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ABSTRACT 

Mars Science Laboratory has revealed a dynamic history of water as the rover 

has ascended the mysterious Mount Sharp in Gale crater. Because rovers only 

“see” their local environment, planetary scientists rely on satellite-based orbital 

imagery to understand the regional geology of Gale crater. However, orbital 

imagery is map-view—viewed from above, lacking perspective—which 

presents challenges to interpretation of stratigraphy. 

3D visualisation is an emerging opportunity to study orbital images in more 

intuitive, field-like environments, but has had limited application to Mars. In this 

work, I formulate and analyse 3D orbital imagery over Gale crater, Mars to 

investigate the stratigraphy of Mount Sharp 700 m above and 40 km away from 

MSL. First, I process orbital imagery from the HRSC, CTX, and HiRISE 

cameras into 3D digital terrain models (DTMs). I then co-register and evaluate 

these DTMs using statistical tools and existing products to build a new, 

validated, multi-resolution basemap tied down to MOLA.  

Sakarya Vallis, a 400-m deep canyon on Mount Sharp, was then analysed in a 

3D environment at 1 m/px. From measurements of exposed rock layers, I 

construct cross-sections, stratigraphic logs, and a geological unit map to 

capture this geology. Seven geological units are interpreted across 1 km of 

exposure, varying in thicknesses (10–174 m) and dips (3–12º). These units 

may reveal a cyclic depositional environment; a progradational sequence and 

channel; and unconformities. This work therefore suggests two periods of sub-

aqueous deposition in this region during the Late Noachian to Early Hesperian. 

These results further provide geological context of Gale crater as MSL ascends 

Mount Sharp, and future inputs for palaeoenvironmental models of Gale crater. 
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The data products of Chapter 3, and the methods experimented therein, have 

contributed to two publications in peer-reviewed journals (Earth and Space 

Science; Planetary and Space Science) and multiple collaborative and  

interdisciplinary conference proceedings domestically and internationally. The 

novel, multi-product map in Gale crater, Mars that has been produced and 

quality assessed in this chapter can be applied to future studies of the geology 

of this region, including to complement science from Curiosity rover, which is 

currently exploring Gale crater ~30 km away from the region of interest in this 

work.  

The work presented in Chapter 4 of this thesis pre-empts, directly contributes 

to, and will continue to expand upon the stratigraphy derived from the Curiosity 

rover as it ascends Aeolis Mons in Gale crater and encounters this geology in 

2022. Feedback from the use of PRo3D to produce these results further fed 

into improvements in the software by its developers. The resulting map and 

image are made publicly available as open access datasets. 
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19 pandemic (cf. section 5.2). These activities have focused on communicating 
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disciplinary researchers, and science enthusiasts. 
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…sometimes the mountain top is difficult to reach with all our resources, factual 

and confessional, so we are just there, collectively grasping, feeling the 

limitations of knowledge, longing together, yearning for a way to reach that 

highest point. Even this yearning is a way to know. 

 
 

bell hooks, 1952–2021
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1.1. Introduction 

This decade (2020—) is an exciting time for Mars surface exploration: the 

NASA Perseverance Rover, the China National Space Administration’s 

Tianwen-1, and the upcoming Rosalind Franklin rover from the European 

Space Agency (ESA) comprise a new era of surface science and the search 

for life in the solar system. Orbital imagery plays an important role both in 

establishing the geological context for Mars rover landing sites and building 

upon the observations made from rover data. While geological analysis from 

orbital data is well-established, it remains important to develop methods to 

make this analysis more intuitive and natural, i.e., taking map-view, 2D images, 

processing them into 3D terrain data, and placing these data into 3D 

environments that can be manipulated to better simulate “the field” for 

scientists, and potentially situate the three-dimensional, ground-based 

perspective of rovers.  

3D orbital data of the Mars surface has been used to investigate, for example, 

geomorphology (Milliken et al. 2003; Pacifici et al. 2009; Warner et al. 2009; 

Levy 2014), surface composition (Mustard et al. 2008; Roach et al. 2010; 

Loizeau et al. 2010; Buz et al. 2017), and sedimentology and stratigraphy 

(Mustard et al. 2009; Roach et al. 2010; Thomas 2013; Salese et al. 2020). 

Analysis of these terrain data can thenceforth inform operations—e.g., allowing 

for the identification of hazards and assessment of traversability (Balme et al. 

2018) and future science targets—but also contribute to comprehensive 

reconstructions of the geologic history around a rover landing site and traverse. 

Photogrammetry and 3D visualisation together are thus a powerful tool for 

scientific analysis both before and after the landing of surface robotics.  

The resolutions of orbital cameras range widely, from hundreds of metres down 

to centimetres, and the coverage from the highest-resolution orbital imagery—

down to 0.25 m/px (McEwen et al. 2007)—is geographically limited. In order to 

build a comprehensive, 3D picture of a rover landing/exploration site, stereo 

images must be processed into 3D terrain models from different instruments 

and at different resolutions, and these products must be registered to each 
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other and “ground truth” to form a usable stack of data. For orbital data, this 

ground truth is in the form of lidar-based topography, derived from the Mars 

Orbital Laser Altimeter (MOLA). 

In this thesis, I perform this stereo processing and co-registration of three sets 

of digital terrain models (DTMs)—High Resolution Stereo Camera (HRSC), 

Context Camera (CTX) and HiRISE—over Gale crater, the landing site of the 

Mars Science Laboratory (MSL), also known as the Curiosity rover. The HiRISE 

imagery that I have selected covers Sakarya Vallis, a canyon-like erosional 

feature cutting through the enigmatic central mound, on which the ~5.2 km peak 

Aeolis Mons (Grotzinger et al. 2012; Thomson et al. 2011) is situated and 

whose origins are disputed (Kite et al. 2016). The canyon features well-exposed 

layers that serve as a glimpse into the depositional history of the central mound. 

To perform this stereo processing, I use in-house software (Kim and Muller 

2009; Tao et al. 2018) that build upon and automate existing photogrammetry 

suites and feature additional matching algorithms to improve the quality of 

these products. I use the Ames Stereo Pipeline (ASP) to perform co-

registration, make orthorectified images (ORI), and generate mosaics, and 

geographic information systems (GIS) tools to evaluate the quality of the final 

products.  

Finally, I perform experiments with these and other orbital datasets in 3D 

visualisation environments. First, I visualise the HiRISE terrain model in PRo3D 

to investigate the exposed layers within the canyon. I build on methods of 

analysing virtual 2D and 3D outcrops from rover imagery—particularly the 

methods outlined in Barnes et al. (2018) using PRo3D—to measure the 

geometries of “packages” of beds. I perform qualitative and quantitative 

analyses of these measurements to comment on what these exposed layers 

might reveal about the palaeoenvironment in Gale crater.  
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1.2. Aims 

I aim to process new, multi-resolution 3D orbital data as a co-registered “stack” 

of imagery over the MSL site using photogrammetry tools that improve on open 

source tools, and to generate orthorectified images for the resulting DTMs. I 

show that the quality of these products improves on or is comparable to other, 

publicly-released DTMs.  

I then aim to perform novel interpretations from the highest-resolution terrain 

data, tied down to MOLA, in a visualisation suite, from which I produce digitised 

annotations and measurements of layer “package” geometries from exposed 

beds in Gale crater. In performing this analysis, I hope to contribute to the 

stratigraphic column of the Mount Sharp units in Gale crater, as well as to 

provide novel commentary on this morpho-stratigraphy and its implications for 

the local geological history.  

This co-registered, multi-resolution dataset, comprising HRSC and CTX 

mosaics that cover the whole of Gale crater and this local HiRISE scene, 

benefits from co-registration as it can be further exploited to investigate 

exposed layering in Gale crater—for example, correlating the exposed layers 

in Sakarya Vallis with those exposed in the crater rim, or contextualised with 

layer geometries from rover imagery to continue to build an understanding of 

the palaeoenvironment in Gale crater—in future work. The U.S. Geological 

Survey released a merged HiRISE, CTX, and HRSC merged digital elevation 

model in preparation for the MSL landing (Calef III and Parker 2016); the 

product is tied to MOLA through HiRISE-CTX-HRSC registration (i.e., each 

dataset to the next lower-registration dataset). However, this mosaic is limited 

to the north west of Gale crater, whilst this work presents HRSC and CTX 

coverage across the entirety of Gale crater, and HRSC and CTX DTMs that 

improve on the performance of the photogrammetry suites used to produce the 

USGS product.  

