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ABSTRACT

The sensors on landers and rovers on Mars enable the performance of highly sensitive analyses in a
limited area. However, orbiting satellites can observe the entire surface of Mars, albeit with coarser
results than those obtained by landers and rovers. The objective of the study was to calibrate the
distribution of hematite (Fe,O,) minerals derived from satellite data using ground observations,
thereby producing more sensitive data across a larger area of the Vera Rubin Ridge (VRR) region.
This topographic elevation extends from the northeast to the southwest in the northwest region of the
Gale Crater. In the study, a model was established between the CRISM instrument data on the MRO
satellite and the Mastcam sensor data on the Curiosity rover to determine the corrections that should
be applied to the satellite data. The BD860 2 parameter, which identifies the hematite mineral,
was adjusted to ModBD860 2 by employing the model’s regression coefficients, which exhibited a
Pearson correlation coefficient (r) of 66% and a mean absolute error (MAE) of 2.1%. By applying
the ModBD860 2 indice to the CRISM data, it was concluded that areas where the BD860 2 indice
did not detect the presence of hematite could also be potential exploration areas.

1. Introduction

Gale Crater was selected as the landing site for the

of the lowest altitudes in the southern hemisphere
(Wray, 2013). The sedimentological investigations
conducted on the basis of the images captured by the

Curiosity Rover because satellite data indicated the
presence of minerals indicative of aqueous processes,
such as phyllosilicates and iron oxides (Grotzinger et
al., 2012; Milliken et al., 2010), as well as the diversity
of potentially habitable geological environments in
the ancient layered sedimentary rocks that form the
lower slopes of Aeolis Mons (Golombek et al., 2012).
Gale Crater, an impact crater with a diameter of 155
km located in the crustal dichotomy of Mars, has some

Curiosity rover have revealed that the Gale Crater was
once home to an ancient fluviolacustrine ecosystem
(Grotzinger et al., 2014, 2015). Additionally, visible/
short wave infrared (VSWIR) reflection spectra
obtained by Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) from the lower
portions of Aeolis Mons indicate the presence of
diverse units comprising minerals that may have
been formed through aqueous alteration, including
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hematite, smectite, and sulfates (Milliken et al., 2010,
Fraeman et al., 2013, 2016). One of the main areas of
interest during Curiosity’s exploration of Aeolis Mons
was the Vera Rubin Ridge (VRR) region, about 6.5 km
long and 200 m wide, at an altitude of about 10 m from
its surroundings. CRISM spectra of the VRR region, a
topographic elevation on the northwest flank of Aeolis
Mons and running northeast-southwest, shows pixels
consistent with crystalline hematite with absorption
properties close to 0.55 and 0.86 pm (Fraeman et al.,
2013, 2016). The presence and diversity of crystalline
hematite may be due to a warmer more humid climate,
very different from the cold, dry climate present on
Mars, where it may have originated from oxidized
lake waters in the Gale Crater (Hurowitz et al., 2017;
Rampe et al., 2017).

Buz et al. (2017) identified various lithologies in
the non-bedrock and sediment units at the base of
the Gale Crater, which were interpreted to have been
transported from the slopes. In the results of their
analysis using the images of the Thermal Emission
Imaging System (THEMIS) and CRISM sensors,
they did not observe significant differences in the
spectral properties of the bedrock, but in some CRISM
images of the rocks on the slopes, they observed
olivine-containing  bedrock accompanied with
Fe/Mg phyllosilicates. They speculated that the
spectral properties of these phyllosilicates were
different from the Aluminum-substituted nontronite
detected by CRISM at Mount Sharp; therefore, they
were formed by liquids of different compositions.

Based on the detection of hematite in VRR by
CRISM and the absence of similar strong absorptions
in layers immediately adjacent to the ridge, Fraeman
et al. (2013) hypothesized that the VRR might be a
unique, hematite-rich range marking the localized
region of iron oxidation and the potential past
habitable environment. Understanding the formation
environments for the hematite-rich ridge is important
for its implications for the wider Martian paleo-
environment context, particularly in the Gale Crater
(Fraeman et al., 2020).

