INAF

ISTITUTO NAZIOMNALE

2 ASTROFISICA

MATIRAL INSTITLITE
FOR ASTROFHYSICS

Publication Year

2021

Acceptance in OA

2022-05-09T14:04:01Z

Title

The geography of Oxia Planum

Authors

Fawdon, Peter, Grindrod, Peter, Orgel, Csilla, Sefton-Nash, Elliot, Adeli, Solmaz, Balme, Matt,
CREMONESE, Gabriele, Davis, Joel, FRIGERI, ALESSANDRO, Hauber, Ernst, Le Deit, L astitia,
L oizeau, Damien, Nass, Andrea, Parks-Bowen, Adam, Quantin-Nataf, Cathy, Thomas, Nick, Vago,
JorgeL., Volat, Matthieu

Publisher's version (DOI)

10.1080/17445647.2021.1982035

Handle

http://hdl.handl e.net/20.500.12386/32088

Journal

JOURNAL OF MAPS

Volume

17




N - Taylor & Francis
JOURNALorMAPS S5 Taylor & Francis Group

Journal of Maps

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tjom20

The geography of Oxia Planum

Peter Fawdon, Peter Grindrod, Csilla Orgel, Elliot Sefton-Nash, Solmaz
Adeli, Matt Balme, Gabriele Cremonese, Joel Davis, Alessandro Frigeri, Ernst
Hauber, Laetitia Le Deit, Damien Loizeau, Andrea Nass, Adam Parks-Bowen,
Cathy Quantin-Nataf, Nick Thomas, Jorge L. Vago & Matthieu Volat

To cite this article: Peter Fawdon, Peter Grindrod, Csilla Orgel, Elliot Sefton-Nash, Solmaz Adeli,
Matt Balme, Gabriele Cremonese, Joel Davis, Alessandro Frigeri, Ernst Hauber, Laetitia Le Deit,
Damien Loizeau, Andrea Nass, Adam Parks-Bowen, Cathy Quantin-Nataf, Nick Thomas, Jorge

L. Vago & Matthieu Volat (2021) The geography of Oxia Planum, Journal of Maps, 17:2, 621-637,
DOI: 10.1080/17445647.2021.1982035

To link to this article: https://doi.org/10.1080/17445647.2021.1982035

A
© 2021 The Author(s). Published by Informa h View supp|ementary material 2
UK Limited, trading as Taylor & Francis

Group.
ﬂ Published online: 09 Nov 2021. Submit your article to this journal &
X . | N
il Article views: 730 & View related articles ('
@ View Crossmark data & This article has been awarded the Centre
CuosMak for Open Science 'Open Data' badge.

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tjom20


https://www.tandfonline.com/action/journalInformation?journalCode=tjom20
https://www.tandfonline.com/loi/tjom20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17445647.2021.1982035
https://doi.org/10.1080/17445647.2021.1982035
https://www.tandfonline.com/doi/suppl/10.1080/17445647.2021.1982035
https://www.tandfonline.com/doi/suppl/10.1080/17445647.2021.1982035
https://www.tandfonline.com/action/authorSubmission?journalCode=tjom20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tjom20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/17445647.2021.1982035
https://www.tandfonline.com/doi/mlt/10.1080/17445647.2021.1982035
http://crossmark.crossref.org/dialog/?doi=10.1080/17445647.2021.1982035&domain=pdf&date_stamp=2021-11-09
http://crossmark.crossref.org/dialog/?doi=10.1080/17445647.2021.1982035&domain=pdf&date_stamp=2021-11-09

JOURNAL OF MAPS
2021, VOL. 17, NO. 2, 621-637
https://doi.org/10.1080/17445647.2021.1982035

Taylor & Francis
Taylor & Francis Group

SCIENCE

The geography of Oxia Planum

Peter Fawdon ©2, Peter Grindrod ©®, Csilla Orgel

¢, Elliot Sefton-Nash

a OPEN ACCESS ) Check for updates

4 Solmaz Adeli ®¢,

Matt Balme ©?, Gabriele Cremonese _f, Joel Davis ©°, Alessandro Frigeri ©9, Ernst Hauber ©°¢,
Laetitia Le Deit ©", Damien Loizeau ©', Andrea Nass ©¢, Adam Parks-Bowen ®J, Cathy Quantin-Nataf ©®*,
Nick Thomas ©', Jorge L. Vago © and Matthieu Volat

2School of Physical Sciences, Open University, Milton Keynes, UK; PDepartment of Earth Sciences, Natural History Museum, London, UK;
“European Space Research and Technology Centre (ESA/ESTEC), Directorate of Human and Robotic Exploration, Noordwijk, Netherlands;
dEuropean Space Research and Technology Centre (ESA/ESTEC), Directorate of Science, Noordwijk, Netherlands; German Aerospace

Center (DLR), Institute of Planetary Research Rutherfordstr, Berlin, Germany; Istituto Nazionale di Astrofisica Osservatorio Astronomico di
Padova Vicolo dell'Osservatorio, Padova, Italy; “Istituto di Astrofisica e Planetologia Spaziali, Istituto Nazionale di Astrofisica, Rome, Italy;
PLaboratoire de Planétologie et Géodynamique, LPG Nantes, Nantes, France; 'Université Paris Saclay — CNRS — Institute d'Astrophysique
Spatiale, Orsay, France; 'Space Research Centre, University of Leicester, Leicester, UK; Univ Lyon, Univ Lyon 1, ENSL, CNRS, LGL-TPE,

Villeurbanne, France; 'Physikalisches Institut, University of Bern, Bern, Switzerland

ABSTRACT

We present the geography of Oxia Planum, the landing site for the ExoMars 2022 mission. This
map provides the planetary science community with a framework to understand this, until
recently, unexplored area. The map comprises (1) a mosaic of the panchromatic Context
Camera (CTX) Digital Elevation Models (DEM) and Ortho Rectified Images (ORI) controlled to
the High Resolution Stereo Camera (HRSC) multiorbit Digital Elevation Models (DEM) and (2)
a mosaic of Colour and Stereo Surface Imaging System (CaSSIS) synthetic colour data
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products, registered to the CTX ORI mosaic. We define a grid of exploration quadrangles
(quads) and an informal group of geographic regions to describe Oxia Planum. These
regions bridge the scale gap between features observed on large areas (~100s km?) and the
local geography (10s km?) relevant to the Rosalind Franklin rover’s operations in Oxia Planum.