This work should furthermore contribute to methods of deriving stratigraphic 

relationships of exposed beds from 3D orbital data, especially to complement 
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outcrop analyses from Mars rover observations, and furthermore provide a 

framework for performing geological analysis across co-registered, multi-

resolution orbital data. I also aim to provide a commentary on how image 

processing directly impacts geological analysis from orbital datasets, and 

provide potential solutions for future work. 
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1.3. Objectives 

The objectives that I undertake are thus summarised as follows: 

1) Process, combine, and co-register multi-resolution 3D imagery, resulting in 

a 30-m HRSC digital terrain model (DTM) mosaic, an 18-m CTX DTM 

mosaic and a 6-m CTX orthorectified image (ORI) mosaic, and a 1-m 

HiRISE DTM and 25-cm ORI. The original HiRISE DTM on which I perform 

co-registration to the CTX data is sourced from University of Arizona. 

2) Evaluate these products based on the next-lower resolution dataset and 

existing products, and evaluate the image processing techniques—stereo-

processing, orthorectification, and co-registration—employed in this work. 

3) Quantitatively and qualitatively interpret exposed layers in Sakarya Vallis 

using the HiRISE DTM and ORI in PRo3D. 

4) Combine these interpretations into stratigraphic representations and 

investigate the local geological history of Mount Sharp, Gale crater, from 

this stratigraphy. 
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1.4. Thesis Structure 

Chapter 2 provides a literature review which is focused on (a) the methods used 

with rover images (in visible wavelengths) to study the geology along rover 

traverses and build models of the paleoenvironments of these regions of study; 

(b) methods used with orbital- and MOLA-derived topography to investigate 

geomorphology and stratigraphy; and (c) stereo processing and 3D 

visualisation suites and software.  

In Chapter 3, I present the terrain data—DTMs and ORIs that I have processed, 

evaluated, and co-registered down to MOLA. First, the HRSC DTMs that I have 

processed using KM09; second, the CTX DTMs that I have processed using 

CASP-GO, and ORI using ASP; and last, the HiRISE DTM from University of 

Arizona with an ORI that I processed using ASP. Each section of this chapter 

presents (a) an assessment of the quality of these products in comparison with 

the next-lowest resolution dataset (and in the case of HRSC, with MOLA), and 

(b) where relevant, co-registration with the next-lowest resolution dataset. I 

further discuss these processes and their potential impacts on geological 

analysis, and explore ways to minimise both systematic and human error. 

Chapter 4 presents the methodology and results of analysing the HiRISE DTM 

in PRo3D, including a quantitative and qualitative analysis of the bedding 

packages exposed in Sakarya Vallis. I extrapolate these packages to the map 

products processed in this work and correlate them to units identified in other 

works, and interpret the packages, their geometries, and their relationships with 

each other. 

I close in Chapter 5 with a reflection on these experiments and their results. 

Appendix A is a guide for using CASP-GO. 
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CHAPTER 2: LITERATURE REVIEW 
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2.1. Imaging from Mars Rovers 

2.1.1. Introduction 

This chapter discusses the heritage of Mars imaging from the ground and orbit 

and the insights gained from these images, and current stereo-photogrammetry 

and 3D visualisation processing suites and environments for planetary terrain. 

Observation of the Martian surface relies on both remote sensing and surface 

robotics in the form of landers and rovers. Several landing systems have 

investigated the Martian surface: Mars Pathfinder lander and Sojourner rover; 

Mars Exploration Rovers (MER-A, -B) Spirit and Opportunity, both of which are 

no longer operational; and the Mars Science Laboratory (MSL) Curiosity rover, 

which is still operational. A map of Mars landers and rovers is shown in Figure 

2-1. Rover imaging systems are integral to science and engineering 

investigation as in-situ proxies for human vision (Gunn and Cousins 2016). 

Cameras vary in colour mode (panchromatic vs. multispectral), field of view, 

and focal length depending on mission goals, whilst dedicated stereo cameras 

directly aid rover visualisation for engineering (navigation and mission 

planning) as well as science in three dimensions (Gao 2016).  

Imaging from the ground also enables the study of temporal changes due to 

active processes on the surface of Mars, such as aeolian activity or disturbance 

of rocks and sediment by rover wheels, as well as identification of targets for 

future investigation by the rover or from orbit. Different filters are used with rover 

cameras primarily for geology and mineralogy and are selected based on 

instrument science objectives.  

For example, astrobiology and geochemistry were taken into consideration for 

the ExoMars PanCam’s geologic filters, including 11 filter positions for each 

WAC, with 12 of the 22 dedicated to geology (Cousins et al. 2010; Gunn and 

Cousins 2016). The PanCam instrument on the ESA Rosalind Franklin 

(ExoMars) rover, which will launch in 2022, consists of the High-Resolution 

Camera (HRC) and a stereo pair of Wide Angle Cameras (WAC) for science 
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and engineering, as well as the Close-Up Imager (CLUPI), which will have 

focus and z-stacking capability (Coates et al. 2017). 

The NASA Perseverance (Mars 2020) rover launched on the 30th of July, 2020 

and landed in Jezero crater on the 18th of February, 2021. Perseverance hosts 

the SuperCam camera and spectrometer and the stereo Mastcam-Z, which 

also has zoom and focus capability (Brown 2014). Both sets of imaging systems 

will be more prepared to search for biosignatures within their instrument suites, 

and to provide greater breadth and depth of geological insight of the surface of 

Mars. Further, the rover includes a twin-rotor helicopter, Ingenuity (Balaram et 

al. 2021), an engineering experiment which includes its own imaging system 

that can provide reconnaissance for the rover traverse. 

These upcoming rover missions build on past successes with the NASA Mars 

Exploration Rover (MER) program, whose image systems have enabled 

estimation of ancient hydrology from fluvial terrains; subsurface investigation of 

mineralogy; reconstruction of facies from observed stratigraphy and 

morphology along rover traverses; and direct observation of active aeolian 

processes on the Martian surface. The following is an overview of recent 

studies of Mars surface geology using rover imaging, with a focus on the utility 

of stereo image products for studying sedimentology.  
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Figure 2-1. Map of successful, failed, and future Mars landers and rovers as 

of June 2020 (Lakdawalla 2020). 

2.1.2. Past systems 

2.1.2.1. Sojourner 

As part of the Pathfinder system, the Sojourner rover landed at the mouth of 

Ares Vallis, aged from the late Hesperian to the early Amazon (3.1-0.7 Ga), on 

the 4th of July, 1997, and was operational for 83 sols (85 days) (Ward et al. 

1999). While the rover was intended to test autonomous rover operations on 

Mars, science observations of aeolian features and material excavated by the 

rover wheels were sought with the Alpha Proton X-Ray Spectrometer (APXS) 

and three cameras—two monochrome and one colour (“Rover Camera 

Instrument Description,” n.d.). 

Sojourner rover images revealed pebbles along its traverse, likely of 

sedimentary origin from fluvial weathering during a flooding event of the Ares 

region. The same images also revealed rocks with both vesicle-like cavities and 

visible pebbles, and thus support a conglomerate sedimentology from which 

the pebbles were freed. These conglomerates would have formed before the 

Ares flooding event, preceding transportation and weathering (Rover Team, 

1997).  
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Sojourner imaging was also used to observe dunes as well as ventifacts (wind-

eroded rocks) in potential conglomerates. The axes and directions of the dunes 

and ventifacts, respectively, were calculated and a general east-west wind 

direction determined. Crusted rocks were also observed, possibly due to 

chemical and physical weathering forming rinds that were subsequently eroded 

by the wind (Greeley et al. 1999). Sojourner images thus revealed a potential 

dynamic history of ancient fluvial activity and wind erosion in multiple stages. 

2.1.2.2. Mars Exploration Rovers 

The instrumentation of both MER rovers of the Athena science payload include 

the Panoramic Camera (Pancam) and Microscopic Imager (MI) for science and 

Hazcam and Navcam for engineering, which enable multi-scale imaging of the 

surface (Maki et al. 2003). 

Original stereo-image products from MER imagery were processed using the 

MIPL pipeline (Alexander et al. 2006) to serve a host of engineering and 

science planning purposes. These products included disparity maps; XYZ 

images, representing the correlation between right- and left-eye pixels, and the 

intersections of rays cast through them; range images; terrain wedges 

representing the terrain; surface normal maps; reachability maps for the arm; 

surface roughness maps; slope maps; and solar energy maps. Terrain mesh 

products were also produced for scientific analysis. 

Super resolution image processing was planned to enhance the MER Pancam 

resolution of 0.28 mrad/pixel (Bell III et al. 2006). This process involves 

combining 15-20 images that are slightly offset from each other, given the 

pointing of each image and the pixel Point Spread Function of the camera. The 

images are co-registered, mapped onto a higher-resolution “scratch space,” 

and deconvolved using an iterative backpropagation algorithm applied to this 

space. 

