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ABSTRACT

From orbital near-infrared observations, numerous detections of phyllosilicates (clays) on Mars
were commonly found in heavily cratered terrains, particularly in the southern hemisphere of the planet.
These clays are believed to have formed during the Noachian era, the earliest time period on Mars when
meteor bombardment was frequent in the solar system. In contrast, thermal-infrared orbital observations
show less detection of clays in these areas.

Recent laboratory impact experiments of clay minerals could explain the spectral discrepancy
between shortwave-infrared (SWIR) and thermal-infrared (TIR) wavelengths observed in Martian datasets.
These experiments demonstrate that a damaged mineral structure by shock waves can cause spectral
changes more apparent in TIR and less in SWIR. This is attributed to the fact that TIR is sensitive to the
stretching and bending vibrations of silicon and oxygen bonds in the crystal structure while SWIR is
sensitive to metal-OH and interlayer water. Moreover, impact effects in SWIR still retains diagnostic
absorption features of a phyllosilicate despite affecting the hydration bands.

Therefore, this study utilizes CRISM and THEMIS data, currently the highest spatial and spectral
resolution spectrometers showing the surface composition of Mars, to investigate impact/shock effects as
possible cause of the spectral discrepancy. The SWIR and TIR spectral properties of phyllosilicates in
different geologic contexts (crustal outcrop versus impact crater) were studied and compared in order to
distinguish spectral properties of shocked phyllosilicates. The results of this analysis show that Fe/Mg
phyllosilicates were identified both in SWIR and TIR wavelengths in different geologic contexts; however,
the spectral discrepancy between the two wavelengths in phyllosilicate detection, particulatly in the impact
crater, can have multiple causes. Aside from impact/shock effects, limitations of summary
products/spectral indices, presence of dusts, limited spatial resolution, and spectral mixing are among
these causes.

Overall, direct evidence of the shocked phyllosilicate spectra in remotely sensed data cannot be
obtained using the spatial and spectral resolution of the CRISM and THEMIS data. The results of this
study may have implications on the detection of clay minerals in cratered terrains on Mars.
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1. INTRODUCTION

Clays (phyllosilicates) on Earth evolved and resulted from chemical interactions between rock and
water under certain environmental conditions, particularly changes in temperature and pressure, exposure
or isolation to atmospheric conditions, and variations in water fluid chemistry and water availability
(Hazen et al., 2013; Ehlmann et al., 2011). They are typically found at near surface environment and in
hydrothermal systems (Meunier, 2005).

Through orbital observations, numerous detections of clays were also found on Mars. Spectral
signatures of clay minerals were detected using near-infrared (NIR) to thermal infrared (TIR) wavelengths.
The Observatoire pour la Minéralogie, I’Eau, les Glaces et ’Activité (OMEGA) spectrometer on board
Mars Express (Bibring et al., 2005) at wavelengths 1.4, 1.9, and 3.0 um has the capability to detect water
absorption features which is indicative of hydrated sulfates and phyllosilicates in certain areas on Mars
(Milliken et al., 2007). Two types of phyllosilicates were identified using OMEGA 1i.e. Fe/Mg-rich and Al-
rich (Carter et al, 2013). Adding the hydrated minerals found by OMEGA, the use of Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM) on board the Mars Reconnaissance Orbiter,
with higher spatial resolution (18 — 36m) and spectral wavelength range of 0.4 — 3.9 um (Murchie et al.,
2007), further confirmed the presence of phyllosilicates and sulfates. In addition, CRISM discovered other
hydrated minerals such as carbonates, illite, muscovite, kaolinite, and zeolites (Ehlmann et al., 2009).
Phyllosilicates were also detected at multi-spectral thermal-infrared (Viviano & Moersch, 2012) from 6.8
to 14.9 pm at 100-m spatial resolution of the Thermal Emission Imaging System (THEMIS) onboard
Mars Odyssey (Christensen et al., 2004).

These detections of phyllosilicates were mostly restricted to old and heavily cratered terrains on
Mars (Carter et al., 2013; Mustard et al., 2008). Crater count data and compositional stratigraphy of the
clay minerals indicate a Noachian age (4.1-3.6 billion years ago) (Ehlmann et al., 2011) which coincides
with the Late Heavy Bombardment period, where meteoritic impacts in the solar system were prevalent
(Hazen et al.,, 2013). Since impact craters are considered as natural excavators, it is believed that the
observed clay minerals were actually excavated materials from depth (Fairén et al., 2010) and formed

under different conditions in the past since the present environmental conditions show a dry and cold
Mars (Ehlmann et al., 2011).

However, when SWIR and TIR wavelengths were combined to give complementary information
on the spectral properties of phyllosilicates on Mars, there was a spectral discrepancy observed between
the two in the detection of phyllosilicates(Bandfield, 2002; McDowell & Hamilton, 2009; Michalski et al.,
2010; Rogers & Bandfield, 2009). TIR detects less phyllosilicates compared to SWIR.

Recent laboratory impact experiments of phyllosilicates demonstrated that impact/shock effects
could cause the spectral discrepancy (Che & Glotch, 2014; Friedlander et al., 2015; Gavin et al, 2013).
These experiments showed that experimental impacts can alter the mineral structure, thus their spectra.
SWIR is sensitive to the vibrations of metal OH and intetlayer H2O groups, while TIR is sensitive to the
stretching and bending vibrations of silicon and oxygen bonds in the crystal structure (Michalski et al.,
2010). Thus, damaged mineral structure due to impacts will be more apparent in TIR and less in SWIR.




Friendlander et al, 2015 laboratory experiments showed that the mineral structure of a
Nontronite, most common clay mineral on Mars, becomes disordered when subjected to increasing
shock/impact pressures. The SWIR is sensitive to the overtones of metal-OH in the nontronite octahedral
sheets while the TIR is sensitive to the Si-O bending and stretching of the nontronite tetrahedral sheet
(Friedlander et al., 2015). Their study has demonstrated that the tetrahedral and octahedral sheets deform
differently causing the spectral difference between the SWIR and TIR. In SWIR, the nontronite can still
be identified. However, the TIR spectra become amorphous with increasing shock pressure and can be
observed in TIR region, specifically at 8-12 um and 16-25 pm (Friedlander et al., 2015).

It was also confirmed that thermal effects from impacts can affect the SWIR spectra, resulting to
reduced absorption depth of OH (dehydroxylation) and water (dehydration) absorption features, while still
retaining characteristic spectral features of a phyllosilicate (Che & Glotch, 2012, 2014). These laboratory
impact studies support that phyllosilicates associated with impact craters were previously existing materials
and were exposed to metamorphism due to meteor impacts.

In this thesis, I will examine the SWIR and TIR spectral properties of phyllosilicates associated
with impact craters in the Tyrrhena Terra region on Mars, using CRISM and THEMIS data. This is one of
the heavily cratered regions where researchers, using OMEGA and CRISM, have detected a presence of
clay minerals. Moreover, the phyllosilicates in this area were considered to be directly related to impact
processes — either were excavated from depth by impacts and were already pre-existing materials formed
by subsurface hydrothermal processes or were altered due to shock metamorphism from impacts (Loizeau
et al,, 2012). This is different from other regions such as Nili Fossae where near surface weathering
processes are considered to be responsible for the presence of phyllosilicates and impact cratering only
played a minor role (Loizeau et al., 2012). Thus, in order to assess whether the spectral properties of
phyllosilicates associated with impact craters are distinct in remotely sensed data, a spectral comparison
between phyllosilicates in the crustal outcrop in Nili Fossae and phyllosilicates in an impact crater in
Tyrrhena Terra was carried out. The result of this comparison is expected to provide insights on spectral
differences in the SWIR and TIR datasets observed in previous studies. This also validates the results from
laboratory experiments which showed impact/shock effects could cause the spectral discrepancy.

