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Abstract

The �rst long-distance observations made by Perseverance from the Kodiak butte con-
�rmed Gilbert-type delta deposition within a closed-lake system in Jezero crater, Mars.
Several outcrops at the delta proper were also imaged later during science campaign
but their geology and potential relationship to Kodiak needed to be explored. In this
thesis, Perseverance image data with a focus on Mastcam-Z and Supercam was used
in digital outcrop modeling, applying the Structure-From-motion (SFM) photogram-
metry software Agisoft Metashape and georeferenced with SPICE-derived position and
orientation. The digital outcrop models (DOMs) were analyzed in the Pro3D software,
extracting dip and strike measurements as well as scale bars for determining 2D-clast
size-frequency distributions with the ImageJ software. Seven high-resolution, textured
and accurate digital outcrop models were created. Evidence gathered from the DOMs
shows sedimentary facies associated with Gilbert-type delta stratal architectures. Fore-
set and lower foreset facies were identi�ed at the outcrops Franklin Cli�, Whale Moun-
tain, Kodiak and Scarp A. Topset facies were found at every outcrop, except Scarp D.
\Whale Mountain\ also displays a prominent mouth bar deposit. Six clast samples were
collected, all associated with a 
uvial origin. Three samples were identi�ed as channel
base deposits in a topset environment, one interpreted as a foreset debrite, one debris

ow, and one high-energy 
ood conglomerate. Topset-foreset boundaries di�er in alti-
tude between outcrops, suggesting di�erent phases of delta progradation. Inferred paleo

ows from Whale Mountain and Franklin Cli� link those to the delta strata found at
Kodiak, further indicating that the butte was once part of the delta. This thesis demon-
strates how digital outcrop models can be used to conduct virtual �eldwork also in the
remote environment of Mars.
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Abbreviations

3D Three-Dimensional

API Application Programming Interface

CacheCam Sample Caching System Camera

CAHV Center, Axis, Horizontal, Vertical (camera model)

CAHVOR Center, Axis, Horizontal, Vertical, Optical, Radial (camera model)

CAHVORE Center, Axis, Horizontal, Vertical, Optical, Radial, Entrance (camera model)

CCD Charge-coupled device

CSV Comma-separated-value

CTX Context camera (Mars Reconnaissance Orbiter)

DEM Digital elevation map/model

DOM Digital outcrop model

DSLR Digital single-lens re
ex (camera)

DSM Digital surface map/model

DTM Digital terrain map/model

ECAM Engineering camera

EDL Entry, descent, and landing

EDR Experimental data record

FDR Fundamental data record

FOV Field of view

GCP Ground control point

Hazcam Hazard avoidance camera

HiRISE High Resolution Imaging Science Instrument (Mars Reconnaissance Orbiter)

JPL Jet Propulsion Laboratory

JSON JavaScript object notation

LCAM Lander vision system camera

LIBS Laser-Induced Breakdown Spectrometer (SuperCam)

LIDAR Laser imaging, detection, and ranging

LVS Lander vision system

Mastcam-Z Mast Camera-Zoom
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MER Mars Exploration Rover

MRO Mars Reconnaissance Orbiter

MSL Mars Science Labortory

M2020 Mars 2020 Mission/Rover

NAIF Navigation and Ancillary Information Facility

NASA National Aeronautics and Space Administration

Navcam Navigation camera

OBJ 3D �le format

OPC Ordered point cloud

PDF Portable document format

PDS Planetary Data System

PNG Portable network graphics

PRo3D Planetary Robotics 3D viewer

RGB Red, green, blue (color model)

RMI Remote Micro Imager (Supercam)

RSM Remote Sensing Mast (Perseverance rover)

SCLK Spacecraft clock

SHERLOC Scanning Habitable Environments with Raman

and Luminescence for Organics and Chemicals (Perseverance)

Sol Martian solar day

SPICE Spacecraft, Planet, Instrument, C(amera)-matrix, Events

Supercam Super Camera Instrument

UAV Unmanned aerial vehicle

UTC Coordinated universal time

WATSON Wide Angle Topographic Sensor for Operations and eNgineering (SHERLOC)

ZCAM Mastcam-Z
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Introduction 1

1 Introduction

1.1 Motivation

Mars in its early history might have been able to support life. In that spirit, the Mars
2020 Mission brought the Rover Perseverance to Jezero crater to explore the fan-shaped,
sedimentary, delta-like structure for an astrobiological potential and collect samples,
which when eventually returned to Earth, will provide important insights (Farley et al.
(2020), Bell et al. (2021), Holm-Alwmark et al. (2021), Farley et al. (2022)). How-
ever, the early history of Mars, transitioning from the potentially habitable climate to
the hostile environment today is poorly understood (Goudge et al. (2018), Mangold et
al. (2021), Holm-Alwmark et al. (2021)). Numerous observations in the past revealed
fan-shaped, kilometer-sized structures, which are reminiscent of 
uvial deltas on Earth,
supporting the evidence that on the surface of Mars, water once 
owed (Goudge et al.
(2018), Mangold et al. (2021), Zastrow and Glotch (2021), Holm-Alwmark et al. (2021),
Farley et al. (2022)).
This thesis aims to use Structure-From-Motion-photogrammetry for Digital-outcrop-
modelling at the front of the western fan delta in Jezero crater, Mars, with imagery
from the Mars 2020 rover Perseverance and its remote sensing instruments with a focus
on Mastcam-Z and the Supercam. On the resulting 3D models, strike and dip measure-
ments will be taken with the help of the Pro3D software, in support of enhancing the
stratigraphic relationships within and between sedimentary structures. The 3D models
will also form the basis for the size-frequency analysis of boulder conglomerates found
at the delta front, which will expand on the previous �ndings of Mangold et al. (2021).
The results from the geologic exploration of the delta front will constrain and provide a
further understanding of the Jezero Lake system evolution in the early history of Mars.

1.2 Geological setting

Mars's early history is thought to have had parallels with Earth and is still subject to
intense debate. The Mars 2020 Mission is designed to seek out footprints of ancient
Martian Life at the fan-shaped structure in Jezero Crater which is located east of Nilis
Planum in northeastern Syrtis Major (Farley et al. (2020), Bell et al. (2021), Holm-
Alwmark et al. (2021), Farley et al. (2022)). The succession from a hypothetical wet
and warm climate in the Noachian through the intermediate Hesperian to the cold and
arid climate of the Amazonian to this day is still poorly understood and highly uncertain
(Goudge et al. (2018), Mangold et al. (2021), Holm-Alwmark et al. (2021)). Numerous
scienti�c exploratory missions to the Red Planet over the last decades have revealed
footprints of rocky environments altered by water, petrologically in the form of a spec-
trum of hydrated minerals from carbonates to phyllosilicates and sulfates (Bell et al.
(2021), Farley et al. (2022)), but also channels carved into the surface and fan-shaped
kilometer-sized structures that are reminiscent of rivers and 
uvial deltas on Earth, re-
spectively. (Goudge et al. (2018), Mangold et al. (2021), Zastrow and Glotch (2021),
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