Localisation was a potential issue for MER, with a predicted 10% error in 

localisation when derived from on-board navigation sensors, and an image-
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based localisation workflow was employed (Arvidson et al. 2003). This workflow 

utilised cartographic products (panoramas, DTMs, orthoimages, and traverse 

maps) from Pancam, Navcam, and Hazcam, which were tied to orbital images 

through bundle adjustment. Long-range localisation was achieved using bundle 

adjustments centred on the landing sites of the rovers. 

These cameras served as additional sensors and tools, beyond imaging 

science targets or aiding in navigation, in order to build a more holistic view of 

the dynamics and properties of the landing sites; imaging fed into models of the 

mechanics of the rovers in order to constrain topography, rock properties, and 

dust dynamics (Arvidson et al. 2003). For example, the Pancam and Mini-TES 

were used to understand dust accumulation on the rover decks. Images of 

wheel tracks along the traverses would also help to constrain surface 

properties. Pancam images of magnetic arrays on the rovers were furthermore 

used to investigate magnetic dust particles (Bertelsen et al. 2004). 

Overviews of the MER mission traverses are discussed below, with an 

emphasis on studies of regional stratigraphy. 

2.1.2.3. Spirit (MER-A) 

Spirit rover (MER-A) landed in the Columbia Hills, Gusev crater, on the 10th of 

June, 2004 and was operational until the 25th of May, 2010. Gusev crater was 

selected as the MER-A landing site for its possible lacustrine history, as 

evidenced by sediment discharge in Viking images. The traverse map of Spirit 

rover is shown in Figure 2-2. 
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Figure 2-2. Traverse map of Spirit rover, adapted from Mars Analyst’s 

Notebook (Arvidson et al. 2010). 

Squyres et al. (2006) and Ming et al. (2008) describe twelve classes of rocks in 

the Columbia Hills: Watchtower, Backstay, Irvine, Independence, Descartes, 

Algonquin, Barnhill, Fuzzy Smith, Elizabeth Mahon, Halley, Montalva, Everett, 

Good Question, Torquas, and Adirondack. These classes generally comprise 

olivine-rich basalts; poorly-sorted clastic ejecta deposits that were aqueously 

altered; similar, with high Ti and P, and either pyroclastic or ejecta; sedimentary 

rocks consisting of ultramafic sand grains and sulphates as cement, having 

possibly precipitated out of water; aqueously-altered possible ejecta; and basalt 

lavas from impacts or regional volcanism. Ruff et al. (2014) argue that the 

aqueous classes were subject to an ephemeral lake, preceded and succeeded 

by emplacement of volcanic rock, further illustrated in Ruff and Rice (2018) and 

shown in Figure 2-3.  

van Kan Parker et al. (2010) use orbital and rover imagery to look at the broader 

region around Gusev crater; they employed structural analysis to derive the 

relationships between mapped units and quantify their thicknesses, and 
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derived surface ages using crater counts. They contextualise the formation of 

Gusev crater in a sequence of three events: highland formation around 4 Gya; 

formation of Gusev crater and other formations, probably due to widespread 

basaltic emplacement, ~3.7 Gya; and resurfacing and deposition around 3.5 

Gya. Figure 2-4 shows an expanded view of current Gusev crater in context 

with the local lowlands and highlands. 

 

Figure 2-3. Hypothesis for emplacement of putative units in Gusev crater, 

modified for clarity from the Landing Site Worksheet for the 2018 Landing Site 

Selection Workshop for Mars 2020 (now Perseverance rover). Time 

progresses from top to bottom (Ruff and Rice 2018). 

 

Figure 2-4. Geologic cross-section of the region around Gusev crater based 

on geology and topography, modified from van Kan Parker et al. (2010). 

Multispectral Pancam images at the landing site first revealed basalts and fine-

grained drift deposits; bright rock surfaces were coated in iron oxide dusts, with 

likely pyroxene or olivine lower-albedo rock surfaces. Generally, the landing 
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site consisted of mafic silicates (Bell 2004). Spirit proceeded, however, to 

detect hydrated mineralogy in subsurface sediment, the “Paso Robles” soils, 

excavated by the rover’s wheels around sol 400. Iron sulphates indicated 

oxidising conditions, whilst silica, magnesium and calcium sulphates, and 

phosphates suggest localised water-rock chemical interactions. The source of 

these minerals was likely hydrothermal activity combined with condensation 

from volcanic vapours reaching the surface (Yen et al. 2008). Warm and wet 

settings rich in these mineralogies could be favourable to life. 

Spirit reached the summit of Husband Hill on sol 582. McCoy et al. (2008) 

examine bedding geometries across Husband Hill using rover imagery. To 

calculate the orientations of beds, they use Pancam or Navcam DTMs, 

processed with Ames Stereo Pipeline (section 2.3.4), to perform plane fitting in 

the Viz programme developed by the ASP team (Edwards et al. 2005) (section 

2.3.4). The derived strikes and dips suggest that the layers on Husband Hill 

drape an uplifted structure. Their analysis supports that the later basalts in the 

crater had limited interaction with water, with aeolian processes dominating 

after their emplacement. 

The final site of the Spirit traverse was Home Plate, a plateau in Gusev crater 

with a disputed formation history. Lewis et al. (2008) perform structural and 

stratigraphic analyses of Home Plate along the rover’s traverse, demonstrating 

a case of outcrop interpretation of layer deposits. They support explosive 

volcanic processes, such as a pyroclastic surge, a type of density current of 

gas and rock, as the origin of the sediment layers. The layers were also found 

to be inwardly-dipping, either due to impact or the volcanic source collapsing. 

MI images of the east and west sides of the plateau show different grain sizes 

and sorting, with the east side showing clasts too large to be transported by 

purely saltation and could have been deposited by pyroclastic surge. 

Spirit also observed some of the few active geological processes on Mars. 

Combined with images from the High Resolution Stereo Camera (HRSC) 

instrument from Mars Express (section 2.2), images from Spirit’s Pancam and 

MI revealed and investigated dark wind streaks formed by removal and 

repositioning of dust based on grain-size. These features point to punctuated 
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aeolian activity rather than sustained winds (Greeley et al. 2005). Spirit rover 

proceeded to observe 533 dust devils—air vortices entrained with dust—over 

270 sols in 2005. Navcam “videos” were assembled using “subframed” images 

when the rover reached Husband Hill, overlooking Gusev crater. Serendipitous 

observation was also performed with the hazard avoidance camera (Hazcam) 

and Pancam images. The dust-devils were shown to remove and redistribute 

lighter, dustier sediment and leave behind dark streaks and trails. Vector fields 

were calculated for the dust devils, from which dust fluxes and a dust loading 

of ~19 kg/km2/sol were calculated (Greeley et al. 2006). Spirit was also used to 

observe the solar transit of Phobos (Bell 2004). 

2.1.2.4. Opportunity (MER-B) 

The Opportunity rover (MER-B) landed in Meridiani Planum on the 25th of 

January, 2004, and operated until it entered hibernation mode on the 10th of 

June, 2018, due to dust storms (Agle et al. 2018). Unlike Spirit rover, 

Opportunity revealed structure and mineralogy supporting an aqueous history 

early in its mission. Figure 2-5 shows the full traverse of Opportunity across 42 

km (Bouchard and Jolliff 2018). 
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Figure 2-5. Opportunity traverse towards and along its mission target, 

Endeavour crater (Bouchard and Jolliff 2018). 

Eagle crater provided MER-B with its first encounter along its traverse. The 

Pancam and Rock Abrasion Tool (RAT) were utilised to investigate the 

diagenetic history of the Eagle crater outcrop. Ripples, cross-lamination, well-

sorted sediments within laminae, and vugs were observed in these images 

along with sulphate salts, suggesting a persisting, aqueous regional history. 

Diagenetic features, including sub-spheroidal hematite concretions, also point 

to a low-energy groundwater system (Squyres 2004a). This geology could be 

analogous to periodic arid/wet Earth environments like playas and coastal 

sabkhas. Images from the Mars Orbital Camera (MOC; section 2.2) show a unit 

across Meridiani Planum that correlates with this outcrop, suggesting that this 

setting was regional (10,000 km2 scale) rather than local. Fine-grained basaltic 

sand was deposited after this period, possibly as impact ejecta or a 

disconformity (erosion of an unobserved unit) (Squyres 2004b).  
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Sols 1462–1464 were part of a campaign to study the outcrops at Duck Bay in 

order to reconstruct the depositional history of Victoria crater from the 

significant exposures in the crater (Figure 2-6). In-situ observations in Duck Bay 

included geochemical measurements of local, sulphate-rich sandstone beds: 

Steno, a fine-grained, cross-bedded member with laminae; Smith, a lighter-

colour bed with fine laminations; and Lyell, fine-grained cross-bedded 

sandstone with basaltic sand trapped in pores, partially due to the presence of 

wind-eroded vugs (Squyres et al. 2009). Cape Verde is a 25 m (~7 m vertical) 

promontory of Duck Bay, and was investigated to correlate Duck Bay 

stratigraphy with other outcrops in Victoria crater (Gaines et al. 2009). Gaines 

et al. (2009) performed initial analysis of Cape Verde using super-resolution 

sequences of Navcam images for five targets in order to analyse these beds 

(Figure 2-7, A–E). 
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Figure 2-6. Top: Duck Bay and Cape Verde in Victoria crater (HiRISE, 

TRA_000873_1780) from Edgar et al. (2012). Bottom: the location of MER-B 

for sol 1462 in Duck Bay, viewed in the Mars Analyst’s Notebook. 
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Figure 2-7. MER-B scene of Cape Verde on sol 1371, demonstrating targets 

for science planning (Gaines et al. 2009).  