A comprehensive understanding of the planets
paleoclimate necessitates the precise delineation of
the mineral assemblage present in Martian rocks.
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However, this may prove challenging when orbital
spectral data represent the sole accessible source of
information. In particular, some minerals with bright
visible colors, such as hematite, can mask the presence
of iron phyllosilicate-like minerals by suppressing
the spectral signal (Jacob et al., 2020). CheMin on
the Curiosity rover observed crystalline hematite
in the VRR bedrock (Rampe et al., 2020), thereby
corroborating the CRISM data’s conclusion that VRR
includes hematite. The CRISM-based interpretation
that the VRR is a unique hematite-bearing region
in Aeolis Mons is therefore incorrect. However,
the bedrock regions of interest (ROIs) from lower
elevations of Aeolis Mons analyzed by CheMin do
contain hematite, but these areas do not show strong
hematite absorptions in the CRISM data. Quantitative
CheMin
instrument facilitated the identification of significantly

XRD measurements from Curiosity’s
greater quantities of ferrous phyllosilicates than
would have been anticipated based on orbital data.
Additionally, the presence of minor amounts of iron
minerals, including jarosite and akaganeite, was
discerned, which had not been predicted by satellite
data (Rampe et al., 2017, 2020; Bristow et al., 2018).

The CRISM data will continue to help the rover as it
ascends Aeolis Mons and passes through stratigraphic
units with orbital spectrum signatures compatible with
phyllosilicates and sulfates. These findings may point
to the presence of changing Martian habitats (Milliken
et al., 2010). CRISM data will be used for strategic
route planning to locate and access critical rocks/
minerals by NASA’s Mars rovers and ESA’s ExoMars
rover, which is scheduled to be sent to Mars in 2028
(ESA, 2025).

Horgan et al. (2020) utilized the Mastcam and
ChemCam sensors on the Curiosity rover to ascertain
the mineralogical origins of the extensive range of
color variations, spanning from red to purple and gray,
in the VRR region. The researchers hypothesized that
these color variations are most likely the result of
diagenetic changes in the sediments after deposition.
Understanding the influence of these events on the
chemical and mineralogical properties of ancient
Martian habitats is critical to understanding the past
habitability of the planet.
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Three drilled samples were successfully obtained
on VRR, one in the Blunts Point (Duluth, DU) and
Pettegrove Point (Stoer, ST) members, and two in
the Jura member (Highfield, HF; Rock Hall, RH).
The successfully drilled samples were investigated
using CheMin, which revealed a variety of secondary
minerals relevant to the spectrum analyses in this
work (Rampe et al., 2020). These included crystalline
hematite, with abundances of 6.1% in the DU sample,
14.7% in the ST sample, 8.5% in the HF sample,
and 2.9% in the RH sample (where abundances are
represented as weight percentages of the bulk sample).
The targets at Blunts Point are characterized by the
presence of resistant veins in the bedrock, while the
presence of scratches in the bedrock indicates that it
is poorly cemented and contains numerous veins that
obscure bedding features. The bedrock is typically
red, and the most prevalent diagenetic features are
nodules and dark-toned facies. Pettegrove Point
targets generally have two different appearances:
continuous lamination or a high concentration of
nodules obscuring the lamination. The Pettegrove
Point target ranges from brown to red to purple with
red being the most common color. The lighter veins
at Pettegrove Point are also recessive to the host rock.
These observations suggest that the Pettegrove Point
member rocks are probably harder or better cemented
than the Blunts Point member rocks. The average
estimated grain size of the Pettegrove Point targets is
in the mudstone range, but individual targets range in
grain size from very fine sand to medium sand. There
are two distinct categories of targets within the Jura
member: red and gray. Red Jura targets occur as zones
of rock that are highly fractured and not clearly visible.
Red Jura targets lack nodules and exhibit maximum
lamination density. At the same time, the red Jura
material lacks scratch marks. The red Jura rocks have
characteristics that indicate they are harder than those
in the Blunts Point member. On the other hand, the
gray Jura targets have a distinct gray color and various
diagenetic features. Dark gray features are common
in the Gray Jura targets, while prismatic features are
observed only in these targets. The Gray Jura rocks
also appear to be harder than those in the Blunts Point
member. The gray Jura targets have slightly larger
grain sizes than the red Jura targets (Bennett et al.,
2021).

Bennett et al. (2021) explored the color, grain
texture, and lamination style of bedrock, as well as
the nodules, diagenetic crystals, and various dark gray
iron-rich features in the VRR region using the MAHLI
sensor on the Curiosity rover. The results of their study
revealed abundant and widespread diagenetic features
in the rocks remaining in the VRR region, indicating
that the rock targets estimated to be coarser generally
had finer grains, had more diagenetic features than
predicted, and this would have affected the degree and
type of diagenesis of grain size.