Highlights

e The Geography and a CaSSIS mosaic of Oxia Pla-
num, the ExoMars rover landing site.

1. Introduction

ExoMars 2022 is a cooperative mission between the
European Space Agency (ESA) and Roscosmos, the
Russian space organisation consisting of the ExoMars
rover ‘Rosalind Franklin’ and the instrumented lander
‘Kazakoch’. The mission is tasked with searching for
signs of past and present life on Mars (Figure 1) and
will investigate the geochemical environment in the
shallow subsurface over a nominal mission of 218
Martian days (sols; Vago et al., 2017) in Oxia Planum.
The rover’s search for signs of life is predicated on
identifying the best possible locations for assessing
three parameters (1) geological context consistent
with life-hospitable conditions, (2) potential chemical
biosignatures, and (3) possible physical biosignatures.
To select those locations a good understanding of the

landing site’s geology based on the available orbital
information is required.

Oxia Planum is situated on the northern margin of
Arabia Terra (Figure 1) and preserves a record of the
diverse geological processes that have shaped the region.
It is in a transitional region between the heavily cratered
Noachian-aged Arabia Terra (>3.7 Ga; Hartmann &
Neukum, 2001, Tanaka et al., 2014a, 2014b) and the
younger low-lying Hesperian/Amazonian-aged plains
of Chryse Planitia (<3.0 Ga; Hartmann & Neukum,
2001). This area has been selected as the landing site
because of its abundance of Noachian-aged material,
including regional phyllosilicate-bearing  deposits
(Figure 2; Carter et al., 2015; Noe Dobrea et al., 2010),
which are evidence for widespread aqueous alteration
(Mandon et al.,, 2021; Quantin-Nataf et al., 2021), and
occur at a sufficiently low elevation to permit landing
(Vago et al,, 2018). Oxia Planum records the Noachian
basement formation (Pan et al., 2019) and the formation
of global-scale tectonic fabrics (Anderson et al.,, 2001).
The region was extensively modified in the late Noa-
chian/Hesperian period, as shown by evidence of
fluvial and paleo-lake activity (Fawdon et al., 2019;
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Figure 1. Location of Oxia Planum and illustration of the ExoMars rover The landing site for the ExoMars mission in (A) Oxia Pla-
num on the northern margin of Arabia Terra shown here in MOLA topography (Smith et al., 2001). (B) Rosalind Franklin and the
Kazakoch platform are scheduled to land in the 100 km landing ellipse in early 2023. Yellow ellipses (in B and C) denote the open-
ing (LPO) and closing (LPC) of the scheduled 2022 launch possibilities seen here with the outline of the CTX DEM mosaic overlain
on the HRSC Colour mosaic of the MC11 Oxia Plaus quadrangle. (C) Coverage of the data sets presented on the main map. Green =
CTX footprints, Blue = CaSSIS footprints overlain on HRSC base map tile MC11W24_co5ps. (D) Example of the 1 x 1 km ‘quads’ and
quad naming over CaSSIS synthetic RGB image MY35_008275_165_0 close to the centre of the landing ellipses.

Gary-Bicas & Rogers, 2021; Mandon et al., 2021; Molina
et al,, 2017; Cathy Quantin-Nataf et al., 2021), possible
shoreline formation (Dickeson & Davis, 2020), volcan-
ism (Michalski & Bleacher, 2013), and alteration to
form phyllosilicate deposits (Carter et al., 2015). The
surface continues to be modified by aeolian transport
and erosion processes (Favaro et al, 2021; Silvestro
et al, 2021) and by impact cratering (Fawdon et al.,
2020).

The first step in the process of identifying the best
possible sample locations requires assembling the rel-
evant data and establishing a framework of conven-
tions to describe them. The ‘Macro’ sub-group of

the Rover Science Operations Working Group
(RSOWG) was created to characterise the landing
site to a fidelity relevant for rover operations; that is,
at metre-scale. The rover is capable of driving approxi-
mately 30-100 m per day, depending on the terrain’s
complexity. The RSOWG ‘Macro- sub-group is study-
ing the landing site (an area on the order of
~1000 km®) to consider the geological processes that
might affect the potential for formation, concen-
tration, and preservation of biomarkers in the ‘one-
sigma’ landing ellipse (i.e. the ~66.75 x 5 km uncer-
tainty ellipse with ~67% touchdown probability;
Figure 1). The ‘Macro’ sub-group organised a high-
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Figure 2. Map to geographic regions. The operations grid of 1 x 1 km quads (cyan) and geographic regions (green; Table 3) cre-
ated for ExoMars 2022 rover operations. Quad labeling starts with row ‘A’ column ‘1" in the South West progressing to row ‘DR’ and
column ‘121" in the North East with the central longitude of the projection (section 2.1) located in Germania Lacus (cyan cross).
Landing ellipses for the opening (high azimuth) and close (low azimuth) of the launch window (yellow) overlain on the CTX ORI
mosaic with a map of phyllosilicate detections from CRISM (red shading) and OMEGA (yellow shading) observations (Quantin-
Nataf et al.,, 2021) over the HRSC pan-sharpened colour mosaic base layer.

resolution geologic mapping campaign between May
2019 and August 2020 (Sefton-Nash et al., 2020).
The principal objectives of this exercise were to (i)
familiarise scientists with the geography and geology
of the landing site and (ii) create a geological map to
build and guide the mission’s strategic plan, making
the best uses of the available resources (e.g. time,
power, data) to find locations for sample acquisition
and analysis.

