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We present our research on compositional mapping of the Martian South Polar Residual Cap (SPRC), espe-
cially the detection of organic signatures within the dust content of the ice, based on hyperspectral data
analysis. The SPRC is the main region of interest for this investigation, because of the unique CO, ice
sublimation features that cover the surface. These flat floored, circular depressions are highly dynamic,
and we infer frequently expose dust particles previously trapped within the ice during the wintertime.
Here we identify suitable regions for potential dust exposure on the SPRC, and utilise data from the
Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) on board NASA’s Mars Reconnaissance
Orbiter (MRO) satellite to examine infrared spectra of dark regions assumed to be composed mainly of
dust particles to establish their mineral composition, to eliminate the effects of ices on sub-pixel dusty
features, and to look for signatures indicative of Polycyclic Aromatic Hydrocarbons (PAHs). Spectral map-
ping has identified compositional differences between depression rims and the majority of the SPRC and
CRISM spectra have been corrected to minimise the influence of CO, ice. Whilst no conclusive evidence
for PAHs has been found within the detectability limits of the CRISM instrument, depression rims are
shown to have higher water content than regions of featureless ice, and there are possible indications of
magnesium carbonate within the dark, dusty regions.

© 2018 Published by Elsevier Inc.

1. Introduction

Mars has long been the subject of scientific exploration, with
a focus on investigations of conditions on ancient Mars, evidence
of life, and the search for habitable environments (Fairén et al.,
2010). During the last few decades, the polar regions have emerged
as regions with increased scientific interest. Mars’ polar regions,
both in the northern and southern hemispheres, have residual caps
that survive throughout each hemisphere’s respective summer; the
North Polar Residual Cap (NPRC) registers as predominately wa-
ter ice, while the longer, colder winter in the southern hemisphere
due to the orbit obliquity means that the South Polar Residual Cap
is largely composed of CO, ice (Titus et al., 2003; Byrne, 2009)
which overlays, and is surrounded by, water ice layers known as
Polar Layered Deposits (PLD; Paige et al., 1990; Piqueux et al.,
2008).

While the Martian climate may have been more ‘Earth-like’ in
the past, with warmer, wetter conditions and an active magneto-
sphere (Fassett and Head, 2010), conditions on present day Mars
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are much less habitable. The attenuation of Mars’ magnetosphere
led to a loss of atmosphere through solar wind interactions, leav-
ing the average temperatures and atmospheric surface pressures
much lower than on the Earth (Johnson et al., 1996; Kass and Yung,
1995; Melosh and Vickery, 1989). Liquid water generally cannot ex-
ist on the surface of Mars due to low atmospheric temperatures
and pressures and both water and CO, ice sublimate directly from
the solid to vapour phase (Blackburn et al., 2010). The lack of a sig-
nificant atmosphere on present-day Mars means that the surface is
exposed to high levels of UV radiation, which would have a dele-
terious effect on any biological material on the planetary surface
(Cockell et al., 2000);

However, the annual, seasonal sublimation and deposition of
CO, ice on the SPRC leads to an unique surface feature known
broadly as ‘Swiss Cheese Terrain’ (SCT), characterised by flat
floored, circular depressions that can intersect to form intricate
patterns reminiscent of Emmental Swiss Cheese (Malin et al,,
2001). The SCT features are of particular interest as their seasonal
sublimation cycles expose material previously shielded within the
SPRC (Jian and Ip, 2009). More specifically, it would be of great
interest to examine evidence of one particular class of organic
molecules, Polycyclic Aromatic Hydrocarbons (PAHs), that may
have been afforded protection from harmful radiation within the
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SPRC (Dartnell et al., 2012). While any dust trapped within the
SPRC may have undergone past exposure during the geological
history of Mars, there are potential mechanisms for present day
sources of PAHs. In addition, as the evolution of the SPRC is still
not well understood, it is worthwhile attempting to ascertain the
sensitivity of instruments to possible PAH signatures, and the diffi-
culties posed by overwhelming CO, signatures when analysing the
SPRC in short-wave infrared wavelengths.

The detection of organics has been a primary objective of mis-
sions since the Viking missions Klein, 1978). Despite apparently
negative results on the detection of extant life by the Viking lan-
ders in the 1970s, which searched for traces of biologically impor-
tant compounds (Klein, 1978; Schuerger and Clark, 2007), perchlo-
rates were discovered by the 2008 Phoenix lander (Hecht et al.,
2009). More recently, organics were discovered by the Sample
Analysis at Mars (SAM) instrument on NASA’s 2011 rover mission,
Mars Science Laboratory (Freissinet et al., 2015). Perhaps of even
more interest, the reanalysis of the 1976 Viking Lander data by
Navarro-Gonzalez et al. (2010) using modern techniques suggested
there were both perchlorates and organic carbon present at the
Viking Lander sample sites, although they were not identified at
the time.