Rice et al. (2022) created a database of Mastcam
spectra from more than 600 multispectral observations,
revealing nine rock and five soil spectral classes. They
found that the rock classes are dominated by hematite
and oxides, while the soil classes are dominated by
fine-grained Fe-oxides and olivine-bearing sands. The
soil spectra were influenced by dark, mafic sands from
the active Bagnold Dune area, rather than sediments
found in the area.

Eng et al. (2024) utilized Mastcam spectra in
conjunction with chemical data from the CheMin,
APXS, and ChemCam instruments on the Curiosity
rover to assess the variability of rock spectra at the
clay-sulfate transition and surrounding regions and to
interpret mineralogy and diagenesis in Gale Crater. In
their study, they also measured the spectral response
of mixtures containing phyllosilicates, hydrated Mg-
sulfate, and basalt in the laboratory to determine the
Mg-sulfate detection capabilities of Mastcam and
to aid in the analysis of multispectral data. Their
findings revealed that hydrated Mg-sulfates were
readily obscured by other constituents, necessitating
>90 wt% hydrated Mg-sulfate to manifest a discernible
hydration signature in Mastcam spectra.

Turner and Lewis (2023) investigated the bedding
geometries of exposed bedrock along a traverse
on Mount Sharp, and found that bedding typically
ranged from 2 to 5° from horizontal and extended
radially outward from the center of the mound. The
researchers employed in situ Mastcam and Navcam
stereo topographic data from the Curiosity rover, in
conjunction with long-baseline Mastcam stereo and
orbital stereo techniques, to ascertain the structural
configuration of bedding planes on Mount Sharp.
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Fraeman et al. (2020) stated in their study that the
results obtained from CRISM data can be validated
with surface property information obtained from in
situ observations. They stated that the presence of
hematite in the VRR region, as predicted by CRISM,
was confirmed by Curiosity and that the accuracy of
mineral identifications based on spectral absorptions
imaged from orbit can be trusted. They also noted
that by using Curiosity’s discoveries in the VRR,
CRISM can predict regions beyond a narrow path
with much greater confidence, with information on
surface properties derived from in situ observations.
The current results from Gale Crater are promising for
future exploration strategies based on a combination
of orbital and in-situ spectral observations.

Although landers and rovers on the surface of
Mars can perform very precise analyses with the
sensors on them, they can only work in a limited
area, while satellites in orbit can observe the entire
surface of Mars, but can analyze with coarser results
than landers/rovers. Unlike landers, which can
perform point analysis, rovers can move and analyze
more areas, but these areas are very limited when
considering a whole planet. The main objective of this
study is to establish a model to increase the accuracy
of satellite data using in situ data.

The hematite mineral, which is sensitive to 860 nm
band depth in CRISM data and 867 nm band depth
in Mastcam sensor, was detected using both CRISM
and Mastcam sensors on the northwest flank of
Aeolis Mons and in the VRR region of a topographic
elevation extending in the northeast-southwest
direction. The application of the algorithm developed
in this study to CRISM data has led to the conclusion
that regions where satellite data is unable to detect the
presence of hematite with current techniques can also
be considered potential research areas. Furthermore, it
has been determined that the use of corrected CRISM
data in route planning to locate significant minerals
such as hematite in future exploration vehicle missions
would be more accurate.

The second objective of this study is to examine the
members of the VRR region in detail to determine the
implications for the interpretation of reflection data of
hematite minerals that can be correlated with mineral
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abundances derived from Mastcam and CRISM data.
The VRR region has three different members: Blunts
Point (BP), Pettegrove Point (PP), and Jura (JR). The
correlation between the CRISM pixels corresponding
to each member and the Mastcam ROIs was analyzed.
The objective of this analysis is to ascertain which
member(s) can be detected with greater accuracy and
precision in the production of satellite-based mineral
distribution maps.

2. Study Area and Data

This section is divided into three subsections.
The first subsection provides a comprehensive
explanation of the geographical location, geology, and
stratigraphy of the VRR region on Mars. The second
subsection details the CRISM instrument on the Mars
Reconnaissance Orbiter (MRO) satellite, which was
utilized to obtain the remote sensing data for the
study. The third subsection delves into the features
of the Mastcam sensor on the Curiosity Rover, which
provided the ground observation data for the study.