As part of this process, several base map data pro-
ducts were created to build a geographic framework
in the region around Oxia Planum. We present a
map and data package of Oxia Planum to enable the
planetary science community to explore the landing
site. This includes

(1). A grid of exploration quadrangles (quads) and an
informal group of regions to describe the geogra-
phy of Oxia Planum (Figure 2). These bridge the
descriptive scale gap between features named by

the International Astronomical Union (IAU)
(~100s km?) and the local landscape (10s km?)
relevant to Rosalind Franklin operations.

(2). Mosaics of the Context Camera (CTX; Malin et al.,
2007) Digital Elevation Models (DEM) at 20 m/
pixel and Orthorectified Images (ORI) at 6 m/
pixel (Figure 1). These data are projected onto a
High Resolution Stereo Camera (HRSC; Neukum
et al., 2004) multi-orbit DEM (50 m cell size) and
corresponding 12.5 m/pixel panchromatic mosaic
(Gwinner et al., 2016), which in turn is fixed to the
Mars Orbiter Laser Altimeter (MOLA; Smith
et al., 2001) geodetic control network. The CTX
mosaic provides a base layer for registration of
other higher resolution data sets (e.g. Volat &
Quantan-Nataf, 2020).

(3). The Colour and Stereo Surface Imaging System
(CaSSIS; Thomas et al., 2017) colour data pro-
ducts at 4 m/pixel acquired for Oxia Planum
and registered to the CTX ORI mosaic. Data
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collection for CaSSIS is ongoing and we will
update this database as new observations are
obtained.

2. Data and methods
2.1. Data

2.1.1. High Resolution Stereo Camera (HRSC)

The Mars Express High Resolution Stereo Camera
(HRSC; Gwinner et al, 2016) MC11 multi-orbit
DEM (Kersten et al., 2018) is used as the base control
map. It is controlled to the global Mars Orbiter Laser
Altimeter (MOLA; Smith et al., 2001) DEM (~463 m
cell size), currently the most accurate global geodetic
dataset for Mars.

2.1.2. Context Camera (CTX) and CTX Digital
Elevation Models (DEM)

The CTX camera onboard the Mars Reconnaissance
Orbiter provides ~6 m/pixel panchromatic data with
a swath width of ~20 km (Malin et al., 2007). The
main map is a mosaic of six ORI and DEM created
from CTX images for which the emission angles and
coverage allowed stereo pairs to be used for photo-
grammetric reconstruction and DEM production
(Figure 1, Table 1).

Our CTX DEMs were created following the method
of Kirk et al. (2008), using public-domain Integrated
Software for Images and Spectrometers (ISIS3) soft-
ware to pre-process the raw Experimental Data
Records (EDR). The EDRs were then processed in
SocetSet®, a commercially available photogrammetry
suite (http://www.socetset.com), with X, Y, and Z
co-ordinates of the DEM controlled to MOLA Point
Experimental Data Record (PEDR) data. The ORI
and DEM were then post-processed in ISIS,
mosaicked in the software Environment for Visualis-
ing Images (ENVI), before manual georeferencing in
ArcGIS software. Finally, the georeferenced image
mosaic was blended in Adobe Photoshop to remove
seamlines using the Avenza Geographic Imager exten-
sion to retain geospatial information in the blended
product.

The output from SocetSet® are 20 m/pixel DEM
(resolving topography of ~50—-60 m features) and 12
orthorectified CTX images with a scale of 6 m/pixel.
The Expected Vertical Precision (EVP) in each CTX
DEM can be estimated based on viewing geometry
and pixel scale (Kirk et al., 2003, 2008), e.g. EVP = A
p IFOV / (parallax/height) where A p is the Root
Mean Square (RMS) stereo matching error in pixel
units, assumed to be 0.2 pixels (Cook et al., 1996)
and confirmed with matching software for several
other planetary image data sets (Howington-Kraus
et al., 2002; Kirk et al., 1999). The pixel matching
error is influenced by signal-to-noise ratio, scene con-
trast and differences in illumination between the
images. Pattern noise can also be introduced by the
automatic terrain extraction algorithm, especially in
areas of low correlation. These can be identified as
patches of ‘triangles’ in the hill shade model (e.g.
smooth, low contrast slopes and along shadows).
IFOV is the instantaneous field of view of the image
on the ground (pixel size in metres). If the paired
images have different IFOVs, the RMS value is used,
e.g. IFOV = \/ (pixel scale image 1 + pixel scale image
2). The parallax/height ratio, calculated from the
three-dimensional intersection geometry, reduces to
tan(e) for an image with emission angle ‘e’ paired
with a nadir image, e.g. parallax/height =tan(e),
where e = |emission angle 1 — emission angle 2|.

2.1.3. Colour and Stereo Surface Imaging System
(Cassls)

The Colour and Stereo Surface Imaging System (CaS-
SIS; Thomas et al., 2017) instrument on the ESA Trace
Gas Orbiter (TGO) continues to observe the ExoMars
landing site (Figure 1). CaSSIS collects data with four
filters (Infrared (IR); 950 nm, Near-Infrared (NIR);
850 nm, broad transmission, Panchromatic, filter
(PAN); 650 nm and BLUE-GREEN; 475 nm), chosen
to provide the camera with a limited multispectral
capability sensitive to a variety of minerals (Tornabene
et al., 2017). CaSSIS has a swath width of ~9 km and a
rotation mechanism to permit stereo acquisitions. We
use CaSSIS 3 or 4 band cubes for our scientific inves-
tigation of Oxia Planum. A mosaic of synthetic RGB

Table 1. CTX images. CTX images used in the DTM mosaic and their Expected Vertical Precision (EVP) sorted by longitude.