The identification of organic material can be done through the
analysis of reflectance spectrometer data in order to establish com-
positional characteristics of the Martian surface. The use of spec-
trometers started in 1969, with Mariners 6 and 7 (Herr et al.,
1972). Regarding SPRC dust, a first analysis was conducted by
Douté et al. (2007). This work used data from the Mars Express
instrument Observatoire pour la Minéralogie, I'Eau, les Glaces et
I'Activité (OMEGA). The spatial resolution limitations of OMEGA
(300 m-2 km/pixel; Bibring et al., 2004) mean that Douté et al.’s
study of the SPRC was not able to resolve fine scale features.

Since the aim of our work is to look for regions of interest that
might provide protection for fragile organic molecules, but also al-
low periodic exposure in order to be detectable on the SPRC from
orbit, a finer spatial resolution than OMEGA is required, as SCT
scarp walls are on a scale of 10s-100s of metres (Thomas et al.,
2009). As a result, we use data from the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) on board NASA’s Mars Re-
connaissance Orbiter (MRO), which attains surface spatial resolu-
tion of ~20 m/pixel (Murchie et al., 2007). Using CRISM allows lo-
cal analysis of regions of the SPRC with various morphologies, and
in particular, thin dust rim features.

The rest of this paper is structured as follows; a brief analysis
of the SPRC morphology and the importance of PAHs to astrobiol-
ogy is given in Section 2, before passing to the presentation of the
methods used in order to select regions of interest and carry out
compositional mapping (Sections 3 and 4, respectively), and to the
discussion of the achieved results (Section 5). Section 6 concludes
this work.

2. Background
2.1. Martian South Polar Residual Cap

NASA’s CTX Context Camera on board MRO has attained com-
plete summer coverage of the SPRC with a spatial resolution of
~6 m/pixel, allowing detailed mapping of the various units of the
entire polar cap (Thomas et al., 2009). The dynamic nature of
the SPRC has been established by comparing current maps made
from CTX imagery to earlier images from the Mars Orbital Cam-
era (MOC) on Mars Global Surveyor, and by comparing images ob-
tained during different orbits from the High Resolution Imaging
Science Experiment (HiRISE) on board MRO (Thomas et al., 2005;
Pommerol et al., 2011) (Fig. 1).

Fig. 1. Swiss Cheese Terrain (HiRISE image ESP_014380_0945).

Fig. 2. Examples of SCT feature morphologies. HiRISE product IDs clockwise from
top left: ESP_014380_0945, PSP_005386_0930, ESP_012271_0940, ESP_014141_0930.
Morphology designations AO-B follow the terminology of Thomas et al. (2009).

The SPRC exhibits a range of morphologies. Fig. 2 shows some
of the different features and textures that are informally grouped
under the term SCT.

The SPRC consists of two distinct units; the upper unit (B) is
made up of a series of 1-2m thick layers superposed over a lower,
older, thicker 10-14 m unit (A) that has undergone significant ero-
sion (Thomas et al., 2005). The characteristics of the different SPRC
morphologies are summarised in Table 1 (adapted from Thomas
et al., 2005, 2009).

While there is evidence of vertical erosion or ‘down-wasting’,
into the depression floors (Thomas et al, 2005) the majority of
erosion occurs through lateral scarp retreat of depression walls
(Byrne et al., 2008). The depression features within the lower, older
unit exhibit a scarp retreat rate of ~3 m/MY, while the younger lay-
ers show scarp retreat rates of 2.2 m/MY (Thomas et al., 2009).

The surface layer of the SPRC predominantly registered as CO,
ice when analysed using either THEMIS or OMEGA spectrome-
ters, with depressions and SPRC edges exposing a small amount
of water ice beneath (Bibring et al., 2004; Titus et al.,, 2003). The
strongest signatures for water ice originate from around the mar-
gins of the SPRC (Titus et al., 2006). It is the retreating walls of
depression features and floors of these depressions containing dark
materials that are the principal study sites of our analysis in order
to examine dust exposed on scarp features; regions of flat, high
albedo ice on mesas and featureless terrain are also examined for
contrast to establish the impact of dusty rims on spectra obtained
using the CRISM instrument.
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Table 1

Attributes of SPRC Terrain Units (based on Thomas et al. (2005, 2009).

Unit  Features

A0 Quasi-circular depressions >500m diameter
<1% of surface
~10-14 m thick
Al Curl or heart-shaped depressions ~200 m diameter
A2 ‘Fingerprint’ terrain: elongate, asymmetric depressions.
Merges into unit Al
60-120 m across

B Wide range of surface morphologies, but mostly circular depression features ranging from 10s to 100s of metres diameter.