2.1. Study Area

The study area is the region called the upper Gediz
Valley of Gale Crater, which is approximately 155 km
in diameter and where the Curiosity rover landed at
4.5895°S, 137.4417°E coordinates according to the
Mars coordinate system (Vasavada et al., 2014). In the
center of the crater is Mount Aeolis Mons, which is
approximately 5.5 km above the base (Figure 1). The
Curiosity rover successfully landed in this region on
08/06/2012 and is still continuing its mission.

The geological history of Mars has been divided
into three periods, Noachian, Hesperian, and
Amazonian, from ancient times to the present, through
studies of impact crater densities on the Martian
surface (Tanaka et al., 2014). Acidic weathering
conditions during the Hesperian period resulted in
the enrichment of sulfates in layered deposits within
Valles Marineris and Gale Crater (Hesperian transition
undivided unit, Htu) and in Schiaparelli, Terby, and
other highland craters (Hesperian and Noachian
highland undivided unit, HNhu) (Bibring et al., 2006).

This period is notable for significant erosion of
geologic terrains on Mars. The Amazonian period,
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Figure 1- Study area (Akgiil and Ural, 2022).

while the longest geological period for Mars,
was characterized by a cold, dry, and oxidizing
environment, reduced global impact fluxes, and
intermittent volcanism (Hartmann and Neukum, 2001;
Grant and Wilson, 2011). Fluvial and glacial activity
during this period exhibited significantly reduced rates
of material deposition and cumulative amounts of
geologic modification compared to previous periods
(Golombek et al., 2006).

The geological structure of the Gale Crater, on
the other hand, covers the period from the border
of the Noachian-Hesperian period, called the AHi
unit (Amazonian and Hesperian impact unit), to
the Amazonian period (Figure 2). Iron oxides are
the most prevalent minerals in the Late Hesperian
and Amazonian periods. The environment became
increasingly arid and cold towards the end of the
early Hesperian epoch, as the Martian atmosphere
thinned and surface water levels declined. This trend
has continued until the present day. Peroxides from
the atmosphere oxidized the iron-rich rocks, which

represents a significant geological process. During
this period, the production of iron oxides was likely to
have been extensive, with minerals linked with liquid
water being enriched in the Noachian and Hesperian
geological units (Bibring et al., 2007; Xue and Jin,
2014).

The traverse of the Mount Sharp group by the rover
has maintained Curiosity within the Murray formation,
a package of predominantly lacustrine mudstone with
uncommon intercalated cross-stratified sandstones
of prodeltaic, fluvial, or eolian origin (Grotzinger
et al., 2015; Rivera-Hernandez et al., 2020). The
Murray formation, with a thickness of at least 300 m,
is divided into seven different members, namely the
Pahrump Hills member, Hartmann’s Valley member,
the Karasburg member, the Sutton Island member, the
BP member, the PP member, and the JR member, and
its stratigraphic column is shown in Figure 3 (Stein et
al., 2020). The members of PP, JR, and BP comprise
the VRR region, which we are studying. The Pahrump
Hills member is made up of thin layers of mudstone
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Figure 2- Geological map of the study area (Tanaka et al., 2014).

Figure 3- Stratigraphic column along Curiosity’s traverse (Stein et al., 2020).
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that were probably deposited by strong flows of water
in a lake (Grotzinger et al., 2015; Stack et al., 2019).
The Hartmann’s Valley member is made up of layers
that are between decimeters and meters thick. These
layers show signs of being shaped by wind or water
(Fedo et al., 2018; Gwizd et al., 2019). The Sutton
Island member is a mudstone-sandstone that’s mostly
made of broken meter-scale blocks. It has signs of dry
conditions that happened regularly, like desiccation
cracks and sulfate enrichments (Rapin et al., 2019;
Stein et al., 2018).

