal Emission Spectrometer)
[5, 85] and OMEGA (Observatoire pour la Minéralogie, l’Eau, les
Glaces et l’Activité) instruments [8, 77, 84]. Based on the analysis
with both instruments, the general composition of Mars is estimated
to be of basaltic to andesitic composition, with pyroxene, olivine,
and feldspar as primary minerals [69, 31]. Additional geological
processes contributed to the presence of secondary minerals such
as clays, sulfates, ferric-oxides, and carbonates [19, 31]. The miner-
alogical composition is directly related to the climatic and geologic
conditions during their formation, and is therefore of importance to
reconstruct the geological history.
The CRISM spectra are analyzed by using so-called summary
products, which help to infer the presence of differing minerals
by identifying important spectral features in the wavelength range
between 0.4 – 4 µm. These products have been developed for the
CRISM data by Pelkey et al. [82] and later revised by Viviano-Beck
et al. [106]. Spectral features include band depths, spectral peaks,
spectral band indices and ratios, spectral slope, and reflection

*This chapter is based on: Kamps, O. M., Hewson, R. D., van Ruitenbeek, F. J. A.,
van der Meer, F. D. (2020). Defining surface types of Mars using global CRISM summary
product maps. Journal of Geophysical Research: Planets, 125, e2019JE006337
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values related to the compositions’ absorption spectral features (see
Table S.1.1. supplementary information in Kamps et al. [55]). Each
of the products can be interpreted for specific mineralogy or surface
property, although some have caveats for atmospheric conditions.
Earlier studies showed that these products could highlight the
presence of both the primary and secondary minerals [82, 106].
The Pelkey products have been previously calculated and analyzed
from the global mapping CRISM data [82]. The later Viviano-Beck
products, however, are often used for the targeted CRISM ob-
servations. Because of the earlier described complications, the
applicability of these later products for the multispectral reduced
data record (MRDR) dataset is published here for the first time.
A visual and statistical comparison is done between the products
of Viviano-Beck et al. [106] and those of Pelkey et al. [82], and
other global mineral maps based on the data of the OMEGA and
TES instruments. The radiometric differences between orbital
observations are addressed here by averaging the used summary
products for a grid of circa 5o*5o, where each grid tile is the size of
the mosaic tile of the MRDR dataset. Another advantage of using the
resampled grid data is that the resolution provides a good balance
between spatial coverage and spatial resolution on a global scale.
An unsupervised clustering analysis will give an overview of the
variability in the dataset. The surface composition of these clusters,
and the potential geologic processes that formed them will be
interpreted. The summary products are studied for correlations and
anti-correlations between each other and between external datasets
such as the digital elevation of the Mars Orbiter Laser Altimeter
(MOLA), and the dust coverage index of the Thermal Emission
Spectrometer (TES) instrument. By studying the individual summary
product maps in combination with the correlation coefficients the
global distribution of the summary product values is interpreted to
understand their potential influence frommineralogy, and also from
possible other factors such as dust coverage and atmospheric thick-
ness. The combination of the detectable minerals and the almost
complete global coverage of the dataset [90] makes the CRISM MRDR
dataset valuable for global surface classification. Using the global
dataset as input for this clustering analysis approach ensures that
most diverse range of possible geological land covers are included.

2.2 Method and Data

The methodology of this study includes several successive analyses:
testing for correlations between the summary products, surface type
classification and finding the relationships between the surface types
and summary products. These analyses are summarized in the flow-
chart in Figure 2.1. In the following section the CRISM multispec-
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tral dataset is introduced (Section 2.2.1), followed by what data-
preparation has been done prior to the statistical analysis (Section
2.2.2), with the statistical analysis described in the last section (Sec-
tion 2.2.3).

2.2.1 CRISM multispectral dataset

The CRISM instrument is an imaging spectrometer on the Mars Re-
connaissance Orbiter, which operates in the visible-/ near-infrared
wavelength range from 0.36 – 3.93 µm. The instrument has three
types of observation modes: a targeted mode, a multispectral
mapping mode, and an atmospheric mode [74]. The mapping mode,
which is used for this study, corresponds to 73 wavelength channels
with a spatial resolution of 200 m/pix. Out of these 73 channels,
55 were measured by the infrared detector and 18 measured by the
visible-/ near-infrared detector, which both work in parallel. The
dataset with these strips is also referred to as the Multispectral
Reduced Data Record (i.e. MRDR). The latest estimation of global
coverage is 87 %, and circa 80 % coverage around the equator, with
45 % coverage having repeated sampling [Seelos Murchie, 2018].
MRDR includes image data of I/F (radiance/ irradiance), reflectance,
Lambertian albedo, summary products, and derived data records
information, such as incidence, emission, phase angle, and surface
temperature [74]. The MRDR data were made available on the
planetary data system (PDS) of NASA, as individual strips and as
mosaic tiles of 5o*5oo. The analyses in this study are all performed
on the mosaic tiles. Both the Pelkey summary product mosaic tiles
and albedo mosaic tiles used for our analyses are PDS version 3
from 2009.
Although the MRDR mosaic tiles are available for all latitudes, only
the CRISM tiles between 67.5o degrees North and South latitudes
were used in this study. It is expected that this coverage is less af-
fected by seasonal changes of ices in the polar regions and therefore
we try to minimize the ice contribution to the CRISM spectra [93].
Spectral features in the CRISM wavelength range were described
by spectral parameters, which are also called summary products
(Table S.1.1. in the supplementary material in Kamps et al. [55]).
These products are developed by Pelkey et al. [82] and Viviano-Beck
et al. [106], and are both used in this study. Hereafter often
referred as the Pelkey, and Viviano-Beck dataset, respectively. The
summary products of Pelkey et al. [82] are downloaded as mosaic
tiles from the PDS. For the products of Viviano-Beck et al. [106],
the products are calculated using the IDL programming script from
the CRISM processing toolbox, CAT ENVI. These summary products
are calculated from the CRISM MRDR mosaic tile albedo dataset,
measured in the mapping mode of the CRISM instrument. The
supplied albedo data is already corrected for the atmospheric and
photometric effect, and shared as similar mosaic tiles for the Pelkey
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summary products dataset [74]. The Pelkey dataset has a total of
44 summary products, of which 34 products are calculated from
the Lambert albedo dataset which are designed to relate with a
mineralogy or surface composition [82]. Viviano-Beck et al. [106]
revised some of these products and included new products, totally
up to 60 products, of which 49 are developed for mineralogy or
surface composition purposes. The parameters of Pelkey et al. [82]
were developed and tested in particular for the MRDR dataset. The
products of Viviano-Beck et al. [106], however, are commonly used
for the targeted measuring mode of CRISM, but are designed such
that they are also suitable to calculate for the MRDR data. However,
the global maps for all of these products are assessed here for the
first time.
The spectral features described with these products are one of the
following four types: (1) reflectance at a specific wavelength, (2)
spectral slope which is a linear slope defined by the reflectance
different between two bands divided by the wavelength difference
between two bands, (3) band depth, defined as the reflectance
corresponding to the position of the minimum of the band divided
by the reflectance calculated as a linear continuum fit between
two reflectance wavelengths on each side of the band, (4) and
indices derived using the ratio of reflectance values from different
wavelengths. The summary products are designed so that a higher
value represents a more prominent appearance of the spectral
feature. For details and formulas of the used summary products,
the reader is referred to the Appendix Table 1 attached as supple-
mentary material or the papers of Pelkey et al. [82] and Viviano-Beck
et al. [106].
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Figure 2.1 Flowchart of the methods presented in this study. Numbers
above boxes indicate the section where the methodology is described in de-
tail. Parallelograms indicate datasets, rectangle processes, and circles res-
ults.

2.2.2 Data preparation

The Pelkey and Viviano-Beck summary products come with some
challenges that are addressed below. One of the problems is that
for some summary products, the MRDR data products show incon-
sistencies between overlapping or adjacent orbital strips. These
radiometric residuals between the strips in the mosaic are a result
of the atmospheric and photometric corrections done for the MRDR
data strips before the mosaic is made [90]. A second problem is
that some pixels contain extreme values which are more likely to be
artifacts in the data rather than spectral features.
To overcome the problems with unrealistic values, lower and upper
thresholds are defined based on the global mosaic data. Values
that are lower or higher than these thresholds are masked and
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discarded from the analysis. These thresholds are defined based on
quartile distances, also known as Tukey’s fences [100]. Quartiles,
or percentiles, of the data defines the percentage of lower data
values. Quartile 1 (Q1) refers to the 25th percentile, which means
that 25%of the data has lower values than Q1. The median refers to
Q2, or 50th percentile, and Q3 to the 75th percentile. The difference
between Q3 and Q1 is defined as the inter-quartile distance (IQD).
Tukey’s fences indicates that lower outliers can be defined by
1.5 times IQD, minus the Q1. The upper threshold is defined by
values 1.5 times the IQD, plus Q3. For the band depth defined
products, the minimum threshold value is set to zero, meaning that
all negative band depths are excluded. A negative band depth refers
to an absent spectral absorption feature and therefore indicates
mineral’s absence. The resulting global summary product maps can
be found as supplementary material (Data Set S 1 supplementary
information in Kamps et al. [55]) and can be found in unannotated
format in Kamps 2019 [54], the maps for HCPINDEX and BD2250
are shown as two examples in Figure 2.2. The global maps of both
summary products are presented at the original MRDR resolution
(top figures) and the averaged 5o*5o pixel size resolution (bottom
figures). Underneath each global map also the upper and lower
thresholds are indicated, and all pixels that are not considered for
the averaging are masked out in the original resolution maps.
After masking all pixels outside the defined thresholds, we averaged
the values for each individual summary product within a grid
cell. The grid cells coincide for the size of a CRISM mosaic tile
( 5o*5o/pix). For several reasons, such as the lack of pixel values
within the defined thresholds or the atmospheric effect on some
of the summary products, several products were discarded. In
particular, from the Pelkey dataset the products VAR, BD1750 and
BD2100 were excluded from the analysis because the data include
too little number of pixels with band depths larger than zero. In
the averaged dataset this resulted in a lack of spatially coherent
patterns which was found unlikely to represent a mineralogy. For
the same reason, summary product BD8602 was excluded from
the Viviano-Beck dataset. The summary products BD25002 and
MIN22952480 from the Viviano-Beck dataset were excluded because
all values were negative. The discarded products are categorized
separately in Table S 1.1 (supplementary information in Kamps et
al. [55]). in the supplementary materials and are not used in either
of the analysis.
After averaging several products appear to have no-data values
for some pixels. These are the products related to reflectance
values >3 µm in the vicinity of Hellas Basin (BD3000, BD3100,
BD3200, BD3400, CINDEX). In the Pelkey dataset also some pixels
of the product BD860 have no data values for several pixels in the
dust-covered regions. Because all products with no-data values are
band depth products, the pixel values are set to zero which can be
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considered as no spectral feature.

Figure 2.2 Global maps of the summary products HCPINDEX and BD2250,
at original MRDR resolution ( 200 177 m/pix) and averaged resolution
(5o/pix). At the original resolution the white pixels are those considered
as outliers (Section 2.2.2)

2.2.3 Data analysis

A combination of multivariate data analysis techniques are used to
define the surface types and find the products that contributed sig-
nificantly to defining these surface types. Prior to the statistical ana-
lysis, the values for each product are normalized and standardized,
which means that for each summary product, the average is subtrac-
ted from each observation and divided by the standard deviation.
In the statistical analysis, both the variables (summary products)
and samples (pixels) are studied. The summary products are stud-
ied to understand their relationship with the mineralogical com-
position. This is done by testing how the summary products are
correlated to each other, and to other variables such as elevation
and the dust cover index from the TES-instrument (resolution 16
pixels per degree) [Ruff Christensen, 2002]. The spatial patterns
in the global summary product maps are compared with mineral
maps based on studies with the CRISM, TES and OMEGA instruments
[23, 88, 4, 8, 85, 59, 77, 84].
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2.2.3.1 Correlations between summary product

The relationships between the different summary products are stud-
ied by calculating the Pearson’s correlation coefficients (r), described
in Section 3.1 [51]. The dust cover index [88], and MOLA (Mars Or-
biter Laser Altimeter) digital elevation [114], are also averaged for
the size of a CRISM mosaic tile and included in the correlation ana-
lysis. In particular, the Pearson’s correlation coefficient calculated
between summary products and digital elevation enable the effect
of dust and atmosphere on the summary product values to be stud-
ied [114].
The correlation coefficient is an indicator of the influence of one
variable on the other, and is often used as an effect size. A Pearson’s
correlation coefficient ranges between -1 and 1, where -1 means an
absolute negative correlation, 1 a positive correlation and 0 no cor-
relation at all [25, 26]. Categorizing the effect size in low, moderate
and high effect is arbitrary. Here it is classified into the following
categories: -0.6 < r or r < 0.6 indicating low correlation, 0.6 < r <
0.8 or -0.6 > r > -0.8 for moderate correlation, and -0.8 > r or r >
0.8 for high correlation. These thresholds are used in Figure 2.3 to
indicate any effects between summary products, between summary
products and dust coverage, and between summary products and
elevation/atmosphere. As described in Section 2.2 the conservat-
ive lower correlation coefficient of 0.6 is used to allow for excluding
summary products with possible atmosphere effects.

2.2.3.2 Defining surface types by clustering analysis

To classify the data, we use hierarchical clustering analysis, which is
an unsupervised clustering method [51]. Here, hierarchical cluster-
ing analysis is favored above other cluster analysis strategies such
as k-means, because hierarchical clustering does not require a prior
assumption about the number of clusters. Instead, by using a tree-
diagram, also known as a dendrogram, the relationship between
clusters can be studied. The surface types are studied with a divisive
(top-down) approach. With this approach, the clustering analysis is
used to find clusters in the data being the most dissimilar, so those
with the most unique surface composition [43]. Pixels are clustered
by calculating the unweighted averages of the Euclidean distances
(Results Section 3.2). Although hierarchical clustering analysis does
not require a prior assumption about the number of clusters, it is of
interest to this study to know howmany clusters describe the variab-
ility in the dataset best. At some point defining more clusters would
not indicate major variability in the data but smaller changes within
clusters instead. The decision on the number of clusters is based on
the knowledge of the data and the geology. As described by Hardy
[40] the validity of the number of clusters was tested with the el-
bow method of a graph plotting the mean Euclidean distance against
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the number of clusters (Results Section 3.2). The elbow method as-
sumes that significant clusters have a high Euclidean distance. At
some point, adding new clusters would cause a decrease in slope be-
cause these new clusters are explaining minor spectral differences
within a cluster instead of significant new clusters [40].

2.2.3.3 Relationships between surface types and summary products by
PLS-DA

Summary products can be used to draw conclusions about the
mineralogy and related surface types. Because the clustering was
performed with multiple summary products, a multi-variate analysis
is preferred above comparing each individual map, to define the
importance of each summary product on the definition of each
surface type.
A common method to reduce the number of axes in the dataset is
principal component analysis (PCA) which defines new axes in the
dataset that describe the most variance [51]. Since we are interested
in the variance between each cluster and the rest of the data, and
not in the variance within the complete dataset, we used Partial
Least-Squares Discriminant Analysis (PLS-DA) (see Section 3.2). This
is a method that originates from the field of chemometrics [15].
Just like PCA, it creates new axes in the dataset, where the first axes
in PLS-DA describe most of the variance between groups. In our
study the PLS-DA is done for each cluster defined by the hierarchical
clustering analysis. All pixels of the cluster we study for that specific
PLS-DA are considered as one group and all other pixels as another
group. The two groups are used as input for the PLS-DA to create
a new axes that describes the most variance between these groups.
The outcome of the PLS-DA are components with weight values for
all the variables, and score values which are pixel values projected
on the new component axis. These can be analyzed as a bi-variate
plot, which is a scatter plot presenting both of these results in one
figure. Based on this figure it can be observed which variables, i.e.
summary products, relate to which surface type (Result Section 3.2).