11. Study Region

Tyrrhena Terra is located in the elevated areas of the southern hemisphere on Mars (Fig. 1). This
region is composed of Noachian-aged (4.1-3.7 billion years ago) craters with a few scattered Late
Noachian (3.6-3.8 billion years ago) - Hesperian (3.5-2.9 billion years ago) units and is bounded by Isidis
Planitia and Syrtis Major volcano to the North, Hesperia Planum to the east, and Hellas basin to the south
(Loizeau et al., 2012). Although the study area is dissected by outflow channels, most of the impact craters
are well-preserved and are not eroded by fluvial activity (Loizeau et al., 2012).

The phyllosilicates observed in Tyrrhena Terra are possibly directly related to impact processes;
which makes it different from areas such as Nili Fossae, a group of concentric grabens or crustal fractures,
where phyllosilicates are mostly result of shallow to near surface alteration processes rather than impact
processes (Loizeau et al., 2012). Therefore, the Tyrrhena Terra region seems suitable to study the spectral
properties of phyllosilicates in impact craters, and distinguish this from the spectral properties of
phyllosilicates which are not directly the result of impacts such as in Nili Fossae.
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1.2. Research Objectives and Questions

The main objective of this thesis is to characterize spectral properties of phyllosilicates associated
with impact craters using hyperspectral CRISM SWIR and multispectral THEMIS TIR data.

The specific objectives are the following:
e To examine the near-infrared and thermal infrared spectra of phyllosilicates associated with
impact craters

e To distinguish the spectral properties of a shocked phyllosilicate that are possibly caused by
impact processes

Research questions that arise from the above objectives are:
e Can CRISM and THEMIS complement each other in order to identify phyllosilicates?
e What are the challenges in combining CRISM and THEMIS data?
e  What can we conclude from comparing the spectral properties of phyllosilicates from impact
craters with those that are not related to such geologic features?
e What would be the similarities or differences of the spectral changes observed from laboratory

experiments with that of remotely sensed data and what are the possible conditions that could
cause these differences?




2.  METHODS

Figure 2 provides an overview of the methodology, data processing, spectral analysis, and the
outputs. These methods aim to answer the first three research questions presented in Chapter 1. The
last research question will be dependent on the results of the previous questions and will be further
discussed in Chapter 4.

SWIR TIR

‘ Data Selection ‘ CRISM THEMIS

4

Pre-Processing

]

i i Browse Wavelength Emissivity
Spectral Analysis (Spatial) products maps DCS 8-7-5

Spectral Analysis (Detailed)

!

—
—

Surface
Emissivity
spectra

Ratioed
Spectra

. SWIR and TIR Spectra SWIR and TIR Spectra
S;.)ectral Compar.lson on of Phyllosilicatesin Vs of Phyllosilicatesin
Different Geologic Context impact crater crustal outcrop

Figure 2: Overview of Methodology

21. CRISM and THEMIS datasets

In this study, I took advantage of the high spatial resolution and spectral range of CRISM and
THEMIS spectrometers to resolve the spectral properties phyllosilicates in different geologic context. The
main characteristics of these instruments are shown in Table 1. For CRISM, I only used the full-resolution
targeted data (FRT) and selected a spectral range of 1.0 to 2.7 pm, in which diagnostic vibration
absorption features of H2O and OH in phyllosilicates are observed. I used the daytime thermal infrared
data from THEMIS to acquire the surface emissivity spectra for the spectral analysis.
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Instrument name Mapping/Survey Mode Spatial Resolution | Spectral Range
CRISM Hyperspectral Targeted: 0.362 - 3.920 pm
(Compact Full-resolution (FRT) 18 m
Reconnaissance (544 bands)
Imaging Spectrometer Half-resolution (HRT) | 36 m
for Mars)
Multispectral 100 or 200 m (72 bands)
THEMIS Visible/Near-infrared 0.42 — 0.86 um
(Thermal Emission multispectral: (5 bands)
Imaging System) 100 m
Thermal Infrared
multispectral:
Daytime 6.8 —14.9 um
(9 bands)
Nighttime 12.57 pm
(1 band)

Table 1: Characteristics of CRISM and THEMIS spectrometers

2.2 Data Selection

Images were selected based on availability and coverage. I implemented this step in Google Mars
and JMARS (Christensen et al., 2009); both are open access data visualization and GIS software where
various datasets were accessed, combined, and overlaid for rapid assessment.

These are the selection criteria:

e The impact crater should be well-preserved where its parts such as crater peak, wall, floor,
rim, and ejecta are evident. It should also be >7km in diameter. The crater size is related
to the depth of the excavation by impact and the >7km size shows that the impact was
deep enough to reach the phyllosilicates assumed to be pre-existing in the subsurface
(Barnhart & Nimmo, 2011).

e CRISM full-resolution targeted (FRT) data are available for the chosen impact crater and
crustal outcrop. The available data for the impact crater should cover all impact features
mentioned above.

e CRISM summary products based on multispectral parameters by Pelkey et al. (2007) are
available. These products can be used to quickly check the presence and relative
abundance of clay minerals in the crater before spectral analysis using hyperspectral data.
Preference is for craters that show strong (i.e. high relative abundance) NIR spectral
signature of phyllosilicates.

11



23

23.1.

23.2.

e THEMIS daytime infrared images are available for that crater and have certain
parameters that should be noted for this study. Images should have average surface
temperatures of 2240 K and low average atmospheric dust and water opacities (< 0.15)
(Viviano & Moersch, 2013). Using these factors increases the signal-to-noise ratios in the
scenes. (Baldridge et al., 2013; Viviano and Moersch, 2013). This initial inspection of
THEMIS datasets will be performed in JMARS.

Data Processing and Spectral Analysis

CRISM Data Processing

Considering the selection criteria, images were selected and downloaded from NASA’s
Planetary Data System (PDS) Geosciences Node website (http://ode.rsl.wustl.edu/mars/). These
images were processed in ENVI version 5.1 using CRISM Analysis Toolkit (CAT) version 7.3.1
(Morgan et al., 2009). CAT is an ENVI plugin developed for CRISM data processing to correct
for the viewing geometry and atmospheric effects of the CRISM images. This tool is also available
from the PDS website.

The downloaded CRISM images from PDS wete already converted to appatent I/F (the
ratio of reflected to incident sunlight) using procedures described by Murchie et al., 2007 which
involve three steps. The detector background is initially removed from the CRISM data by using
systematic measurements of the dark current that are included in Mars scene measurements. The
data is then calibrated to radiance by dividing measurements of radiance emitted by an onboard
integrating sphere and then multiplied by a spectral model of the integrating sphere derived from
ground calibrations. Lastly, the apparent I/F is generated from the calibrated radiance data by
dividing it by a solar spectrum. This solar spectrum is convolved to the CRISM’s wavelengths and
resolution measured on the ground and scaled to Mars’ solar distance.