Edgar et al. (2012) use Pancam image mosaics, including “super-resolution” 

images, and MI images to study the stratigraphy of Duck Bay and Cape Verde 

in depth. Figure 2-8 shows their derived stratigraphic column of the Lyell, Smith, 

and Steno units. They interpret Smith as a diagenetic unit that predates the 

impact that formed the crater, and the erosional surface at the base of Cape 

Verde as the bottom of the Steno unit. They argue that these represent a dry 

environment dominated by aeolian processes, and these layers as dunes 

potentially part of a draa, or large-scale dune, structure. They also combine this 

imagery with bedform simulations in order to constrain formation processes; 

they determined that the draa was likely migrating from north west to south east 

during the formation of the erosional contact of the Steno unit, and otherwise in 

opposing directions or southward. 
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Figure 2-8. Top: stratigraphic column of Duck Bay; bottom: fence diagram of 

Duck Bay and Cape Verde (Edgar et al. 2012). 

However, Arvidson et al. (2011) apply multispectral Pancam images to 

stratigraphic sections of these outcrops in Victoria crater, as well as Erebus, 

Concepcion, and Raleigh craters. Spectra revealed hydrated mineralogy in the 

Smith unit (i.e., the diagenetic unit predating the impact). These data also 

revealed a trend of MgO:SiO2 and SO3:SiO2 decreasing with depth in both 

Victoria and Endurance craters, which points to aqueous alteration, possibly as 

an ephemeral lake, enriching the upper layers of the bedrock with magnesium 

sulphates and on a regional scale. 
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Opportunity reached Endeavour crater in 2011. Images combined with 

geochemical analyses (Arvidson et al. 2014) pointed to water-rock interactions 

before and after the impact that formed Endeavour, and which would have been 

favourable to prebiotic chemistry, including Fe3-rich smectites, calcium 

sulphate veins precipitated from fluids cross-cutting several layers, and Al-rich 

smectites in fractures.  

MI was later used to investigate potential phyllosilicates following previous 

orbital and MER-B spectral observations, especially as phyllosilicates and other 

clays could serve as a marker for persisting chemically neutral environments 

that could have been habitable (Herkenhoff et al. 2016). MI detected thin 

sulphate coatings in two units at Cape York, a part of the crater rim, suggesting 

two episodes of chemical precipitation from aqueous fluids. Multiple episodes 

would support an enduring aqueous environment that might support life. 

Crumpler et al. (2015) perform structural and lithologic mapping along the 

traverse along Cape York using Navcam and Pancam mosaics and orbital 

mapping (Figure 2-9), contextualising the rim units with two other units 

observed on the Opportunity traverse. Their derived sequence is shown in 

Figure 2-10. Of the rim units, Matijevic is likely Noachian bedrock, and 

Shoemaker is impact breccia from the time of the crater’s formation; Grasberg 

is clastic and Burns is a basaltic sandstone enriched in sulphates. The two 

earlier unconformities, combined with the shift in rock texture in the rim units 

and between Shoemaker and Grasberg, point to energetic, aqueous erosion 

and changing environment, supporting wet conditions before and after the 

formation of the crater.  
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Figure 2-9. An annotated Navcam mosaic showing the contacts between 

formations leading up to Cape York, from Crumpler et al. (2015). 

Figure 2-11 shows the formations in map view (Mittlefehldt et al. 2018). 

Mittlefehldt et al. (2018) use multi-spectral Pancam and MI images of targets 

along the traverse, including surfaces abraded with RAT, to reconstruct a 

largely Noachian-Early Hesperian history for the western rim: aqueous 

alteration of rocks before impact, leading to calcium sulphate veins, subsequent 

erosion, impact forming breccias, somewhat aqueous alteration during 

Matijevic formation, fluid alteration to produce sulphate salts and manganese 

oxides, Garsberg sediment aerially depositing, Burns sediment formation, 

groundwater alteration to form calcium sulphate veins, and final erosion of the 

rim.  
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Figure 2-10. Stratigraphic sequence of Cape York (Crumpler et al. 2015). 

These studies of multiple fluid-driven events in Endeavour crater rounded off 

the Opportunity mission and the MER programme, which expanded on the 

range of features, including active processes, investigated with rover images 

and the ancient environments derived from these morphologies. 



 

` 26 

 

Figure 2-11. Cross-section of Meridiani Planum (b) and stratigraphy from 

Opportunity (c) (Mittlefehldt et al. 2018). 

2.1.3. Curiosity Rover (Mars Science Laboratory) 

2.1.3.1. Introduction 

The Mars Science Laboratory (Curiosity rover; hereafter, MSL) landed in Gale 

crater in August 2012 with the objective to identify environments that could have 

supported life in Mars history. A recent traverse map for MSL is shown in  

Figure 2-12, showing up to Sol 2816 (8th July, 2020). The MSL science payload 

includes the Mastcam stereo imager; the Mars Hand Lens Imager (MAHLI), 

which acts as a close-up imager; the ChemCam (Chemistry and Camera), a 

laser spectrometer, and its Remote Micro Imager (RMI) (Wiens et al. 2012); 

Hazcams, and a stereo pair of Navcams.  

The primary target of MSL has been to investigate Aeolis Mons, informally and 

hereafter called Mount Sharp, a 5.2-km peak atop a central mound (Grotzinger 

et al. 2012; Thomson et al. 2011). Mount Sharp consists of strata ~5 km in total 

thickness, the lower of which show spectral evidence for hydrated mineralogy 

and a lacustrine depositional environment which transition to hydrated 
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sulphates and then anhydrous minerals/iron oxides upslope (Grotzinger et al. 

2015). Kite et al. (2013) measure layers of Mount Sharp from HiRISE DTMs 

(discussed further in section 2.2.4), revealing near-horizontal orientations but 

which dip outwards from the peak, complicating models of how it formed and 

generating interest in rover-based stratigraphic study of these layers. 

The geology that MSL has investigated thus far constitute the Bradbury group 

and the Mount Sharp group; this stratigraphic sequence is shown in Figure 

2-13. This investigation, in combination with study of orbital data, has revealed 

a complex history of aqueous and aeolian processes and erosion, including 

streams extending from the northern wall into a delta deposit on the crater floor, 

a lake environment within the crater, mineral alteration from groundwater, and 

dune migration (Grotzinger et al. 2015; Banham et al. 2018a; Rice et al. 2017). 

The rover traverse through these two groups and through this geology is 

discussed here. 

2.1.3.2. Bradbury group 

Early in the MSL traverse from its landing site, Bradbury Landing, Mastcam 

images revealed cemented pebbles at an outcrop at Bradbury Rise. The 

images show both clast-supported pebbles and imbricated pebbles, with clasts 

that are sub-angular to sub-rounded, suggesting they are conglomerates 

formed in a fluvial environment. The RMI showed these clasts in-matrix, with 

well-sorting and a mafic composition. Based on regional morphology, the 

deposits indicate a warmer climate than present to permit aqueous flow at 

kilometre-scale (Williams 2013).  
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Figure 2-12. Traverse map of MSL (as of 8th July 2020, sol 2816) (Mars 

Exploration Program 2020). The basemap is composed of HiRISE images. 
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Figure 2-13. Stratigraphic column of the MSL traverse up to 2018, showing 

the Bradbury and Mount Sharp groups, as well as the Siccar Point group 

which overlies the Mount Sharp group unconformably (Banham et al. 2018). 

From Bradbury Rise to the Rocknest outcrop, Mastcam, MAHLI, and RMI 

imaged ventifacts with different scales and abrasion structures (lineations, 

flutes, pits), and with orientations inconsistent with the axes of regional dunes. 