~1m thick layers overlying Unit A terrain

2.2. The importance of polycyclic aromatic hydrocarbons (PAHs) in
astrobiology

PAHs are a group of chemical compounds consisting of ben-
zene rings of hydrogen and carbon that are particularly stable
compared to aliphatic (non-ring-like) hydrogen-carbon molecules
(Carey, 2006).

PAHs occur on Earth as a result of incomplete combustion of or-
ganic material (Samanta et al., 2002), but have also been found to
coalesce in space within dust clouds. Spectral signatures indicative
of PAHs anthracene (C14H;g) and pyrene (CigHyg) were detected by
Mulas et al. (2005) during their investigation of infrared emissions
from the Red Rectangle Nebula. There are close to 120 known in-
terstellar PAH species, which may account for up to 20% of total
cosmic carbon (Allamandola, 2011).

PAHs formed in nebulae may rain down on primordial plan-
ets directly from planetary accretion discs, or can be delivered
on comets and meteorites (Allamandola, 2011). PAHs can form in
situ on planetary bodies through Fischer-Tropsch reactions of hy-
drogen and carbon-monoxide rich igneous material (Zolotov and
Shock, 1999). Therefore, PAHs should be present, or have been
present in the past, on all planetary bodies in the solar system
(Dullemond et al., 2007).

Concentrations of over 1000 ppm of aromatic hydrocarbons
have been found in carbonaceous chondrite meteorites (Botta and
Bada, 2002), yet no PAHs have ever been detected on Mars. It
is likely that PAHs on the surface would be rapidly destroyed
by exposure to UV radiation or chemical reactivity of the Mar-
tian regolith (Quinn and Zent 1999; Benner and Devine, 2000).
Following experiments in ‘Mars chambers’ that emulate environ-
mental conditions on Mars, Dartnell et al. (2012) found that PAHs
can be destroyed by exposure to UV radiation in as little as
3 days.

The presence of PAHs could indicate the degradation of organ-
isms (Mckay and Gibson, 1996) and could therefore be a biomarker
for extinct or even extant life. PAHs have not thus far been de-
tected on Mars (Benner and Devine, 2000).

Dartnell et al. (2012) propose that PAHs might be protected
from the deleterious effects of UV radiation and oxidization chem-
istry if they were within the subsurface of Mars, inside rock, or
in areas of permanent shadow. Additionally, ice can act as a bar-
rier to solar radiation (Vincent et al., 1998; Cockell et al., 2000),
and allow organic compounds to become more complex where
partial shielding of UV radiation occurs (Herbst and van Dishoek,
2009; Oberg et al., 2009). In situ astrobiological detection of the
subsurface will be carried out in the future, for example on the
ESA ExoMars Rover mission scheduled for launch in 2020, which
will carry with it a drill unit capable of penetrating down to 2m
in depth (ESA, 2014). Until such times, remote sensing technol-
ogy can be used to look for regions on Mars in which mate-
rial previously shielded from UV has been uncovered by natural
processes, such as sublimation in the South Polar Residual Cap
(SPRC).

2.3. Detection of PAHs

Detection of PAHs outside Earth has been performed for many
years. Spectral signatures in interstellar regions were first at-
tributed to PAHs in the mid-1980s (Leger and Puget, 1984; Alla-
mandola et al., 1985). The PAH diagnostic signature at 3.29 um and
its accompanying weaker bands and underlying structures between
3.1 and 3.7 um (Tokunga et al., 1991) are of interest to this investi-
gation due to the spectral range covered by the CRISM instrument.

PAHs have only been detected on a small number of so-
lar system satellites, and comet 67P (Cruikshank et al., 2014;
Davidsson et al.,, 2016). Spectral signatures indicative of PAHs have
been found on the surfaces of two of Saturn’s icy moons, lape-
tus and Phoebe (Cruikshank et al., 2008; Cruikshank et al., 2014),
and in the upper atmosphere of Saturn’s moon Titan (Lopez-
Puertas et al., 2013). Cruikshank et al. (2008, 2014) identified some
of the organic material as PAHs based on spectral comparisons
with the averaged spectral profiles of 6 astrobiologically significant
PAHs (Colangeli et al., 1992) measured in laboratories (chrysene,
triphenylene, perylene, benzo («) pyrene, pentacene and coronene)
with different water ice and tholene mixtures.

Unlike on the Martian SPRC, lapetus and Phoebe have extensive,
uninterrupted areas of dark material that mask the effects of ice on
IR spectra.

3. Selecting regions of interest

We consider only Full Resolution Targeted products covering
SCT, CRISM’s highest spatial resolution mode (~20m/pixel) for
analysing rim features. 55 FRT scenes were divided into 13 sep-
arate groups, that each covers a corresponding SPRC region-of-
interest with multiple products, acquired between 2007 and 2011
shown in Fig. 3.