The BP member, a fine-grained recessive facies
with widespread planar lamination and copious
calcium sulfate veins, correlates with the base of the
higher north-facing cliff of the VRR (Fedo et al., 2019;
Edgar et al., 2020). The PP member is stratigraphically
superior to the BP member, exhibiting precipitous
cliffs at the summit of the ridge’s northern side. In
terms of physical characteristics, the PP member is
similar to the BP member. However, it exhibits more

pronounced diagenetic traits, a reduction in sulfate
veins, and enhanced resistance to erosion (Tinker et
al., 2019; Edgar et al., 2020; Bennett et al., 2021).
The PP member is overlain by the JR member, which
together constitute the summit of the ridge. The JR
component remains tightly laminated, yet displays
considerably greater variation in color, texture, and
sedimentary structures than the PP or BP members
(Bennett et al., 2021). The contact between the PP and
JR components is distinguished by a noticeable step
in topography, corresponding to large-scale inclined
beds, and a distinct facies defined by alternating thinly
and densely laminated packages of mudstone to fine
sandstone (Edgar et al., 2020). Figure 4 shows the
boundaries of the VRR region for the BP, PP, and JR
members.

2.2. CRISM Data

The CRISM instrument on the MRO satellite is a
hyperspectral imaging spectrometer designed to map
the surface mineralogy of Mars (Murchie et al., 2007).

Figure 4- Member classes of ROIs used in study.
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The sensor is specifically designed to look for evidence
of hydrothermal deposits and other mineralogical
indicators of water. This satellite was launched from
the Cape Canaveral space base in the United States
on 12.08.2005 and entered Mars orbit on 10.03.2006.

CRISM
atmosphere in two different modes: mapping mode

images the Martian surface and
and targeted mode. In targeted mode, CRISM targets
a location and uses its gimbal to take multiple images
along a line. These images are then combined to create
a single image of the target. The instrument’s gimbal
tracks a point on the surface and scans an area of about
10 km x 10 km at about 18 meters per pixel and 545
wavelengths. In mapping mode, CRISM collects data
to take long swaths of images. In this mode, it collects
data at 5 to 10 times lower resolution and fewer
wavelengths (between 72 and 262) than in targeted
mode to produce a global map of Mars (Seelos et al.,
2024). CRISM observation modes, spatial resolutions,
and number of bands are shown in Table 1.

Table 1- CRISM observing modes (Morgan et al., 2017).

Mode Spatial Res. Mapping/ Number of Bands
(m/pix) Targeted VNIR IR
MSP ~200 M 19 55
MSW ~100 M 19 55
HSP ~200 M 107 154
HSV ~200 M 107 N/A
MSV ~100 M 90 N/A
FRT ~20 T 107 438
HRL ~40 T 107 438
HRS ~40 T 107 438
ATO ~20x10 T 107 438
FRS ~20 T 107 438
ATU ~20x40 T 107 438
MSP ~200 M 19 55

The image “FRT0000B6F1” corresponding to the
working area of the CRISM sensor was taken from
the Planetary Data System (https://ode.rsl.wustl.edu/
mars/) site (Figure 5). This data is a hyperspectral

Figure 5- CRISM data used in the study.
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image with 545 bands between 0.36 um and 3.92 um
and has a spatial resolution of 18 meters. 544 bands
are used in the analysis of the hyperspectral CRISM
image, and there is an extra line from the IR detector
to measure the electronic background (Murchie et al.,
2007).

2.3. Ground Observation Data

The Curiosity Rover, which was launched from
the Cape Canaveral space base with the Atlas V 541
rocket on 26.11.2011 and successfully landed in the
Gale Crater region on 06.08.2012, has been in service
since 22.8.2012. Many advanced sensors are available
on this rover. The Mastcam sensor used in the study
consists of two cameras on a fixed and vertical mast
on the Curiosity rover, the electronics inside the rover,
and a calibration target on the body of the rover. The
two cameras of the Mastcam sensor are positioned at
a height of about 2 m from the ground, considering
the height of the human eye, and it is possible to
obtain stereoscopic images with a distance of 24.64
cm between them. The right camera can take images
3 times more sensitive than the left camera, and this
sensitivity corresponds to 7.4 cm at a distance of 1
km. The left camera can view a wider area than the
right camera. With Mastcam, the geomorphology,
stratigraphy and texture of the landscape, rocks and
sediments around the rover can be investigated. It
is also possible to monitor atmospheric and even
astronomical events. The wavelengths and properties
of the bands of Mastcam cameras are given in Table 2.

Table 2- Mastcam sensor band specification (Bell et al., 2017).