Several of these outcrops lack sand deposition, implying that the sand that 

caused this abrasion was subsequently depleted. These ventifacts are likely 

ancient and formed from high-speed winds (Bridges et al. 2014).  
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Two months and 445 metres later (Grotzinger et al. 2014), MSL reached 

Yellowknife Bay. Grotzinger et al. (2014) describe the stratigraphy and 

sedimentology of this formation, which consist of three primary members, all 

basaltic sedimentary rocks: Sheepbed (1.5 m), Gillespie Lake (2 m), and 

Glenelg (1.7 m), in ascending order (Figure 2-14). These members are shown 

in an annotated Mastcam mosaic in Figure 2-14.  

They characterise the Yellowknife members from MAHLI, Mastcam, Navcam, 

and RMI images and data (Figure 2-15). The Glenelg was observed across 

three outcrops—Bathurst Inlet, Shaler, Point Lake, Rocknest. Bathurst Inlet 

was the first full exposure encountered of the Yellowknife formation, showing a 

basaltic composition but also enrichment of alkaline elements, with grain size 

too fine to be resolved for MAHLI, suggesting fine sand-, silt-, or clay-sized 

grains. Shaler outcrop is also basaltic, with planar laminations, trough cross-

stratification, vertical cracks filled with sediment, and other cracks possibly from 

desiccation. The cross-bedding geometries and laminations, as well as the 

sediment-filled cracks, point to fluvial transport, with some aeolian, from the 

direction of the crater rim towards the south east. 

 

Figure 2-14. Annotated Mastcam mosaic of Yellowknife Bay, showing the 

Sheepbed, Gillespie Lake, and Glenelg members (Grotzinger et al. 2014). 
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Figure 2-15. Yellowknife Bay stratigraphic sequence from Grotzinger et al. 

(2014). 

Point Lake images revealed metre-long fractures; centimetre-scale voids 

whose origins could be trapped gases in sediment or leached evaporites; some 

fractures filled with sulphates; and a basaltic composition. The final, Rocknest, 

has faint laminations, lenticular voids from desiccation cracks, and basaltic 

composition significantly enriched by alkaline elements. 

The Gillespie Lake is basaltic sandstone featuring fractures, possible small-

scale cross-stratification and ripple crests, and sulphate-filled fractures at the 

millimetre scale. The sorting and grain size—poor and variable, respectively—
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of this member points to fluvial transport, whilst the relatively extensive sheet-

like beds may suggest fan deposition. The base of the Gillespie member is 

sharply eroded in its contact with the Sheepbed member.  

The Sheepbed is an extensive (≥ 4 km2) member. They apply Mastcam, 

ChemCam, APXS, and MAHLI during this part of the traverse, as well as the 

drill. Images revealed metre-long fractures filled with sand, as well as hairline 

fractures and nodules filled with calcium sulphate and possible millimetre-scale 

concretions. The composition is mostly basaltic but also 20% smectite, possibly 

from aqueously altered olivine. The grain size of the Sheepbed was also too 

fine to be resolved for MAHLI, and the finest yet encountered by MSL in 2014. 

Schieber et al. (2017) use Mastcam and MAHLI images, in combination with 

CheMin data, to argue that Sheepbed is the first verified mudstone discovered 

on another planet. They posit that this mudstone formed from suspension 

through water, such as in a lacustrine environment, in addition to density 

currents of sediment entering a lake (hyperpycnal flows), and that fractures 

formed under a hydraulic fracturing regime. 
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Figure 2-16. Stratigraphic column of the MSL traverse through the Bradbury 

group (Grotzinger et al. 2015).  

MAHLI later revealed evidence for episodic diagenetic alteration at the 

Kimberley outcrop, along with evidence of deltaic deposition and redox 

mineralogy. These images were used along with ChemCam and SAM 

measurements at drill sites to reconstruct the stratigraphy and a geologic 

sequence of events of this region. This stratigraphy suggests a standing body 

of water 1-4 m in depth occurred multiple times, with each lake persisting for 

100–10,000 years (Rice et al. 2017). 

2.1.3.3. Mount Sharp group 

As it continued its traverse towards Mt. Sharp, MSL encountered a new group, 

distinct from the Bradbury group (Figure 2-16), called the Mount Sharp group. 

MAHLI and Mastcam images, along with ChemCam and APXS measurements 
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of drill holes, were implemented to study diagenetic silica along Marias Pass by 

Frydenvang et al. (2017). Images and spectra revealed detrital silica in 

lacustrine bedrock, with diagenetic silica extending from these units through an 

overlying unconformity. The cross-cutting relationships observed in these 

images, taken along a traverse, and spectra of silica units suggest subsurface 

water persisted after a lacustrine environment, and mobilised and precipitated 

silica in the overlying units. 

 

Figure 2-17. MSL traverse up to sol 2053, with a schematic of the Peace 

Vallis fan, and annotations showing the Bradbury Landing, Yellowknife Bay, 

Pahrump Hills, and the Murray Formation (Stack Morgan et al. 2019). 

The first formation of the Mount Sharp group that MSL encountered was the 

Murray formation, a 300-m-thick mudstone formation comprising seven 
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members (Stein et al. 2020). Stack et al. (2019) describe potential river plume 

deposits in the Pahrump Hills member of the Murray formation. This area is 

shown in Figure 2-17. The Pahrump Hills are a 13-m-thick, fine-grained 

member, with several facies: thinly laminated mudstone, low-angle cross-

stratified mudstone, cross-stratified sandstone, thickly laminated mudstone-

sandstone; millimetre- and sub-millimetre-scale laminations throughout, 

suggesting lacustrine deposition; and scour-and-drape structures pointing to 

plumes in a hyperpycnal environment (Figure 2-18).  

The member also shows upward coarsening and thickening of laminae, 

pointing to fluvial-deltaic system flowing from the northern rim into the Gale lake 

and supported by mineralogic analyses using CheMin measurements (Rampe 

et al. 2017). Their models suggest freshwater, sustained for 103–107 years’ 

duration, with the lower bound defined by seasonal hyperpycnal conditions, and 

the upper bound by sparser events.  
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Figure 2-18. Left: location of the Pahrump Hills member. Right: Pahrump Hills 

stratigraphy; c = clay; si = silt; vf = very fine sand; f = fine sand; m = medium 

sand; C = coarse sand (Stack Morgan et al. 2019). 

Banham et al. (2018) apply Mastcam, Navcam, and MAHLI images, including 

Mastcam DTMs visualised in PRo3D (discussed in section 2.3) in combination 

with HiRISE images and DTMs and MOLA terrain data, to study the Stimson 

formation, a formation of the Mount Sharp group that unconformably overlies 

the Murray formation (Figure 2-19). A comprehensive study of these sediments 

and the geometries of the Stimson beds reveals grain size and morphology that 

support aeolian transport and deposition to form this cross-bedded sandstone. 

The formation is dominated by dune migration surfaces and lacks evidence for 

fluvial erosion or wet sediment, and cross-strata geometries suggest north-

eastwards migration. 
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Figure 2-19. MSL traverse through 2018, showing the location of the Stimson 

formation (red-orange), between Marias Pass and East Glacier sols 992–

1154 (Banham et al. 2018). 

The Vera Rubin Ridge (VRR) is a 200-metre-wide topographic feature 

extending ~6.5 km to the north west of Mount Sharp, which has a potential 

hematite signature in CRISM data (Fraeman et al. 2018; 2020). MSL spent 

about 500 sols exploring the VRR, including two transects (Edgar et al. 2020). 

Lewis and Turner (2019) and Turner and Lewis (2019) trace VRR outcrop 

layers from Mastcam images and extracted 3D coordinates from each pixel 

using stereo Navcam and Mastcam image mosaics, fitting a plane and 

calculating dip and dip azimuth using ordinary linear regression applied to these 

coordinate data. Their results confirm orbital measurements (e.g. Kite et al. 

(2013)) of, on average, ~2.4° dips radiating outward from the centre of the 

central mound, and represent the first opportunity to correlate such orbital and 

in-situ measurements (Stein et al. 2020). 

Stein et al. (2020) likewise use Mastcam stereo images to measure dips of 

nearly 500 of the uppermost beds—comprising the Blunts Point, Pettegrove 
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Point, and Jura members (Figure 2-20)—of the Murray Formation, as exposed 

in the Vera Rubin ridge (location shown in Figure 2-19) and Glen Torridon, 

south of the ridge. They extract bedding traces from RGB Mastcam images; 

arrays representing elevation and error of these points were generated using 

elevation models. However, they employ principle component analysis (PCA) 

to calculate bedding orientations; PCA fits errors along all axes, unlike ordinary 

least-square regression (OLS), which fits error to just the vertical axis; error 

calculated from OLS thus may not be appropriate for outcrop measurements 

whose error structures will differ from each other and not just vary along the 

vertical axis (Quinn and Ehlmann 2019).  
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Figure 2-20. Stratigraphic column of Gale crater from MSL observations and 

analyses, through sol 2300 (Stein et al. 2020). 