CTX image pairs (E-W) Centre (Lat, Long) Emission angle (°) Pixel size (m) EVP (m)
J14_050138_1986_XN_18N025W 18.66°N 334.94°E 28.34 7.14 DEM 1
K05_055518_1986_XN_18N025W 18.69°N 334.89°E 5.69 5.64 1.71
F21_044178_1988_XN_18N024W 18.83°N 335.12°E 28.08 7.08 DEM 2
J05_046723_1985_XN_18N025W 18.57°N 335.08°E 0.09 5.59 134
F03_037136_1977_XN_17N023W 17.81°N 336.10°E 14.95 5.95 DEM 3
F23_044956_1984_XN_18N024W 18.49°N 335.44°E 3.35 5.59 3.31
J01_045167_1983_XN_18N024W 18.33°N 335.80°E 1.48 5.56 DEM 4
J03_045800_1983_XN_18N024W 18.33°N 335.75°E 14.05 5.93 3.04
F03_037070_1980_XN_18N024W 18.09°N 336.09°E 8.63 5.70 DEM 5
F03_037136_1977_XN_17N023W 17.81°N 336.10°E 14.95 5.95 6.16
J01_045101_1981_XN_18N023W 18.16°N 336.29°E 11.59 5.78 DEM 6
J02_045378_1981_XN_18N023W 18.14°N 336.37°E 0.85 5.57 3.55
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Table 2. CaSSIS observations. CaSSIS observations over Oxia Planum as of 01/01/2021.

Synthetic Georeferenced ISIS
Image ID Filters Incidence angle (°) Local time Solar longitude (L) RGB in mosaic cube in data repository
MY34_001934_162_0 PAN-RED-NIR-BLU 48.151 08:50:20 167.71 Yes
MY34_002021_162_0 PAN-RED-NIR 71.402 07:13:42 171.60 Yes
MY34_003806_019_1 PAN-RED-BLU 53.130 09:51:29 260.06
MY34_003806_019_2 PAN-NIR-BLU 53.027 09:52:13 260.06 Yes Yes
MY34_003893_018_1 PAN-NIR-BLU 71.037 08:07:36 264.56
MY34_003893_018_2 PAN-RED-BLU 70.803 08:07:55 264.56 Yes
MY34_004085_162_1 PAN-RED-BLU 68.856 15:37:41 27447 Yes
MY34_004085_162_2 PAN-NIR-BLU 69.017 15:38:32 274.47 Yes
MY34_004172_162_1 PAN-NIR-BLU 51.901 13:54:02 27891 Yes
MY34_004172_162_2 PAN-RED-BLU 52.007 13:54:51 27891
MY34_004259_162_1 PAN 43.119 12:12:25 283.33
MY34_004259_162_2 PAN-NIR-BLU 43127 12:13:11 283.33 Yes
MY34_004925_019_2 PAN-NIR-BLU 35.367 12:07:21 315.88 Yes
MY34_005012_018_1 PAN-BLU 40.932 10:25:46 319.95 Yes
MY34_005012_018_2 PAN-NIR-BLU 40.814 10:26:26 319.95 Yes
MY34_005378_162_1 PAN-RED-BLU 50.339 14:48:19 336.53 Yes
MY34_005378_162_2 PAN-NIR-BLU 50.513 14:49:10 336.53 Yes
MY34_005664_163_1 PAN-RED-BLU 42428 09:35:09 348.90 Yes
MY34_005664_163_2 PAN-NIR-BLU 42.251 09:36:00 348.90 Yes
MY35_006504_018_0 PAN-NIR-BLU 74.907 06:51:39 22,62 Yes Yes
MY35_007250_019_0 PAN-RED-NIR-BLU 77.254 17:29:53 50.29
MY35_007337_020_0 PAN-RED-NIR-BLU 56.277 15:59:01 53.44 Yes
MY35_007536_021_0 PAN-RED-NIR-BLU 8.678 12:34:18 60.59 Yes
MY35_007623_019_0 PAN-RED-NIR-BLU 14.604 11:00:19 63.71 Yes
MY35_008275_165_0 PAN-NIR-BLU 16.007 10:56:45 87.07 Yes Yes
MY35_008742_019_0 PAN-RED-NIR-BLU 47.860 15:24:50 104.06 Yes Yes
MY35_009394_165_0 PAN-NIR-BLU 46.484 15:17:22 128.83
MY35_009481_165_0 PAN-NIR-BLU 24363 13:42:46 132.27 Yes Yes
MY35_012092_163_0 PAN-RED-NIR-BLU 60.915 14:58:52 254.60 Yes
MY35_013584_163_0 PAN-NIR-BLU 32.105 11:33:20 328.27 Yes Yes
MY35_013584_163_0 PAN-NIR-BLU 32.099 11:33:26 328.27
MY35_013964_017_0 PAN-NIR-BLU 85.415 17:32:13 345.01
MY36_014424_021_0 PAN-RED-NIR-BLU 39.31 09:33:25 415
MY36_014616_153_0 PAN-NIR-BLU 82.147 17:33:43 11.82
MY36_014989_162_0 PAN-RED-NIR-BLU 15.312 11:04:00 26.24
MY36_015275_161_0 PAN-NIR-BLU 82.588 06:11:41 36.95
MY36_015369_018_0 PAN-RED-NIR-BLU 74.601 17:15:38 40.4
MY36_015456_017_0  PAN-RED-NIR-BLU 52.586 15:41:18 43.59

products is presented on the main map. Synthetic
RGB products use a combination of PAN and BLUE
filter images whereby: The Red channel is the PAN
filter mosaic, The Green channel is a combination of
a low pass filter of the Blue and a high pass filter of
the PAN, incorporating colour information from
BLUE and spatial information of PAN. The Blue chan-
nel is a combination of PAN and BLUE-GREEN such
that each pixel has a value of (2*BLU - 0.3*PAN). Each
channel is individually contrast-enhanced to form the
final product. As TGO operates in a non-sun synchro-
nous orbit, surface overflights repeat every 36 days
spanning a range of local times and seasons (Table
2), individual images do not necessarily have appro-
priate viewing angles, lighting and atmospheric con-
ditions conducive to the creation of a consistent
mosaic data set. We will continue to update the data-
base of georeferenced images as more appropriate
images are collected by TGO (see Section 6).