The CRISM images are in PDS format. To proceed with the viewing geometry and
atmospheric corrections using CAT, the images were first converted to CAT format (Fig. 3). The
photometric correction was used to correct for the illumination geometry; where the CRISM I/F
data is divided by the cosine of the solar incidence angle (Murchie et al., 2007). The Martian
atmosphere is composed of 95% CO: (Owen et al., 1977), which produces deep and narrow
absorptions bands, notably between 1.9-2.1 um (Martin & Barker, 1932). This interferes with the
detection of hydration bands at the same wavelengths. To suppress the atmospheric effects, 1
used the volcano-scan technique by McGuire et al. (2009) which divides each observed spectrum
by the atmospheric transmission spectrum derived from observations at the base and top of
Mount Olympus on a Martian day when the amounts of ice and dust aerosols were minimal.

CRISM Summary Products and Wavelength Mapping

Following the pre-processing, the CRISM summary products/spectral parameters were
generated from each images and map-projected (Fig. 3). The summary products are designed and
formulated to capture spectral features unique to a specific mineralogy (Pelkey et al., 2007). The
spectral parameters were then combined to form a color composite or called browse product,
which detects various types of minerals (Viviano-Beck et al., 2014). This study looks for the
presence of phyllosilicates, and takes advantage of color composites of summary products to
identify such mineralogy in the impact crater and in the crustal outcrop. Although it was

12



mentioned in Section 2.2 that summary products by Pelkey et al. (2007) were used for quick
assessment of the images, the summary products shown in Fig. 3 are generated based on the
expanded parameter set by Viviano-Beck et al.(2014) that exploits CRISM’s hyperspectral data.

| AT tools in ENVI

|
' |
' |
| Hlumination |
| Geometry Summary Products/ Color_ |
I CAT Format and Spectral Parameters ——» Map-projection |——»/ composite |
l Atmospheric generation of Summary |
: Correction Products |

|
e 1

Map-projection [—————»|

|
|
: filtering Wavelength
|
|
|

Median Spectral Minimum /Wavelength /
>
Maps

LfvpPy Software o ____ |

Figure 3: Workflow for CRISM data. Dashed boxes show what software was used to perform the processing.

Wavelength maps were generated for each image and used to complement the CRISM summary
products. Wavelength mapping is a pre-classification technique which identifies the wavelength position
and depth of the deepest absorption features between 2.1 and 2.4 pm, a spectral range where hydrous
minerals such as phyllosilicates contain diagnostic absorption features (van Ruitenbeek et al., 2014). In a
wavelength map, the wavelength position of the deepest absorption feature is represented in color and its
depth in intensity (van Ruitenbeek et al., 2014). In this study, prior to applying wavelength mapping,
median spectral filtering was applied to the atmospheric-corrected CRISM images to filter systematic and
random noise in the data (Bakker et al., 2014). The wavelengths of the deepest absorption features were
then identified in order to generate the wavelength maps. The procedure for wavelength mapping was
performed in HypPy software developed by Bakker (2013).

2.3.3.  CRISM Detailed Spectral Analysis

Spatially distinct patterns observed from the summary products and wavelength maps were used
in choosing regions of interest (ROIs) in the crater and in the crustal outcrop. This step focuses on
enhancing phyllosilicate absorption features, therefore the spectral identification of a spatial region lacking
absorption features are not taken into account in this study. An average spectrum was extracted per ROI
(Table Al). This average spectrum was ratioed to a nearby ROI with an average spectrum that lacks
narrow absorption features located in the same image column (Parente, 2008). This method is called
spectral ratio. In ENVI, a spectral ratio was performed by choosing the target spectrum as the numerator
and the spectrum that lacks narrow absorption feature as the denominator. This spectral ratio reduces
cross-image artefacts, systematic noise, and remaining atmospheric effects in the data, eventually
enhancing the absorption features (Ehlmann et al., 2009). The resulting spectra were compared to the
CRISM spectral library (Vivian-Beck et al., 2015) which I included in CAT for mineral identification.

13



2.3.4. THEMIS Data Processing

THEMIS daytime infrared images were chosen according to Section 2.2 and were downloaded
from the THEMIS website (http://themis-data.asu.edu/). THMPROC (http://thmproc.mars.asu.edu/),
an online site for simplifying THEMIS processing for users, was used to correct for viewing geometry,

projection, and removal of atmospheric emission. These pre-processing methods for THEMIS were

adapted from Bandfield et al.(2004).

Radiance images were acquired using the standard processing of THEMIS IR data in
THMRPOC, which include undrift/dewobble (UDDW) filter, rectify, deplaid filter, auto-radcorr
(Automatic radiance correction), and unrectify (Fig. 4). All these procedures are for systematic and noise
corrections in the THEMIS IR data (Murray et al., 2012). The UDDW filter removes data variations due
to temperature changes in the IR detector array. The Rectify algorithm eliminates most of the black stripes
present in a projected THEMIS IR data. The deplaid filter is used to remove line and row correlated noise
in a rectified THEMIS IR image. The auto-radcorr technique removes the radiance from atmospheric
emission with no user input required and eliminates elevation effects in the THEMIS radiance data. Lastly,
the Unrectify algorithm brings back the original projection of the THEMIS IR radiance data and is
necessary for ENVI to read the file.

jENVI, a THEMIS processing tool in ENVI developed by Piatek and Moersch (20006), was used
to further process the THEMIS IR radiance data to extract apparent emissivity (Fig. 4). Similar with
THMRPOC, the THEMIS processing methods in jJENVI were also adapted from Bandfield et al. (2004).
Using the ‘Process THEMIS® routine in jENVI, the THEMIS IR radiance data was separated into
temperature and emissivity using a normalized emissivity method (with an assumed emissivity of 1.0). The
normalized method calculates temperature using the assumed emissivity and radiance in each band and
selects the highest value of temperature in each pixel as the surface temperature for the
temperature/emissivity separation (Gillespie, 1986).

The apparent emissivity consists of surface and non-surface components such as atmospheric
effects (Tornabene et al., 2008). To derive the corrected surface emissivity, a TES Bootstrap correction
was applied (Bandfield et al.,, 2004). In this method, the atmospheric-corrected surface emissivity spectra
retrieved from TES (Thermal Emission Spectrometer) data, a hyperspectral thermal infrared imager with a
courser spatial resolution than THEMIS (Christensen et al., 2001), was used to determine atmospheric
contributions for a selected area of a THEMIS image (Bandfield et al., 2004). This is performed by
choosing an ROI in the THEMIS image that is spectrally uniform and forcing its average spectrum to
match a TES atmospheric-corrected emissivity spectrum that ovetlaps that area in the THEMIS image to
do the correction. TES data were obtained from JMARS.
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Figure 4: Workflow for THEMIS data. Dashed boxes show what software was used to perform the processing.