Despite variation due to deformation after deposition, Stein et al. (2020) find 

that, regionally, the measured beds are near-horizontal, the trend of which is 

consistent with other in-situ and orbital measurements.  

Edgar et al. (2020) provide a detailed analysis of the facies of the Blunts Point, 

Pettegrove Point, and Jura members of the VRR using Mastcam and MAHLI 

images paired with ChemCam data. They find these members to be fine-

grained (mud to very fine sand), with planar laminae and sulphate veins; similar, 
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but likely bedrock, also with planar lamination and featuring diagenetic nodules 

or concretions; and a “step” of variable facies, but with crystal pseudomorphs 

and variably thick laminations, respectively. Generally, the facies do not exhibit 

features, such as desiccation cracks, that point to subaerial formation; the 

record also lacks gaps, pointing to a consistent, wet environment. Based on 

their measurements of the thickness of these members, and a total 314-m 

thickness of the Murray formation, they suggest that the Murray formation 

represents a long-lived lacustrine environment persisting on the order of 106 

years based on sedimentation rates on Earth. 

The full suite of science instruments on MSL has enabled investigation of 

complex geologic history in Gale crater at different scales, and with greater 

depth than previous rover imaging systems. These studies furthermore 

emphasise the utility of multiple cameras and other instruments to understand 

morphologies that vary by location, in texture, and within a formation, and thus 

that an integrated local geology can be derived and contextualised over the 

course of a rover traverse. In particular, the study of remote outcrops (even with 

“in-situ” robotics) and reconstructing stratigraphic sequences in Gale crater 

informs the work in this thesis.   
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2.2. Applications of Orbital Imagery to the Surface Geology of 
Mars  

2.2.1. Introduction 

2.2.1.1. Recent Mars orbital imaging: a brief overview 

Orbital imaging systems in the past two decades have been a pivotal 

component of the larger quest in planetary science and exploration to deepen 

our understanding of the diversity of present-day and ancient processes on 

Mars, especially with respect to water-driven palaeoenvironments that may 

have persisted long enough and under the right conditions—chemically, 

climatologically—to allow for life to evolve. Based on Earth satellite systems, 

this suite of orbital cameras has provided multi-resolution views of the surface 

of Mars and thus rich insight into these processes and glimpses into the past. 

Furthermore, orbital imagery benefits from repeat passes over features and/or 

stereo camera design, which permit stereo reconstruction of these images into 

three-dimensional models that can be exploited to constrain topography 

(section 2.3). 

This thesis primarily engages with datasets from three instruments: the High 

Resolution Stereo Camera, the Context Camera, and HiRISE. However, the 

NASA Mars Global Surveyor (MGS) Mars Orbital Camera (MOC), now defunct, 

provided global imagery that serves as the basis for ongoing geological 

analysis from orbit, and so is discussed in this chapter. MOC consisted of one 

narrow angle (down to 1.5 m/pixel) and two wide angle (up to 0.24 km/pixel) 

cameras, with the geoscience goal of investigating the paleoclimate of Mars 

(Malin et al. 2010) (Table 2-1). One of the significant sets of geological 

investigations with MOC was of exposed beds, as well as buried craters, 

paleochannels and deltas whose slopes were argued to require fluvial activity 

for formation, and possible active gullies. MOC ceased operations in 2006. 
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The Mars Orbiter Laser Altimeter, also onboard MGS, provided global 

topography using infrared laser pulses and precise telemetry (Smith et al. 

2001). The MOLA topography comprises ~5000 orbital profiles, from which 

topography is derived as the planetary radius subtracted from the areoid (itself 

derived from MGS gravity mapping; Lemoine et al. (2001)) and interpolated to 

a grid. MOLA topography has ~100 m accuracy horizontally, and sub-metre 

accuracy vertically, but with an additional ~3 m uncertainty based on regional 

shape and global error in the areoid (Neumann et al. 2001; MOLA Team, 2014). 

While the laser ceased to work in 2001, the passive radiometry capability of its 

detector allowed for further use towards surface and atmospheric IR 

spectroscopy (Neumann et al. 2003). MOLA global topography provides a 

“ground truth” reference for orbital stereo image products, and an important 3D 

terrain complement for 2D imagery. 

The ESA Mars Express High Resolution Stereo Camera (HRSC) is a nine-

channel push broom stereo imaging system with down to 12.5 m/pixel 

resolution (Neukum et al. 2004). HRSC has contributed global stereo 

topography in addition to surface change monitoring due to repeat imaging over 

fourteen years, as well as stratigraphy and chronology of flooding events 

(Gwinner et al. 2009; Warner et al. 2009). HRSC DTMs are co-registered with 

the Mars Orbiter Laser Altimeter (MOLA) global DTM. These DTMs are 

produced with two vertical reference frames: a sphere of r = 3396.0 km (DT4) 

and an areoid based on the MOLA global product (DA4) (Rossi 2008). 

The NASA Mars Reconnaissance Orbiter (MRO) Context Camera (CTX), with 

at best 6 m/pixel resolution, is intended to contextualise observations from other 

MRO instruments, fill the resolution gap between the MOC NA and HiRISE 

systems, and investigate potential landing sites for future rovers (Malin et al. 

2007). The geoscience goals were originally focused on sedimentary and fluvial 

bedforms based on MOC results, but, paired with HRSC, HiRISE, the Compact 

Reconnaissance Imaging Spectrometers for Mars (CRISM), and rover 

observations, CTX has enabled global automated feature identification, stereo 

topography, and geochemistry (Vaz et al. 2015; Thomson et al. 2011; Warner 

et al. 2009). 
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MRO High Resolution Imaging Science Experiment (HiRISE) provides down to 

25 cm/pixel imaging, including colour imaging and stereo, with 14 CCD 

detectors for high-resolution geological investigation of the Mars surface 

(McEwen et al. 2007). HiRISE has greatly expanded the scope of study of the 

Mars surface, including lacustrine and fluvio-deltaic deposits, volcanic 

morphology, water and CO2 ice persisting in the modern day, dynamic features 

such as gullies and recurring slope lineae (RSL) that may represent modern 

surficial liquid water, and dune migration (Soare et al. 2015; McEwen et al. 

2013; Dundas et al. 2018; Silvestro et al. 2010; Grotzinger et al. 2018). 

The Colour and Stereo Surface Imaging System (CaSSIS) on the ExoMars 

Trace Gas Orbiter (TGO) transmitted its first images in April 2018, and provides 

4.5 m/pixel imaging of the Mars surface, partially filling a resolution gap 

between CTX and HiRISE (Thomas et al. 2017), and providing colour imagery 

at different local times of day, since TGO is not sun-synchronous. Its filters 

cover a range of 0.4–1.2 µm. 

Key studies of Mars surface geology using data from these instruments are 

reviewed here, with a particular focus on remote sensing of stratigraphy. 
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Table 2-1. Summary of Mars orbital missions. CTX and HiRISE image counts 

are from October 2020 (personal communication, Francis 2020). CaSSIS 

image count is from September 2020 and includes separate image channels 

for each image (“CaSSIS Image Archive” 2020). 

Mission Dates of 

Operation 

Cameras Best 

Resolution 

Number of Images 

MGS 
11 Sept. 1997–2 

Nov. 2006 

MOC WA 0.24 km/px 212,000 (Jaumann 

et al. 2007) MOC NA 1.5 m/px 

Mars 

Express 

25 Dec. 2013–

present 
HRSC 12.5 m/px 

> 40,000 (Hauber 

and Jaumann 

2018) 

MRO 
10 Mar. 2006–

present 

CTX 6 m/px 113,784 (EDR) 

HiRISE 0.25 m/px 
130,509 (RDR) 

733 DTM 

ExoMars 

TGO 

9 Apr. 2018–

present 
CaSSIS 4.5 m/px 

587,000 (Level 3+) 

5.9 million (total) 

 

2.2.1.2. Stratigraphy from orbit 

In the field, strata are usually identified and characterised by tone, apparent 

thickness, bedding patterns (e.g., rhythmicity), weathering character, textures 

and patterns at the larger scale, and spectral signatures (Grotzinger and 

Milliken 2015). Thus, optical and spectral imagery provide means for 

understanding stratigraphy, whether from a mineralogical perspective (e.g., 

with CRISM) or morphological. This study benefits from a 3D component, 

whether from MOLA terrain or DTMs derived from imagery; 3D terrain may 

reveal contacts and relationships between units, geometries of layers, and 

correlations of layers across a dataset, which can further contribute to models 

of palaeoenvironment, sequence of depositional and erosional events, and 

lateral and temporal extent of these processes.  
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Grotzinger and Milliken (2015) summarise the sedimentary terrains found on 

Mars as “underfilled” basins, which can exhibit possible lacustrine and fluvio-

deltaic deposits, such as in Gale crater and Jezero crater; overfilled craters, like 

Gale crater and Terby crater, which exhibit topographically-high sedimentary 

deposits as mounds; chasms and canyons, like Valles Marineris and Candor 

Chasma; plains-covering deposits, like those encountered in outcrops explored 

by Opportunity rover in Meridiani Planum (e.g. Grotzinger et al. 2005); and “very 

ancient” Noachian strata, such as in the Mawrth Vallis outflow channel and Nili 

Fossae; in addition to the polar ice caps. 