2.2. Making the map

2.2.1. Projection
The map is presented in an equirectangular projection
centred at, 335.45°E, (24.55°W) based on the IAU

Mars2000 sphere. This matches the coordinate system
used by the ExoMars Rover Operations Control
Centre (ROCC) to minimise local distortion. This is
important for maintaining accuracy between remote
sensing observation and rover scale operations. And
is available with the supporting data sets (Table 4).

2.2.2 Georeferencing and registration

Registration of the CTX DEM mosaic to the HRSC
dataset used ~200 manual tie points between the
CTX ORI and HRSC image mosaic and these tie
points were then applied to the DEM mosaic. Geore-
ferencing and registration of the CaSSIS data used
an initial set of manual tie points to seed the automatic
generation of additional tie points using ArcPro 2.7
software. The CTX mosaic and CaSSIS data were rec-
tified using the spline transformation, which optimises
for local but not global accuracy (Esri, 2020). This
method provided good results for images with a
range of viewing angles and accounts well for local
adjustments needed for abrupt elevation changes.

2.2.3. Quad grid and contours
The quad grid was created using the ArcPro 2.7 Grid
Index Features Tool (Esri, 2021). The grid is a 121 x
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120 array of 1000 m x 1000 m quads labelled ‘A1’ in
the South West to ‘DP120’ in the North East. The
grid covers the entire CTX mosaic and the lower left
corner of quad BD50 coincides with the centre of
the ROCC projection system at 335.45°E 18.20°N.
Topographic contours were created at 25 m intervals
from a CTX DEM downsampled to 100 m/pixel,
with contours shorter than 1500 m in length were
removed. Contours were smoothed using the PAEK
algorithm at a tolerance of 200 m (USGS & MRCTR
GIS Lab, 2018).

2.3. Geographic regions

A common geographical division and naming system for
the Oxia Planum region is needed to allow ExoMars
team members to communicate efficiently. Identifying
and naming geographical locations and zones provides
a spatial context for detailed observations, strategic plan-
ning and operations, and hypotheses testing.

2.3.1. Differentiating geographic regions

We divide Oxia Planum into 30 regions (Figure 2 and
Table 3). This system of regions is a formalisation of
the geographic differentiation demanded by discus-
sions since the initial suggestion of Oxia Planum as
a landing site in 2014 (ESA & The ExoMars 2018
Landing Site Selection Working Group (LSSWGQG),
2014) Each region is defined by a combination of
topographic and or albedo changes in the HRSC and
CTX data and that have needed to be talked about.
Regions are smaller closer to the centre of the landing
site or where topography and albedo are more vari-
able. This reflects the need to increase the fidelity of
discussion where the rover is more likely to land or
there are likely to have been more active geomorphic
processes. As such these regions capture features per-
taining to hypotheses about the paleo-environments
being developed by the RSOWG and provide a natural
framework to explore Oxia Planum.

2.3.2. Naming geographic regions

The regions were named in three ways: a number, a
unique identifier, and a descriptive term. Unique
identifiers were drawn from a list of Roman imperial
and senatorial provinces at the largest geographic
extent of the Roman empire in 117AD. This scheme
was chosen because it has geographic and cultural
ties throughout Europe and provides an appropriate
number and variety of names. The descriptive terms
(e.g. Planum, Lacus, etc) are those used in planetary
toponomy (IAU, 1979). Names were selected to
reflect the geography of the region (e.g. Caledonia
has high elevation terrain in the northwest, Aegyptus
has a large channel feature). Geographic locations
within regions are also named. These names were
drawn from a wider list of Roman towns or other

relevant geographic locations with suitable, but pro-
cess-agnostic, descriptive term (e.g. Alexandria Tho-
lus named after the city in the ‘Aegyptus’ imperial
province). These conventions have the capacity to
expand this list as an exploration of Oxia Planum
continues.

Although IAU recognised features (e.g. Malino cra-
ter) have also been included, all other names are infor-
mal. Informal naming of local features has been
performed by previous Mars Rover mission teams.
As has occurred during previous missions, some
names will probably be replaced with formal IAU des-
ignations as the mission progresses.

3. Results, observations and preliminary
interpretations

3.1. Geographic regions

The main map (CTX DEM and ORI mosaics) covers
8750 km® and elevations ranging from —2404 m in
the South East to —3240 m to the North. The geo-
graphic regions and geographic location we identified
in Oxia Planum are shown in Figure 2, with further
description in Table 3.

3.2. Surface colours

CTX and CaSSIS data provide relative albedo and
colour information about Oxia Planum. Light-
toned terrains in CTX data often have a ‘white’ or
‘orangey’ colour in CaSSIS images and are associ-
ated with higher elevation terrains in the South,
East, and West of the map. These areas correlate
with observations of phyllosilicate minerals (Figure
2) and possible sub-horizontal layering and wide-
spread metre scale fracturing in the bedrock. Details
of these relationships are explored in Parkes Bowen
et al. (2021). In the northern and central regions,
the dark surface materials onlap the bright clay-bear-
ing terrains and embay a widespread population of
bright buttes (McNeil et al., 2021) but darker areas
with diffuse margins also occur in other topographic
lows (e.g. central Dalmatia). Many of these surfaces
are covered by aeolian bedforms (Favaro et al., 2021;
Silvestro et al., 2021; Figure 3), dominated by mafic
mineralogy (Gary-Bicas & Rogers, 2021; Cathy
Quantin-Nataf et al., 2021). Darker toned and ‘blue-
ish’ surfaces occur in low elevation regions (e.g. Ger-
mania), but are also seen capping mesas (e.g.
Corsica). The mesa caprocks shed boulders at their
marginal scarps, suggesting a consolidated material.
However, toward the centre of these regions the col-
ours change to be relatively light toned and ‘oran-
gey’ (Figure 3) suggesting that this resistant dark-
toned relatively bluish material is only a thin layer.
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Table 3. The geographic regions of Oxia Planum. Characteristics of each geographic region in Oxia Planum shown in CTX mosaic
overlain by the colour shaded DEM mosaic with lower elevations (teal) towards higher elevation areas (brown).