The CRISM footprints were further narrowed down to those
taken only in 2007 (MY 27), in order to capitalise on the most ef-
fective operating period of the CRISM instrument, and ensure simi-
lar Martian spring/summer environmental conditions. This resulted
in 13 images ready to be processed and used for initial spectral
analysis. RGB composites were generated for the 13 sites, and those
that showed rim regions with the strongest spectral response for
carbonate overtone-like properties were chosen (see Section 4.3 for
description of how RGB composites were generated). Following this
process, 5 sites were selected for further analysis (see Table 2,
Fig. 4).

Table 2

Details of 5 CRISM scene sites.
Site no.  Product ID Acquisition date  Lat. Long.
1 FRTO0007E26 ~ 26/09/2007 -849 2984
2 FRTOOOO6EEE ~ 04/09/2007 -85.5 2847
3 FRTO0007CE5  21/09/2007 -86.8  297.8
4 FRTOO005AE3  14/05/2007 -87.0 3542
5 FRT000075F0 29/08/2007 -86.9 3592
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Fig. 3. Polar stereographic map of the Martian SPRC using a manually generated mosaic of HRSC images, showing 13 CRISM groups of interest (blue highlighted boxes). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Site 1 is located at the edge of the SPRC and covers Unit B mor-
phology.

Site 2 is situated near the edge of the SPRC but does not in-
clude any ice-free surfaces, and covers Unit AQ and Unit B SPRC
morphology

Site 3 is located closer to the South Pole, well within the limits
of the SPRC, and exhibits Unit AO and B morphology.

Site 4 is covered by characteristic ‘curl features’ of Unit Al.
Site 5 covers Unit A0 and A2 morphology and is situated near
the South Pole, adjacent to Site 4, supporting the idea that Unit
A1l and A2 features represent different stages of the same sub-
limation morphology.

From these 5 sites, more specific regions of interest were cho-
sen by looking at the spectral maps, and selecting rim features that
showed a strong spectral response for carbonate overtone-like sig-
natures, as well as regions that showed a strong response for H,O
and CO, ice for comparison.

4. Data and tools
4.1. Compact reconnaissance imaging spectrometer for Mars

Since MRO’s mission objective is to study the history of water
on Mars, among other instruments, it carries on-board the CRISM
instrument (NASA, 2016). CRISM is a visible to infrared hyperspec-
tral imager, capable of producing visible and infrared spectral pro-
files of Mars. One of CRISM’s main objectives is to map key areas
of mineralogical interest using targeted mode, (<1% surface cover-
age) at a spatial resolution of ~20m/pixel, and spectral range of
362-3920 nm for 545 channels at a nominal spectral resolution of
6.55 nm/channel. This objective is very relevant to our research as
the narrower spectral channels are required to be sensitive enough
to pick out subtle spectral features, and the higher spatial resolu-
tion is needed to resolve the small-scale depression rim features. It
should be noted that spectra obtained at wavelengths higher than
2.6um by CRISM are prone to noise, and therefore not ideal in

identifying features in this spectral region, but are the only option
for analysing fine scale features using SWIR in this spectral range.

Even though CRISM was not designed with the identification of
organics as a primary objective, the large number of channels al-
lows high sensitivity to carbonates (Murchie et al., 2007), which
can be used to identify signatures that contain features indicative
of carbonate overtones. For example, Pelkey et al. (2007) devised
44 spectral ‘summary products’ by using ‘band math’, where dif-
ferent bands are combined mathematically to develop a new band
that is then diagnostic of particular compositions; this new band
can then be used as a targeting tool to identify areas of mineralog-
ical interest for further detailed analysis. It should be noted that
these summary products do not definitively identify a particular
mineralogy; they are simply a tool for distinguishing spectral sig-
natures that match specific features of a particular mineralogy.

For the purposes of this investigation, the images with the
highest spatial resolution are required in order to resolve small
scale features of depression scarps; therefore, images obtained us-
ing Full Resolution Targeted (FRT) mode are used (with resolution
~20m/pixel). It should be noted that CRISM, similar to all space
instrumentation protected from the effects of the sun using cryo-
genic systems, is slowly getting warmer, decreasing the reliability
of the instrument (Murchie et al., 2007). Consequently, only data
acquired before 2011 are employed in our analysis.

4.2. Data calibration and pre-processing

The Harris ENVI + IDL® image processing software was used for
calibration, pre-processing and analysis of the data, additionally us-
ing the CRISM Analysis Tool' plug-in when required. The image
processing pipeline was based on “best practices” guides, which
were released in the CRISM Data User’'s Workshop (Morgan et al.,
2009).

1 http://geo.pds.nasa.gov/missions/mro/crism.htm#Tools.
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Fig. 4. Locations of 5 CRISM sites (top), with CTX imagery to show morphology (bottom): Site 1: CTX B11_014076_0952_XN_84S061W. Site 2: CTX
B05_011756_0944_XN_85S074W. Site 3: B11_014090_0932_XI_86S057W. Sites 4 and 5: CTX B07_012374_0931_XN_86S006W.