2.3.5. THEMIS Decorrelation Stretch and Detailed Spectral Analysis

A decorrelation stretch (DCS) was applied to the atmospheric-corrected surface emissivity
data to maximize spectral variations among bands of the THEMIS image (Gillespie et al., 19806).
Bands 8, 7, and 5 were used for the DCS (see Table 2 for wavelengths). In a DCS 8-7-5 image, shorter
wavelength absorptions appear yellow and reveal the presence of phyllosilicates or minerals with
higher silica content, while longer wavelength absorptions appear purple, red, and cyan and indicate
the presence of mafic minerals (Amador & Bandfield, 2016; Baldridge et al., 2013; McDowell &
Hamilton, 2009; Salisbury & Walter, 1989). The averaged emissivity spectrum from an ROI was
extracted in an area that indicates presence of phyllosilicates as identified from the CRISM images
(Table Al).

Band Wavelength (um)
1 6.78
2 6.78
3 7.93
4 8.56
5 9.35
6 10.21
7 11.04
8 11.79
9 12.57
10 14.88

Table 2: THEMIS IR spectral bands
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24 Spectral Comparison in Different Geologic Context

In order to distinguish the shortwave-infrared (SWIR) and thermal-infrared (TIR) spectral
properties of a shocked phyllosilicate, a comparison was made between the spectra of phyllosilicates in
crustal outcrop in Nili Fossae and the impact crater in Tyrrhena Terra. The Nili Fossae area is believed to
be less altered by impact processes and any phyllosilicates can thus be considered as non-shocked. Results
from the SWIR and TIR (spatial) spectral analysis (e.g. browse products and wavelength maps) in both
geologic contexts were draped on Google Mars for visual analysis. The extracted SWIR and TIR spectra
of phyllosilicates from two different geologic context were studied by looking at characteristic absorption
features that may indicate possible impact effects as described in laboratory impact experiments. This
approach is illustrated in the next chapter.

This chapter has described in detail the criteria used in selecting datasets for spectral analysis, and
the different techniques applied to extract the ratioed spectra of phyllosilicates from CRISM SWIR and the
surface emissivity spectra of phyllosilicates from THEMIS TIR. The outputs were compared based on the
spectral detection of phyllosilicates in different geologic context to distinguish the spectral properties of a
shocked phyllosilicate (Fig. 2). All these methods aim to answer the first three research questions. The
spectral comparison in different geologic contexts is illustrated in the following chapter.
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3 RESULTS

The results are divided into spectral detection of phyllosilicates in a different geologic context: the
Tyrrhena Terra impact crater and the Nili Fossae crustal outcrop. Each division contains the results from
data selection, and spatial and detailed spectral analyses of the differences between SWIR and TIR in
phyllosilicate detection.

3.1 Tyrrhena Terra Impact Crater

3.1.2. Selected Data

As observed from Google Mars, most impact craters in the Tyrrhena Terra region are not
completely covered by the CRISM FRT data and the multispectral summary products. In many cases, only
certain parts such as crater peak or a section of a crater rim were covered. In JMARS, THEMIS IR data
show a large coverage of impact craters in Tyrrhena Terra. However, very few of these images meet the
data selection criteria, where average surface temperature should be = 240 K and low amount of

atmospheric dust and water opacity < 0.15.

96(3y

Figure 5: Selected unnamed impact crater in Tyrrhena Terra. Blue boxes show
CRISM data coverage. All are CRISM FRT data, except for the rightmost blue box
which is an HRT (half-resolution targeted) data.

Based on the selection criteria presented in Section 2.2, only one impact crater (-11.753° §,
96.476° E) in Tyrrthena Terra met the requitements. This unnamed impact crater has a diameter of
approximately 19km and shows a well-preserved crater peak, rim, floor, and ejecta. There are 11 CRISM
FRT images covering different parts of the crater and its corresponding multispectral summary products
show the presence of phyllosilicates. Only one THEMIS image was selected which only covers the eastern
section of the impact crater. This image has an average surface temperature of 252.70 K and an average
amount of atmospheric dust and water opacity of 0.15. Table 3 shows the Image 1D of the CRISM and
THEMIS datasets used.
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Datasets Image ID

CRISM FRT frt0001652d_07_if1641_trr3
frt0000b291_07_if1641_trt3
frt00006483_07_if1641_trt3
frt00013e2f_07_if1641_trt3

frt000188£8_07_if1641_trr3

frt00013844_07_if1641_trr3
frt0000cb68_07_if1641_trr3
frt0000881f_07_if1641_trr3

frt00007b2b_07_if1641_trt3
frt000060b2_07_if1641_trt3
frt00008ef8_07_if1641_trt3

THEMIS Daytime IR 117695028
Table 3: CRISM and THEMIS datasets used for the Tyrrhena Terra impact crater (-11.753° S, 96.476° E) study.

3.1.2. CRISM NIR Summary Products and Wavelength Maps

Several browse products, which are color composites of summary products/spectral parametets,
were generated using CAT to detect a possible presence of hydrous minerals in the crater (Table 4). These
browse products were derived from Viviano-Beck et al. (2014). Among these browse products, only the
Fe/Mg phyllosilicates (PEM) browse product, a combination of summary products BD2355, D2300, and
BD2290, displayed a spatially distinct pattern of hydrous minerals in the impact crater, patticularly Fe/Mg
phyllosilicates, which consists of two distinct colors - cyan and yellow (Fig. 6A). A cyan color exhibits
more presence of both D2300 and BD2290 summary products than BID2355; while a yellow color displays
more presence of BD2355 and D2300 than BD2290. This means that the cyan color indicates a presence
of Fe/Mg smectites, while yellow can indicate a presence of chlorite, prehnite and epidote (Viviano-Beck
et al., 2014).

Browse Product Summary Products/Spectral Parameters
PHY (Phyllosilicates) R: D2300, G: D2200, B: BD1900£2

PFM (Iron/Magnesium Phyllosilicates) R: BD2355, G: D2300, B: BD2290

PAL (Aluminum Phyllosilicates) R: BD2210_2, G: BD2190, B: BD2165
HYS (Hydrated Silica) R: MIN2250, G: BD2250, B: BD190012
CAR (Catbonates) R: D2300, G: BD2500_2, B: BD1900_2

Table 4: Browse products and their respective summary products/spectral parameters to check for

hydrous minerals
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Wavelength (sm)

0.0051.01.5202.53.03.5
Depth (%)

Figure 6: PEM browse products (A) and Wavelength maps (B) for the impact crater. Average spectra were extracted based on the
combined results. CP 1 — Crater Peak 1, CP 2 — Crater Peak 2, CF — Crater Floor, E1 — Ejecta 1, E2 — Ejecta 2, and E3 — Ejecta 3.

Wavelength maps showed the occurrence of the deepest absorption features between 2.25 and
2.35 pm (Fig. 6B). The depth of the absorption features reaches up to 3.5% (Fig. 6B). Notably, these maps
provided additional information to the distinct patterns and colors observed from the PFM browse
products. For example, the area having a yellow color in the PFM browse product shows absorption
features between 2.33 and 2.34 pum in the wavelength map. Moreover, the area with a cyan color in the
PEFM browse product appears to contain spectral mixtures in the wavelength map — one spectrum that is
lacking diagnostic absorption features of a Fe/Mg phyllosilicate (see red boxes in Fig. 6) and the other
spectrum which contains Fe/Mg phyllosilicates absorption features at 2.30 and 2.31 um (see yellow boxes
in Fig. 6).