2.3 Results

2.3.1 Correlation between summary products

Figure 2.3 shows a correlation coefficient matrix of all summary
products and the two additional variables, elevation and dust cover-
age. The brighter the color the higher the positive (green) or negative
(red) correlation coefficient. The boxes highlight the correlation
coefficient larger than 0.8 and the circles those larger than 0.6.
The summary products are grouped into 6 categories based on
our interpretation and the descriptions of Pelkey et al. [82] and
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Viviano-Beck et al. [106]. Those products describing a mineralogy
are categorized in mafic minerals, i.e., olivine and pyroxene, ferric
iron, and secondary minerals. We used the term secondary minerals
to summarize the mineral groups of carbonates, sulfates, phyllosilic-
ates, and hydrous silicates. These mineral groups have overlapping
spectral features in the wavelength range between 2-2.5 µm, which
makes it difficult to distinguish them from each other based on
an individual spectral parameter. Besides mineralogical summary
products, some are interpreted to be related to the dust coverage,
the atmosphere conditions, and ices. The atmospheric effect on
the summary products is tested by determining their Pearson’s
correlation coefficients (r) with the digital elevation (see Section
2.3.1). For the products with a moderate correlation coefficient (r <
-0.6 or r > 0.6) with the digital elevation, the spectral features are
considered to be significantly affected by atmospheric absorption,
and thereby biasing the values of the summary products, assuming
that the atmospheric effects are linearly related with elevation.
From the Pelkey dataset these are the products ICER2 and BDCARB,
and from the Viviano-Beck dataset BD1400, BD1435, BD1900R2,
BD2200, BD2355, ICER2 and BD3000. The reason of this relation
between these products and the elevation can be that the products
are sensitive for the spectral features of atmospheric CO2 near 1.4,
1.9 and 2 µm [68, 16].
Because of the atmospheric effect on these summary products these
are excluded for the clustering and PLS-DA analysis. Therefore for
the following analysis both the products categorized as discarded
and atmospheric in Appendix Table 1 in the supplementary materi-
als are not considered.
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Figure 2.3 Correlation coefficient matrices of summary products of the
Pelkey (a) and Viviano-Beck (b) data sets. The brightness of the color shows
the positive (green) and negative (red) Pearson’s correlation values. The
circle highlight the correlation values with moderate correlation (-0.6 > r or
r > 0.6) and squares + circles those with high correlation (-0.8 > r or r > 0.8),
see the color bar in the upper right of the figure.
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2.3.2 Classification into surface types

The results of the clustering analysis are presented as global maps
and are shown in Figure 2.4 with the corresponding dendrograms
in Figure 2.5. The clustering analysis based on the Pelkey and
Viviano-Beck datasets show many similarities. In both analyses the
main branches in the dendrograms relate to the following surface
types: northern lowlands, southern highlands, Hellas Basin, dust
covered regions, and Syrtis Major and Meridiani. A total of 18
clusters have been defined by the summary products of Pelkey,
and a total of 17 clusters by those of Viviano-Beck. The names of
the clusters in Figure 2.4 will be used the remainder of this paper.
The results of the elbow method are attached as supplementary
material. In the elbow plot (Figure S 2.1 supplementary information
in Kamps et al. [55]) it shows that the number of clusters chosen
are around the tipping point (elbow) where the change in Euclidean
distance is constant. As mentioned in the Methods Section 2.2.3.2,
this is the point where more cluster describe internal variance of
cluster instead of significant new clusters.
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Figure 2.4 Global maps presenting the global surface types based on hier-
archical clustering analysis. Upper figure is the surface type map presenting
the clusters based on the summary products of Viviano-Beck et al. [106]
and the lower figure is based on the products of Pelkey et al. [82]. Numbers
shown are the outcome of the hierarchical clustering analysis and correspond
to the dendrograms in Figure 2.5. Cluster names were generally assigned
based on the geographical location of where they typically appear, except
for the dust covered region.
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Figure 2.5 Dendrograms of the hierarchical clustering analysis. The main
branches are named after the geographic regions in Figure 2.4 that are
covered by the surface types.

2.3.3 Relationships of summary products and surface types

For each surface type a PLS-DA is performed to test the contribution
of each summary product to the definition of that surface type. Be-
cause this involves a total of 35 individual analyses (18 surface types
derived from Pelkey 2007 parameters and 17 surface types derived
from Viviano-Beck 2014 parameters), four geologically interesting
clusters are shown here as an example (Figure 2.6). The examples
include Syrtis Major + Sinus Meridiani, Nili Fossae + Meridiani
Planum, northern lowlands and the transition zone, all performed
with the Viviano-Beck products. These figures present the score
and weight values of the first two components of the PLS-DA. As
described in the Methods Section 2.2.3 the first components explain
most of the variance between the groups. The figures essentially
display the same as a bi-variate plot from a principal component
analysis. The score values are the pixel values on a projected axis
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(PC). Weights are an indicator of how much the summary product
contributed to the axis, so the higher the weight, the higher the
contribution.
Table 2.1 summarizes all PLS-DA results, and can be found in plot
form in the supplementary material (Figures S4.1 - S4.35 in the sup-
plementary information of Kamps et al. [55]). This table indicates
for each surface type of both the Pelkey and Viviano-Beck datasets,
the summary products that contributed to their classification, based
on the weight values of the PLS-DA (see Figure 2.6). The variables
that plot close to the specific surface type (encircled in the bi-variate
plot in Figure 2.6) have a positive contribution and those that plot
opposite have a negative contribution in defining the surface type.
Figure 2.6 shows that it is not always clear which summary products
contributed most in defining the surface types. Therefore the global
maps of the distribution of each summary products are used to
evaluate the interpreted importance of the summary product for a
specific surface type.
The distance between the pixels of one surface type to all other
pixels in the bi-variate plots, indicates how distinct the surface type
is compared to all other pixels. For example, the pixels classified
as transition zone (Figure 2.6c.) plot between the dust covered
pixels and either the northern lowlands pixels or southern highland
pixels. Therefore, no specific summary products were listed for the
transition zone in Table 2.1.
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Figure 2.6 Bi-variate plots presenting the score values (colored dots:
pixels) and weights (black points and labels: summary product variables)
of the summary product of the principal component, resulting from the PLS
discriminant analysis. These are the surface types and summary products of
Viviano-Beck et al., [106]. The plots show the results for the surface types (a)
Syrtis Major + Meridiani, (b) Nili Fossae + Meridiani, (c) transition zone, and
(d) northern lowlands. Dots correspond to the colors used for the global
maps (Figure 2.2) of the main branches shown in Figure 2.5. The circles
highlight the pixels that belong to the surface type labeled with the name
above each sub-plot.

Surface type Pelkey 2007
parameters

Viviano-Beck
parameters

Southern
highlands

4 BDI1000VIS
HCPINDEX
LCPINDEX
BD920 BD860

5 HCPINDEX2
LCPINDEX2
BD920_2
SINDEX2
BDI1000VIS
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Syrtis Major 15 R770 RBR
RPEAK1
BDI1000VIS
IRA BD2210
BD3000 BD3400
BD640

12 OLINDEX3
R1330 BD1300
VAR ICER1_2
BDI2000
BD2100_2
BD2165 BD2190
BD2230 BD2250
MIN2250 CIN-
DEX2 BD3400_2
R770 RPEAK1
RBR BD530_2
VAR

Nili Fossae
+ Meridiani
planum

14 D2300
BDI1000IR

14 OLINDEX3
D2300 LCPIN-
DEX2 BDI1000IR
SINDEX2 BD1900

Ophir
Planum

11 SINDEX RBR
BD3400 ICER1
ISLOPE1

11 BD1900_2
MIN2200
ICER1_2
BD3400_2

Sinus Meridi-
ani

12 BDI2000
D2300 SH600
BDI1000VIS

See Syrtis Major

Southern lat-
itude zone

1 SH700 R1330
BDI1000IR R770
BD2210_2

Southern lat-
itude zone II

4 SH700 BD2265

Promethei
terra

13 CINDEX 13 CINDEX2
BD3400_2

Northern
lowlands

17 LCPINDEX
HCPXINDEX
OLINDEX IS-
LOPE1 BD3200
BD3400 BD2210
D2300 BD1435
BD2290

16 BD1300
BD920_2
OLINDEX3
LCPINDEX2
HCPINDEX2
ICER1_2 ISLOPE1
BD3200 BD3400
D2300 MIN2250
BD2250 BD2230
BD2190 BD2165
BD1750_2

Transition
zone

5 Composition
between dust
covered region
and adjacent
surface type

15 Composition
between dust
covered region
and adjacent
surface type
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Northern lat-
itude zone

18 D2300
BDI1000IR IS-
LOPE1 BD3100

17 MIN2200
BD1500_2
HCPINDEX_2
LCPINDEX_2
SH600_2

Equatorial re-
gion

9 R770 RBR
BD530 RPEAK1
IRAC CINDEX
OLINDEX
BDI1000IR
BDI1000VIS

9 R1330 R770
BD530_2
RPEAK1
RBR SH770
BDI1000IR VAR

Volcanoes 10
ICER1 BD1500 SINDEX

BD3100 BD3200
10 MIN2200 CIN-

DEX2 BD3400_2
BD3200
BD1500_2
BD2210_2
ICER1_2

Solis Planum 8 ISLOPE 1 BD2290
BDI2000

8 ISLOPE1
BD1900_2
BD2210_2
OLINDEX3

Medusae Fos-
sae

16 BD1900

Hellas Basin 3 BD3100 CINDEX
BD3200 BD3400

3 BD3100 CIN-
DEX2 BD3200
BD3400

Hellas north 6 SINDEX ICER1
BD2210 SH600
BD1435

6 VAR SINDEX2
SH600_2
OLINDEX3
D2300 RBR
SH700 MIN2250

Hellas middle 7 BD3200 SH600
BD3400

7 VAR BD3100

Hellas ex-
ternal

1 BD3000 SINDEX
BD3400 BD640
BD1500 BD1900

2 SH600_2 RBR
SH700

Hellas south
west

2 CINDEX

Table 2.1 Summary of the most important products of Pelkey and
Viviano-Beck for each surface unit (“ST”). Products with negative
contribution are underlined. Numbers in the column Surface type
correspond to those in Figure 2.2 and Figure 2.5
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2.4 Discussion

The results show that the CRISM multispectral mapping mode
data are useful to assess the global surface geology. The novel
approach with the use of summary products in combination with
unsupervised data-analysis techniques has proved to be a transpar-
ent method to test for the variability in the CRISM data and evaluate
for the local geology. The PLS-DA allows us to study the variance
of each surface type in multi-dimensions as shown in Figure 2.6,
and summarized in Table 2.1. Some are defined based on distinct
geological phenomena, and others are related to non-geological
processes or to artifacts in the datasets. The method shows to be
consistent in that it exhibits similar surface types for the Pelkey and
Viviano-Beck datasets and correspond to surface type classification
studies based on TES [5, 85, 87], OMEGA [84] and GRS [36].
The spectral differences between the southern highlands and north-
ern lowlands (Figure 2.4) is the most consistent in all global surface
types studies. Just as it was observed by the TES and OMEGA
instruments, the northern lowlands have limited spectral features
related to the mafic minerals olivine and pyroxene in comparison
with the southern highlands (Figure 2.6). The CRISM data shows
that besides the mafic mineral difference, many secondary mineral
summary products have high values for the northern lowland region
(Figure 2.6). This could suggest a chemical weathering process in
aqueous conditions. However, because of the low values of the band
depth products (e.g. third decimal place numbers for BD2250 in
Figure 2.2) and the lack of a spatial coherent pattern at the original
MRDR resolution, this study is unable to be conclusive regarding
the presence of secondary minerals in the northern lowlands. Fur-
thermore, previous studies with the OMEGA instrument concluded
that secondary mineral absorption features are rare to absent in
the northern lowlands [19]. The compositional change between the
major surface types in the southern highlands, northern lowlands
and dust-covered regions seems to be gradual and classified as a
separate surface type, called the transition zone here (Figure 2.4:
cluster 15 Viviano-Beck, cluster 5 Pelkey).
Much of the variability in the data is related to the dust coverage
on Mars. This can be observed in the number of pixels that classify
in the group dust-covered region ( 38 %of the pixels classify as
cluster 9 in Figure 2.4) and the number of summary products with a
moderate or high correlation with the dust cover index of Ruff and
Christensen [88] (Figure 2.3). The products related to this surface
type are interpreted as the result of the high albedo of the dust and
the dusts’ ferric component. The ferric component of the dust is
often referred as nano-phase ferric oxide [31]. Here the products
BD5302 and RPEAK1 are interpreted to be related to the ferric
component of the dust. The products OLINDEX and CINDEX are
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revised by Viviano-Beck et al. [106] because of their sensitivity to
high albedo, giving false positives for the interpretation of olivine
and carbonates. In contrast with previous studies, our study has
highlighted a few different regional groupings (Syrtis Major together
with Sinus Meridiani and Meridiani Planum with Nili Fossae), as well
as a few new regions of spectral distinctions (e.g. Ophir Planum,
Solis Planum and Hellas Basin). As will be described, the previously
unrecognized regional groupings show spectral similarities which
can be interpreted for the local geology. However, also the aver-
aging and thresholding process used to create the input maps had
significant influence on the regional grouping (Section 4.1). The
new spectral distinctions (Section 4.2) are discussed whether these
might represent previously unrecognized regional differences in
composition or surface properties (Section 4.2.1), or are the result of
influences of external factors such as dust and ice. The uncertainties
of our work and additional explanation on how to interpret our
results are discussed in Section 4.3.

2.4.1 New regional groupings

2.4.1.1 Nili Fossae and Meridiani Planum

The regions Nili Fossae and Meridiani Planum classify in this study
as similar surface types because of the interpreted high olivine and
secondary mineral content. The high olivine content is indicated by
the positive impact of the OLINDEX3 product and secondary min-
erals content indicated based on the products BD1900 and D2300
(Figure 2.6 and Table 2.1).
The interpretation of the summary products of secondaryminerals is
found difficult because at the original resolution the products lack a
clear spatial coherent pattern (BD2250 as an example of a secondary
mineral product in Figure 2.2 ). Also the summary product values
of the secondary mineral products are small (third decimal values
for BD2250) which introduces some uncertainty because the features
cannot easily be recognized in the spectra. The summary products
D2300 is displayed at original resolution in Figure 2.7 for the regions
Meridiani Planum and Nili Fossae to demonstrate that the pixel val-
ues are spatially coherent and can be related to the local geology
(Figure 2.7). The local geology is indicated in black, outlining the
boundaries of Meridiani Planum and Syrtis Major from the geological
map of Tanaka et al. [2014]. Grey squares indicate the outline of the
clusters in this study. At the original resolution it can be noticed that
the high values of D2300 are occurring within the outline of Meridiani
Planum. On this plain both in-situ as orbital observations have de-
tected sulfate evaporates, and Fe/Mg phyllosilicates silicates formed
by aqueous alteration [96]. Both D2300 and BD1900 describe spec-
tral features related to Fe/Mg phyllosilicates [106]. The low values
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of the sulfate index (SINDEX Table 2.1) and lack of a BD1750 feature
region suggests that the presence of sulfates could not be detected
with our analysis.
For Nili Fossae the product D2300 shows locally high values (Figure
2.7). The region Nili Fossae is often described in literature in re-
lation with the presence of secondary minerals such as carbonates
and Fe/Mg phyllosilicates [17, 31]. In these studies, hydrothermal
alteration is often named as the circumstance where these minerals
have formed. Both carbonates and Fe-Mg phyllosilicates have spec-
tral features around 2.3 and 1.9 µm, and both minerals can form
under hydrothermal circumstances.
The OLINDEX3 map is most similar to the mean fractional contribu-
tion map for olivine by Koeppen and Hamilton [59] based on the data
of the TES instrument. In their study the mean abundance of olivine
is relatively high in the regions that overlap with the surface types
Nili Fossae and Meridiani Planum in this study. Other surface type
studies such as Rogers and Hamilton [87], Hamilton and Christensen
[39] [2005], and [45] have also found Nili Fossae to be distinctly
mapped because of the high olivine content. Although the values
for OLINDEX3 are relatively high for Nili Fossae compared to the rest
of Mars, in our maps these are not significantly different compared
to the rest of Meridiani and Syrtis. This is different from the olivine
maps produced with the TES [5, 59] and OMEGA [77] data. This dif-
ference can be explained by the effect of averaging and thresholding
of the pixel values that causesmasking of the extreme values. A close
look at OLINDEX3 product in Nili fossae shows that some high values
in this region are masked out because of the defined threshold.
Besides the presence of secondary minerals, other orbital studies
have found that Meridiani is unique because of the presence of iron-
oxide minerals, especially hematite [23]. Product SH600 is able to
capture the presence of hematite Viviano-Beck et al. [106]. The val-
ues for this product are high in Meridiani Planum but not signific-
antly higher than the adjacent region Margaritifer Terra (which is
not a separately classified surface type in this study).

2.4.1.2 Syrtis Major and Sinus Meridiani

One of the aspects that distinguishes the surface types Syrtis Major
and Sinus Meridiani class from the other regions in the southern
highlands is the low dust coverage, with the lowest values for all
the dust coverage products (see negative weights for dust products
in Figure 2.6). Beside the dust, the regions are characterized by
high positive values for several secondary mineral products and the
OLINDEX3.
In contrast to the previous section on Nili Fossae and Meridiani
Planum, there are some doubts whether the OLINDEX3 indicates
a high olivine content in Syrtis Major and Sinus Meridiani. These
doubts are based on the fact that none of the other olivine maps
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by the TES or OMEGA instruments indicated high olivine content
in this region. This difference might be explained by the fact that
the OLINDEX3 is also sensitive to the 1 µm feature of high-calcium
pyroxene [106]. The high-calcium pyroxene content is often related
to what makes Syrtis unique in other surface type studies [Rogers
Hamilton, 2015; Riu et al., 2019]. The elevated high-calcium content
in this region would result in high values of the HCPINDEX, which is
not the case in this region. Similar to the olivine index values in Nili
Fossae, this could be related to the fact that the high values of the
HCPINDEX parameter are masked out by the thresholding process
and averaging of pixel values (see white pixels in Figure 2.2 ).
Several secondary mineral summary products have high values in
Syrtis Major. One of those products, BD21002, is displayed in Figure
2.7 for both Syrtis Major and Meridiani Planum. BD21002 appears
to be more noisy and does not show a clear distribution compared
to D2300. This lack of a clear spatial distribution was found for
all the secondary mineral summary products related to Syrtis and
Sinus Meridiani. Also several secondary mineral summary products
appear to be correlated with the dust-coverage (Figure 2.3). These
summary products have high values within Syrtis Major but not
significantly different from other low dust-covered regions such as
northern lowlands, and locally in the southern highlands. Therefore
it remains difficult to conclude on the presence of secondary miner-
als in this region.