More specifically, after ingestion into CAT_ENVI, radiance was
converted to bi-directional reflectance factor to minimise the ef-
fects of different angles and levels of solar illumination. This
‘photometric correction’ employed a simple normalisation step,
which was done by dividing by the cosine of the incidence an-
gle (Africano et al.,, 2005). Atmospheric correction is then carried
out using ‘division by scaled volcano’, i.e. by dividing the readings
from the image being processed by the ratio of the highest altitude
point on Mars (the summit of Olympus Mons, ~22 km) and its base,
then multiply by a factor dependent on the altitude and season of
image acquisition in order to remove the effects of atmospheric
gases from spectra (Wiseman et al., 2016). Finally, destriping and
despiking is used to remove residual artefacts from the imagery,
as well as anomalous spikes in the spectra. However, it does not

remove any of the ‘no data’ values; therefore, these need to be re-
moved manually in a post-processing step, after spectra have been
acquired. Once correction is completed, diagnostic summary prod-
ucts are generated.

4.3. Spectral mapping of CRISM scenes

Summary products are the input to the next stage of the pro-
cessing, where spectral mapping is conducted on the CRISM prod-
ucts to identify those with the best spectral responses indicat-
ing possible carbonate overtones in regions on depression feature
rims. Three of the aforementioned Pelkey (2007) summary prod-
ucts were applied to the images, each one stored in a different
channel of a pseudo-RGB image, referred to here as a RGB compos-
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ite summary. The products with weak spectral responses for car-
bonates on depression rims were rejected for further analysis. The
employed summary products are:

» BD1435; diagnostic of CO, ice; displayed on the red channel

« BD1500; diagnostic of H,0 ice; displayed on the green channel

+ BDCARB; diagnostic of carbonate overtones; displayed on the
blue channel

These three were chosen in order to highlight the two most
abundant units on the SPRC (CO, and water ice) and to iden-
tify any regions that may contain carbonates and with significant
spectral differences to the (CO, and water) ice signatures. While
the BDCARB summary product corresponds to different pym band
depth than PAHs, it is a useful tool for highlighting differences in
spectral reflectance. The band ‘BDCARB’ is diagnostic of carbonate
overtone-like signatures, giving the strongest response where it de-
tects spectral features similar to those observed when the vibra-
tional spectrum of a carbonate molecule transitions from a ground
to an excited state (Gaffey, 1986). The RGB composite summary
product arrangement means the areas with a spectral response in-
dicative of CO, ice show up as red, H,O ice as green, and carbonate
overtones as blue; blends show up as mixtures of these colours.
Again, it is important to note that blue colours do not indicate
definitive carbonate content, but this method certainly differenti-
ates areas with varying spectral responses from each other.

Moreover, in order to allow the visual inspection of the mor-
phological features of each CRISM scene, the original CRISM
data have been used to create a second composite image, using
RGB bands close to the default (in ENVI) bands, i.e. bands 230
(2509.7 nm), 75 (1486.9nm) and 10 (1060.3 nm) for red, green and
blue channels, respectively.

Both composite RGB images were produced for several regions
of interest (ROIs) over the 5 sites described in Section 3. More
specifically, for each CRISM product over these sites, at least one
depression rim and one area of featureless ice was selected for fur-
ther analysis. In the case of Site 4, a curl feature was also exam-
ined to incorporate Unit Al. The ROIs all contain a minimum of 20
pixels in order to reduce the effects of outliers and noise. Finally,
statistics for each ROI were generated through ENVI, while mini-
mum and maximum values were recorded to compare variation in
spectral reflectance across each ROI

ROI band thresholds were used to identify the strongest 10% of
CO, and H,O0 ice signatures from each scene, and then ROIs of a
minimum of 20 pixels chosen from the same across-track region
of the scene as the dark-rim features to provide local ‘purest’ ice
spectra while minimising across track ‘smile’ effect and changes
in observation conditions. Both library and local spectra can be
used to compare more ambiguous spectra and identify diagnos-
tic features. On the basis of minerals mentioned in Yung et al.
(2010), the Viviano-Beck et al. (2014) library spectra for jarosite
(KFe53[OH]5[SO4],), magnesium carbonate (MgCOs), magnesium-
rich olivine ([Mg*2, Fe+2],Si0,4), high-calcium pyroxene (Ca,Si,Og),
magnesium rich smectite clays, and talc (H,Mgs[SiO3]4) are of par-
ticular interest to this study.