Filtre Mastcam-L Filtre Mastcam-R
(nm) (nm)

L0 (Red) 640 + 44 RO (Red) 638 +44
L0 (Green) 554 +38 RO (Green) 551 +39
LO (Blue) 495 +37 RO (Blue) 493 +38
L1 527 +7 R1 52747
L2 445 +10 R2 447+ 10
L3 751+ 10 R3 805+ 10
L4 676+ 10 R4 908 + 10
L5 867 £ 10 RS 937+ 10
L6 1012 +21 R6 1013 +21

3. Methodology

The Methodology section is divided into three
subsections. The first subsection is the CRISM
data processing for mineral analysis subsection,
which expounds on the methodology of performing
mineral analysis with CRISM data utilized as remote
sensing data in the study. The second subsection is
the Ground observations data processing for mineral
analysis subsection, which details the process of
conducting mineral analysis with the Mastcam sensor.
The third subsection is the Relationship between
Ground observations and remote sensing subsection,
which elucidates the relationship between ground
observations and remote sensing.

3.1. CRISM Data Processing for Mineral Analysis

CRISM Analysis Software (CRISM Analysis
Toolkit, CAT) is a software system that runs on the
IDL/ENVI program to analyze and display data from
the CRISM detector. CAT works as an ENVI program
add-on, so ENVI’s built-in imaging and spectral
analysis tools are available after CRISM data has
been loaded and processed. (Morgan et al., 2017). In
the study, the CRISM data were analysed using CAT
software, and the workflow diagram we created for
this analysis is shown in Figure 6.

The photometric correction is performed by
dividing the CRISM image by the cosine of the solar
incidence angle, while the atmospheric correction is
performed by eliminating all CO, absorption bands
with a scaled atmospheric transmission spectrum

Figure 6- CRISM data analysis flowchart.
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obtained during an observation over Mount Olympus
Mons. This is done using the spectrum difference
measured from the summit and base of the highest
mountain in our Solar system, and thus Mars.
While the noise on the image is corrected with data
filtering, the reconstruction of missing pixels with
the average of the surrounding pixels is done with
Line correction. Photometric, atmospheric, and data
filtering/line -corrected images must be defined in
a projection system to use them in a coordinated
manner. This correction is made with a Geometric
correction (Gurunadham and Kumar, 2014; Arvidson
et al., 2017). Indices shown as SUM in Figure 6 were
calculated using the corrected CRISM data, using
the CAT software for which the corrections were
made. The majority of these indices are indices that
calculate the Band Depth (BD). BD is one of the most
widely used methods for parameterizing spectral data
(Clark and Roush, 1984). The BD860 2 indice, which
calculates the band depth at 860 nm where hematite
is absorbed in CRISM data, is calculated as given
in Equation 1 and described in Viviano-Beck et al.
(2014). In Equation 1, the (a) value is 0.527 and the
(b) value is 0.473.

BDB602 =1 — (——20 ) (1)

a * R755 +b * R977

3.2. Ground Observations Data Processing for Mineral
Analysis

Rice (2022), conducted a study using calibrated
Mastcam observations to radiance using pre-flight
calibration coefficients from radiance products
available via the NASA Planetary Data System (PDS)
(Bell et al., 2017). Because of their work, they has
built a comprehensive database of Mastcam spectra
that ROIs the diversity observed across the Curiosity
rover’s traverse, from a total of 624 observations
between sols 0-2302.

In their study, Rice (2022) sampled each image
in eight different classes: undisturbed soil, disturbed
soil; dump pile, drill tailings, DRT target, broken rock,
dusty rock, or vein. In their study, they calculated the
distances of the ROIs from the rover and determined
the formation and members of each ROI. Additionally,
it has been classified into two parts as in-place or float
for rocks. In this study, all points in the VRR (sol
1800 — sol 2300) were identified, including dusty rock
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and in-place in Rice (2022) database. The images of
the detected ROIs were examined one by one and
reviewed for the second time on the basis of bedrock.

The ROI coordinates have been produced in order
to more closely match CRISM pixels. The equation
was created using the extracted ROI coordinates,
the rover coordinate, the rover distance estimated by
Rice (2022) in the database, and the azimuth angles
in the “*.Ibl” files retrieved from the Curiosity (MSL)
Notebook
mslbrowser/an3.aspx) site.

Analyst’s (https://an.rsl.wustl.edu/msl/

The indice values of the ROIs whose coordinates
were calculated were calculated in accordance with
the methodology outlined by Bell et al. (2000), as
detailed in Equation 5. In Equation 2, the value of a is
0.556, while the value of b is 0.444.