Description Appearance and topography

Region Type Additional information (Teal = low, Brown = high)
01 Gently sloping plain crossed by a 500 m wide channel, Aegyptus Vallis. ‘
Aegyptus Alexandria Tholus is one of several isolated buttes in the region. The western
Planum margin is marked by an N-S subtle ridge. A fresh impact crater is marked by a

dark rayed ejecta.
02 Topographic high region in the centre of Oxia Planum, surface characterised by
Aquitania bright E-W trending, ten-metre-scale wide, ridges.
Terra These light-toned/orange tinged surfaces have spectral signatures indicating the

presence of hydrated phyllosilicate minerals
03 Smooth plain in the northeast of the study area; contains numerous light-toned
Archaia buttes
Planum
04 High elevation terrain forming a N-S trending asymmetrical ridge. The south and
Assyria east are light toned, while the lower elevation areas in the northwest are
Dorsum darker in tone. The region is crosscut W-E by Edessa Dorsum, a narrow ridge

that sits in a local topographic low.
05 Relatively high elevation region of light-toned terrain bounded to the north by
Baetica dark plains.
Planum In this region, rounded buttes directly overlie clay-bearing terrains.
06 High elevation bright terrain with numerous rough irregular knobs; well defined
Britannia boundary at the south with Germania Lacus.
Terra

(Continued)
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Table 3. Continued.

Description

Region Type Additional information

07 High elevation terrain in the far north of the region, forming an arcuate ridge
Caledonia ~150 m high and 10-20 km across.

Terra

08 Plain sloping to the NE formed of a mix of dark and light toned terrains with a
Cappadocia promontory in the west of bright layered materials.

Planum

09 Cluster of fresh impact craters and high-standing terrain associated with an
Cyprus infilled and degraded crater rim.

Craters

10 Low-lying dark-toned terrain with a sinuous southern margin at ~ —3125m
Dacia elevation.

Palus

1 Intermediate relief terrain with mottled tones that appears to be transitional
Dalmatia between Aquitania Terra and Pannonia Planitia.

Planum A small cluster of impact craters with distinct dark ejecta occurs in the west of

the zone.

12 An elongate cluster of small fresh impact craters in the northeast of the region;
Epirus probably a chain of secondary impact craters originating from a much larger
Craters impact far to the southwest.

Appearance and topography
(Teal =

(Continued)
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Table 3. Continued.

Description Appearance and topography

Region Type Additional information (Teal = low, Brown = high)
13 A series of linear channels incised into light-toned layered terrains. 5l ¢
Galatia The channels end in Polus Chasma, a The northwest is bounded by a tectonic
Sulcus ridge and a channel southeast excavates a light toned layer.
14 A low elevation zone of low relief, dark toned plains. Darker toned material
Germania dominates towards the edges and the centre has a brighter albedo, bounded
Lacus to the west by higher elevation terrain and to the east by a subtle moat.

Eastern bounding scarp of light toned material with a thin dark top.
15 Low elevation terrain in the far north west of the landing site. This region is
Hibernia bisected by a wide, N-S trending ridge. The topography also shows several
Planum quasi-circular depressions that are probably ancient impact structures.
16 High elevation terrain in the south west. The western part of the region forms
Italia the rim of Malino crater.
Promontorium A narrow band of upstanding, terrain connects to Aquitania Terra to the

northwest. The rim of Belgica crater is breached in two places, creating a

connection between sediment fans to the east of Milano crater.
17 Double-layered impact ejecta associated with Kilkhampton crater which lies just
Kilkhampton outside the map area.
crater Impact ejecta overlies North and South Neocoogoon Vallis in Noricum

(IAU feature no.
15849)

18
Lugdunensis
Planitia

Promontorium

Light toned plain in the south of the landing site area that slopes gently to the
northeast. A shallow valley in the east (Lutetia Vallis) trends to the north and
defines the boundary with Cappadocia to the east. Lugdunensis contains
many inverted terrain features, including ridge (Lutetia Dorsum) that runs
along the axis of the topographic low containing Lutetia Vallis.

(Continued)
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Table 3. Continued.

Appearance and topography

Description
Region Type Additional information
19 Low relief, low elevation plain in the east of the region. The dark surface retains
Lusitania numerous small craters and is brighter at its margins. A scarp of light-toned
Lacus material, and an external ‘moat’ define the boundary of the dark-toned plains.
20 High elevation terrain in the southeast of the region. Light toned layered terrains
Macedonia are overlain by impact ejecta from Kilkhampton crater. The northern boundary
Promontorium is the South Neocoogoon Vallis, a ~140 m deep and ~1400 m wide ‘U’-shaped
valley, that is itself incised into a wider valley — as demonstrated by a terrace
along the northern edge of Macedonia Promontorium.
21 Malino is a 15 km diameter, degraded impact crater. The floor of the crater is
Malino covered by low relief, dark-toned materials that onlap light-toned terrains at
Crater breaches in the crater rims to the north and east.

(IAU feature no.
15892)

22
Mauretania
Terra

23 Mesopotamia
Palus

24
Moesia
Planitia

(Teal = low, Brown = high)

High elevation, rough, light toned terrain immediately south of the Malino
Crater region.

Low elevation, light-toned terrain that slopes inwards and to the northeast
towards the low-lying region of Dacia Palus, forming a shallow valley.

Low elevation terrain in the north of the study area. The dark material of the
region has sharp contacts with bright surfaces to the south west. Several
clusters of bright mounds straddle this margin and are embayed by the dark
terrain.

(Continued)



JOURNAL OF MAPS (&) 631

Table 3. Continued.