While true stratigraphy requires lithological classification at a scale smaller than 

what is achievable from orbital imagery, classification of possible units and 

measurement of layer “package” geometries (e.g. Salese et al. (2020)) from 

exposed layers is possible. Presented here is a review of work combining 

imagery with digital terrain models to measure apparent stratigraphy and 

reconstruct palaeoenvironments on Mars. Analyses of orbital DTMs that are 

applied to rover science are further discussed in section 2.2.6. 

2.2.2. MOC 

The combination of MOC imagery with MOLA elevation data provides a unique 

opportunity to understand geomorphology and sedimentology on Mars in two 

and three dimensions, some examples of which are discussed here. 

The polar layered deposits serve as windows into the Martian climate record; 

MOLA terrain data allows for depth of layers to be approximated and/or for 

layers to be correlated across MOC images, which can then contribute to 

models of accumulation, creep, and other processes. For example, Laskar et 

al. (2002) present a model of Mars’ obliquity and eccentricity based on MOC 

images of the north polar layer deposits (NPLD). They combine slope 

measurements from MOLA with reflectance, from which they calculate radiance 

as a function of depth and computed periodic cycles of deposition that total 

900,000 years for a 350-m layer. 
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Byrne and Murray (2002) use MOC images and a MOLA DEM to investigate 

NPLD stratigraphy. They identify two distinct units, correlated across the 

deposits using elevation from MOLA; the bottom layer seems to be eroded unit 

predating dust-ice layers above it, pointing to significant climate change on 

Mars, and which is eroding to provide material to nearby dunes in Olympia 

Planitia. Fishbaugh and Hvidberg (2006) similarly combine MOC images and 

MOLA data to correlate exposed layers in the NPLD; they use MOC images 

draped onto MOLA to derive the elevation of each layer in ArcMap. They find 

that their upper-layer sequence (ULS) has a derived accumulation rate that 

does not vary based on latitude or longitude, but varies significantly, whilst the 

lower-layer sequence (LLS) they identify varies with distance from the pole, as 

expected, suggesting a very slow rate of large-scale flow across the NPLD. 

Elsewhere on Mars, Milliken et al. (2003) use MOC imagery to investigate the 

morphology of mid-latitude features that appear to have been formed by 

viscous flow of ice-rich material (viscous flow features, VFF). These features 

are primarily characterised by lobate debris aprons, ridges formed from flow 

and deformation, and lineations; they are also eroded by gullies. They estimate 

shear stress of these flows using slope calculated from MOLA data, and model 

for ice-rich material, which gives shear rates comparable to terrestrial glaciers 

and ice sheets and points to widespread ice-rich flow during the Amazonian. 

3D terrain and imagery in combination is a powerful tool for reconstructing the 

depositional history of complex geomorphology. Sakimoto et al. (1999) extract 

profiles from MOLA data covering the Medusae Fossae Formation (MFF), a 

complex, Amazonian formation along the Mars equator whose origins at the 

time were disputed. They combine these topographic data with MOC images 

and vertical roughness from RMS to three MFF members, thus deriving ranges 

of thicknesses and roughness of these members. The profiles also reveal that 

the members are not in simple layer geometries. These measurements would 

support formation of these members from volcanic or aeolian emplacement 

over existing topography before erosion, rather than simple, planar geology, 

later confirmed as pyroclastic in radar analyses by Ojha and Lewis (2018). 
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The Cerberus Fossae are a series of fissures, covered by Amazonian lava, in 

the northern hemisphere of Mars. Similarly to the MFF, whether volcanic or 

aqueous processes dominantly shaped the Cerberus Plains around the 

Fossae, before and after the emplacement of these lavas, has been the source 

of lengthy debate. Burr et al. (2002) use MOC images of the morphology of the 

Cerberus Fossae to argue that floods emerged from the fissures and extend to 

the south west before they are covered by the lava deposits. MOLA topography 

of the Cerberus Fossae and Athabasca Valles reveal channels sourced from 

the Cerberus Fossae; they use MOLA measurements of slope, width, and 

depth of Athabasca Valles to model its discharge.  

Dromart et al. (2007) use MOC images to investigate strata in Melas Chasma, 

a trough in Valles Marineris. They extract three distinct depositional sequences, 

all bound unconformably, from images of the floor of Melas, and use MOLA to 

derive elevations of these strata. From these, they reconstruct a putative delta 

or fan system, including a channel and levees. 

MOC imagery, especially in combination with MOLA, thus provided a high-

resolution, 3D perspective to diverse morphologies on Mars, and important 

groundwork for future landed missions. 

2.2.3. HRSC 

The extensive stereo coverage of the Mars surface from HRSC has led to a 

wide range of research into many aspects of Mars surface geology, enabled by 

the high-resolution topography that improves on MOLA terrain data. Here is a 

brief summary of recent methods of using HRSC DTMs to reconstruct 

depositional events. 

Mawrth Vallis is a major outflow channel on Mars, intriguing for its phyllosilicate 

signatures in CRISM spectra; Wray et al. (2008) identify a pattern in these 

signatures trending with the stratigraphy in HiRISE and HRSC images and 

topography. From a 50-m HRSC DTM, they measure layer geometries and 

derived a best-fit plane using multi-linear regression from six points for each 
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contact, focusing on contacts between Al-clays and Fe/MG-phyllosilicates. 

These geometries support a sedimentary origin for the Al-clays, which they find 

to drape the channel. 

Loizeau et al. (2010) use spectral data from OMEGA, an HRSC DTM mosaic, 

and HRSC RGB imagery with CTX and HiRISE images to also investigate clay-

rich layers in Mawrth Vallis. The DTM particularly lends itself to compositional 

profiles and to derive sub-units of this clay unit, in order to model the 

depositional processes—possibly including groundwater or shallow water 

alteration of subaqeously- or subaerially-emplaced layers.  

Fueten et al. (2008) investigate the interior layered deposits (ILDs) of Candor 

Chasma, one of the chasmata of Valles Marineris, using MOC, HRSC, CTX, 

and HiRISE images and topographic profiles from an HRSC DTM and MOLA 

terrain data. They derive layer geometries by tracing contacts in the HRSC 

DTM and computing best-fit planes (by an unknown method). These 

measurements informed a model of sub-basin fill, whose transition during the 

opening of Valles Marineris is marked by an unconformity, with some aqueous 

alteration later. 

Pacifici et al. (2009) and Warner et al. (2009) both use HRSC DTMs to 

investigate the sequence of events that shaped Ares Vallis, another system of 

outflow channels. Pacifici et al. (2009) observe the geomorphology of this 

region, including features resembling streamlined islands, bars, and cataracts, 

from MOC, HRSC, and THEMIS images. They use a 100-m HRSC DTM to 

extract profiles of these features and derive depth information of and contacts 

between the deposits, and thus derive a general sequence of catastrophic 

floods covered in ice, formation of ice contacts, and sublimation. Warner et al. 

(2009) follow up on this work using HRSC, CTX, and THEMIS images with a 

new, 50-m HRSC DTM, using similar methods to derive six erosional surfaces, 

each representing an outflow event. Their reconstructed sequence, informed 

by crater counts from CTX and THEMIS images, spans from ~3.6 Ga (Late 

Noachian/Early Hesperian) to ~2.5 Ga. 
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HRSC has enabled more comprehensive study of geomorphology and 

stratigraphy with stereo products, comparable to the insight provided from using 

orbital imagery with MOLA terrain products but at a higher 3D resolution. 

2.2.4. HiRISE and CTX 

2.2.4.1. Gale crater 

The application of HiRISE and CTX images and DTMs to Gale crater has been 

an important part of building a picture of its depositional and erosional history, 

especially in combination with CRISM hyperspectral data and THEMIS IR 

images. The four studies discussed here use these datasets to reconstruct the 

history of Gale crater.  

Prior to the landing of MSL in Gale crater, Milliken et al. (2010) performed a 

study of exposed layers in the crater from CTX, HiRISE, and CRISM imagery 

in conjunction with HiRISE DTMs. They divide these layers into a Lower 

formation (Noachian-Hesperian, with clay, sulphate, and oxide mineralogies) 

and an Upper formation (younger, lacking clays and sulphates). They derive 

member thicknesses from HiRISE DTMs and construct a column from these 

data and CRISM measurements of the mineralogy of these members (Figure 

2-21). 