3.1.3. CRISM NIR Spectral Ratio

The combined results from the PFM browse products and wavelength maps served as a guide to
locate and extract representative regions of interest in the impact crater (Fig. 6B, Table Al). The average
spectra of these regions were then enhanced using the spectral ratio method mentioned in section 2.3.3.
Since the cyan color in the PFM browse product was found to contain mixtures of spectra, the region
having a spectrum that lacks diagnostic absorption features of a phyllosilicate was used as denominator
(described in section 2.3.3.) in the spectral ratio method to improve the absorption features of the
phyllosilicate spectra being studied.

The unratioed and ratioed average spectra of the Fe/Mg phyllosilicates extracted in the crater
peak, crater floor, and ejecta are shown in Figures 7 and 8.

In general, the ratioed average spectra in different parts of the crater display absorption features in
~1.4pm, ~1.9um, and between 2.30 and 2.35 pm (Fig. 7 and 8). The ~1.4 um and ~1.9 pum absorption
features are caused by hydration bands such as hydroxyl and water whereas features between 2.30 and 2.35
pum are due to Fe/Mg-OH bonds (Bishop et. al, 2008). These absorptions wete only found in the crater
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peak, crater floor, and ejecta. No features were found in the crater wall and rim. Crater Peak 1 (CP1) and
Crater Floor (CF) also have features at 2.25 um due to the absorption of the AI-OH bond. However,
Crater Peak 2 (CP2) lacks the 2.25 pm feature while the CF lacks the 1.9 pm feature. Ejecta 1 (E1) has a
dominant 1.9 um feature, unlike Ejecta 2 (E2) and Ejecta 3 (E3) which do not have the 1.9 pm feature.
The ~1.4pm absorption feature is found to be very subtle in all spectra.

When compared to the CRISM NIR spectral library, the spectrum of chlorite resembled the
observed spectra (Figures 7 and 8) in the impact crater because of narrow absorptions features at 2.3-2.35
um; except for E1 which is possibly a Fe/Mg smectite because of the strong 1.9 pm absorption feature
not dominant in a chlorite spectra.
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314 THEMIS TIR Decorrelation Stretch and Surface Emissivity Spectra

The DCS emissivity 8-7-5 (described in section 2.3.5) image displayed spectral variations in five
components: magenta/purple, red, cyan, yellow, and green. Magenta is mainly found in the crater peak
and surrounding plains, red in the plains, yellow in the crater floor and ejecta, cyan mostly in the crater
rim, and green in the ejecta (Fig. 9).

Since this study aims to look at thermal-infrared spectra for shocked phyllosilicates, the selected
ROIs with average surface emissivity spectra (Table Al) should also overlap with the ROIs from the
CRISM SWIR data that were identified as Fe/Mg phyllosilicates.

THEMIS bands
6

0
Wavelength (um)

Figure 9: THEMIS DCS 8-7-5 emissivity image of the Tyrrhena Terra impact crater (Left image). Average emissivity spectra extracted
from ROIs in the emissivity image (Right image). CP - Crater Peak, CF - Crater Floor, and E — Ejecta.

In general, the emissivity spectrum from each ROI (Fig. 9) appears to contain spectral mixtures
because of the two prominent emissivity lows visible in bands 5 and 7. The emissivity low in band 5
matches with the TIR spectra of Fe/Mg phyllosilicates in the TIR spectral library
(http://speclib.asu.edu/), which have emissivity lows between bands 5 and 6. The emissivity low in band
7 matches with the TIR spectra of Olivine in the spectral library which has emissivity low in band 7 (Fig.
10).

The ROI in the crater peak (CP) appears similar to the surrounding plains because of its
magenta/purple color in DCS 8-7-5 (Fig. 9). Compating its emissivity in band 5 and band 7, the latter has
a lower emissivity which could imply a higher relative abundance of olivine than Fe/Mg phyllosilicate. On
the other hand, the ROIs in the crater floor (CF) and in the ejecta (E) have similar spectral character, but
the latter has a lower emissivity in bands 5 and 7. Moreover, the emissivity of CF and E in band 5 is lower
than band 7, hence the crater floor and the ejecta of the impact crater contain higher relative abundance of
Fe/Mg phyllosilicates than olivine.
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Figure 10: Arizona State University (ASU) TIR spectral library for Fe/Mg phyllosilicates and Olivine (http://speclib.asu.edu/).
(A) Three spectra of Chlorite sample WAR-1924 with emissivity low between 9.35 and 10.21 pum; (B) Three spectra of Smectite
sample SWa-1 a with an emissivity low at 9.35 um; (C) Two spectra of Nontronite sample WAR-5108 with emissivity low
between 9.35 and 10.21 um.; and (D) sample spectra for the two major groups of Olivine - Fayalite WAR-FAYO01 and Forsterite
BUR-3720A, both with emissivity low at 11.04 pm.

3.2 Nili Fossae Crustal Outcrop

3.2.1. Selected Data

A 21 km length crustal outcrop (21.926° N, 77.219° E) within one of the Nili Fossae fractures
was selected for spectral comparison with the phyllosilicates in Tyrrhena Terra impact crater. I checked
that this selected area is not near complex impact craters with a diameter size of = 7 km to avoid possible
exposure to shocked phyllosilicates that might affect the spectral comparison. This study assumes that the
crustal outcrop phyllosilicates are less affected by impacts. Two CRISM FRT data are available covering
the area with multispectral summary products showing strong presence of phyllosilicates. Only one
THEMIS IR data was used because it already covers the whole study area. The chosen THEMIS data has
an average surface temperature of 250.08 K and an average atmospheric dust and water opacity of 0.08
which is lower than the maximum limit of 0.15. Table 5 shows the Image ID of the CRISM and THEMIS
datasets used.
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Figure 11: Selected area in Nili Fossae. Blue boxes show CRISM FRT data coverage.

Datasets Image ID

CRISM FRT frt0000adfc_07_if166]_trr3
frt0000871c_07_if166]_trr3

THEMIS Daytime IR 137499019

Table 5: CRISM and THEMIS datasets used for the Nili Fossae crustal outcrop study.

3.2.2. CRISM NIR Summary Products and Wavelength Maps

The PFM browse product was also used to distinguish Fe/Mg phyllosilicates in the two CRISM
FRT images of the crustal outcrop. It revealed distinct patterns in cyan and blue (Fig. 12). Cyan indicates
higher values of D2300 and BD2290 summary products than BD2355 and blue indicates higher values of
BD2290. These colors, cyan and blue, indicate the presence of Fe/Mg smectites in the area (Viviano-Beck
et al., 2014).

Wavelength maps displayed the deepest absorption features occurring between 2.29 and 2.31 um
in green and yellow colors respectively (Fig. 12). This wavelength range supports the result from the PEM
summary product where the cyan color indicates the presence of Fe/Mg smectites.
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Figure 12: PEM browse products (A) and Wavelength maps (B) for the Nili Fossae crustal outcrop. Average spectra were

extracted based on the combined results. CO1 — Crustal Outcrop 1, CO2 — Crustal Outcrop 2, and CO3 — Crustal Outcrop 3

3.23. CRISM NIR Spectral Ratio

Three ROIs were chosen that showed distinct spectra in the study area (Fig. 12B). The extracted
spectra were averaged and enhanced using the spectral ratio method. The ratioed averaged spectra clearly
has diagnostic features of Fe/Mg phyllosilicates with hydration bands in ~1.4 um (except for Crustal
Outcrop 2) and 1.9 pum, and between 2.29 and 2.32 pm due to Fe/Mg-OH bonds (Fig. 13). In compatison
with the CRISM spectral library, all spectra resembled Fe/Mg smectite (Fig. 13).
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3.24. THEMIS Decorrelation Stretch and Emissivity Spectra

There are four spectrally distinct components in the decorrelation stretched 8-7-5 image — purple,
yellow, green, and blue (Fig. 14).