Appearance and topography

Description
Region Type Additional information
25

Narbonensis
Palus

26
Noricum
Promontorium

27
Pannonia
Planitia

28
Raetia
Lacus

29
Tarraconesis
Terra

30
Thracia
Palus

(Teal = low, Brown = high)

Low elevation region topographically connected to the sediment fans in Raetia
Palus. Also connected to Lutetia Vallis in Lugdunensis Planitia to the south.

Light-toned, layered promontory with patches of superposing dark material. The
promontory is incised by North Neocoogoon Vallis and central Neocoogoon
Vallis channels.

Low lying terrain in the centre of the map area. Several low mesas (Sicilia and
Corsica Mensa), each a few kilometres across but only tens of metres high,
comprise light-toned layered deposits beneath a thin cap of dark-toned,
blocky material.

Low elevation plain comprising a dark-toned surface to the west and a series of
flat-topped, light-toned, layered, finger-like ridges to the east. Together, the
ridges compose a fan-like landform that is associated with the termination of
the North Neocoogoon Vallis. This fan-like feature is interpreted to be a delta.
The western topographically low region connects northwards to Aegyptus
Vallis and westwards to the Narbonensis Palus.

Low elevation, light-toned plain in the far west of the region. The bright central
area has a slightly higher elevation and is strongly associated with clay
mineralogy detections (Quantin-Nataf et al., 2021).

Thracia Pallus is a low elevation zone that forms a several kilometer-wide
trough-like valley that extends from Aquitania Terra in the east to Germania
Lacus in the West. Remnants of a ridge run down-slope though the centre of
the trough.
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Table 4. Data availability. The datasets used in this map are available through the ESA Guest Storage Facility (GSF) and the Open

University Open Research Data Online (ORDO).

Data set

Guest Storage Facility Open University Open Research Data Online DOI

01 Quad grid and regions

01_a Quad Grid and Geographic regions

02 CassIs
02_a Georeferenced sRGB mosaic
02_b Georeferenced sRGB images
02_c Georeferenced cubes

02_b All available cubes and sRGB
images

03 CTX DEM
03_a CTX DEM Contours
03_b CTX ORI Mosaic
03_c CTX DEM Hill shade model
03_d CTX DEM Mosaic

Data set

HRSC MC11 mosaic tiles

www.cosmos.esa.int/web/psa/psa_gsf https://doi.org/10.21954/0u.rd.16451205.v1
www.cosmos.esa.int/web/psa/psa_gsf
www.cosmos.esa.int/web/psa/psa_gsf
www.cosmos.esa.int/web/psa/psa_gsf

www.cosmos.esa.int/web/psa/psa_gsf

https://doi.org/10.21954/0ou.rd.16451217.v1

https://doi.org/10.21954/0u.rd.16451217.v1

https://doi.org/10.21954/0u.rd.16451217.v1
Unavailable in this repository

www.cosmos.esa.int/web/psa/psa_gsf
www.cosmos.esa.int/web/psa/psa_gsf
www.cosmos.esa.int/web/psa/psa_gsf
www.cosmos.esa.int/web/psa/psa_gsf
Web link
http://hrscteam.dlr.de/HMC30/

https://doi.org/10.21954/0ou.rd.16451220.v1
https://doi.org/10.21954/0u.rd.16451220.v1
https://doi.org/10.21954/0ou.rd.16451220.v1
https://doi.org/10.21954/0u.rd.16451220.v1

HIRISE orthomosaic (and supporting CTX DEM mosaic) https://doi.org/10.48326/idoc.psup.marssi.hirise.oxia
https://doi.org/10.48326/idoc.psup.marssi.ctx.oxia

3.3. Impact structures

A variety of impact structures at many stages of degra-
dation occur in Oxia Planum (Roberts et al., 2021 in
review at JOM; Figures 3 and 4). The overall physio-
graphy of the region suggests a quasi-circular basin.
This is bounded to the northwest by the arcuate
ridge in Caledonia and to the southeast by the high
elevation plateau in Noricum. This could be a crypto
impact basin (Figure 3 in Quantin-Nataf et al., 2021)
comparable to larger quasi-circular depressions
(QCD) in the northern lowland of Mars (Frey, 2006)
or stealth QCD (Buczkowski, 2007). Many small
impact craters have had their ejecta and rims removed,
and most larger impact structures have experienced
extensive erosion or inversion. Numerous small
QCD, whose origin is unknown but are probably
ancient, buried impact craters, are common in the
north and central regions of the Oxia Basin (Figure 3).

3.4. Valleys and inverted channels

A variety of channels and valleys occur in Oxia Pla-
num and have complex relationships with the regional
geography (Figure 4(a,b)). The largest channels are
North, Central and South Neocoogoon Valles in the
southeast of the region, which incise Noricum Pro-
montorium and Aegyptus Vallis, which crosscuts
Aegyptus Planitia to terminate at dark materials in
the low elevation Dacia Palus. The three Neocoogoon
Valles are associated with Coogoon Valles, a ~10 km
wide channel system east of the study area (Molina
et al.,, 2017). North and Central Neocoogoon Valles
are associated with sediment fans in Raetia Palus
that formed after the phyllosilicate-bearing terrains
(Quantin-Nataf et al., 2021). This leaves an open ques-
tion about the relationship between the 10 km wide
channel as part of the Coogoon Valles and the clay-
bearing terrains in Noricum, Cappadocia, Assyria
and Aquitania downslope of it.

Smaller channels (Figure 4(c,d)) occur in the
light-toned clay-bearing terrains, and often as low
relief valleys terminating in dark terrains (e.g. Meso-
potamia). Several of these channels have narrow
ridges in the upper reaches (e.g. Lutetia Dorsum)
which are in continuum with channels in the
lower reaches (e.g. Lutetia Vallis). These regions
also have other evidence for an erosional environ-
ment, such as periodic bedrock ridges (Favaro
et al., 2021; Silvestro et al., 2021), conducive to land-
scape inversion and inverted crater fill (Roberts
et al., 2021 in review at JOM). This context suggests
the ridges may be inverted channel deposits (Davis
et al.,, 2016; Pain et al., 2007): ancient river beds
exhumed from an alluvial landscape.