28



2.4. Discussion

Figure 2.7 Summary product maps of Syrtis Major, Nili Fossae, Sinus Me-
ridiani and Meridiani Planum for the products D2300 and BD21002. The grey
squares indicate the outline of the 5o*5o grid size pixels for the above de-
scribed classes. Black outline are the boundaries of Meridiani Planum and
Syrtis Major on the geological map of Tanaka et al. [97]. The color scale
represents low values in green and high in red. The white pixels are those
with values higher or lower than the defined thresholds.

2.4.2 New spectral distinctions

As described in the Methodology Section the clustering analysis
is performed with a top-down approach so that the clusters that
are most distinct are identified first. Most of the most distinct
clusters have been recognized as spectrally distinctive in previous
studies that utilized infrared spectroscopic data sets.. But several
clusters of this studies appear new, in comparison with other
surface type studies with the OMEGA and TES datasets such as:
Hellas, Volcanoes, Promethei Terra, Solis Planum, Ophir Planum,
Medussae Fossae. However, for some of these regions the summary
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products with high impact or defining these regions are interpreted
to be related to non-geological conditions such as dust coverage
and local atmosphere conditions. These regions are for example the
dust-covered regions and the volcanic regions, and Hellas (Section
4.2.2 clusters of non-geological origin). For the clusters Ophir
Planum, Solis Planum, Promethei Terra and the higher northern
and southern latitude zones it is not well understood whether the
spectral uniqueness is related to geological processes or external
factors. Since these clusters are new, and overlap with established
geological units, the uniqueness of these clusters in the data is
discussed in Section 4.2.1 clusters of potential geological origin.

2.4.2.1 Clusters of potential geological origin

Cluster Solis Planum covers in both datasets the Hesperian volcanic
region on the geological map of Tanaka et al. [97]. Although the
cluster is named the same in both the Viviano-Beck and Pelkey
dataset their spatial coverage is different in that the cluster in the
Viviano-Beck data extends more to the North towards the Tharsis
region. In both datasets the spectral difference with other units
is minor, which can be observed from the low Euclidean distance
(Figure 2.5). The regions are characterized by high spectral slope
(ISLOPE) values and low values for secondary mineral and olivine
summary products. Previous laboratory spectral studies have
shown that a continuous spectral slope between 1.8-2.5 µm can
arise from either the result of acidic alteration of basaltic glass [49],
rock exposure [41] or ferric coating on dark rocks [35]. The lower
values for hydrated mineral summary products could be explained
by more recent volcanism, of which the rocks might have remained
unaltered. The low values for OLINDEX3 remains unclear, especially
because the detailed studies of Viviano et al. [105] concluded that
the composition of this region is similar to other Hesperian regions
on Mars.
Ophir Planum is a cluster which consists in both datasets of several
of pixels north of Valles Marineris. The high values in this regions
for the summary products SINDEX and BD1900 could indicate the
presence of sulfate minerals in the region. Cluster Ophir Planum
overlaps with some of the chaos terrains in Margaritifer Terra that
contain earlier identified light toned deposits [Glotch Rogers, 2007].
The identified sulfate deposits in these interior layered deposits
could be a reason for the higher values for the products SINDEX and
BD1900 [37]. However both products are also known to be sensitive
for the spectral features of ice. This in combination with the lower
values of the ICER product in both datasets could also imply the
presence of atmospheric water ice. The presence of atmospheric
ice in this region is also mentioned for its occurrence during the
aerocentric solar longitudes Ls 0-180 [7].
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Several clusters, in both dataset, cover the larger basins on Mars,
Hellas and Agyre (Figure 2.4). Clusters 3- Hellas Basin and 13 -
Promethei Terra are in both datasets classified first and were dis-
tinguished with high Euclidean distances (Figure 2.5). The spectral
uniqueness of this region is related to the missing values of the
summary products using wavelengths > 3 µm as described in the
Methods Section 2.2.2. Also the clusters Hellas North and Hellas
middle appear spectrally unique with high Euclidean distance with
the other clusters. The secondary mineral summary products for ex-
ample have low values for this region, while the products OLINDEX3,
SH6002 and SINDEX have high values. However, studying the
individual global summary product maps, it seems that all products
have unique values in this region. The known circumstances of high
opacity due to dust in the atmosphere [78] and the presence of
ice clouds [53] complicates the interpretation whether mineralogy
contributed to the spectral uniqueness or these external effects.

2.4.2.2 Clusters of non-geological origin

In addition to the surface types of potentially geological origin, some
classes in the clustering analysis such as the volcanoes and the
higher latitude zones result from unique summary product values
which are interpreted to be of non-geological origin. In the Meth-
ods Section 2.2.2 it was already mentioned that several summary
products were not used for the analysis because of their high cor-
relation with the elevation ((Pelkey: ICER2, BDCARB; Viviano-Beck:
BD1400, BD1435, BD1900R2, BD2200, BD2355, ICER2, BD3000 Fig-
ure 2.3). These summary products are interpreted here to be related
to the atmosphere thickness.
Not just globally, but also local atmospheric conditions seem to af-
fect the spectra and therefore the summary products. In particular,
the pixels covering the elevated volcanoes on Mars are classified as
separate surface types because of high values of BD1500, SINDEX,
CINDEX, BD3100, BD3200, BD3400 (Table 2.1). These products can
be associated with spectral features of sulfate and carbonate, but
here we think that they are affected by the local atmospheric condi-
tions around the volcano. It is known that the atmosphere around
the volcanoes hosts ice clouds [7], and from the products BD1500
and SINDEX it is known that these are sensitive for H2O and CO2
ice, respectively [106]. Also, the other products capture spectral fea-
tures that overlap with any of the H2O and CO2 ice spectra. Our two
classification maps (Figure 2.4) have both have regions in the higher
latitudes that cluster separately. It seems that although most of the
polar pixels are excluded, the regions up to 60o latitude are affected
by seasonal changes, resulting in spectral differences between orbital
strips within the mosaics. Such abrupt spectral changes around 60o
latitude were also observed by Pelkey et al. [82] in the OMEGA and
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CRISM dataset, and related to season changes.

2.4.3 Uncertainties

In this study choices were made that impacted on the uncertainties/
accuracy of the results. First of all the summary products were
normalized and standardized for the region between the 67.5o

latitudes. Therefore, some products that were developed to study
ice around the poles, are used to study surface composition where
ice might not be expected. We assumed that when the poles are
excluded, these summary products describe spectral features that
can be related to mineralogy. Also, the normalization and standard-
ization, together with the defined thresholds could have resulted in
enhancement of noise within areas of low spectral variation.
The use of thresholds based on quartile distances has proven to
be a good method to exclude unrealistic data values. But for some
products such as OLINDEX3 in Nili Fossae, it might have masked
relevant information. The averaging over such a large grid helped
to overcome some of the problems with radiometric differences
between strips and smoothened the data.
It was also mentioned in the papers of both Pelkey et al. [82]
and Viviano-Beck et al. [106], that the use of summary products
contains caveats, and interpretations have to be done with care.
Therefore, as a reminder, the interpretations resulting from this
study are based on averaged summary products over 5o*5o pixels
and for a global perspective. Some interpretations might not apply
to the original resolution of the MRDR summary product maps since
higher resolution data provides more detailed information.

2.5 Conclusions

The global multispectral CRISM data has shown to be a useful data-
set for global surface type classification. For the first time, both
the spectral parameters of Pelkey et al. [82] and Viviano-Beck et al.
[106] are used to capture the small spectral features of the CRISM
mapping mode data and interpreted for the local mineralogy. How-
ever, several assumptions had to be made such as averaging for a
5o*5o grid, and defining thresholds to mask unlikely values. These
assumptions had to be made to deal with radiometric differences
between strips in the CRISM MRDR data. With a novel and transpar-
ent approach, including a combination of multivariate data-analysis
techniques, we have classified Syrtis Major, Nili Fossae, Meridiani
Planum, Sinus Meridiani, northern lowlands and southern highlands
and the global dust deposits as separate surface types, consistent
with previous global spectral studies [Bandfield et al., 2000; Rogers
et al., 2007; Rogers Hamilton, 2015; Riu et al., 2019]. The effect
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of external factors such as the dust coverage and the elevation on
the summary products is studied using correlation coefficients. The
Viviano-Beck products BD1400, BD1435, BD1900R2, D2200, BD2355,
ICER2 and BD3000; and the Pelkey products ICER2 and BDCARB were
found to be correlated with elevation, which is considered to be in-
versely related with atmosphere thickness. The clusters covering the
higher latitude zones, Hellas and the volcanoes are interpreted to be
of non-geological origin, and found to be related to atmosphere con-
ditions, dust-coverage, atmosphere conditions, or missing values in
the data. Surface types Solis Planum, Ophir Planum are new in com-
parison with surface type studies done with other global datasets.
For these the geological interpretation of the spectral variability is
more uncertain whether it is can be related to geology or possible
atmospheric ice.
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Summary products have become commonly used parameters
to describe shallow spectral absorption features of both global
multispectral and targeted hyperspectral CRISM images [82, 106].
Although such products are useful to describe a mineralogical vari-
ation on the surface, various studies, including the one presented in
Chapter 2, have shown that there is ambiguity in the interpretation
of a summary product for a single mineralogy or rock type [106, 48].
So far, the studies evaluating the CRISM summary products are
often performed by using single spectra of individual minerals
[106, 48]. In practice orbital images consist of spectra of various
mineral mixtures rather than a single mineralogy. Also, the studies
on summary product evaluation are done based on spectra with a
spectral resolution similar to the orbital data of CRISM measured in
hyperspectral targeted mode [106], here the data was resampled to
the spectral resolution of the multispectral mapping mode resolu-
tion of CRISM. The latter is the CRISM data used in both Chapters 2
and 5
This study tests the summary products calculated from spectral im-
ages of Mars analog rocks. These images are obtained in laboratory
conditions with VNIR and SWIR imaging spectrometers. Because
all studies within this thesis are done with summary products
calculated on the CRISM multispectral data, the spectra here are
resampled to this spectral resolution.
To get a good representation of the Martian surface a variety of
rocks were measured. The collection contained volcanic rocks,
sedimentary rocks, and rocks altered in either metamorphic or
hydrothermal conditions. The presence of these rock types on Mars
were described before based on in-situ or orbital measurements
[31].
Often only the relatively high summary product values are inter-
preted for a mineralogy, but the applied methodology in Chapters
2 and 5 requires all summary product values, including negative
summary product values. In particular, the negative values display a
spatially coherent pattern that might be related to the local geology
[55]. The benefit of using spectral images instead of single spectra
makes it possible to test which values show a spatially coherent
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pattern and how this can be related to rock compositional variation.
This way, for the first time not only the high values are interpreted,
but also at other summary product value levels, the explained
mineralogy is described.

3.1 Rock selection

As mentioned before a variety of volcanic, sedimentary, and altered
rocks were chosen for spectral measurements (see Table 3.1). Most
of the samples were from the rock collection of the Geoscience
Laboratory of the Faculty of Geo-Information Science and Earth
Observation (ITC). This selection is complemented by the measure-
ments of the basalt rock samples collected from different lava flows
on Hawaii by Annelotte Weert [107]. Also, the spectral measure-
ments of the Pilbara greenstones of Exaud Humbo are used for this
study [50].
The primary surface composition of Mars is considered as basaltic
[5]. However compositional studies have also discovered local
volcanic sequences with richer silicate mineral composition [22, 19].
Such an enrichment indicates that magmatic evolution has taken
place, and therefore a large variety of volcanic rocks are included in
the rock selection. In Table 3.1 these are categorized as intrusive
and extrusive volcanic rocks.
Sedimentary rocks have been observed from orbit but also in-situ by
the different rovers [103, 96]. The sedimentary units are interpreted
to be deposited by rivers and lakes [66]. The analog sedimentary
rock collection contains a variety of rocks with different mineral
assemblages and grain sizes, for example, conglomerate, sandstone,
and shale (see Table 3.1).
Mineral alteration on Mars can be related to both metamorphism and
aqueous alteration. Metamorphism occurs at low grades compared
to the Earth, therefore only rocks up-to greenschist facies are used
for the measurements [70]. Hydrothermal alteration has often been
interpreted for the presence of secondary minerals on Mars such as
phyllosilicates and carbonates, especially in the region of Nili Fossae
[104].
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Lithology Code Additional information

ITCVR09
ITCVR13 Pyroxene phenocrystBasalt
Hawaii samples
ITCVR14
ITCIF01 Sanidine Feldspar PhenocrystsAndesite
ITCVR03 Sanidine feldspar phenocrysts
ITCVR07
ITCVR01

Extrusive

Rhyolite
ITCVR05

Peridotite ITCVR11
ITCVR10
ITCVR12Phonolite
ITCVR15 Trachite/phonolite

Gabbro ITCIF03
Diorite ITCIM03
Volcanic glass ITCVR08 Obsidian
Volcanic bomb ITCVR02

Intrusive

Granite ITCIF02 Foliated
ITCVR04

Ig
n
eo
u
s

Tuff
ITCVR06 Welded

ITCSE02
Shale

ITCMS04
Sandstone ITCSE03 Bundsandstein
Greywacke ITCSE06

ITCSE04 Anhydrite-gypsum
Sulfate evaporite

GYPSUM
Chlorine evaporate SALT
Phosphorite ITCSE05
Conglomerate ITCSR01

Se
d
im

en
ta
ry

Dolomitic evaporate ITCSE01

Greenstone rocks 179822,179825-179826,179864-179865,179867-179878
Serpentine ITCIM01
Schist ITCMS02 Biotite, chlorite, muscovite schist
Phyllite ITCMS01

Metamorphic

Amphibolite ITCMG01

A
lt
er
ed

Greenstone rocks 179822,179825-179826,179864-179865,179867-179878
Hydrothermal

Alunite XRD14106

Table 3.1 Rock selection describing the lithology and codes associated to
ITC Geoscience Laboratory sample library

3.2 Measurements

In this Mars analog Mars study, spectral images were acquired of
sawn samples to create a flat surface for the measurements. This
surface was leveled at the focus point of the camera. The samples
were placed on top of a black-painted blanket in a sand-filled box.
The blank paint applied to the blanket was relatively featureless
in the VNIR and SWIR and provided a contrast between the rock
measurements and the background.
The images in the VNIR and SWIR wavelength ranges were taken
with two separate SPECIM hyperspectral camera’s [95]. The SWIR
camera is placed in the lab scanner set-up with a moving platform to
scan the sample box. The camera measures the reflectance for the
wavelengths between 1-2.5 µm in a spectral resolution of 12 nm. The
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camera’s OLES30 lens has an image swath of 9.8 cm and a pixel-size
of ∼ 260 µm. Raw image data were converted to reflectance values
using white reference and dark current measurements.
The VNIR camera is used with the SPECIM ArtScanner [95] set-up
where the camera instead of the sample platform was moving. The
VNIR camera had a different lens and was therefore placed further
away from the camera resulting in a smaller pixel size of ∼ 350 µm.
The wavelength range covered was between 0.4-1 µm and a spectral
resolution of 2.8 nm.
The images were spectrally resampled to the CRISM wavelengths in
multispectral mode (72 bands: 16 VNIR, 56 SWIR) [74]. The central
band wavelengths and full-width half-maximum resolution of the
visible and near-infrared detectors were used to do the spectral
resampling. The resampled multispectral images are used to calcu-
late the summary products using the script of the CATENVI CRISM
processing software [72]. Because the SWIR instrument only meas-
ured up to 2.5 µm several products requiring reflectance spectra
at wavelengths higher than 2.5 µm could not be calculated. These
omitted summary products included BD3000, BD3100, BD3200,
BD3400, and CINDEX.
The total dataset of this study included in total 68 rocks, and for
each rock 43 summary products were calculated. Because of a
large amount of data, there was decided to confine the analysis to
a selection of the summary products. Several summary products
describe band depths of spectral features which are commonly used
in remote sensing studies and their limitations are well described
in the literature. This study focused on the summary products
specifically designed for the CRISM data, or those that caused
confusion in the global analysis in Chapter 2 or Chapter 5. Each of
the considered summary products is listed in Table 3.2 categorized
as those describing spectral features of primary minerals, secondary
minerals and non-minerals. In Appendix 1 it is shown what part of
the spectrum the product is calculated for representative spectral
library spectra.
For each of these summary products, the results present the
stretching values used to analyze the rocks including corresponding
colorbar. The rocks were studied for spatial coherent patterns which
could represent a difference in rock composition. Spectra and other
summary product combinations were used to interpret the observed
spectral differences described by the summary product.
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3.3. Results

3.3 Results

Category Minerals Summary products

Mafic (non-specified) VAR, BDI1000IR, BDI1000VIS, BDI2000
Olivine OLINDEX3
Pyroxene HCPINDEX2, LCPINDEX2, BD860, BD920

Primary minerals

Felspar BD1300

Sulfate SINDEX
Secondary minerals

Iron oxide SH770, SH600, RPEAK1,

Ices ICER1
Non-mineral

Other ISLOPE-1

Table 3.2 Selection of the analyzed summary products categorized as those
designed to describe spectral features of primary minerals, secondary min-
erals or non-mineralogical features such as ice

3.3.1 Primary minerals

3.3.1.1 Olivine

Figure 3.1 Variation in OLINDEX3 values for the rocks alunite, andesite,
schist, peridotite and Pilbara rock samples.