5. Results

Fig. 5 shows an example of the spectral difference between the
SPRC and the surrounding area for Site 1. The left panel shows
the “true colour” RGB composite while the right panel shows the
RGB composite summary product. The regolith area is dark pur-
ple in colour in the right hand image, indicating a strong response
for the carbonate overtone-like summary product (blue) and some
CO, ice, possibly in the form of permafrost within the regolith. The
margin of the SPRC is turquoise, indicating a mix of water and CO,
ice, as would be expected from a higher water ice content (green)

Fig. 5. Left: False colour visualisation of Site 1 (FRTO0007E26) from CRISM bands
R = 230 G = 75 B = 10. Right: False colour visualisation of Site 1 using Pelkey
(2007) summary products R = 1435 (CO, ice) G = 1500 (H,O ice) B = BDCARB
(carbonate overtones).

Fig. 6. Locations and close ups of Site 1 (FRTO0007E26), ROI A (red line, Dark Rim)
and B (green rectangle, Featureless Ice). Red squares are 1 x 1km. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 7. Reflectance spectra of ROIs A, B (Site 1).

at the edge of the SPRC described by Thomas et al. (2009). The
SPRC itself in the bottom left of the panel shows the higher CO,
content typical of the SPRC.

The Regions of interest (ROIs) incorporate all pixels intersected
or covered by the polyline or rectangle (though polyline has been
made bolder in Fig. 6 for visibility). ROI A (red line) is situated on
a large depression feature, while ROI B (green rectangle) is a fea-
tureless patch of ice on the CO, rich SPRC, away from the water ice
rich margin. These are both shown in Fig. 6. ROI B exhibits a wider
variation in minimum and maximum reflectance values within the
spectrum than ROI A, as is shown in Fig. 7.
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Fig. 7 shows the lower overall reflectance values of ROI A in
comparison to ROI B, a consequence of the lower albedo of the
dust covered, textured scarp features, and because of possible
lower solar irradiance in the topographically low shadowed rims.
The trough just above 3.3um is much more pronounced in fea-
tureless ice.

At Site 2, the spectral mapping demonstrated scarp features
in shadow correspond to carbonate overtones summary products,
whereas the illuminated scarps correspond to water ice. This dif-
ference between shadowed and illuminated areas is unlikely to
be due to any actual compositional difference, but to the spectral
response differences caused by sunlight in areas with higher re-
flectance values.

Site 2 reveals greater variation in minimum and maximum re-
flectance at ROIs A and B, situated on Dark Rims than on the mesa
plateau (ROI C). Variation was greatest at ROI A, the scarp that was
highlighted as possibly suggestive of carbonates by the RGB com-
posite summary products. When compared, the spectra of ROI 2B
and ROI 2C are virtually identical. It is clear that the illumination
angle of the scarps results in different reflectance values between
ROI 2A and those of ROI 2B and 2C.

Site 3 exhibits Dark Rims around most depressions and mesas
independent of illumination angle. The dark rims largely indicate
water ice. Four ROIs were selected for this region. ROI 3A is a dark
rim that shows strong signals for the carbonate overtone summary
product parameters, while ROI 3C is from a mesa scarp and indi-
cates water ice content. ROIs 3B and 3D are from a mesa plateau
and featureless patch of ice respectively, and exhibit indications of
higher CO, content.

Examination of ROIs 3A and 3C once again implies that Dark
Rim regions show greater variation between minimum and max-
imum reflectance within the spectra while ROIs 3B and 3D show
very little variation within the spectra. Moreover, the spectral pro-
files of flat, icy regions (ROIs B and D) are very similar. On the
other hand, there is a rise in differences in reflectance between
ROI 3A and ROI 3C beyond 3.4pum, but overall the spectral pro-
files are similar. Finally, the dark rims show a broader, shallower
absorption feature at 3 um compared to the absorption feature for
non-rim ROIs 3B and 3D.

Regarding Site 4, ROI 4A is taken from the edge of a curled fea-
ture, while ROI 4B is within a curl feature. ROI 4C is situated on
a featureless patch of ice between the curl features. As with the
Dark Rim spectra from previous sites, the curl feature rim from
ROI 4A exhibits greater variation in minimum and maximum re-
flectance values compared with smooth ice features. While there
is less variation within the curl than at its edge, ROI 4B still shows
greater min/max reflectance variation than ROI 4C.

Despite differences in minimum and maximum reflectance vari-
ation, the curl feature (ROI 4B) and the featureless ice (ROI 4C)
have virtually identical spectral profiles; the Dark Rim of the curl
feature (ROI 4A) has an overall lower reflectance.

Four ROIs were investigated at Site 5. Similar to the previous
investigation sites, there is higher variability in reflectance on Dark
Rim ROIs and much more consistent reflectance across all pixels in
ROIs B and D.

Finally, similar to Site 3, the illuminated dark rim (ROI 5C)
that showed strong signatures for the water ice summary product,
shows a very similar spectral profile to the mesa and featureless
patch of ice (ROIs 5B and 5D) while the dark rim in shadow (ROI
5A) exhibits lower overall reflectance.