In order to compare SWIR and TIR spectra in phyllosilicate detection, the selected ROIs in the
DCS image overlap with the ROIs chosen in the near-infrared data. The average spectrum is then
extracted for each ROI (Fig. 14, Table Al).

Crustal Outcrop 1 (CO1) and Crustal Outcrop 2 (CO2) have an emissivity low in bands 5 and 06;
whereas Crustal Outcrop 3 (CO3) has an emissivity low in longer wavelengths, between bands 7 and 8
(Fig. 14). Thus, CO1 and CO2 are likely Fe/Mg phyllosilicates while CO3 exhibits a mafic composition
such as olivine (Fig. 10). This interpretation is further supported when compared to the TIR spectral

library (Fig. 10).

THEMIS bands

L.
10 1
Wavelength (m)

7 8 9 2

Figure 14: THEMIS DCS 8-7-5 emissivity image of the Nili Fossae crustal outcrop (Left image). Dashed box shows study area
coverage. Average emissivity spectra extracted from ROIs in the emissivity image (Right image). CO1 — Crustal Outcrop 1,
CO2 — Crust Outcrop 2, and CO3 — Crustal Outcrop 3

This chapter has shown the selected impact crater in the Tyrrhena Terra and the crustal outcrop
in the Nili Fossae based on the image availability, coverage, and selection criteria described in section 2.2.
Quick assessment and visual analysis of the selected images were performed using summary products and
wavelength maps for CRISM data and decorrelation stretched 8-7-5 for THEMIS data. This is to initially
check the presence of phyllosilicates in the impact crater and in the crustal outcrop. From this procedure,
ROIs were selected to extract representative average spectra of phyllosilicates in each geologic context.
Note that since this study aims to look at the SWIR and TIR spectral properties of a shocked
phyllosilicate, the selected ROIls should coincide in the two datasets to compare the phyllosilicate
detection in two wavelength ranges and in different geologic context.

The following chapter contains the interpretation of results and speculations that aim to answer
all the research questions. It will also include comparison of the obtained results to previous studies.
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4 DISCUSSION

This study considers shock effects as a possible cause for the spectral discrepancy between the
SWIR and TIR in phyllosilicate detection in remotely sensed data, since the Martian surface is heavily
bombarded with impact craters. As demonstrated by laboratory impact experiments, impact or shock
effects can damage the mineral structure of Fe/Mg phyllosilicate, causing spectral changes which can
remain unnoticed in the SWIR, but are apparent in TIR (Friedlander et al., 2015; Gavin et al., 2013). The
spectra become amorphous with increasing shock pressure and this can be observed in the TIR region,
specifically at 8-12 um and 16-25 pm. Note that the spectral changes in the mineral structure overlaps
with THEMIS’s spectral resolution at 8-12 pm. On the other hand, spectral changes due to thermal
effects caused by impacts are evident in the SWIR, showing reduced OH and water absorption features at
~1.4 pm and ~1.9 um (Che & Glotch, 2012, 2014; Friedlander et al., 2015). These laboratory impact
experiments provide data with the highest spatial and spectral resolution. Therefore, CRISM and
THEMIS datasets, existing Martian datasets with high spatial and spectral resolution, were used for this
study.

After I performed various methods to check, extract, and compare the spectra in CRISM SWIR
and THEMIS TIR in different geologic contexts, impact/shock effects could have caused the spectral
discrepancy. However, there may be other factors aside from impact effects that result to spectral
discrepancy in the SWIR and TIR data on Mars. These will be discussed in detail below.

41 SWIR and TIR image spectra of phyllosilicates in Nili Fossae Crustal Outcrop

The shortwave-infrared and thermal infrared spectra in the selected area in Nili Fossae agree in
the detection of Fe/Mg phyllosilicates. Both spectra show presence of Fe/Mg phyllosilicates.

The extracted SWIR spectra, particularly of CO1 and CO3, show the diagnostic features of an
Fe/Mg phyllosilicate at ~1.4 um, ~1.9 um, and between 2.30 and 2.35 um (Bishop et al., 2008). Note that
there is a possibility that the ~1.9 um feature is a remnant of the CO; absorption correction at 2.0 pm.
But as observed from the spectra, the ~1.9 pm is evident and is exactly located at ~1.9 um. Therefore, it
is considered a water absorption feature rather than an artifact from atmospheric correction. The CO2
spectrum is different from CO1 and CO3 spectra because it lacks the ~1.4 um feature, but it is still
identified as Fe/Mg phyllosilicate (Fig. 13). I suggest that this feature is a result of dehydroxylation, where
the depth of the OH band is reduced due to thermal effects from impacts or volcanic events (Che et al,,
2011). The Nili Fossae area is covered by impact craters and volcanic flows from Syrtis Major, a shield
volcano southwest of Nili Fossae. It is possible that phyllosilicates in the selected area are exposed to such
processes. Moreover, although I made sure that the selected area is less covered by impacts, it cannot be
ruled out that shocked phyllosilicates are transported in the area due to aeolian or fluvial activity.

In the thermal-infrared spectra, the emissivity lows in CO1 and CO2 occur at 9.33 pm and 10.2
pum and are similar to the emissivity lows in the TIR spectral library of Fe/Mg phyllosilicates. Although
the CO2 spectrum lacks the ~1.4 um feature in the near-infrared, the TIR spectrum further supports that
it is still identified as Fe/Mg phyllosilicate. In contrast, the emissivity low in CO3 occurs in longer
wavelengths, and so it indicates a presence of mafic mineral such as Olivine rather than Fe/Mg
phyllosilicate. The author believes that THEMIS pixels showing presence of Fe/Mg phyllosilicates within
the CO3 ROI are very few and is obscured when average spectra was extracted (at least 100 pixels per
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ROI for THEMIS data) since there are more THEMIS pixels indicating mafic minerals as shown in DCS
8-7-5 image (Fig.14).

Taken together, the agreement between the SWIR and TIR spectra in Fe/Mg phyllosilicate
detection, specifically in CO1 and CO2, supports the assumption that phyllosilicates in this area are less
affected by impact processes or are non-shocked phyllosilicates. In the case of the CO3 spectrum, the
spectral discrepancy observed between the SWIR and TIR is due to a few THEMIS pixels indicating the
presence of Fe/Mg phyllosilicates within the ROI, and not because of impact effects.

4.2 SWIR and TIR image spectra of phyllosilicates in Tyrrhena Terra Impact Crater

The selected unnamed impact crater in Tyrrhena Terra shows an apparent discrepancy between
the SWIR and TIR wavelength ranges in the detection of phyllosilicates. However, this discrepancy can
have multiple causes.