The olivine index, OLINDEX3, is designed to describe the wide
absorption feature of Fe2+ characteristic for olivine minerals. The
high values for the peridotite (ITCVR11) in Figure 3.1 show that
this product successfully describes the presence of olivine min-
erals. Besides olivine, the product gives relatively high values for
the high-calcium pyroxenes within the peridotite (ITCVR11) and
andesite samples (ITCVR14)(see later Section 3.3.1.2). The variance
in OLINDEX3 values within the schist (ITCMS02) and the greenstones
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shows that this summary product also shows spectral differences
within the spectra of secondary alteration minerals. The lowest
values, negative values, represent alunite (XRD14106) and the
illite/ muscovite minerals (greenstone 179871). The relatively high
values are associated with Fe-Mg phyllosilicates, most likely chlorite
minerals.

In Figure 3.2 the olivine index is tested whether it can be used
to quantify the olivine content in basaltic rocks. Therefore, the
Hawaii basalts collected by Annelotte Weert [107] were used. The
olivine content percentages are based on optical microscopy of thin
sections which are of the same slab measured with the imaging
spectrometer and displayed in Figure 3.2. The results show that the
highest olivine content for rock 18a3, based on optical microscopy,
also resembles the highest OLINDEX3 values. However, between
the other rocks there is no significant difference in OLINDEX3
values. None of the images show a noticeable relation in OLINDEX3
values in comparison with the observed olivine content in the rocks.
Therefore the OLINDEX3 values can be used to indicate the presence
of olivine but not used as a quantitative parameter for the olivine
content within a rock sample.

Figure 3.2 OLINDEX3 values calculated on the Hawaii basalts. Images
ordered from an estimated high to low olivine concentration. Colorbar and
values similar to the stretching values in Figure 3.1. the boxplots present the
first, second, and third quartile and errorbars the minimum and maximum
values.
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3.3. Results

3.3.1.2 Pyroxene

Figure 3.3 Variation in the products, LCPINDEX2, HCPINDEX2, BD860,
BD920 for a variety of rocks.
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The two pyroxene summary products LCPINDEX2 and HCPINDEX2,
which should indicate spectral features of low-calcium and high-
calcium pyroxenes respectively, show to be successful in identifying
these minerals and do not contain many false positives for other
types of minerals. In Figure 3.4 a color composite of mafic sum-
mary products is used to indicate the spectral variance within the
peridotite. The colors display the compositional difference between
olivine and differences between pyroxenes. The colors cyan and
magenta show respectively the combination where LCPINDEX2 and
HCPINDEX2, or OLINDEX3 and HCPINDEX2 display high values.
HCPINDEX2 also shows high values for pyroxenes in the diabase
(ITCIM03) and andesite (ITCVR14).
The LCPINDEX2 and HCPINDEX2 show clear differences in the
production of negative values. LCPINDEX2 has low values for all
hydrated minerals. HCPINDEX2, however, has relatively high values
in for example the schist (Figure 3.3) for the pixels that contain the
Al-phyllosilicates, illite, and muscovite.

Figure 3.4 Color composite of mafic summary products of peridotite and
selected spectra. R: OLINDEX3 (0-0.82) G: LCPINDEX2 (0-0.46) B: HCPINDEX2
(0-0.11)

The global maps from Chapter 2 show a correlation between
the products BD860 and BD920. BD920 does not show any spatial
coherent patterns. BD860 has the highest values for the peridotite,
but because of the resolution of the data, it cannot be concluded
whether this is related to either pyroxene or olivine minerals.

3.3.1.3 Mafic minerals

The response of the mafic summary products BDI1000IR,
BDI1000VIS, and BDI2000 shows similarities to the olivine and
pyroxene indices (see Figure 3.5). Just as for OLINDEX3, product
BDI1000IR has the highest values for the olivine within the peridotite.
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Also, BDI1000IR shows high values for the high-calcium pyroxene
within the andesite (ITCVR14), and the Fe-Mg phyllosilicates within
the schist (ITCMS02). BDI1000VIS is less sensitive to the spectral
feature of these Fe-Mg phyllosilicates but instead has slightly higher
values, for the diabase (ITCIM03), serpentine (ITCIM01) and am-
phibolite (ITCMG01). BDI2000 responds to the spectral features of
pyroxene, especially for the peridotite rocks. Besides these higher
values the variance is dominated by the low values for the phyl-
losilicates minerals within the rocks such as the schist (ITCMS01)
and greenstones. The rationale for the VAR product in the paper of
Viviano-Beck [106] is that it describes the spectral variance between
1-2.3 µm giving higher values for the spectra of the mafic minerals
olivine and pyroxene. Neither of the volcanic rocks measured here
show high values for the VAR summary product. Instead, the
rocks containing secondary minerals for example the greenstones,
dolomitic evaporite, and schist (Figure 3.5) have the highest values.
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Figure 3.5 Variety in the values for products BDI1000IR, BDI1000VIS,
BDI2000, VAR for various rocks
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3.3.1.4 Feldspar

Figure 3.6 Variety in BD1300 values for the rocks phyllite, diabase, phon-
olite, peridotite and Pilbara basalts.

In the Viviano-Beck study [106] the BD1300 product is designed to
indicate the minor Fe2+ substitution reaction for plagioclase min-
erals [106, 91]. Normally feldspar has no spectral features within
the CRISM measured wavelength range but this spectral feature
is locally observed in regions such as north of Hellas Basin [111].
This is a specific substitution which only locally is interpreted for
the presence of feldspars. Besides the 1.3 µm absorption feature
feldspar minerals are featureless in the short-wave wavelength
range.
In the rocks measured for this study, neither of the high values
for BD1300 is associated with a spectrum that could indicate the
presence of feldspar minerals. Instead, the highest values for the
BD1300 are for the olivine within the peridotite rock. Phyllite
(ITCMS01) is one of the rocks with mainly negative band depth
values, together with other sedimentary rocks such as greywacke
(ITCSE06), conglomerate (ITCSR01), and shale (ITCSE02). All the
greenstone rocks used in this study are included in Figure 3.6.
Although the values of the summary product are low Figure 3.6
clearly shows differences between the different rocks.
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3.3.2 Secondary minerals

3.3.2.1 Sulfate

Figure 3.7 Spectral variance for the rocks dolomitic evaporite, anhydrite
gypsum, phonolite and alunite of the summary product SINDEX

The highest SINDEX values are related to the alunite rock
(XRD14106). For gypsum, for example (ITCSE04) the SINDEX
values are not constant for the whole rock. Instead, it seems that
the values relate to how well the hydroxyl feature near 1.435 µm
is pronounced, indicating how hydrated the gypsum is. The high
SINDEX pixels for phonolite do not show many spectral features
and just strong absorption features around 1.4 and 1.9 and a dip
towards 2.5 just like the gypsum ITCSE04 which probably consists
of polyhydrated sulfate. The high SINDEX values for greenstone
179871 is the result of clear illite/muscovite spectral features.
The schist and the chlorite and dolomite containing rocks show
the most variation within the low, negative numbers. Because the
SINDEX describes the spectral convexity near 2.29 µm a negative
SINDEX indicates the opposite so a concave spectral shape. Both
dolomitic evaporite and some phyllosilicates have a spectral feature
around 2.29 µm resulting in negative SINDEX values. Especially the
Fe-Mg phyllosilicates have low values for the SINDEX and explain
most of the variance of SINDEX values within the different green-
stones.
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Figure 3.8 Reflectance spectra of alunite, gypsum, dolomitic evaporite and
phonolite resembling unique SINDEX values

3.3.2.2 Iron oxides

None of the rocks measured contain ferric minerals such as hematite
or goethite for which the shoulder products SH600 and SH770 are
developed. Therefore the results in Figure 3.9 only contain potential
alternative explanations or minor ferric weathering. The results
however show low values for both shoulder products indicating
minor spectral variation. Some variation, for example for the
shoulder products for the bundsandstein and welded tuff, are found
but just from the spectra, it remains difficult to conclude whether
this is due to variance in ferric iron. The same applies to the product
RPEAK1 which shows more variation than the shoulder products
but also for this product no consistency is found with a specific
spectral feature or spectral variation observed before in the infrared
wavelength range. Probably this product is most suitable for surface
remote sensing for which it can detect the difference between the
Fe-mineralogy and dust on Mars[106]. To conclude, if this product
describes ferric weathering, additional geochemical measurements
are required.
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Figure 3.9 Variety in values for the products RPEAK1, SH600 and SH770 for
various rocks
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3.3.3 External factors

3.3.3.1 Spectral slope

Figure 3.10 Variety of ISLOPE1 values for the rocks gypsum, volcanic bomb,
dolomitic evaporite, alunite and hawaii basalts

The ISLOPE1 product describes a continuous spectral slope, with
decreasing reflects towards longer wavelengths, between 1.8 and
2.5 µm which is characteristic for, for example, the spectral from
the northern lowlands on Mars (Chapter 2). Here, non of the spectra
of the Mars analog rocks has this characteristic spectral feature.
Instead, the high ISLOPE1 values in this rock selection seem to be
related to the minerals and rocks with absorption features near 2.5
µm. In Figure 3.10 this is shown for the gypsum (ITCSE04), alunite
(XRD14106), and dolomitic evaporite (ITCSE01). The effect of this
2.5 µm absorption feature on the ISLOPE1 values is not described
in the literature, and therefore we cannot conclude whether the
ISLOPE1 values for the spectra on Mars are related to the continuous
slope or affected by these spectral absorption features.
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Figure 3.11 Reflectance spectra of alunite, gypsum, dolomitic evaporite
and phonolite resembling unique SINDEX values

The basalt rocks selection from Hawaii were considered as a good
analog to test for ISLOPE1 features and whether these can be related
to weathering processes. In Figure 3.10 all measured rocks are
shown ordered from old to recent, assuming that older basalt flows
are more weathered, and therefore have higher ISLOPE1 values.
However, just like the other rocks, the relatively high ISLOPE1 values
do not resemble the continuous slope as observed for Mars spectra
[75], but minerals with lower reflectance values near 2.5 µm instead.
The Hawaii rocks are characterized by low ISLOPE1 values in the
center of the rocks. The spectra of these pixels in the middle of
the rock have higher reflectance values and no clear other spectral
differences indicating a mineralogical difference. Therefore it is
found most likely that this is an illumination artifact within these
measurements. Similar differences in reflectance were not found
for any of the other rocks.

3.3.3.2 Ices

Chapters 2 and 5 also included the ice product ICER1, describing the
ratio between CO2 and H2O absorption features, for global surface
studies. Therefore this product was tested for its applicability
to describe geochemical variance. Figure 3.12 shows some of the
results for the rocks peridotite, schist, anhydrite gypsum, and phos-
phorite. Because most minerals, except for epidote, have no spectral
feature around 1.5 µm, the product ICER1 has a lot of similarity
to the variance described by the summary product BD1435. Many
products that describe a spectral feature around 1 µm are sensitive
for olivine, as is ICER1. Other rocks that have high values for ICER1
contain hydrate minerals such as phyllosilicates or gypsum. How
these product values relate to those of ice is difficult to determine.
Especially because high ICER1 values are related to the presence of
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CO2 ice for which no representative spectra was found.

Figure 3.12 Variety of ICER1 values for the rocks phosphorite, gympsum,
schist and peridotite.

3.4 Discussion

The results presented here emphasize the complexity of summary
product interpretation. Besides the alternative interpretations, or
caveats, which are consistent with those described in the publica-
tions of Pelkey and Viviano-Beck [82, 106], the results show some
new caveats. In Table 3.3 the caveats described in the Results
section are summarized and summary product combinations are
proposed to verify the alternative interpretation. Only the products
BD1300, ISLOPE-1, ICER1, and VAR contain new interpretations for
the highest summary product values, other potential caveats for
summary product interpretations are at lower summary product
values. Each of these products is described in detail in the Results
section.
Most of the products described for this study are non-unique and
at different summary product values the interpreted mineralogy
varies. Without any context of a spectrum or summary product
combination it is difficult to conclude on a mineralogy. In general,
the highest summary product values are for the mineralogy the
products are designed for (e.g. OLINDEX3 for olivine). The altern-
ative interpretations are presented in the Results section along the
color gradient of the image to indicate how the different interpret-
ations relate to each other at different summary product values.
These different interpretations at various summary product value
levels are also indicated in the summary product sensitivity matrix
of Viviano-Beck et al [106] although only for the higher summary
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product values.
Differences in modes of different spectral instruments could cause
differences in how well spectral features are pronounced. Therefore
the stretching threshold values described in this study cannot be
considered as absolute values that can be used as direct comparison
with spectral data of other instruments. To do a mineralogical
interpretation based on the summary products it is of import-
ance that the interpretation is supported by examining summary
products in combinations or by displaying the spectra (see proposed
combinations in Table 3.3).
Not just the relatively high values are interpreted in this study, but
as indicated before, also the low/negative values show spatial coher-
ent patterns that can be related to mineralogical variation within a
rock. As with the other interpretations of summary products these
results are described within the range of values for each specific
summary product discussed in the Results section 3.3. So far, this
has never been done and therefore it is described here explicitly for
the products OLINDEX3, LCPINDEX2, HCPINDEX2, BDI2000, VAR,
and SINDEX in the Results section.

Summary product Rationale Viviano-Beck Caveat Combination product

OLINDEX3 Olivine
Fe-Mg phyllosilicates BD2250
Pyroxene HCPINDEX2

LCPINDEX2 Low-calcium pyroxene - -
HCPINDEX2 High-calcium pyroxene

Phyllosilicate BD2250
Olivine OLINDEX3
Pyroxene HCPINDEX2

BD1300 Feldspar
Phyllosilicate BD2250
Olivine OLINDEX3

BDI1000IR
Phyllosilicate BD2250
Olivine OLINDEX3
Pyroxene HCPINDEX2

BDI1000VIS
Olivine OLINDEX3

BDI2000
Pyroxene LCPINDEX2,HCPINDEX2

VAR Olivine and pyroxene
Carbonate BD2350
Phyllosilicate BD2210

SINDEX Sulfate
ICER1 Ice ratio

Olivine OLINDEX3
Anhydrite gypsum SINDEX
Phyllosilicates BD2250

ISLOPE1 Ferric weathering
Sulfate SINDEX
Carbonate BD2350
Phyllosilicates BD2250

Table 3.3 Caveats of the studied summary products and recommended
combination of summary product to verify the alternative interpretation
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3.4.1 Instrumental uncertainties

As described before, the summary product values cannot be con-
sidered as absolute numbers that can be compared directly to
spectral data of other instruments. The uncertainty of the data of
the SPECIM instrument is that its spectra have a slightly convex
shape for which the data is not corrected yet. The lower reflectance
values towards the higher and lower wavelengths could impact
some of the summary product calculations. Especially the product
ISLOPE-1 could be sensitive for this spectral shape artifact because
it calculates the slope between 1.8 µm and 2.5 µm, of which the
latter is at the detection limit of the instrument. Because all data
here are acquired in the same instrument set-up it is expected
that this does not affect the observed relative trend, but must be
considered when data are compared with those of other instruments.

3.5 Conclusion

In various ways, the work done in this study complements the
previous summary product studies of Pelkey [82] and Viviano-
Beck [106]. Before this study the revised summary products of
Viviano-Beck were only tested at CRISM’s hyperspectral spectral
resolution for Mars analog rock spectra and here their applicability
is tested for the first time at multispectral resolution. For most
of the studied summary products, the spectral interpretation of
the multispectral images is similar to those of the spectra at the
hyperspectral spectral resolution of Viviano-Beck et al [106]. But,
besides the already known caveats, some new alternative interpret-
ations are included, for example for the products, VAR, ISLOPE,
ICER1, SINDEX, BDI1000IR, BDI1000VIS, BDI2000. The mineralogical
interpretations are presented along the range of the minimum and
maximum summary product values of the rock samples. This way
it was also found that the products do not only describe spectral
difference for the high values but also in the low, negative values.
The different interpretations at different summary product values
emphasize the importance of defining the threshold values when
using the summary products. As a result of the uncertainties of
using summary products, the mineralogical interpretations need to
be supported by either summary product combinations or by visual
verification of the reflectance spectra.
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4Greenstones and a red planet*

4.1 Introduction

Both robotic and orbital measurements have confirmed the presence
of phyllosilicates on the surface of Mars. Its occurence is of import-
ance because it has indicated a wet and neutral acidity conditions
in the Noachian period [9]. Minerals of the phyllosilicates mineral
group can be formed in various alteration conditions, varying from
hydrothermal alteration, diagenetic, and low-grade metamorphic
conditions [28].
Each of these conditions have been interpreted for different re-
gions of Mars [33, 104]. Metamorphism is restricted till low-grade
metamorphic facies up to zeolite and sub-greenschist facies [70].
Hydrothermal alteration is often interpreted to explain the presence
of the mineral groups carbonate, phyllosilicates [32], in for example
Nilli Fossae region [104]. Here volcanic activity in Elysium provided
the required heat source for the hydrothermal water circulation.
Understanding in which conditions the phyllosilicate minerals forms
is crucial to understand the past conditions on Mars. For example
hydrothermal conditions are suggested as one of the potential
locations in which life could have started.
In western Australia, specifically the Pilbara craton, is build up of
rocks which are considered to be a good Mars analogue for the two
processes described above [17]. These rocks are similar in basaltic
lithology and are formed around the same age (∼3.5 Ga [1]). Chlorite
is one of the abundant minerals in these rocks. Chlorite minerals
are mineral sub-group of phyllosilicates, that are known to form
in the different conditions. Spectral orbital studies have detected
this mineral for various locations on Mars [104]. In this study the
rock samples from the Pilbara Craton sampled by Brauhart [13] and
Smithies [1, 94] are studied for spectral variations which can be
interpreted for the geological origin.