4 . Conclusions

This map and the associated data sets were created to
provide a descriptive framework for the geography
around Oxia Planum. These data will bridge the gap
in scale between regional features (hundreds of square
kilometres) and rover operations (hundreds of square
metres) and support researchers investigating the Exo-
Mars 2022 mission. They will be complemented by
larger scale maps (thousands to tens of thousands
square kilometres) which will be focussed on
regional-scale stratigraphic relationships (Hauber
et al., 2021).

From our observations about the geography, we
present the following relationships and hypotheses.
These serve as part of the ongoing multi-user mapping
of the landing site so these data will be explored in
future detailed investigations, and could be tested in-
situ by observations and analyses made by instruments
aboard the Rosalind Franklin rover:

e The overall topography suggests that Oxia Planum
is a crypto impact basin, and the basement is a bur-
ied impact structure.


http://www.cosmos.esa.int/web/psa/psa_gsf
https://doi.org/10.21954/ou.rd.16451205.v1
https://www.cosmos.esa.int/web/psa/psa_gsf
https://www.cosmos.esa.int/web/psa/psa_gsf
https://www.cosmos.esa.int/web/psa/psa_gsf
https://doi.org/10.21954/ou.rd.16451217.v1
https://doi.org/10.21954/ou.rd.16451217.v1
https://doi.org/10.21954/ou.rd.16451217.v1
http://www.cosmos.esa.int/web/psa/psa_gsf
https://www.cosmos.esa.int/web/psa/psa_gsf
https://www.cosmos.esa.int/web/psa/psa_gsf
https://www.cosmos.esa.int/web/psa/psa_gsf
https://www.cosmos.esa.int/web/psa/psa_gsf
https://doi.org/10.21954/ou.rd.16451220.v1
https://doi.org/10.21954/ou.rd.16451220.v1
https://doi.org/10.21954/ou.rd.16451220.v1
https://doi.org/10.21954/ou.rd.16451220.v1
http://hrscteam.dlr.de/HMC30/
https://doi.org/10.48326/idoc.psup.marssi.hirise.oxia
https://doi.org/10.48326/idoc.psup.marssi.ctx.oxia
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Figure 3. The surface of Oxia Planum. Examples of the different surfaces and impact structures (red) in Oxia Planum. (A) ‘Blue’
surfaces in CaSSIS synthetic colour images and dark surfaces in CTX ORI mosaic that anti-correlate with phyllosilicate detections
(24.21W, 18.21N; MY35_006504_018_0_RGB; dashed cyan indicating the transition). (B) Very small aeolian bedforms cover the
surface (HiRISE; ESP_048648_1985). (C) Dark toned material commonly occurs in low elevations or capping mesas (such as Ger-
mania Lacus; CaSSIS synthetic colour image; MY35_008742_019_0_RGB; 24.55W, 18.15N). Darker capping terrains are often light
toned towards their centre (arrows) suggesting that the dark material is a thin layer or covering. (D) Bright terrains which correlate
with phyllosilicate detections show evidence for layers or layering (as seen in the walls of these two craters) and are clearly seen
even in 4 m/pixel CaSSIS data (image; MY35_009394_165_0_RGB; 24.36N, 18.01W) along with period bedrock ridges (Black
arrows; e.g. Favaro et al., 2021). Note that the blue colour images represent mafic aeolian materials and the orange/white and
yellow toned regions represent the clay-bearing bedrock materials (Parkes Bowen et al., 2021, in review).

e The variety of channels and their crosscutting
relationships record several phases of fluvial activity.
* Widespread erosion has resulted in terrain inver-  The data used in the map, including the informal geo-
sion and exhumed an ancient alluvial landscape.  graphic areas and the Rover Operations Quad grid and
Consequently, present-day local topographic highs ~ multi band CaSSIS cubes being used for the scientific
may have been lows during deposition. evaluation of Oxia Planum are freely available through
* The widespread presence of phyllosilicate-bearing  the ESA Guest Storage Facility and the Open Univer-
deposits in this region implies the availability of  sity Open Research Data Online (ORDO) (Table 4). A
liquid water in the entire area to alter the precursor ~ HiRISE orthomosaic and DEM (Quantin-Nataf et al.,
deposits. However, it is not clear from this work  2018; Volat & Quantan-Nataf, 2020) was produced for
how this may have come about. the high-resolution group mapping campaign of Oxia

Data availability
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Figure 4. Valleys and inverted channels. The topography (green is low, brown is high) of valleys and channels in Oxia Planum with
geographic locations highlighted with red circles. (A) The three channels associated with Coogoon Vallis in the south of Oxia Pla-
num (at 23.74W, 17.74N), (B) Aegyptus Vallis, (at 24.04W, 18.20N) (C) The low relief valleys of Mesopotamia Palus (at 24.64W,
18.48N) and (D) the transition from narrow ridge to channel in a shallow inverted channel in the east of Lugdunensis (at

24.24W, 17.63N).

Planum (Sefton-Nash et al., 2020). That dataset was
produced using the MarsSI infrastructure, is published
on the Planetary SUrface Portal (PSUP), and is co-
registered with the datasets presented here. We will
update this database as new CaSSIS observations are
obtained.

Software

The map and other datasets were created and com-
piled in ESRI ArcPro 2.7. Creation of the CaSSIS
RGB products were completed using ISIS3. CTX Digi-
tal Elevation Models and mosaicking of the CTX DEM
used SocetSet® and Integrated Software for Images and
Spectrometers (ISIS3). Georeferencing of CTX mosaic

and CaSSIS data were conducted in ESRI ArcPro 2.7.
CTX was mosaicked in the software Environment for
Visualising Images (ENVI), with seamlines blended in
Adobe Photoshop using the Avenza Geographic Ima-
ger extension. CaSSIS mosaic was created in ESRI Arc-
Pro 2.7.
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