The PFM summary products/spectral indices show that there is strong abundance of Fe/Mg
phyllosilicates inside the crater. However, when compared to wavelength maps, the phyllosilicates appear
less abundant. Detailed spectral analysis reveals that there are two spectral signatures present from the
spatially distinct patterns shown in the summary products and wavelength maps: (1) a spectrum that has
diagnostic absorption features of an Fe/Mg phyllosilicate and (2) a specttum without these diagnostic
features. The former, where all ROIs were extracted, seems to be relatively less abundant in terms of area
and resembles chlorite and Fe/Mg smectite, albeit with very subtle ~1.4 um feature particularly in the
ejecta. This reduced depth of the OH band may be attributed to dehydroxylation due to impacts (Che &
Glotch, 2012). However, it may also be a diagnostic feature of a chlorite spectrum, since chlorite spectrum
in the CRISM spectral library shows a subtle ~1.4 pm feature. Whereas the latter, which is widespread,
could indicate dust cover or impact melt (Tornabene et al, 2013). Combining summary products,
wavelength maps, and detailed spectral analysis shows that Fe/Mg phyllosilicates are present in the impact
crater; however less abundant than what was shown using only summary products.

As a result, the limitations of summary products/spectral indices are possibly one of the causes of
the discrepancy between the SWIR and TIR in phyllosilicate detection in remotely sensed data. This study
has demonstrated that summary products have overestimated the relative abundance of Fe/Mg
phyllosilicates in the impact crater, when in fact, it is less when compared to wavelength maps. Although a
summary product captures the spectral feature unique to identify a specific mineralogy, this method
doesn’t work all the time as observed. As an example, I noticed that the PFM summary product identified
a spectrum as possible Fe/Mg phyllosilicate, despite the spectrum not having distinct absorption features
between 2.30 — 2.35 pum (see red boxes in Fig. 0).

Thermal infrared spectral analysis gave a different, but complementary perspective on the
phyllosilicate detection in the impact crater. ROIs were selected in the DCS 8-7-5 image that coincide with
ROIs in the CRISM summary products and wavelength maps identified as Fe/Mg phyllosilicates. This is
to check the spectral discrepancy between the SWIR and TIR assumed to be caused by impacts. As
observed, the ROI located in the crater peak shows a similar spectral character as the surrounding plains
with an emissivity low at 11.04 pm; while the ROls in the crater floor and ejecta have similar spectral
composition with emissivity lows at 9.33 um and 11.04 pm. This implies that the crater peak does not
show the presence of phyllosilicates and possibly is composed of mafic materials; whereas the crater floor
and ejecta indicate the presence of phyllosilicates, albeit mixed with mafic materials.
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The dissimilarity between the SWIR and TIR spectra in phyllosilicate detection in the crater peak
could be caused by shock effects or impact processes. The magnitude of the shock waves from an impact
is strongest at the impact point and declines as it radiates outward (French, 1998). Since this study assumes
that phyllosilicates in the impact crater were excavated by impact, the spectral discrepancy is possibly
caused by intense shock effects altering the mineral structure.

Alternatively, since the crater peak has similar a spectral composition as the surrounding plains as
observed from the DCS 8-7-5 image, it may be possible that plain deposits obscured the phyllosilicate
detection in TIR. These deposits are possibly brought by winds into the crater, since there are no water
features such as gullies that connect the inside of the crater to the plains.

Another reason for the spectral discrepancy is may be due to limited spatial resolution and linear
mixing in THEMIS resolution. In CRISM’s 18m spatial resolution, Fe/Mg phyllosilicates were identified
in the crater peak. However, in THEMIS 100m spatial resolution, it appears that THEMIS cannot resolve
the Fe/Mg phyllosilicates detected in CRISM data because these clays are not extensive or abundant
enough to be distinguished in a THEMIS pixel. Moreover, linear mixing in a thermal-infrared pixel causes
the spectra to appear homogeneous even though it is a mixture of multiple components because the TIR’s
optical path length is smaller than most grains (Gillespie, 1992; Ramsey & Christensen, 1998). Thus, if the
Fe/Mg phyllosilicates are not abundant enough to be resolved in a THEMIS pixel, its spectra can be
masked by spectra from more abundant minerals.

In summary, the spectral discrepancy observed between the SWIR and TIR in phyllosilicate
detection in the impact crater can be attributed to other factors aside from impact/shock processes.
Limitations of summary products/spectral parameters, limited spatial resolution, and spectral mixing of
different materials are other possible causes of the apparent spectral discrepancy in remotely sensed data
from different sensors. Shocked phyllosilicates are assumed to be present in the impact crater, but because
of the aforementioned limitations, it will be difficult to distinguish them.

4.3 Data Quality

In all CRISM data, I noticed that the depth of spectral features are not deeper than noise (see
unratioed spectra in Figures 7, 8, and 13). This is the reason why I only chose very few ROIs that
represent the spectra of phyllosilicates in the area. The use of the spectral ratio method has possibly
reduced the systematic noise in the spectra and enhanced the absorption depth between 2.30 and 2.35 pm.
However, if I am not careful in choosing a spectrum for the denominator, I may add unwanted spectral
features in the enhanced spectrum, particularly in the shorter wavelengths. This will increase random
noise.

The selection of THEMIS data covering the Tyrrhena Terra impact crater was difficult because
most images contain very low average surface temperature (< 240 K). High surface temperature (= 240K)
is significant in order to increase signal-to-noise ratio in an image which makes extracting information
easier.

4.4 Comparison of Results to Previous Studies

Some researches rely on summary products/spectral indices to detect presence and relative
abundance of Martian phyllosilicates in SWIR and TIR datasets (Bandfield, 2002; McDowell & Hamilton,
2009; Michalski et al., 2010; Rogers & Bandfield, 2009). They have observed an apparent discrepancy
between the two wavelength ranges based on these indices. This study has shown that spectral indices can
mistakenly identify a spectrum as a certain mineral, when there is no such mineral when careful inspection

31



of the image spectra is performed. This can lead to overestimation of relative abundance of phyllosilicates
as what happened in the PFM summary products. When this issue was addressed by carefully inspecting
the image spectra, it was observed that relative abundance of phyllosilicates in CRISM images is less and
this corresponds with the relative abundance of phyllosilicates observed in THEMIS image. Therefore,
issues with summary products/spectral parameters can cause such spectral discrepancy between the SWIR
and TIR in the detection of phyllosilicates; and are not necessarily caused by impacts or shock effects.

Based on results from laboratory impact experiments, this study has considered shock effects as
possible cause for the spectral discrepancy observed between the SWIR and TIR in the phyllosilicate
detection on Mars. However, after performing various techniques to extract and analyse the SWIR and
TIR spectra of phyllosilicates in different geologic contexts in CRISM and THEMIS data, it was observed
that impact or shock effects may not be the only cause of the spectral discrepancy. The discrepancy may
also be caused by issues with the datasets. Thermal effects from impacts, as demonstrated by laboratory
impact experiments, could possibly explain the reduced ~1.4 um feature observed in the extracted SWIR
spectra in the ejecta of the Tyrrhena Terra impact crater. However, this subtle ~1.4 um feature may only
show the typical depth of a ~1.4 um feature in a chlorite spectrum. The spectral detection of shocked
phyllosilicates in TIR is found to be difficult due to limited spatial resolution and spectral mixing in a
THEMIS pixel. This implies that the spatial and spectral resolution of THEMIS data cannot verify the
results from laboratory impact experiments. Moreover, laboratory impact experiments are performed in a
controlled environment where external factors such as dusts and mineral mixtures are excluded. Hence,
the impact experiment results can only partially explain the role of impacts/shock effects in the spectral
discrepancy observed in remotely sensed data; since it does not include influence of dusts and mixtures
which are commonly seen in Martian terrains. Given all these issues, it would be difficult to distinguish the
spectra of shocked phyllosilicate due to impacted mineral structure on Mars in TIR using the THEMIS
data.