*This chapter is based on: Kamps, O. M., Van Ruitenbeek, F. J., Mason, P. R., Van
der Meer, F. D. (2018). Near-infrared spectroscopy of hydrothermal versus low-grade
metamorphic chlorites. Minerals, 8(6), 259.
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4.2 Pilbara Craton

Samples were investigated from the Pilbara Craton, Western Aus-
tralia, a region formed by a combination of vertical and horizontal
tectonic processes [62]. Despite its age, the craton has experi-
enced little deformation and stayed relatively stable for a long time
[44]. The craton can be divided into multiple terranes, basins, gran-
itic complexes, and greenstone belts [101]. The rocks used in this
study were taken from greenstone belts that have been metamorph-
osed from lower greenschist up to amphibolite facies [94]. The hy-
drothermally altered rocks are from a volcanogenic massive-sulfide
(VMS) deposit in the Panorama district in the Soanesville greenstone
belt. Alteration processes involving seawater and heat from the gran-
itic intrusion modified the rocks and formed the VMS deposits [13].

4.3 Method

4.3.1 Samples

This study requires a selection of samples with a well documented
geological context. The samples collected by [94] are especially col-
lected so that they are unaltered. On the other hand, are the samples
of [13] collected to study the alteration processes.
The rocks used in the metamorphic dataset of this study were origin-
ally collected by [94] as transects in seven different greenstone belts
in the Pilbara Craton. In total 243 samples of metamorphic rocks
were sampled from 19 different transects. For the hydrothermally
altered dataset, we used samples collected by Brauhart [12]. They in-
clude 445 outcrop samples from the Panorama district in the Soanes-
ville greenstone belt.

4.3.2 Geochemical analysis

Bulk rock geochemical data, chlorite compositions as well as spec-
tral measurements are taken from previously published studies
[102, 1, 94, 14, 12]. The hydrothermally altered dataset contains bulk
rock major and trace element measurements determined by X-ray
fluorescence (XRF) [14], chlorite compositions measured by electron
microprobe microanalysis (EMP) [12], and spectral analysis [102]. In
addition to the elemental and spectral measurements, the hydro-
thermally altered dataset contains temperature estimates for a selec-
tion of the rocks [11]. The metamorphic dataset contains measure-
ment of the bulk rock composition (XRF) [94] and spectral analysis
[1].
Since the metamorphic dataset lacked comprehensive chlorite com-
positional data, a selection of 13 representative rocks were meas-
ured using a JEOL JXA-8530F HyperProbe (JEOL, Akishima, Tokyo,
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Japan) equipped with a Field Emission gun, at a beam current of
15 keV at the Faculty of Geosciences, Utrecht University. The se-
lection contains two samples per lithology, that all contained chlor-
ite as dominant mineral in the spectrum. One ultra-mafic sample,
metamorphosed in the amphibolite-facies, was included to test the
influence of amphibole minerals on the spectrum and bulk rock com-
position. The number of measurements per sample varies from 4 to
53, without preference for specific chlorite minerals in thin section.
The variation in measurements per samples can be explained by the
differences in chlorite content per sample aswell as variations across-
mineral transects. These transect measurements measure multiple
points from the core to the rim of the chlorite mineral, which would
make it possible to study element variation inside individual chlorite
minerals.

4.4 Results

Two examples of chlorite reflection spectra were selected from both
datasets based on the highest and lowest magnesium number, as
measured by [89, 1], and are shown in Figure 4.1. The vertical lines
show the characteristic absorption features of chlorite, including:
1400 nmOH, 2250 nm Fe-OH, and 2350 nmMg-OH absorption. Com-
paring these chlorite reflection spectra in Figure 4.1, shows some
shifts in the absorption depth and wavelength.

Figure 4.1 (a) Four chlorite specifc reflection spectra from both the hy-
drothermal and metamorphic datasets; (b) zoom-in area of soame spectra
between 2150-2450 nm. The vertical lines highlight the characteristic ab-
sorption features of chlorite used in this study. 1400 nm: -OH absorption
feature; 2250 nm: Fe-OH absorption feature; 2350 nm: Mg-OH absorption
feature
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To test these variations in spectral features, all reflection spectra
from basaltic rocks containing chlorite have been compared.The res-
ults show that there is a significant difference, p < 0.001 for the Wil-
coxon signed rank test, between the Mg-OH absorption wavelength
near 2350 nm of the metamorphic rocks and the hydrothermally
altered rocks. Figure 4.2 shows a scatter plot including a corres-
ponding boxplot in which the spectral features are compared with
the magnesium number calculated from the bulk rock composition.

Figure 4.2 (a) Comparison of the absorption wavelengths of the Mg-OH
absorption feature of chlorite for both the hydrothermal and metamorphic
datasets (y-axis) and the magnewsium number calculated from the bulk
rock composition (x-axis); (b) Boxplots show the quantiles of the absorption
wavelengths for both groups of data

To gain a better understanding of the absolute concentration of
magnesium and iron, these elements are plotted in Figure 4.3a. It
can be seen that the variation in magnesium content is greater for
the metamorphic dataset, while the hydrothermal dataset shows a
greater variation for iron. These differences must be taken into ac-
count when comparing the magnesium numbers of both datasets.
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Figure 4.3 (a) Absolute bulk rock weight percentages (wt %) of MgO and
Fe2O3; (b) Comparison of magnesium numbers of chlorite (x-axis) and bulk
rock composition (y-axis).

When the bulk rock magnesium number is compared with the
magnesium number calculated for the chlorite minerals in the same
sample, a linear trend can be observed (Figure 4.3b). Two theor-
ies can explain this observation. First, chlorite is the only ferro-
magnesium mineral in the rock. Second, chlorite is a secondary min-
eral and has overgrown prior ferro-magnesium minerals, and there-
fore has a similar magnesium to iron ratio as that for the initial bulk
rock composition.
The results of the comparison of chlorite’s spectral features and its
mineral composition is shown in Figure 4.4. It was hypothesized that
a similar trend to the one from Figure 4.2, with a decrease in absorp-
tion wavelength with an increase of the magnesium number, would
be observed, because the magnesium number of chlorite relates to
the bulk rock magnesium number. This hypothesis is supported by
the results from Figure 4.4. The Mg-OH absorption feature near 2350
nm shows the highest correlation, that is why it is used for the other
plots in this study. One of the samples selected for the EMP meas-
urements mainly contains amphibole minerals, and is marked with
the text “Amph” in Figure 4.4. This sample will be discussed later in
this section.

For the calculations of themagnesium number in Figure 4.4, it was
assumed that the octahedral sites of chlorite are occupied by either
magnesium or iron. However, there are 10 different end-members
of the chlorite group recognized as named minerals in the official
classification published by the International Mineralogical Associ-
ation Commission on Minerals and Mineral Names [81]. Chamos-
ite and clinochlore, respectively, are the iron and magnesium end-
members [28]. Figure 4.5 shows the relation between the Fe and Mg
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Figure 4.4 Comparison of the absorption wavelengths (y-axis) of chlorite
specific absorption features and the magnesium number of chlorite (x-axis).
(a) -OH absorption feature; (b) Fe-OH absorption feature; (c) Mg-OH absorp-
tion feature. “Amph” highlights measurements of the sample metamorph-
osed in the amphibolite facies.

cations in chlorite. Both groups of data show a linear correlation
between the magnesium and iron cation concentration, where the
hydrothermal altered rocks plot closer to the origin than the meta-
morphic rocks. According to published data, which is supported by
our measurements, this is because these hydrothermal altered chlor-
ites have more octahedral aluminum compared to the metamorphic
chlorites [28]. Cation calculations show that iron and magnesium are
the most dominant elements in the octahedral sheet which results in
vibrations which can be observed in the NIR spectrum.

The plots shown as Figure 4.6 were used to compare the rock com-
position of both datasets and test the hypothesis made for this ana-
lysis. The first hypothesis is that both groups of basalts are the same
and therefore can be compared. The second hypothesis addresses
the difference between both datasets, and whether one group is in-
deed altered by hydrothermal alteration and the other by low-grade
metamorphism.

Figure 4.6a is a so-called alteration-boxplot first described by
Large et al. [63]. The solid line box shows where non-altered samples
should appear on the plot. The more felsic the volcanic rocks, the
lower the CCPI. Other than some outliers the data from the meta-
morphic datasets cluster on top of the non-alteration box. Clustering
of the hydrothermal alteration dataset is in the upper-right corner
where chlorite–pyrite alteration products are expected [63].
Figure 4.6b is a Winchester plot with two ratios of incompatible ele-
ments. The rocks plot around the same Zr/TiO2 ratio, which was
reported by Winchester and Floyd [109] as sub-alkaline basalt to an-
desitic rocks. Some variation can be found in the Nb/Y ratio at which
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Figure 4.5 Calculated cation contributions of iron and magnesium in the
octahedral sites of chlorite. More octahedral aluminum (Al(VI) in the fig-
ure) results in less magnesium, and iron and therefore plots closer to the
origin. Chemical formula’s presents the composition of the most Fe- and
most Mg-rich chlorite measured, and the outlier containing more octahedral
aluminum.

samples from the metamorphic dataset have a lower ratio compared
to the hydrothermal alteration dataset.
The AFM-diagram (Figure 4.6c) shows that the basalts from the meta-
morphic dataset cluster where the proportion of the alkaline ele-
ments Na2O and K2O is lower than 20%. However, the hydrothermal
alteration data showsmore variation in the alkaline elements relative
to Fe and Mg.

4.5 Discussion

Our results show that there is a significant difference between
the Mg-OH absorption wavelengths of hydrothermal and meta-
morphic rocks. Earlier studies [30] concluded that the absorption
wavelengths of chlorite are dependent on the magnesium number
of chlorite. A similar trend was observed in our samples where
the Mg-OH absorption wavelength, from all chlorite-specific absorp-
tion features, shows the highest inverse correlation with the mag-
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Figure 4.6 (a) Alteration boxplot plotting the CCPI against AI. Solid line box
indicates the area where non-altered samples are expected to plot, dashed
box indicates the area where samples altered by chlorite–sericite alteration
are expected to plot. Dots represent the area’s where some minerals would
plot. (b) Winchester plot of incompatible elements; (c) AFM-diagram of bulk
rock element concentrations.

nesium number of chlorite. Therefore, based on the higher absorp-
tion wavelengths for the hydrothermal dataset, we conclude that
chlorites from the hydrothermal dataset are richer in iron than those
from the metamorphic dataset.
The Mg-OH absorption feature was also compared with temperature
estimates from Brauhart et al. [11]. As can be seen in Figure 4.7, the
absorption wavelength shows, other than two outliers, a weak negat-
ive correlation with temperature. Based on these results we suggest
that the hydrothermal chlorites formed at lower temperatures than
the chlorites from the metamorphic dataset. However, this cannot
be tested as temperature estimates are not available for the meta-
morphic dataset. Three theories to explain the difference between
the two groups of basalts, and the relation between the Mg-OH ab-
sorption wavelength, are discussed below.

4.5.1 Precursor Bulk Rock Composition

Although the lithologies used in both datasets are the same, the
basalts may have had differences in their initial bulk rock compos-
ition. This is one possible explanation for the observed difference
in absorption wavelengths between chlorites from the two groups.
If this was the case, it would suggest that the protolith of the meta-
morphic rocks was richer in Mg than the hydrothermal rocks. This
could have been caused by differences in magma source, or crystal-
lization in a different magma series. Based on the Winchester plot of
incompatible elements (Figure 4.6b), we conclude that the initial com-
position of the basalts of both datasets was similar. The clustering
of both basalts in the AFM-diagram in Figure 4.6c supports the rock
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Figure 4.7 Comparison of the absorption wavelength of the Mg-OH absorp-
tion feature against the temperature of the hydrothermal altered dataset as
calculated by Brauhart et al. [11].

descriptions of Smithies et al. and Brauhart [94, 12] that the volcanic
rocks were formed from the tholeiitic magma series [52]. However,
the hydrothermal dataset shows a larger scattering towards the alkali
corner. This suggests that a process other than magmatic crystalliz-
ation was involved, which resulted in the current rock compositions.
This is supported by the alteration boxplot on Figure 4.6 in which
the chlorite–carbonate–pyrite index differentiates the hydrothermal
rocks from the metamorphic rocks.

4.5.2 Temperature

Although there are no independent temperature estimates for the
metamorphic dataset, the metamorphic facies in which the rocks
were formed have a similar temperature range to that reported by
Brauhart et al. [11] for the hydrothermal dataset. Literature shows
that depending on the pressure, the temperature of peak meta-
morphism under greenschist and amphibolite facies ranges between
circa 350–750 °C [83]. Based on these observations, it is expected
that chlorites formed at amphibolite facies (at higher temperatures)
will have lower absorption wavelengths than those in greenschist fa-
cies rocks. This coincides with the observations of Abweny et al. [1],
who concluded that amphibolite facies rocks can be distinguished
from greenschist facies rocks because the latter have a lower absorp-
tion wavelength near 2350 nm. Doublier et al. [30] concluded that
spectral features of chlorite could be used to differentiate low-grade
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metamorphic grades. Furthermore, the use of compositional or
structural changes in chlorite as a response to changing temperature
has been discussed in several previous studies [27, 108, 34, 92, 20]
The investigation of EMP measurements in the metamorphic rocks
made it possible to test the influence of spectral features of am-
phibole on the relation between the spectral features of chlorite and
its magnesium number. One rock, used for the EMP analysis, con-
tains a mixture of amphibole and chlorite minerals. Figure 4.4 shows
that this sample fits the linear trends of both the -OH and Fe-OH ab-
sorption feature but is a clear outlier for the Mg-OH absorption fea-
ture (Figure 4.4). A comparison of chlorite reflection spectra both
with and without the presence of amphibole (4.8) shows that only
the Mg-OH absorption feature displays any spectral difference. This
coincides with the observation resulting from the EMP measurement.
Therefore, it is thought that amphibole minerals, which share the Mg-
OH absorption feature with chlorite, cause the difference in absorp-
tion wavelengths between the two metamorphic facies. If either the
mineral composition or the temperature influenced the difference,
then the amphibolite facies rocks would be expected to be outliers
in all the absorption features and not only for the Mg-OH absorption
feature.

Figure 4.8 Comparison of the characteristic absorption features of chlorite
and the influence of amphibole minerals. (a) Mg-OH absorption wavelength
against the -OH absorption wavelength (b) Mg-OH absorption wavelength
against Fe-OH absorption wavelength.

4.5.3 Metasomatism

Another process that can explain the difference in absorption
wavelengths between the two basalt groups is the difference in mass
transfer. In a previous section, that discussed the influence of the
precursor bulk rock composition, it was mentioned that there are
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differences in element concentration between the two datasets. Fig-
ure 4.3 shows that the magnesium number of chlorite and the bulk
rock composition are related. Brauhart et al. [14] showed that mass-
transfer of major elements resulted from hydrothermal circulation.
Figure 4.6a,c support these observations because the data from the
hydrothermal dataset plots outside the area where non-altered data
are expected. In the ternary diagram, the data for the hydrothermal
dataset is dispersed whereas the basalts of the metamorphic data-
set cluster together in one corner. Brauhart [12] also described vari-
ations of the magnesium number of chlorite and found that there
is a difference between the magnesium number of chlorite in the
ground mass and larger chlorites associated with other ferromagne-
sian phases.
In the same study, Brauhart [12] concluded that the larger chlorite
crystals did not reach equilibriumwith the hydrothermal fluid, which
resulted in differences in magnesium numbers inside the rocks. So,
the influence of precursor lithologies was excluded based on the ob-
servations. For the metamorphic dataset there are no indicators that
the element concentrations had changed from the precursor com-
position. An interaction between temperature and metasomatism is
likely, although it was not specifically mentioned by Brauhart and
co-workers [11, 14].
The difference between mass transfer in the hydrothermal rocks and
no mass transfer shown in the metamorphic dataset seems the most
likely explanation for the observed spectral differences. However, it
is possible that temperature and mass transfer are related to each
other in the hydrothermal dataset. This is difficult to conclude from
the spectral data, because these describe ratios rather than absolute
element concentrations. It was emphasized by Cathelineau [20] that
various geological processes and variables can influence the chlorite
composition. Not all of these can be studied here because of the data
availability.
The results show that the Mg-OH absorption wavelength is defined
by the magnesium number of both chlorite and the bulk rock. The
absorption wavelength also shows a relationship with alteration tem-
perature. This suggests that the alteration temperature and mag-
nesium number of chlorite and bulk rock are correlated. Since the
variation inmagnesium number is caused bymetasomatic processes,
it is likely that alteration temperature and type and degree of meta-
somatism are related, where more intense metasomatism occurs
at higher temperatures. This relationship was not addressed by
Brauhart and co-workers [11, 14], and should therefore be studied
in more detail to with more data to test this hypothesis.
Although there were spectral differences between the metamorphic
facies of the rocks, it seems more likely that this was strongly influ-
enced by the presence of amphibole minerals, and less by the com-
position of chlorite. Zane et al. [113] attempted to use the composi-
tion of chlorite as an indicator for the metamorphic grade, but con-
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cluded that the composition of chlorite was instead defined by bulk
rock composition. Results of this study will be applicable to green-
stone belts in other areas if: (i) the precursor of the metamorphic
rocks are of a similar basaltic composition; and (ii) the type and in-
tensity of metasomatism of chlorite–quartz alteration zones of the
hydrothermally altered rocks are similar to those identified in this
study.