6. Analysis and discussion
The initial results show that Dark Rim sites consistently show

a much wider variation in minimum and maximum reflectance
across all ROI pixels than ROIs in Non-Rim locations. Moreover,
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Fig. 8. Reflectance spectra of all Dark Rim ROIs from all 5 sites.
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Fig. 9. Reflectance spectra of Non-Rim ROIs from all 5 sites.
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Fig. 10. Average spectra of Dark Rim and Non-Rim ROIs for all 5 sites.

when the spectral profiles of all Dark Rims from all sites are plot-
ted together, they display a large range of reflectance levels (Fig. 8).
However, the spectral profiles of all Non-Rim areas are somewhat
more consistent with each other, particularly above 3.4pm (Fig. 9).

In order to further analyse the overall characteristics of Dark
Rim and Non-Rim regions, mean spectra were produced by aver-
aging all rim spectra from Fig. 8 for Dark Rims, and all Non-Rim
spectra from Fig. 9, to create two new spectral profiles (Fig. 10).

Averaging the spectra of all regions is not particularly useful for
examining individual, subtle characteristics of Dark Rim features,
as any unique features will be lost. However, the average Dark-Rim
and Non-Rim spectra are useful for looking at the effects of water
and CO, ice on spectral profiles.
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Fig. 11. Comparison of peaks and troughs between average spectra of Dark Rims
and Non-Rims (black and blue) and mean strongest 10% of local CO, summary prod-
uct spectra (purple). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

6.1. CO, ice spectral features

Given that the SPRC is dominated by CO, ice, removing the
spectral features of CO, ice from the ROI spectra enables residual
features to be more effectively analysed. Fig. 11 shows the spectral
profile for local CO, ice below the average spectra of the two types
of ROI from Fig. 10.

Features from the local CO, spectrum appear in the ROI spec-
tra. The local 10% threshold ROI spectra (in purple) show a more
similar profile to the rim and non-rim regions. Fig. 11 highlights 8
peaks and troughs from the local CO, spectra that correlate with
features in the Dark Rim and Non-Rim averaged spectra. The 8
peaks and troughs (a-h) are only the most obvious features that
can be seen on both the CO, and average ROI spectra to glean an
overall idea of common distinctive attributes.

It would appear that CO, signatures contribute significantly to
the Dark-Rim ROIs; this is to be expected in such a CO, ice rich
environment. It is clear there is a difference in overall reflectance
values between Dark Rim and Non-Rim regions, which is likely to
be a consequence of the lower albedo of the darker, textured scarp
surfaces (Byrne, 2009).

The overwhelming influence of the CO, content of the ROIs
must be removed in order to see any subtler compositional char-
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Fig. 12. Spectral profiles of all Dark Rim ROIs.

acteristics. In order to minimise the effects of CO, ice, the values
for the two types of ROI were divided by local CO, spectra.

6.2. H,0 ice spectral features

Further processing of the ROI spectra may be necessary to high-
light differences between Dark Rims and Non-Rims. Back-wasting
of scarps can expose higher concentrations of H,O ice inside de-
pressions (Thomas et al., 2009), and so it was prudent to attempt
to account for the effects of water ice on ROI spectra to see if the
rims are composed of more water ice than Non-Rims.

ROI thresholds for the strongest 10% of H,O summary product
parameters were used to obtain diagnostic water-ice rich spectra.
The results showed no discernible effect on the wavelengths of in-
terest, with the local water ice rich regions still being largely over-
whelmed by CO, ice signatures.

Identification of PAH-like signatures on lapetus and Phoebe re-
lied on ice-free surface deposits of material; the Martian SPRC has
no such extensive regions of low albedo material. The very small
surface area of the depression scarps mean that the dust content
is likely to be very low, and any organics would be present in even
lower concentrations. This problem is further exacerbated by the
~20m spatial resolution of the CRISM instrument, which cannot
resolve uninterrupted dark patches, and will almost always encom-
pass some area of dust-free, icy surface material.

The presence of strong spectral responses of a CO, ice makes it
very difficult to identify any weak absorption features that might
be present at ~3.3 um. The averaged ROI spectra by their very na-
ture smooth out unique features. While these generic spectra have
been useful in establishing the overall common characteristics of
Dark Rim and Non-Rim ROIs, and ascertaining the impact of wa-
ter and CO, ice spectra on ROI features, it is necessary to examine
individual ROIs for absorption features at ~3.3 pm.

6.3. Analysis of individual spectra

Fig. 12 shows all the spectral profiles of the Dark Rims ROIs.
The 3 ROIs with the lowest reflectance in the PAH region of in-
terest were chosen in order to minimise the effects of the impact
of the steep shoulder into the CO, ice absorption feature at just
above 3.3 pm. They are ROI A from Site 1, and ROIs A and C from
Site 3. The Non-Rim features from the same sites are also analysed
in order to examine the spectral differences of regions within the
same CRISM scene.