4.5 Summary of Findings

This thesis has demonstrated that CRISM and THEMIS data can be combined to detect
phyllosilicates despite differences in wavelength range. However, the challenges encountered may involve
differences in spatial resolution. For example, in CRISM’s 18m spatial resolution, Fe/Mg phyllosilicates
were identified in all regions of interest in the Nili Fossae crustal outcrop. However, in THEMIS 100m
spatial resolution, it appears that THEMIS cannot resolve the Fe/Mg phyllosilicates detected in one of the
ROIs in CRISM data because these clays are not abundant enough to be distinguished in a THEMIS pixel.

To distinguish the spectral properties of phyllosilicates associated with impact craters, a
comparison was made between phyllosilicates in a crustal outcrop and an impact crater. This study
assumes that phyllosilicates in the impact crater were excavated by impact, causing the spectral discrepancy
between the SWIR and TIR in the detection of phyllosilicates. Intense impact or shock effects could
damage the mineral structure, thus altering the spectra. However, from visual and spectral analyses of the
images, the spectral discrepancy between the SWIR and TIR spectra can be attributed to other factors
aside from impact/shock processes. Limitations of summary products/spectral parameters, limited spatial
resolution, and spectral mixing of different materials are other possible causes of the apparent spectral
discrepancy in remotely sensed data from different sensors. Shocked phyllosilicates are assumed to be
present in the impact crater, but because of the aforementioned limitations, it will be difficult to
distinguish them.

Thermal effects, as demonstrated by laboratory impact experiments, could possibly explain the
reduced ~1.4 um feature particularly in the CO2 spectrum in the Nili Fossae crustal outcrop. However,
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the reduced ~1.4 um feature in all the phyllosilicate spectra in the ejecta of the Tyrrhena Terra impact
crater could just be a typical depth of a ~1.4 um feature in a chlorite spectrum and not caused by impacts.
Moreover, laboratory impact experiments are performed in a controlled environment where external
factors such as dusts and mineral mixtures are excluded. Hence, the impact experiment results can only
partially explain the role of impacts/shock effects in the spectral discrepancy observed in remotely sensed
data; since it doesn’t include influence of dusts and mixtures which are commonly seen in Martian terrains.

Given all these issues, direct evidence of shocked phyllosilicate spectra in remotely sensed data
cannot be obtained using the spatial and spectral resolution of CRISM and THEMIS data.
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5 CONCLUSION

Combined and detailed spectral analysis of CRISM SWIR and THEMIS TIR data indicate the
presence of Fe/Mg phyllosilicates, both in the Nili Fossae crustal outcrop and in the Tyrthena Tetra
impact cratet.

Using summary products, wavelength maps, and decorrelation stretched maps, ROIs that reveal
Fe/Mg phyllosilicate were selected for spectral comparison between the SWIR and TIR in different
geologic context. Fe/Mg phyllosilicates wetre identified in Nili Fossae crustal outcrop from both
wavelength regions. This is expected as it was assumed that phyllosilicates in this area are non-shocked
phyllosilicates and are less affected by impact processes. For the Tyrrhena Terra impact crater, Fe/Mg
phyllosilicates were also detected, but here a spectral discrepancy between the SWIR and TIR was
observed. In this study, reduced ~1.4 um feature was observed in the SWIR spectra in the ejecta, which is
possibly caused by thermal effects from impacts. However, this subtle ~1.4 pm feature could be the
typical depth of a ~1.4 um feature in a chlorite spectrum. The spectral detection of impacted mineral
structure are difficult to distinguish in TIR because of issues encountered in THEMIS data. Therefore, the
cause of spectral difference between the SWIR and TIR in the detection of Fe/Mg phyllosilicate have
another explanations than shock/impact effects. Limitations in the use of spectral parameters/indices,
presence of dusts, spectral mixing, and limited spatial and spectral resolution are possible reasons for the
spectral discrepancy. Thus, distinguishing shocked phyllosilicate spectra due to damaged mineral structure
in remotely sensed data is difficult.

Given the issues encountered, it is difficult to use CRISM and THEMIS data to validate results
from the laboratory impact experiments, although it has the highest spatial resolution for thermal-infrared
imagery on Mars. Moreover, laboratory experiments are performed in a controlled environment, hence
external factors such as dusts and other mineral mixtures common on Martian terrains are not included.
Most likely, the results of the laboratory impact experiments won’t completely explain the spectral
discrepancy observed between the SWIR and TIR spectra of phyllosilicates on Mars.

Overall, direct evidence of the shocked phyllosilicate spectra in remotely sensed data cannot be
obtained using the spatial and spectral resolution of the CRISM and THEMIS data. A much higher spatial
and spectral resolution imageries or in-situ measurements would be needed in order to validate results
from laboratory impact experiments.
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6 RECOMMENDATIONS

Based on the obtained results, the following are the author’s recommendations:

e To combine THEMIS spatial resolution with that of TES hyperspectral resolution. This
may increase chances or possibly provide further insights in the spectral detection of
shocked phyllosilicates in TIR.

e To test the findings of this study, it is recommended to include more impact craters that
meet the selection criteria. Although I mentioned that there is only one impact crater in
the Tyrrhena Terra that meets the selection criteria, thete’s also another one at 13.40° S,
93.70° E. However, it is composed of overlapping impact craters, therefore the
phyllosilicates present may not be pre-existing materials excavated from depth, but rather
result of post-impact alteration due to multiple impacts. But for the sake of getting more
information about the spectral discrepancy due to impacts, I recommend to take a look at
this impact crater.
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7 APPENDIX

Table Al. Full Image IDs, Locations, and Number of Pixels of the Extracted Average Spectra

Label in Figure | Image ID Center Pixel Number of Pixels per
ROI
(ROI #ype: Rectangle)
Figure 6B
CP1 frt0001652d_07_if164]_trr3 X:133 Y:440 73
CP2 frt0001652d_07_if1641_trr3 X:253 Y:500 89
CF frt0001652d_07_if164]_trr3 X:402 Y:547 55
E1l frt00006483_07_if1641_trr3 X:402 Y:230 79
E2 frt00006483_07_if1641_trr3 X:556 Y:258 72
E3 frt00013844_07_if164]_trr3 X:546 Y:322 601
Figure 9
CP 117695028 X:397 Y:8382 154
CF 117695028 X:429 Y:8382 120
E 117695028 X:455 Y:8584 120
Figure 12B
CO1 frt0000adfc_07_if166]_trr3 X:616 Y:326 55
CO2 frt0000a4fc_07_if166]_trr3 X:407 Y:445 69
CO3 frt0000871c_07_if166]_trr3 X:581 Y:380 68
Figure 14
CO1 137499019 X:807 Y:2998 110
CO2 137499019 X:785 Y:3009 90
CO3 137499019 X:753 Y:3098 108
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