4.6 Conclusion

Studying the Mg-OH absorption wavelength in chlorite was found ef-
fective to distinguish between the Mars analogue basalts altered by
low-grade metamorphism from basalts altered in a hydrothermal al-
teration system in the Pilbara Craton, Western Australia. The ab-
sorption wavelength shows a strong correlation with the magnesium
number of chlorite, which was closely correlated to the bulk rock
composition. Metasomatism has altered the bulk rock composi-
tion and the composition of chlorite in the hydrothermal system.
Based on these results, there is no indication of changes in mineral
or bulk rock composition that can be attributed to metamorphism.
Observed changes in the reflection spectra between the greenschist
and amphibolite rocks seem to have been caused by a shared ab-
sorption feature of amphiboles and chlorite. The difference between
metasomatism in the hydrothermal system, and no changes in pre-
cursor rock composition for the metamorphic dataset, seems to be
the most probable explanation for the observed spectral differences.
Temperature also showed some relation with the Mg-OH absorp-
tion wavelength for the hydrothermal dataset but it is thought that
this might also be related to the degree of metasomatism. We con-
cluded that the Mg-OH absorption wavelength of chlorite near 2350
nm can be used to differentiate between metamorphic chlorites and
hydrothermal chlorite that were formed by intense metasomatism.
The similarity in age and lithology between the basalts on Mars and
those from the Pilbara Craton indicates the potential of this study
for planetary exploration. With a similar approach using wavelength
mapping of the 2350 nm of chlorite absorption features within the
OMEGA or CRISM images might explain the alteration process related
to the presence of phyllosilicate minerals on the surface of Mars.
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5Modelling surface
geochemistry *

5.1 Introduction

Gamma-ray remote sensed element maps present crucial inform-
ation to assess the surface geology of Mars. From gamma-ray
spectrometer (GRS) measured gamma-ray and neutron fluxes, global
maps are produced for the elements K, Th, Fe, Cl, H (expressed as
equivalent H2O), Si, Ca, Al, S. Several hypotheses have been proposed
to explain the distribution of these elements including volcanism,
aqueous weathering and the dust coverage [57, 10, 36, 47]. The
resolution of the element maps, which ranges between 200-500
km/pixel, complicates comparisons with other global mineralogical
or geomorphological datasets, in turn challenging interpretations of
possible geological processes that influence element distributions.
Hypothetically, when similar geological processes underlie both ele-
ment and mineral distributions, a spatial correspondence between
both is expected. In addition, the elements detected by GRS are
key to crystallographic structures of many common minerals on
Mars and so you would expect correspondence between mineral
and element maps, though differences in methodology from GRS
to optical methods complicate this correspondence. These no-
tions have motivated many comparisons between GRS data and
infrared spectral observations as a method connect low-resolution
chemical data with higher-resolution mineralogical data. Previous
data-integration studies between infrared data and gamma-ray
geochemistry information include Rogers and Hamilton [87] and
Viviano et al. [105]. These studies focus on the geochemical variance
between mineralogically defined surface types based on the thermal
emission spectrometer (TES) data [87], and the mineralogical vari-
ance of the crust underlying the dust in the Tharsis region [105].
In this study, we propose a statistical approach to model the global

*This chapter is based on: Kamps, O. M., Hood, D.R., Hewson, R. D., van Ruitenbeek,
F. J. A., Karunatillake, S., Viviano, C.E. van der Meer, F. D. (in preparation) Modelling
GRS chemical maps of Mars with CRISM Multispectral Summary Product Maps. Icarus
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element distribution based on mineralogical data, without asserting
focus on any specific regions. The global summary product maps
from Kamps et al. [56] are used as input for the mineralogical
data. That dataset contains the calculated summary products of
Viviano-Beck et al. [106] on the CRISM (Compact Reconnaissance
Imaging Spectrometer) multispectral mapping mode dataset [74].
The products describe reflectance values, spectral slopes, absorp-
tion features and spectral indices, and are developed to capture the
spectral variance in the CRISM data [106].
In this study, a novel approach of multivariate linear regression
is proposed to examine how well the CRISM summary products
can model the element concentrations measured with the GRS
instrument. The benefit of the models used here is that they do not
require prior assumptions to test for relations (i.e., unsupervised
correspondence), minimizing interpretive bias. The output of such
models highlights the spectral parameters that are most significant
in modelling the element distribution and can be interpreted for the
geological processes related to the individual element distributions.
The effectiveness of the models is also evaluated for the geochemical
provinces of Gasnault et al. [36], the Medusae Fossae formation [79],
and the dust-covered regions [88].

5.2 Methods

The methodology applied in this study consists of several consec-
utive processes of (1) data preparation (2) modelling (3) accuracy
analysis and (4) defining important variables for each model. The
processes are summarized as a flow-chart in Figure 5.1 and further
explained in the following sections.

5.2.1 Datasets

Comparing CRISM and GRS data is difficult because of the substan-
tial differences in modes of measuring. The element concentrations
are modelled based on the measured peaks of gamma-photon en-
ergy spectra using the gamma-ray spectrometer instrument on the
Mars Odyssey mission. Gamma photon energies are functions of ele-
mental decay process, as well as nuclear emission because of neut-
ron scatter or capture, generating compositionally diagnostic spec-
tral features. For this instrument, the measured gamma-rays can
originate from up to 1 m depth [10], making the observed chemistry
an average of the near-surface. The instrument does not have a col-
limator and therefore produces limb-to-limb cumulative spectra with
some collimation from the Martian atmosphere. Accordingly, about
50 % of the cumulative spectrum of gamma photons comes within
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Figure 5.1 Flow-chart diagram of the consecutive steps in our method and
the produced results. Bold numbers indicate the sections in this paper in
which the topic is addressed.

a radius of 240 km from nadir, varying with peak energies. Con-
sequently, the spectra are processed into element maps, modelled in
a region of interest of 2*2o or 5*5o cylindrical grids.
The mineralogical information comes from the CRISM instrument,
which orbits Mars on the Mars Reconnaissance Orbiter (MRO). CRISM
is an imaging spectrometer which measures visible and infrared light
in the wavelength range from 0.4-4 µm. That wavelength range re-
stricts sensitivity to the surface of the planet, shallower than a few
tens of micron depths. For global-scale studies, the CRISM instru-
ment has a mapping mode with a spatial resolution of 200 m/pix,
72 band multispectral resolution, and 80% surface coverage. Sum-
mary products are calculated for this dataset which describe spectral
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features such as band depth, reflectance, slopes, peaks, or reflection
indices. Each of these products is intended to describe a specific
mineralogy or surface characteristic. The first version of 33 sum-
mary products was developed by Pelkey et al. [82], and later revised
by Viviano-Beck et al. [106].
The spectral summary products of Viviano-Beck et al. [106] are eval-
uated for global geological analysis in Kamps et al. [56] (see Ap-
pendix Appendix Table 1). In the 2020 study it was found that the
global distributions of the primary minerals olivine and pyroxene are
well described by their respective summary products OLINDEX and
LCPINDEX, HCPINDEX and BD920. However, the spectral features of
secondary minerals such as sulfate, carbonate, phyllosilicates over-
lap and more geological information, or spectral feature combina-
tions are required to confirm for decisive mineralogy. Kamps et al.
[56] group and name those as secondary mineral summary products.

Figure 5.2 Global map of Mars presenting the geochemical provinces of
Gasnault et al. [36], GRS-pixels covering Medusae Fossae Formation [79],
and GRS-pixels with a dust-coverage index (DCI)<0.96 [88]

5.2.2 Data preparation

The chemical maps are mostly restricted to specific latitudes ( 55oS
to 45oN) and all these pixels are considered for the modelling. The
maps of potassium and thorium have a coverage up to 65o latitude,
and these extra pixels are included in their analyses.
Because of the difference in lateral spatial resolution between the
datasets, some data preparation is required. The difference in
spatial resolution is addressed by averaging the summary product
values of all CRISM pixels within the 5 by 5 binned GRS pixel. The
global maps of the CRISM summary products maps at both the
original resolution and the averaged gamma-ray pixel resolution are
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attached as a dataset in the supplementary material (Data Set S3.1
and S3.2).
As a result of the calculation of CRISM summary products, the maps
of summary products have some anomalous pixel values: extreme
values for the summary products which deviate significantly from
surrounding pixels. Therefore, for each summary product, upper
and lower thresholds are calculated for each summary product
based on the global map and are used to mask unlikely pixel values.
The minimum and maximum of threshold values are based on the
quartile distances where the minimum is 1.5 times the inter-quartile
distance (IQD) below the first quartile, and the maximum is 1.5*IQD
above Q3. For all products related to spectral band depths, the
minimum data values are set to zero. Just like the study of Kamps et
al. [56] the summary products that are thought to be affected more
by the atmosphere conditions rather than the surface composition,
are discarded. The effect of the atmosphere thickness on the
summary products is tested with a Pearson’s correlation coefficient
with the MOLA digital elevation, which is assumed to be inversely
related with the atmosphere thickness. The summary products with
a correlation coefficient, r < -0.6 or r > 0.6, with the MOLA digital
elevation, are taken out from the analysis. This applies for the
products: BD1400, BD1435, BD1900R2, D2200, BD2355, ICER2, and
BD3000, and are also mentioned as separate category in Appendix
Table 1. While this threshold certainly removes the summary
products most strongly related to atmospheric thickness, some
remaining parameters inevitably have correlation coefficients close
to this threshold, and should be interpreted cautiously. For example
the product BD31002 versus digital elevation with a correlation
coefficient of -0.58, where some effect of the atmosphere cannot be
excluded.
Some averaged grid pixels have no-data values. These are mainly
the pixels around Hellas Basin which have no spectral data for the
wavelengths larger than 3µm. All products using the reflectance
in this wavelength range have no-data values (BD3000, BD3100,
BD3200, BD3400, CINDEX). In these cases, the pixel values with
no-data values for these products are manually set to zero such that
these can still be included in the modelling.
No processing is possible to deal with the difference in measuring
the sensing depth of both datasets as described in Section 5.2.1.
Here, we will refer to the depth sensitivity limit of the gamma-ray
spectrometer as the subsurface ( 1 m depth). This difference
between the measuring depths leads to a key simplification when
both datasets are compared, namely that the subsurface is homo-
geneous. However, such simplifications have proven useful in prior
works as well, including constraints on Mars’s geothermal flux. [38]
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5.2.3 Linear Modelling

To develop a model that connects CRISM summary parameters to
element concentration on Mars we apply the Partial Least Squares
Regression (PLSR) method [110]. This modelling technique is favored
over other multivariate regressions techniques because it can handle
covariance in predictor variables (i.e. CRISM summary products
data), which is apparent in our dataset according to the correlation
matrix by Kamps et al. [56]. For each element the modelling is done
with and without the dust-covered pixels to test the influence of
dust-covered areas on the models because the model assumption
of subsurface homogeneity is most challenged in these areas. The
dust-covered pixels are considered to be the pixels which have an
average dust-coverage index (DCI) [88] less than 0.96 (see Figure
5.2).
PLSR has similar principles as principal component analysis (PCA)
where the number of axes is reduced by creating so-called principal
components. In PCA these axes describe the most variance in the
data, for PLSR these principal components are rotated such that
they have the most covariance with the response variable (i.e. the
element concentration).
The modelling is done in MATLAB using the libPLS toolbox [64]. This
toolbox makes use of the PLS NIPALS (Non-linear Iterative PArtial
Least Squares) algorithm to calculate the score and loadings of the
PLS-model. For each element, we use 70 % of the GRS-pixels to de-
velop the PLSR model (calibration). The 30 % that is not considered
is used to test the accuracy of the model dataset (validation). This
process is repeated a thousand times, in a so-called Monte-Carlo
simulation. In each repetition, a new calibration and validation
subsets of the data are selected randomly. The Monte-Carlo simu-
lations ensure that models are not biased due to initial calibration
and validation dataset selection and provide estimates of model
variability. All parameters presented in the Results section, such
as the VIP-values and regression-coefficients, are averaged over all
these simulations.
The model gives various outputs which we can use to consider
how well the CRISM and GRS data relate to each other and how
much each summary product contributes to the model. The ac-
curacy of the model is indicated here by the explained variance
of the response variable. To test which summary products have
the highest contribution to the model, the VIP (variable influence
for the projection) values are used. The VIP indicates how much
variance the input variable (i.e. summary product) describes in the
variable and predicted dataset. The VIP-values are calculated with a
weighted sum of squares of the PLS-weights. The weights are based
on the explained variance for each PLS-component and the average
VIP-score for all variables is 1. Therefore, the variables with a
VIP-score larger than one, are considered as important for the model
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[110]. The regression coefficients from the linear model are used to
test whether the summary product has a positive or negative effect
on the model. Both the individual element distributions and the
geochemical provinces are studied here in relation to the CRISM data.

5.3 Results

Ourmodeling tests howwell the infrared spectral information relates
to the element concentrations and which summary products have
the most effect on such a model. Both objectives are discussed in
the following sections. Two models are made for each element (with
or without dust-covered regions), making eighteen models in total.
Below, we discuss the general results and more detailed results that
are of immediate interest for the conclusions. Results of all the other
models can be found attached as supplementary material.

5.3.1 Model accuracies

The accuracy of each element model is evaluated here in three ways,
namely as the explained variance (Figure 5.3), comparison of global
maps (Figure 5.4), and a comparison of model and GRS data with me-
dian values for the chemical provinces by Gasnault et al. [36] (Figure
5.5).
Figure 5.3 presents the explained variances for each model of the
surface chemistry. The explained variance is a statistical measure
expressed as a percentage to indicate the accuracy of the model. A
hundred percent explained variance for a model means here that the
geochemical concentration predicted by the model, using the sum-
mary products as input variables, is exactly the concentration meas-
ured by the gamma-ray instrument. The lower the explained vari-
ance, the less variance of the original input data is predicted well by
the model. In Figure 5.5 a high explained variance would show that
all pixel values align linearly. In the global maps of a model with
higher explained variance, the result should be the increased simil-
arity between the original and modelled maps (Figure 5.4).
In general, the explained variance for the various geochemical mod-
els is between 30-50%, and dust-free models (white bars) are gen-
erally better than models that include the dust-covered pixels (grey
bars). Notably, the volatile elements H2O and S have comparable
dust-free and dust-included models, while the models for Cl and Si
are improved when dust-covered pixels are included. The effect of
excluding the dust-covered pixels is most noticeable for the elements
Fe, K and Thwhere the explained variance is significantly higher com-
pared with the model that includes these pixels. Of all models, the
model for Fe without dust-covered pixels has the highest explained
variance of 60%. By contrast, the model for Ca is the poorest model
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both with and without the dust-covered pixels. These explained vari-
ances are those included within the validation subset, and consists
of the thirty percent of the data that are not used to calibrate the
model. The error-bars present the standard deviations of the thou-
sand Monte-Carlo simulations where the calibration and validation
data were randomly selected. The original chemical map, together

Figure 5.3 Explained variance for each of the elements according to the
PLSR modelling. Solid bars indicate the explained variance where all GRS-
pixels are considered, outlines where dust-covered (DCI<0.96) pixels are ex-
cluded.

with the model and its residuals, are presented as global maps, to
give a spatial impression of the variance explained by the models.
In Figure 5.4 the elements Si and H2O are used as examples because
their spatial variance is described in more detail in the Discussion
section. The maps for the other element models are included as sup-
plementary material (S1.1 - S1.18).
The white lines present the outlines of some of the polygons in Figure
5.2. High dust-regions are outlined in the Si map, as Si is later dis-
cussed in relation with the dust-coverage. The maps for H2O present
the outline of the Medusae Fossae formation due to its remarkable
enrichment in the other volatile elements, S and Cl. For Si, Figure 5.4
shows that except for some local enrichments, the general variance
of this element is well explained, this is also reinforced by Figure
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5.5. The model for H2O seems to generally under predict most of the
values. In particular, the enriched region in the center of the map is
not predicted well by our model, which is indicated by high residual
values.
Figure 5.5 summarizes the accuracy of the model for the geochem-

Figure 5.4 Original, modelled, and residuals for Si and Cl. GRS and mod-
elled data are in weight percentage. Residuals are the normalized residual
values. The white outline for Si presents the dust-covered regions, and for
H2O the Medusae Fossae formation. These outlines are the same as the
polygons in Figure 5.2.

ically distinct GRS provinces, where the median concentration of the
surface type in the original dataset and the model are presented. The
geochemical provinces are included in Figure 5.5 for spatial context
of the linear trend between the original and modelled pixel values,
and to examine the accuracy of our models in well-established geo-
chemical provinces. The red dashed line in Figure 5.5 indicates the
identity-line. The further away from the identity line the median of
the province plots, the less accurate the model is for that province.
The blue dashed line is the linear regression: a perfect model would
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have both lines overlapping. For all models the blue line plots flatter
than the identity-line, which means that all models are under pre-
dicting deviations from the mean. With this figure it becomes clear
which provinces are well-explained with the model. For example, for
Fe, the enrichment of geochemical province P220 near Elysium is not
well explained by the model. The low quality of the model for Ca be-
comes apparent here since the regression line (blue line) is close to
horizontal.

5.3.2 Effect of summary products on models

Figure 5.6 shows the summary products with VIP-values larger than
one for most models. The values of the model for Ca are not presen-
ted because earlier results have shown that the model does not ex-
plain much variance of the element distribution. Because the models
for Fe, K, and Th are significantly better when dust-covered pixels are
excluded, the VIP-results of these models are presented in Figure 5.6,
indicated by the grey boxes. For the other elements the VIP-values
of the models including all pixels are presented. The VIP-values and
regression coefficients of all models, including Ca, and those with
and without dust-covered pixels, are included in the supplementary
material (S2.1 and S2.2). These products are ordered from high to
low based on their VIP values (blue bars) and the red plus-symbols
present the regression coefficients (i.e. positive or negative rela-
tionship). Descriptions of the mentioned summary products can be
found in Appendix Table 1.
For each element, the distribution of VIP values varies. The elements
Cl, H2O and S have individual variables that stand out with noticeably
higher VIP-values in comparison with the other variables. However,
for the element Al, most variables have similar VIP-values with no
single variable that has significantly more importance for the model
relative to the others.