BD867 = 1— (——___) @)

a * R751 +b * R1012

3.3. Relationship Between Ground Observations and
Remote Sensing

The relationship between the BD860 2 indice,
which calculates the band depth at 860 nm, where
the hematite is absorbed in the Mastcam sensor, and
the BD867 indice, which calculates the band depth at
867 nm, where the hematite is absorbed, in CRISM
data, has been examined on the basis of members.
The location of 38 CRISM pixels corresponding to
the ROIs calculated with the BD867 indice from the
Mastcam sensor is shown in Figure 7.

Statistical methods were used to determine whether
the model established between CRISM and Mastcam
data is acceptable. The r statistic, ME, MAE, NSE,
and PB comparison statistics were used to analyze the
model results. The formulas with which these statistics
were calculated are given in Table 3.

The r statisticc, ME, MAE, NSE, and PB were
employed as comparative statistics (Table 3). The r
statistic is used to assess the quality of fit of a linear
relationship and has an optimal value of one. The
NSE, which ranges from minus infinity to +1, with a
value of +1 indicating a perfect fit, is a measure of the
relative size of the variance of the residuals compared
to the variance of the observations (Nash and Sutcliffe,
1970). The ME determines whether the CRISM and
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Figure 7- Investigated CRISM pixels and Curiosity rover path.

Table 3- Comparative statistics formulas.

Name

Formula

Pearson Correlation Coefficient

.= Yo (G —-6)(C-C)
V(G —O)[(C; - C)2

Mean Error

N
1
ME=2Y (-G
i=1

Mean Absolute Error

N
1
MAE = NZ (IC: = i)
1=

Nash-Sutcliffe Efficiency Coefficient

D R

L (G —-G)?

Percent Bias

100 Y, (€ -Gy

PB =
IiV:1 Gi

_ .
Gl,:Mastcam observations, G = Average Mastcam observations, C,: CRISM estimations, C = Average CRISM estimations and N=number

of data pairs.
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point-based estimates are over- or underestimated,
while the MAE indicates the average size of the
absolute error. The ideal value for both is zero. The
PB computes the difference between observed and
predicted values and has an ideal value of zero.

4. Results and Discussion

Hematite on Mars is prevalent as a nanophase
powder, with crystals sized at the nanometer scale.
Fine-grained (red) and coarse-grained (gray) hematite
generate stronger absorptions around 0.5 and 0.9
um wavelengths due to iron-induced charge transfer
and crystal field transitions (The MICA Files, 2019).
The wavelength graph and absorption values of the
hematite mineral in the Minerals Identified through
CRISM Analysis (MICA) archive are presented in
Figure 8.

Figure 8- Hematite mineral wavelength (The MICA Files, 2019)

The BD860 2, which calculates the band depth
of 0.860 um wavelength, where the hematite mineral
is highly absorbed, was calculated separately for
each pixel of the CRISM data, which has a spatial
resolution of 18 m, with the help of the formula given
in Equation 1. Because of the calculations, the values
of the BD860 2 indice in the study area were found
to be between -0.016 and 0.018, and the produced

hematite mineral distribution map is given in Figure 9.

While composite parameters such as particle size
and albedo exert an influence on the band depth, the
relationship is generally proportional to the amount of
the absorbed material (Clark and Roush, 1984; Pelkey
etal., 2007). When the distribution map of the hematite
mineral given in Figure 9 is examined, it is seen that
the hematite is more abundant in the northwest and
northeast regions of the study area compared to the
other regions. In the 500-day period from Sol 1800
to Sol 2300 covering the study area, the points where
Mastcam BD867 was calculated were determined one
by one and the map we produced is shown in Figure
10.

It was observed that 72 sol points detected hit 38
CRISM pixel; more than one indice were calculated
for each sol point, and it was determined that more
than one sol point fell on each CRISM pixel. The

Figure 9- Hematite mineral distribution map produced using CRISM (Akgiil and Ural, 2022).
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Figure 10- Investigated CRISM pixels and Curiosity rover route.

Mastcam BD867 Indice ROIs corresponding to each
CRISM pixel were grouped independently of the
sol day, and their descriptive statistical values were
calculated using the formulas shown in Table 3. The
r statistic, ME, MAE, NSE, and PB statistics were
calculated for all points as calculated for members of
BP, PP, and JR (Table 4).