These 3 Dark Rim sites are also interesting as they exhibit dark
coverage around the whole rim regardless of illumination angle,
suggesting dust coverage rather than simply shadow. Future work
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will involve 3D modelling of SCT features in order to mitigate this
effect.

In order to ascertain subtle differences between the two ROIs,
PeakFit software (http://www.sigmaplot.co.uk/products/peakfit)
was used to carry out a statistical fit to accentuate peaks. Cor-
rected rim and non-rim profiles were compared to CO, and water
ice as well as the 6 minerals of interest from Section 4.3 (jarosite,
magnesium carbonate, magnesium-rich olivine, high-calcium
pyroxene, magnesium rich smectite clays, and talc).

Whilst there is an overall difference in reflectance intensity,
with ROI B being more reflective, both regions show 8 peaks in
very similar regions, indicating no significant compositional differ-
ence.

The Gaussian decomposition of Dark Rim ROI 3A revealed far
more individual peaks, with 17 distinct features, compared with
the mesa plateau of ROI B, which only shows 11, suggesting a sig-
nificant compositional difference between the two regions.

Moreover, once corrected for CO, ice and subjected to Gaussian
decomposition, some significant differences arise. After comparison
with the 6 minerals of interest, there is a similarity between ROI
A and the spectrum for magnesium carbonate; while only several
peaks match carbonate features and does not definitively identify
carbonates, the presence of these peaks is consistent with the re-
sults from spectral mapping in that we have identified ROI A as
having at least some features similar to that of carbonate over-
tones.

As with Site 3 ROIs 3A and 3B, ice correction of spectra high-
lights a compositional difference between ROI 3C and 3D. The
spectral map of Site 2 highlighted ROI C as water-ice rich, and
this is consistent with the weaker carbonate peaks when compared
with Site 3, ROI A.

7. Conclusions and future work

PAHs are crucial to theories of abiogenesis, and despite their
ubiquitous presence in space, their detection on planetary bodies
remains a primary objective for the field of planetary science. The
attempt to identify them on Mars is important given the recent
discoveries of other organic compounds and possible liquid wa-
ter (Freissinet et al., 2015; Ojha et al., 2015). The ability to criti-
cally analyse the influence of CO, and H,O ice spectra on ROIs has
paved the way for further in-depth analysis of spectral features of
dust rims.

Spectral mapping has revealed that there is a distinct compo-
sitional difference between the majority of the SPRC and depres-
sion rims for all morphological units. Further analysis of ROI spec-
tral features reveals the compositional differences are highlighted
when spectra are corrected for interference from ices.

Dark Rims exhibit more variation in reflectance within spectra
than Non-Rims. The influence of water ice is greater on rims and
once removed, Dark Rim spectra more closely resemble the spectra
of Non-Rims. CO, ice is a limiting factor due to the strong absorp-
tion feature between 3.3 and 3.4um, while water ice appears to
have less of an impact.

In the future, other spectrometers such as TES and OMEGA will
be used to further examine Dark Rims, even though all current
Mars orbital spectrometers are limited by spatial resolution, thus
impeding the analysis of ice free pixels. Moreover, further analy-
sis of the SPRC is planned, during which many more ROIs will be
examined, and more CRISM products from multiple MY will be in-
cluded, in order to monitor temporal changes in spectra. 3D mod-
elling of SCT features will also enable the mitigation of the effects
of solar illumination angle on spectral response, and laboratory ex-
periments are being carried out to examine the impact of different
mixtures of Mars analogue soil samples and PAHs on CO, spectra,

with further computer modelling planned using these laboratory
measurements.

It is possible that the non-targeted CRISM modes (which have
global coverage) could be composited over time to analyse the en-
tire SPRC, as FRT only has 1% surface coverage, and much of the
SPRC has not been imaged at high resolution. The 100-200 m spa-
tial resolution of non-targeted mode may exclude effective perusal
of small-scale features, but may be useful to map larger regions,
and for use in conjunction with data from more holistic data such
as that from MARCI (Bell et al., 2009), in order to ascertain if there
is any relationship between the wider Martian climate and the
spectral evolution of SCT features.

PAHs have not been detected to the sensitivity level of the
CRISM instrument, but this study has revealed tantalising details
about the composition of the Martian SPRC, and how to effec-
tively identify dust components; it has far reaching consequences
for other planetary bodies such as Europa, Enceladus and Titan, the
study of which would greatly benefit from being able to eliminate
the effects of ice on spectra, and comparison with PAH libraries.
Identifying PAHs on Mars is a unique challenge as the dynamics
of CO, and water ice also conspire to mask PAH signatures, and
given that the atmosphere is largely missing on other outer planet
bodies, this may play a part in obscuring their signatures.

Overall, no direct evidence of PAHs was found but the search
continues.
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