5.4 Discussion

The results of multi-variate modelling show that for most of the ele-
ments the general trend of the element concentrations are well pre-
dicted by the CRISM summary products. The accuracy of such a lin-
earmodel, however, varies for the different elements. When all pixels
are included in the model (grey bars in Figure 5.3), most models have
an explained variance between 30-50 %. Both the global maps (Fig-
ure 5.4) and the chemical province plots (Figure 5.5) have proven to
be useful to assess the spatial locations where the variance is well
explained, and where the model lacks accuracy. In the following sec-
tions we focus on specific regions and discuss these in relation to
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Figure 5.5 For each element the original (horizontal) andmodelled (vertical)
median values of the various chemical provinces defined by Gasnault et al.
[36]. The red dashed line indicates the identity line, the blue the regression
line through all the data values.

the summary products that had significant influence on explaining
the variance. The summary products are interpreted for the geology
of that region.

5.4.1 Low accuracy in the calcium model

One of the benefits of the modelling results presented is that the low
accuracy models can also be interpreted. Figure 5.3 shows that the
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Figure 5.6 Summary products with VIP values > 1 ordered based on the VIP
values. For each element themost accuratemodel is chosen whichmeans the
model without dust-covered pixels for the elements Fe, K, Th, (grey box) and
with all pixels for all other elements. VIP values (blue bars) and regression
coefficients (red plus sign).

model for calcium with 11% explained variance is the least accurate
compared to the models of other elements. This is also apparent
in Figure 5.5 where the median model values of the geochemical
provinces are all similar. This low accuracy can be explained in
two possible ways. One possibility is that the variance of calcium
is related to a mineralogy which cannot be observed by CRISM.
Feldspar minerals are one of the major components of the basaltic
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rocks on Mars which cannot be detected in the CRISM wavelength
range. Because the concentration of calcium is relatively high (4-7 wt
%), it is considered as a prominent element for Mars. A global study
of feldspar by Milam et al. [71] concluded that the feldspars on Mars
are chemically homogenous, and can be classified as labradorite
and bytownite, which are both calcium-rich (>An 50) feldspars.
What can be concluded based on the results presented here is that
the variance of calcium is not well explained by the distribution of
pyroxenes, nor secondary minerals such as carbonates, sulfates or
phyllosilicates at the surface of Mars. Another possibility is that
calcium is more vertically heterogeneous compared to the other
elements such that the disparity between CRISM measurements and
GRS measurements is larger for Ca than for the other elements.
While it is likely that vertical heterogeneity plays a role in limiting
the modelling capabilities for all elements, it is unclear why calcium
would have greater heterogeneity than the other elements. Further
investigation of the distribution of the calcium-rich minerals in the
subsurface remains work for future study.

5.4.2 Effect of dust

The gamma-ray data are often discussed in relation to the dust-
coverage, often referred as dust mantling in literature [58, 98, 46].
With the PLS modelling we evaluate the effect of the dust by study-
ing the models with and without the dust-covered pixels, and by
studying the VIP values for the dust covered summary products for
each model.
Of all elements the Si concentration shows the strongest relation-
ship with the dust-related summary parameters. The summary
products that have the most effect on the model for silicon (i.e.
highest VIP-values in Figure 5.6) are R770, R1330 and VAR. For each
of those products the global variance is mostly influenced by the
dust-coverage [56]. The model over-predicts the Si concentration
for the geochemical province covering the Tharsis region (P211A)
(see Figure 5.5). This region is studied in detail by [105], where
they suggested that this region has a low Si content due to the dust
thickness and that the surface composition of the bedrock was not
unusually Si depleted. They concluded based on the findings of
Harmon et al. [42], that the composition of the rocks below the dust
around Tharsis has a similar composition of other Hesperian units
on Mars. Although the dust thickness cannot be evaluated based
on the summary product values, the significant influence of these
summary products on the Si model would argue that Si-depletion
due to dust cover may be an important global influence of observed
Si abundance.
The model for Cl (Figure 5.3) is also unique in that it is substantially
improved when the dust-covered pixels are included, rising from
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circa 25% to 45%. Despite this increase in model performance,
the highest VIP summary parameters in the Cl model are not
dust-related (ISLOPE 1, D2300, BD19002) though, R770 does have a
VIP>1 (Figure 5.6). This may indicate a correlation of Cl with dusty
areas that it is not strictly related to the dust, and is instead caused
by mineralogical connections with the other volatile elements, as
suggested in Hood et al. [46].

5.4.3 Volatile elements and Medusae Fossae formation

The S, Cl and H2O enrichments in the vicinity of Medusae fossae have
been the topic of a number of investigations (e.g. Ojha et al. [79]).
Several hypotheses have been proposed in literature to explain the
compositional uniqueness of this formation with pyroclastic flow or
fall, or aeolian deposition considered as viable possibilities [65]. In
Figure 5.7 the model accuracy is assessed for these regions by high-
lighting the pixels that cover Medusae Fossae (see Figure 5.2) with red
plus-signs. The models for the elements sulfur and chlorine have
a good prediction of the enrichments in Medusae Fossae. For H2O
however, the enrichments cannot just be explained by the Medusae
Formation. The latter is also noticeable in Figure 5.4 where not all
pixels within Medusae Fossae have high H2O concentration values.
The summary product BD19002 has a positive high effect on the
models sulfur and chlorine (Figure 5.6). That product describes the
1.9 µm water feature, which can be related to either bound or un-
bound water [106]. The feature is most likely from either hydrated
minerals (e.g. phyllosilicates, sulfates) or unbound water in either
liquid or ice phase. The high impact of the spectral water feature, as
well as good model prediction within the Medusae Fossae formation
is here interpreted to confirm that the material in Medusae is volat-
ile rich as suggested in Ojha et al. [79]. If this is volcanic material
it could indicate that the eruptions sourced from a hydrated mantle
source [2]. Unfortunately, none of the high-VIP spectral parameters
are uniquely related to particular mineral features, so it is difficult
to distinguish between bound and unbound H2O in this feature.
The VIP values for the H2Omodel show that BD21002 and BD22102
have the highest impact on the model. Both are common water and
hydroxyl features for phyllosilicates and sulfates, implying that wa-
ter is bound in a mineral structure. However, the global maps of
both products show that the averaged values for each GRS-pixels are
based on few, high-valued CRISM pixels, which gives these products
a high uncertainty (see supplementary dataset S1). So, although the
model for H2O suggests that the enrichments are most likely related
to bound water in hydratedminerals like phyllosilicates and sulfates,
there is a high uncertainty in these findings. Water as ice in this re-
gion, especially in the subsurface can therefore not be excluded.
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Figure 5.7 Scatter plot of the model and original element concentrations.
In red the pixels overlapping with the Medusae Fossae formation are high-
lighted

5.4.4 Northern Lowlands

The northern lowlands are characterized by a compositional enrich-
ment of the elements Fe, K and Th [57, 99]. However, the models
show that different summary products are considered as important
for the different elemental models, though there is substantial
overlap in the important parameters for K and Th. This supports the
findings of Karunatillake et al. [57] that the potassium and thorium
generally co-vary but that iron varies independently across Mars.
The model for Fe has the highest explained variance of all models
when the dust-covered pixels are not considered in the analysis ( 60%
see Figure 5.3). The summary products with highest VIP-values are
all related to the mafic mineralogy, such as the olivine and pyroxene
indices, which all have low values for the northern lowlands. These
lower values coincide with the extent of surface type 2 in Bandfield
et al. [5], which concluded that the northern lowlands have an
andesitic composition. Later studies on the chemical maps have
indicated that the silicon content in this region is too low for an an-
desitic composition [112, 57]. There are several geological processes
that can explain the inverse relation of the mafic summary products
on the iron enrichment in the north. These processes include either
a different magmatic origin for the rocks in the northern lowlands
[5, 86], aqueous in-place alteration of the olivine and pyroxene
minerals [112], or a more recent sedimentary coverage that overlays
buried mafic minerals [76]. However, based on these results we
cannot conclude on either of these geological processes.
The elements potassium and thorium are both enriched in north
Acidalia and the summary product BD22102 has the highest VIP-
value for both elements in the dust-free and dust-included models.
This summary product describes the Al-OH spectral feature of
phyllosilicates and sulfates [106], most of which do not incorporate
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K fundamentally into their structure. The chemical distribution of
potassium shows overlap with the TES-based surface type ‘northern
Acidalia’ by Rogers et al. [85]. With the TES-instrument they have
found indicators, for sulfates in this region. Rogers and Hamilton
[87] compared this surface type, among others, with the chemical
maps. However, because of the lack of spectral evidence and the
lack of a sulfur concentration map, they could not make a strong
argument of sulfates in this region. The sulfur map presented
here, however, show that sulfur is slightly enriched in this area.
Combining these observations, aqueous alteration can be supported
as an explanation for the enrichment of K and Th rather than a
difference in magmatic origin, even though K and Th do not appear
to fractionate spatially. The combination of the higher values for
BD22102, the TES spectral interpretation of sulfates and the slight
increase of sulfur in this region could indicate the presence of
sulfate minerals in this region. This would suggest acidic conditions
in which the immobile elements potassium and thorium can also
be mobile according to [99, 29]. These findings contrast with
Karunatillake et al. [57] findings which supported a distinct magma
provenance for surface type 2 as the best explanation for potassium
and thorium enrichment. While no single piece of evidence for
aqueous alteration is particularly robust, these small pieces of
evidence warrant a more detailed site specific study.

5.4.5 Uncertainties and limitations

Although the modelling itself does not require any assumptions
about the relation between the CRISM and GRS data, some assump-
tions in the pre-processing must be mentioned here. Here it is
assumed that the dominance of a specific mineral is linearly related
to the value of the summary product. However, it is known that
spectral features in the shortwave infrared wavelength range are
not linearly related [24]. Also, the summary product values are
normalized and stretched prior to the modelling. In our model the
products explaining shallow spectral absorption features have the
same impact on the model as more prominent spectral features.
So, the stretched summary product values quantify the spectral
features, but it is difficult to interpret changes in these spectral
features relative to each other. Such a stretching also makes that
spectral features with little spatial variance could be stretched
within the noise level of the data, possibly resulting in an overestim-
ation of the presence of a mineralogy.
Another difficulty in the interpretation of the modelling results is
that a linear correlation does not automatically imply a causation.
For some models the causation is interpreted as variable A caused
B, although it can easily be turned around that variable B causes A.
We attribute such correlations to a common cause; e.g. mantling
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processes, volcanic degassing, aqueous alteration when possible and
geologically reasonable processes [6]. In addition, the correlation
causation effects discussed here may have regional variability, so
causes of correlation do not have to be the same for all regions.
As mentioned before in the introduction, the summary products can
rarely be attributed to a single mineralogy, and many may be par-
tially influenced by non-geologic factors. The advantage of including
all products is that we do not have to make prior assumptions on
the processes or mineralogy that underlie the element distribution.
However, for example for the element aluminum, it seems that
for some of the summary products with the highest impact (e.g.
BD3100) some effect of the atmosphere cannot be excluded.

5.5 Conclusion

The modelling work has proven useful for testing the relation
between the global maps of the gamma-ray element concentrations
and CRISM mineralogy. The results show that for none of the
elements a single process is sufficient to explain all the variance of
the element concentrations. For most elements the general variation
can be explained. Also using different visualization method we have
displayed for which regions on Mars the modeling is most accurate.
Most element models have an explained variance between 40-50%.
In general, heterogeneity in the subsurface, or minerals that do not
have spectral features in the wavelength range of CRISM are the
most likely causes of low model accuracy. The model for calcium
has the lowest accuracy, where the variance is mostly unexplained.
We consider that this inaccuracy may indicate variance primarily
caused by Ca-rich feldspars in basalts, which cannot be measured
with the CRISM data. From several models, we are able to improve
previous interpretations for the geological processes that have
influenced elemental distributions. The models for silicon and Cl
show that mantling processes can be of significant influence for
some element distributions. The enrichment of the volatile elements
H2O, Cl and S, in the Medusae Formation is best explained by the
product BD19002, mostly related to bound and unbound H2O. This
supports the interpretation of these elements being enriched due
to volcanic degassing in this region. The predictive modelling for
K and Th shows the significance of the summary product BD22102
to explain the element enrichment in the northern lowlands. That
product describes a common spectral feature of sulfate minerals.
The relation would favor the notion of aqueous alteration in acidic
conditions in the northern lowlands, which causes K and Th to
become mobile.
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6Synthesis: CRISM’s perspective
on Martian global geology

The first chapter of this thesis introduces the underlying motivation
for the performed studies, which states that new global geological
insights could come from either new data or new data approaches.
The new data presented in this thesis are the global CRISM MRDR
summary product maps and the Mars analog rock spectral images.
Each chapter contains a novel analysis strategy performed on either
of these datasets. In this last synthesis chapter, the implications
of the new datasets (Section 6.1) and novel application of methods
(Section 6.2) are evaluated regarding the impact on Martian geolo-
gical remote sensing. In Section 6.3 the geological insights resulting
from the studies are discussed.

6.1 New data

As described before, in contrast to OMEGA and TES datasets,
the CRISM MRDR data is not a commonly used dataset for Mars
geological studies. Despite the difficulties with this data, such as
inter-observational differences and shallow absorption features,
the work in this thesis has demonstrated its potential for global
geological remote sensing studies.
The Mars remote sensing work in this thesis is performed based on
the spectra itself rather than analyzing modeled mineral dominance.
The latter is how most recent global studies analyze the OMEGA
[84] and TES [87] infrared spectral data where spectral endmembers
are used to fit the Mars spectra for mineral phase quantification.
Instead, for the first time, the revised spectral parameters of
Viviano-Beck [106] are evaluated globally for the multispectral
mapping mode data of CRISM (Chapter 2).
The fact that the surface types classified from the CRISM data are
consistent with earlier surface type studies [85, 87, 84] supports the
applicability of this data for geological remote sensing. Also indi-
vidual summary product maps for especially the primary minerals
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olivine and pyroxene are consistent with earlier mapping studies
such as Koeppen et al. [59], Bandfield et al [3], Riu et al. [84],
and Ody et al. [77]. The spectral features of secondary alteration
minerals are rather shallow, and especially after averaging the
summary product values are low. Nevertheless, some products have
been important to distinguish compositional distinct regions such
as Nili Fossae and Meridiani.
The new spectral images of Mars analog rocks in Chapter 3 have been
a useful dataset to verify some of the interpretations of summary
products. With this dataset, the summary products are tested for
the first time at a multispectral resolution, for Mars analog rocks.
By analyzing the rocks for spatial coherent patterns the different
interpretations for each summary product are presented along a
colorbar. This way it is tested to what mineralogy, and at which
summary product value, the summary product responds, besides
the intended mineralogy. This resulted in some new alternative
interpretations of the products in addition to those of Pelkey [82]
and Viviano-Beck [106]. Also, application of non-mineral products,
such as ICER-1, are tested, since these are also used for the global
analysis. This product which is originally developed to differentiate
CO2 and H2O ice shows to explain a similar distribution as product
BD1435 related to hydrated minerals.
In conclusion, the CRISM MRDR data was successfully used for
global geological studies. However, it must be mentioned that the
analysis presented here is based on averaged summary product
values. At the original resolution, it remains complicated to distin-
guish between spectral differences related to differences in surface
geology and which are artifacts in the data. Within the work in
Chapters 2 and 5 the averaging helped to overcome most of these
problems with the data. The MSc work of Rachael Marshal has
shown that also at original resolution information can be extracted
to characterize the local geology for the northern lowlands [67].
There is ongoing work regarding updated CRISM MRDR data to
reduce the inter-observational differences [90]. These updated data
products would significantly improve the potential of the data.