When the values of the r statistic are examined in
the statistical results, it is seen that there is a strong
relationship for the values of all points, and a very
strong relationship for the values of the PP member
(Cohen, 1988; Sabilla et al., 2019). When the ME and
MAE values, which should approach 0 for a perfect

Table 4- Performance statistics.

fit, are examined, it is seen that JR and BP members
get the best results. When the statistical results of the
NSE, which is acceptable with values greater than 0,
and the PB with the optimal value of 0, are examined,
it is seen that the JR member has the best result.

Rampe et al., 2020, analyzed the drilling samples
they took from BP, PP and JR members in their study
using the Chemin detector, and they found the amount
of hematite in the samples as a percentage to be 6.1%
for BP, 14.7% for PP and 2.9% and 8.5% for JR. When
the r statistics given in Table 4 are examined, it is
seen that our study is parallel to the study of Rampe
et al. (2020). PP member (r:70%, wt:14.7%) got the

Member r ME MAE NSE PB (%) Number of Points
Blunts Point (BP) -0.20 -0.003 0.010 -0.24 -440.45 7
Pettegrove Point (PP) 0.70 -0.020 0.025 -0.18 -76.15 43
Jura (JR) 0.13 0.001 0.019 0.01 -49.14 34
All points 0.66 -0.010 0.021 0.15 -79.98 84
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highest value in both studies, then JR member (r:13%,
wt:8.5%), and finally BP member (1:-20%) , wt: 6.1%).

The CRISM BDS860 2 graph drawn against
Mastcam BD867 belonging to all members without
distinction of BP, PP, and JR members in the VRR
region is given in Figure 11.

Although Viviano-Beck et al. (2014) stated in
Equation 1 how to calculate the BD860 2 indice in
their study, a new hematite mineral sensitive indice,
which we named ModBD860 2, was sensitized by
ground observations by integrating the formula they
gave and the regression coefficients of the appropriate
value we found in Figure 11 (Equation 3).

2.6522 * Rggp ) 3)

0.527 * R755 —0.473 x Rg77

ModBD860 2 = 2.6581 — (

In this equation, it is possible to reach the hematite
distribution, which is the sensitivity reached by
the Mastcam sensor in ground observations, by
substituting the reflectance values of the CRISM data
at 755 nm, 860 nm and 977 nm wavelengths.

5. Conclusion

The Curiosity rover conducted an extensive
investigation of the VRR region, a topographical ridge
extending northeast-southwest on the northwest slope
of Aeolis Mons, for approximately seventeen months.
This investigation represents the longest and most
comprehensive exploration of Mars’ lacustrine layers
to date. The mineral hematite, which is sensitive to
860 nm band depth in CRISM data from the MRO
satellite and 867 nm band depth in the Mastcam
sensor on the Curiosity rover, was discovered in the
VRR region through the use of both the CRISM and
Mastcam sensors.

To determine the adjustment to be applied to the
CRISM data, a model was created using 84 Mastcam
ROIs, which corresponded to 38 CRISM pixels in the
research region. The BD860 2 indice defining the
hematite mineral was modified as ModBD860 2 by
applying the regression coefficients of the model with
an r statistic of 66% and a MAE value of 2.1%.

Figure 11- Graph of the regression for all point of member.
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It has been demonstrated that places where
satellite data cannot detect the existence of hematite
using present methodologies can also be prospective
research topics by applying the algorithm created
within the scope of this study to CRISM data. It was
concluded that CRISM data using corrected indices
such as ModBD860 2 indice would be more accurate
in planning the location of the landing craft or the
route planning of the rovers to find important minerals
such as hematite in the future.

The VRR region contains three distinct members:
BP, PP, and JR. An investigation was conducted
into the relationship between the CRISM pixels
corresponding to each member and the Mastcam ROls.
Upon examining the values of the r statistic in the
statistical results, it was observed that there is a strong
relationship for the values of all points and a very
strong relationship for the values of the PP member.
When the mean error (ME) and the mean absolute
error (MAE) values, which are expected to approach
0 for an ideal fit, are analyzed, it is observed that the
JR and BP members achieve the most optimal results.
When the statistical outcomes of the normalized
standard error (NSE), which is considered acceptable
when greater than 0, and the PB, which attains the
optimal value of 0, are examined, it is evident that the
JR member yields the most favorable result. For BP,
PP, and JR members, the observed values were -20%,
70%, and 13%, respectively. Based on satellite data,
the PP member was identified as the primary member
of the VRR region, which was determined to be the
hematite ridge.
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