6.2 Novel application of methods

The exploratory research presented here intended that the methods
needed to be transparent and unsupervised. For this reason, most
of the studies within this thesis have a data-driven approach in
common. Both global remote sensing studies in Chapters 2 and 5
present novel multi-variate data analysis techniques and in Chapter
4 it was tested whether the absorption wavelength can be used to
relate with the geochemistry and related geological history of the
rocks.
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The summary products resemble the transparent, data-driven ap-
proach of this research. How the summary product maps compare
to other mineralogical studies is described already in the previous
section (6.1). The benefit of using the summary products for the
applied statistical approach is that these give continuous values for
each pixel. This makes the products useful for the averaging and the
statistical clustering method presented in Chapter 2 and the linear
modeling in Chapter 5. For these methods, however, the summary
products had to be normalized and standardized to make it possible
to compare the values of different products. The downside of this
stretching of summary product values is that it can exaggerate
the dominance of a mineralogy and complicates the information
is reduced to relative dominance on the global surface. This way
you lose the information of, for example, the absorption depth
of the feature which could be an indicator of the mineralogical
dominance on the surface. Chapter 3 shows that depending on
applied stretching values, the summary product can be interpreted
differently.
Although the multi-variate data does not require a prior variable
selection, this also complicates the interpretation. Both global re-
mote sensing studies in this thesis required an additional statistical
method to indicate the importance of each variable on defining
the surface type (Chapter 2) or the linear model (Chapter 5). These
statistical methods helped to better understand the importance of
some of the variables but often the individual global maps were still
required to verify the significance of the variable.
The benefit of not doing the variable selection is that all summary
products are used including those related to chemical weathering
(ISLOPE-1), dust, and hydration (BD1900). These products have been
of importance in both global remote sensing studies. Although they
are not related to mineralogy the products characterize interesting
geological conditions in specific regions such as Medusae Fossae,
northern lowlands and Ophir Planum.
In both Chapters 4 and 5 the geochemistry is modeled from spectral
information. The global model has proven to be useful to test how
much variance within the element concentration can be explained
by the CRISM data. The benefit of the used model is that it did
not overestimate the relationships between data and therefore also
allows for bad models. This way it was shown that none of the
variance for Ca could be explained by the CRISM data.
The analog study with Pilbara greenstones indicates that not just
absorption depths but also absorption wavelengths can be used
to predict the rock geochemistry. This methodology has not been
applied for Mars remote sensing studies yet, but the results are
promising to distinguish diagenetic rocks from hydrothermal rocks
on Mars.
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6.3 Implications global geology

Although the remote sensing studies within this thesis are per-
formed at a global level, the geology is interpreted locally. This
corresponds to how it was described in Ehlmann et al [31] that
although there are global geological trends, the conditions along
the surface have not been homogeneous. The CRISM data analysis
studies have touched some of the most debated regions on Mars.
Because of the earlier described limitations of the data the geolo-
gical interpretations in the surface type analysis (Chapter 2) and
geochemical modeling (Chapter 5) are always mentioned within
some degree of uncertainty. Nevertheless, the aim of this thesis
to give the CRISM perspective on the global geology of Mars is still
achieved.
Differences between the northern lowlands and southern highlands
of Mars have been described elaborately in the literature regarding
differences in the topography [18], thermal spectral differences
[5], and geochemical differences [36, 57]. The work of Chapter 2
includes the CRISM perspective on this dichotomy. The findings
are consistent with the thermal infrared observations in that the
northern lowlands is characterized by a low mafic mineral (i.e.
olivine and pyroxene) concentration. Different from other remote
sensing studies, however, are the elevated values for the summary
products in the northern lowlands describing hydroxyl absorption
features of secondary alteration minerals. Earlier studies such as
the one carried out by Mustard et al [76] have concluded that the
northern lowlands do not contain hydrated minerals because of
the lack of distinct hydroxyl absorption features in the OMEGA
dataset. Although the summary product values are small, which
relates to shallow absorption features, this observation adds new
information to the debate whether the northern lowlands have a
distinct composition due to weathering conditions or differences
in the volcanic material. A follow-up MSc work of Rachael Marshall
[67] studying the northern lowlands at the original CRISM MRDR
resolution (∼ 200 m/pix) shows that the northern lowlands can be
subdivided in northern Acidalia and southern Acidalia, where the
transition coincides with the one observed by Rogers et al. [85].
Also at the original CRISM resolution the products BD2210, BD2100,
BD1750, BD3400 show slightly higher values, but the level of noise
in the data complicates to be conclusive on the presence of evaporite
minerals [67].
Similar to what was found by other remote sensing studies the
fine nano-phase ferric oxide dust has a significant influence on the
reflectance spectra of the CRISM data and is dominant especially
around the equator on Mars [88]. Spectrally the dust-covered region
appears to be rather homogeneous. Only a few CRISM mosaic tiles
covering the Medusae Fossae formation have slightly higher BD1900
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values which is interesting as the result of a spectral water feature
of water.
The sensitivity of the spectra for the dust made it possible to study
the impact of the dust on the geochemical element maps (Chapter
5). Especially for the model of Si the summary products that are
categorized as dust products in Chapter 2 have a high impact.
This is consistent with the findings of Viviano et al [105] who
concluded that the depletion of Si does not relate to the bedrock
underneath the dust and should therefore be related to the dust
coverage thickness. The variance explained by the models for Fe,
K, Th increased when the dust-covered pixels were not considered
which could indicate that the dust is obscuring interesting spectral
variance relate to these elements.
Within the southern highlands, the mineralogical variation within
the CRISM is consistent with earlier studies of the regions Nilli Fos-
sae, Syrtis Major, and Meridiani. Although the findings in Chapter
2 have not resulted in new interpretations, the fact that these
regions were characterized as unique regions was of importance
to indicate the potential of the CRISM data for geological studies.
Besides similarities with previous surface type studies, the main
difference is that in the study in Chapter 2 the Hesperian terrains
and Noachian terrains were not classified as distinct clusters, while
this was the case in the OMEGA [84] and TES [87] data. On the other
hand, the CRISM surface type study did distinguish new regions
that were not observed before. In Chapter 2 these regions, Solis
Planum, Ophir Planum, and Hellas, are described as clusters with a
potential geological origin. The uncertainty is because it is unsure
whether the spectral difference is related to atmospheric effects or
geological variance.

6.4 Conclusion and future work

All together, the work in this thesis has given an overview of the
possibilities and limitations of the CRISM dataset. The CRISM data
in combination of novel application of methods has contributed to
new perspectives on the Martian geology by defining new surface
types and provide new information or earlier defined surface types.
In combination with the geochemistry the correlation between the
geochemical gamma-ray element concentration maps and mineralo-
gical infrared maps is quantified for the first time. The importance
of the summary product on the predictive model is used to interpret
the local geology using both geochemical and mineralogical inform-
ation.
The geochemical modeling could be extended by adding more in-
formation, possibly of other datasets such as those from the TES
dataset. This way it could be tested whether adding mineral inform-
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ation that is not well described by the CRISM data, such as feldspar
minerals, would improve the modeling results. The new datasets,
such as the global summary product maps are publicly available and
can therefore be used for future studies, possible at the original, non-
averaged resolution. The spectral images of Mars analog rocks have
shown to be useful for verification of the summary products. Future
work on this dataset could focus on requires adding more data, for
example, thin section analysis, to better conclude on all the variance
explained by each summary product. The Mars analog work on the
Pilbara Rocks shows that mapping the absorption wavelength could
be of interest for future work on Mars remote sensing to differentiate
between rocks formed in hydrothermal and low-grade metamorphic
conditions.
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ixTable summary products

Product Equation Description Rationale
Viviano-Beck [106]

Additional
remarks

Atmosphere
ICER2_2 RB2600

anchor R2456 and R2530
Gauge 2.7 µm band CO2 vs H2O ice/soil High correlation

atmosphere thick-
ness

BD1400 1-
(

R1395
a∗R1330+b∗R1467

)
1.4 µm band depth Hydrated or hy-

droxylated miner-
als

Moderate correla-
tion atmosphere
thickness

BD1435 1-
(

R1435
a∗R1370+b∗R1470

)
1.435 µm band
depth

CO2 ice, hydrated
minerals

High correlation
atmosphere thick-
ness

BD1900R2

1−
( R1908

RC1908
+ R1914

RC1914
+ R1921

RC1921
R1862
RC1862

+ R1869
RC1869

+ R1875
RC1875

,

R1928
RC1928

+ R1934
RC1934

+ R1941
RC1941

R2112
RC2112

+ R2120
RC2120

+ R2126
RC2126

)

anchor at R1850 and R2060

1.9 µm band depth H2O Moderate correla-
tion atmosphere
thickness

D2200 1−
( R2210

RC2210
+ R2230

RC2230

2∗ R2165
RC2165

)
anchor at R1815 and R2430

2.2 µm drop off Al-OH minerals Moderate correla-
tion atmosphere
thickness

1
0
8
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Table 1 continued from previous page

Product Equation Description Rationale
Viviano-Beck [106]

Additional
remarks

BD2355 1-
(

R2355
a∗R2300+b∗R2450

)
2.355 µm band Chlorite, prehnite,

pumpellyite, car-
bonate and ser-
pentine

Moderate correla-
tion atmosphere
thickness

BD3000 1-
(

R3000

R2530∗R2530
R2210

)
µm band depth Bound H2O Moderate correla-

tion atmosphere
thickness

Ice

BD1500_2 1-
(

R1525
a∗R1367+b∗R1808

)
1.5 µm band depth H2O ice on surface

or in atmosphere
high values in high
latitudes, volcanoes
and Syrtis

BD1900_2 0.5*
(
1−

(
R1930

a∗R1850+b∗R2067

))
+

0.5 ∗
(
1−

(
R1985

a∗R1850+b∗R2067

)) 1.9 µm band depth Bound molecular
H2O

SINDEX2* 1-
(
a∗2120+b∗2400

R2290

)
Convexity at 2.29
µm

Hydrated sulfates higher values
around volcanoes

Dust
R770 R770 0.77 µm reflectance Higher value more

dusty or icy
High correlation
with dust coverage
index

RBR R770/R440 Red/blue ratio Nano-phase ferric
oxides

Moderate correl-
ation with dust
coverage index

1
0
9
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Product Equation Description Rationale
Viviano-Beck [106]

Additional
remarks

BD530_2 1-
(

R530
a∗R614+b∗R440

)
0.53 µmband depth Fine-grained crys-

talline hematite
High correlation
with dust coverage
index

RPEAK1 Wavelength where first derivat-
ive = 0 of fifth-order polyno-
mial fit to reflectances at all valid
VNIR wavelengths

Reflectance peak in
VNIR

Olivine, pyroxene,
or Fe-bearing glass

High correlation
with dust coverage
index

R1330 R1330 IR albedo 1.33 µm Ices >dust >un-
altered mafics

High correlation
with dust coverage
index

VAR Fit a line from 1 to 2.3 �m and
find variance of observed values
from fit values by summing in
quadrature over the intervening
wavelengths

1.0 – 2.3 µm spec-
tral variance

Olivine and
pyroxene

Moderate correl-
ation with dust
coverage index

ICER1_2 1-
(

BD1435
BD15002

)
1.5 µm and 1.4 µm
band depth ratio

CO2 /H2O ice mix-
tures

Moderate correl-
ation with dust
coverage index

Mafic minerals
Mafic products (non-specified)

BDI1000VIS* Divide reflectances from R833 to
R1023 by the modeled reflect-
ance at RPEAK1, then integrate
over (1 normalized radiances) to
get integrated band depth

Integrated band
depth 1µm VNIR

Olivine, pyroxene,
or Fe-bearing glass

High correlation
with dust coverage
index

1
1
0
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Table 1 continued from previous page

Product Equation Description Rationale
Viviano-Beck [106]

Additional
remarks

BDI1000IR* Divide reflectances from R1045
to R1255 by linear fit from me-
dian R (of the 15) between 1.3
and 1.87 �m to median R between
2.43 and 2.6 �m extrapolated
backward, then integrate over (1
- normalized radiances)

Integrated band
depth 1µm SWIR

Crystalline Fe22

silicates

BDI2000 Divide reflectances from R1660
to R2390 by linear fit from peak
R (of 15) between 1.3 and 1.87 �m
to R2530, then integrate over (1 -
normalized radiances) to get in-
tegrated band depth

Integrated band
depth 2 µm

Pyroxene

Olivine

OLINDEX3* RB1080 * 0.03 + RB1152 * 0.03 +
RB1210 * 0.03 + RB1250 * 0.03 +
RB1263 * 0.07 + RB1276 * 0.07 +
RB1330 * 0.12 + RB1368 * 0.12 +
RB1395 * 0.14 + RB1427 * 0.18 +
RB1470 * 0.18
Anchor at R1750 and R2400

Broad spectral fea-
ture centered at 1
µm

Olivines will be
strongly positive

Can be sensitive
for high-calcium
pyroxene

Pyroxenes
LCPINDEX2* RB1690 * 0.20 + RB1750 * 0.20 +

RB1810 * 0.30 + RB1870 * 0.30
Anchor at R1560 and R2450

Broad spectral fea-
ture centered at 1.8
µm

Pyroxene is
strongly positive;
favors LCP

1
1
1
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Product Equation Description Rationale
Viviano-Beck [106]

Additional
remarks

HCPINDEX2* R1470−R1050
R1470+R1050

∗ R1470−R2067
R1470+R2067

Broad spectral fea-
ture centered at 2.1
µm

Pyroxene is
strongly positive;
favors HCP

BD920_2 1-
(

R920
a∗R807+b∗R984

)
0.92 µmband depth Crystalline ferric

minerals and LCP
Feldspar

BD1300* 1-
(

R1320
a∗R1080+b∗R1750

)
1.3 µm band depth Plagioclase with

Fe2+ substitution
Moderate correla-
tion with secondary
mineral products

Ferric iron
SH600_2 1-

(
a∗R530+b∗R709

R600

)
0.6 µm shoulder
height

Select ferric miner-
als

SH770 1-
(
a∗R716+b∗R860

R775

)
0.77 µm shoulder
height

Ferric minerals,
less sensitive to
LCP than SH600_2

ISLOPE1
(

R1815+R2530
W1815−W2530

)
Spectral slope 1.8 -
2.5 µm

Ferric coating on
dark rock

Acidic weathering
of basaltic glass or
bedrock exposure

Secondary minerals
Sulfate

BD1750_2 1-
(

R1750
a∗R1550+b∗R1815

)
1.75 µmband depth Gypsum, alunite

BD2100_2 1-

(
(R2120+R2130

2 )
a∗R1930+b∗R2250

)
2.1 µm band depth H2O in mono-

hydrated sulfates

1
1
2
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Table 1 continued from previous page

Product Equation Description Rationale
Viviano-Beck [106]

Additional
remarks

BD2265 1-
(

R2265
a∗R2210+b∗R2340

)
2.265 µm band
depth

Jarosite, Gibb-
site, acid-leached
nontronite

BD2230 1-
(

R2235
a∗R2210+b∗R2252

)
2.23 µmband depth Hydroxylated ferric

sulfate
Phyllosilicate

BD2190 1-
(

R2185
a∗R2120+b∗R2250

)
2.19 µmband depth Beidellite, allo-

phane, imoglite,
also kaolinite
group

BD2210_2 1-
(

R2210
a∗R2165+b∗R2250

)
2.21 µmband depth Al-OH minerals

BD2250 1-
(

R2245
a∗R2120+b∗R2340

)
2.25 µmband depth Opal and other Al-

OH minerals
MIN2250

minimum
[(
1−

(
R2210

a∗R2165+b∗R2350

))
,(

1−
(

R2265
a∗R2165+b∗R2350

))
2.21 µm and 2.26
µm band depth

Opal

BD2165 1-
(

R2165
a∗R2120+b∗R2250

)
2.165 µm band
depth

Pyrophyllite, kaol-
inite group

1
1
3
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Product Equation Description Rationale
Viviano-Beck [106]

Additional
remarks

MIN2200

minimum
[(
1−

(
R2165

a∗R2120+b∗R2350

))
,(

1−
(

R2210
a∗R2120+b∗R2350

))
2.16 µm and 2.21
µm band depth

Kaolinite group

MIN2345_2537

minimum
[(
1−

(
R2345

a∗R2250+b∗R2430

))
,(

1−
(

R2537
a∗R2430+b∗R2602

))
2.35 µm and 2.54
µm band depth

Ca/Fe carbonates;
both overtones
must be present

BD2290 1-
(

R2290
a∗R2250+b∗R2350

)
2.29 µmband depth Mg, Fe-OHminerals;

also CO2 ice
also carbonate
overtone feature

D2300 2.3 µm drop off Hydroxylated
Fe, Mg silicates
strongly >0

Also carbonate
overtone feature

Carbonate

BD3200 1-
(

R3320
a∗R3250+b∗R3390

)
3.2 µm band depth CO2 ice High correlation

with BD3400

BD3400 1-
(

R3420
a∗R3250+b∗R3630

)
3.4 µm band depth Carbonates

BD3100 1-
(

R3120
a∗R3000+b∗R3250

)
3.1 µm band depth H2O ice Moderate correla-

tion with CINDEX2

1
1
4
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Table 1 continued from previous page

Product Equation Description Rationale
Viviano-Beck [106]

Additional
remarks

CINDEX2 3.9 µm carbonate index Carbonates will
be>‘background’
values>0

Discarded products

BD860 1-
(

R860
a∗R775+b∗R977

)
0.86 µmband depth Select ferric miner-

als
Low number of
pixel values after
masking and lack of
spatially coherent
patterns

MIN2295_2480

minimum
[(
1−

(
R2295

a∗R2165+b∗R2364

))
,(

1−
(

R2480
a∗R2364+b∗R2570

))
2.295 µm and 2.48
µm band depth

Mg carbonates;
both overtones
must be present

No positive band
depth values

BD2500_2 1-
(

R2480
a∗R2364+b∗R2570

)
2.5 µm band depth Mg carbonates No positive band

depth values

BD640_2 1-
(

R624
a∗R600+b∗R760

)
0.64 µmband depth Select ferric miner-

als (especially ma-
ghemite)

error in CAT_ENVI
software

1
1
5
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Product Equation Description Rationale
Viviano-Beck [106]

Additional
remarks

Table 1 Table indicating the summary product descriptions,
equations, and rationale of the spectral feature they are describ-
ing.
Terms and abbreviations used in the equation are similar to those
from the paper of Viviano-Beck [106]. R - reflectance, BD - band
depth RC - central wavelength, W - wavelength, anchor points -
wavelengths for which the reflectance is used to define the con-
tinuum fit

*Summary product explained further detail in Appendix Figure 1

1
1
6
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Appendix

Figure summary products

Figure 1 Formulation of summary products visualized for characteristic
mineral spectra from the USGS spectral library speclib07 [60] and Horgan
et al.[49]
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