This work was continued in Thomson et al. (2011), who also use CTX, HiRISE, 

and CRISM to constrain the depositional processes in Gale, primarily focused 

on the central mound. Spectra reveal clay-bearing units transitioning into 

sulphates at the base of the mound, whilst they interpret the morphology of the 

Lower formation as aqueously-driven (polygonal networks, channels, inverted 

channels). Using crater counting, they constrain the age of the central mound 

to ~3.6–3.8 Ga to confirm a Noachian–Hesperian-boundary timing. 

Fraeman et al. (2016) focus on the lower stratigraphy of Mount Sharp group 

with these datasets. They identify seven units ( 
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Figure 2-22): three units constituting the Murray formation; a phyllosilicate unit; 

a hematite ridge (the VRR); a spectrally unique unit; and a unit of layered 

hydrated sulphates, representing the layered texture up the central mound. 

 

Figure 2-21. Stratigraphic sequence from Milliken et al. (2010). 
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Figure 2-22. Compositional profiles (left) and their respective stratigraphic 

columns (right) from Fraeman et al. (2016). TI in the legend (bottom) refers to 

thermal inertia. 
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Buz et al. (2017) continued to update this work with a comprehensive survey of 

the mineralogy of Gale crater using CRISM images, particularly detecting 

olivine and Fe-Mg phyllosilicates across the crater. They use a HiRISE DTM to 

derive thicknesses of exposed layers in a 90-m succession in a fresh ~4-km 

crater; they use the elevations of the upper sequence of this succession to 

compare with the Bradbury, Murray, and Stimson members. The lower of the 

sequence supports lacustrine deposition. They conclude that the geology of the 

floor especially either points to laterally varying contemporaneous conditions, 

or alternating dry and wet environments. 

Recent publications concerning the geology of the central mound are discussed 

further in Chapter 4:.  

2.2.4.2. Planning for upcoming missions 

HiRISE and CTX imagery have played a central role in mission preparation. 

Quantin-Nataf et al. (2019) report on the process of identifying Oxia Planum as 

now the selected landing site for the ExoMars (Rosalind Franklin) rover, and 

characterise the Noachian terrain using HiRISE, CTX, HRSC, THEMIS images 

and MOLA and HiRISE terrain. They derive layer thicknesses of a clay-bearing 

unit within the original landing ellipse using a HiRISE DTM, and calculate 50 

metres of layered deposits with clay spectral signatures, each ~0.7–3 m thick. 

They propose at least two aqueous Noachian environments, the first producing 

these deposits and then a fluvio-deltaic system. 

Goudge et al. (2018) similarly examine exposed layers in the putative delta in 

the west of Jezero crater, landing site of M2020, using HiRISE and CTX DTMs 

and ORIs. Using the HiRISE DTMs, they map 924 interpreted point-bar strata, 

from which they extract three-dimensional points. They then apply a MATLAB 

nonlinear least-squares algorithm to these points to calculate best-fit 

paraboloids for the strata, from which models they derive channel depth and 

width. Similarly, they map surface exposures of 606 inverted channel deposits 

and used linear least-squares calculations to find best-fit planes for the 

surfaces, and calculate channel body slope, thickness, and width. They also 
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derive widths and depths of an erosional valley in the delta from topographic 

profiles of the HiRISE terrain. Using these measurements and hydrological 

models, they propose a sequence of basin filling and drainage that changed on 

annual or decadal scales. 

2.2.4.3. Stratigraphy elsewhere 

Other studies of Mars stratigraphy from HiRISE, CTX, and CRISM imagery and 

terrain data have sought to constrain the role of water in Mars’ history. Mustard 

et al. (2009) probe Noachian strata in Isidis basin using HiRISE images and 

DTMs with CRISM data. They extract topographic profiles to derive the 

relationships between the observed units—breccias bearing phyllosilicates and 

mafic rocks, representing pre-impact basement and flow of ejecta post-impact, 

and draping olivine and mafic units capping these units. These relationships 

point to ancient aqueous processes ceasing before the impact that formed 

Isidis basin. 

Roach et al. (2010) likewise combine CRISM, HiRISE, and CTX imagery with 

MOLA topography to investigate the Fe/Mg phyllosilicate-rich mineral 

stratigraphy of Ius Chasma in Valles Marineris. The CRISM data was draped 

over MOLA; they extract three cross-sections to identifying contacts between 

their putative units of hydrated mineralogy, and the MOLA was also used to 

calculate the slopes of these contacts. They reconstruct a sequence of 

alternating aqueous, volcanic, and tectonic events in Valles Marineris.  

In the southern hemisphere, Terby crater is an “overfilled crater” similar in size 

(D = ~170 km) and morphology to Gale crater, exhibiting a flat floor, possible 

delta deposits, and smectite signatures, and is the subject of Ansan et al. 

(2011). HiRISE, HRSC, and MOC images draped over a HRSC DEM were 

employed to calculate layer geometries. Three points are extracted along 

derived elevation contours from the DEM; to offset uncertainty in 

measurements, especially across multiple resolutions, they focus on long 

exposures on the 0.5–1 km scale. They also use this imagery to characterise 

units comprising three mesas and remnant buttes, including thicknesses, 
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spectroscopy, and morphology. They derive a thick sub-aqueous fan 

sequence, suggesting a long timescale for fluvial activity in Terby. 

Salese et al. (2020) also focus on Hellas basin; they use a HiRISE image and 

DTM to examine strata of the 190-m-thick Izola outcrop in the western rim of 

the basin, which may represent Noachian fluvial systems. They perform stereo 

reconstruction using ISIS3 and SOCET SET, and tie the HiRISE DTM to MOLA. 

They classify two sedimentary “packages” formed under channel conditions 

and on inclined accretionary surfaces, from which they interpret stable channel 

belts and barforms formed by long-term flow rather than episodic floods. 

Package thicknesses were measured from the DTM in ArcMap.  

Importantly, Salese et al. (2020) emphasise that assumptions of internal 

structure of these packages are not possible remotely. They therefore define a 

hierarchy of bounding surfaces based on scale, where 0th–2nd order—laminae, 

sets, and cosets—can only be studied in situ, whilst 3rd – 5th order—with lateral 

extents 180–640 m—are what they identify from the HiRISE imagery. They 

further caution against simple, direct comparisons with sedimentology on Earth 

due to the role of vegetation in fluvial processes. These are important lessons 

for future research involving measuring strata to inform models of Martian 

palaeoenvironments, especially with the tempting, high-resolution imagery from 

HiRISE. 

2.2.5. CaSSIS 

CaSSIS images are an exciting new dataset due to its orbit, colour and stereo 

capabilities, and resolution. Whether paired with CaSSIS DTMs or other terrain 

models, CaSSIS images will provide novel perspectives of the Mars surface. 

For example, Becerra et al. (2018) use CaSSIS images and a CaSSIS DTM to 

investigate exposed layered deposits at the south pole, including in craters, 

using methods similar to those used with MOC images—combining images of 

exposures to perform bed tracing and study stratigraphy of polar beds. This 

analysis also includes imaging frost in Richardson crater, including spots 

formed from sublimation of this frost. 
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Mège et al. (2019) also use CaSSIS images to study Ladon Basin, and what 

they derive as a middle Amazonian mafic or ultramafic cap overlying 

serpentinised flow, pointing to volcanic and hydrothermal processes well after 

impact. They argue that groundwater persisted until the mid-Hesperian and 

possibly into the Amazonian to fuel this process, and used MOLA slope map in 

combination with CaSSIS imagery to derive a compositional profile of the basin. 

Finally, as part of the ExoMars Rover Science Operations Working Group 

(RSOWG), Hauber et al. (2020) report on the mapping campaign for the 

Rosalind Franklin rover landing ellipse in Oxia Planum, which has employed 

HRSC, THEMIS, CTX, and CaSSIS imagery. 

2.2.6. Synergy with Rover Imaging 

Here is a general overview of studies that combine orbital and rover imaging, 

whether in preparation for rover landings or traverses, or to investigate local 

geology.  

2.2.6.1. Rock size-frequency distribution 

Modelling rock size-frequency distributions at high-resolution is a key 

component for site selection for rover landing and determining local hazards for 

rover navigation. Several studies have analysed rock size-frequency 

distributions from rover and lander images, going back to Viking (e.g. Golombek 

and Rapp 1996). More recently, Spirit performed field observations of the 

geomorphology and facies of the Gusev crater plains with Navcam mosaics 

and Pancam images in combination with MGS Mars Orbiter Camera (MOC) 

images (Golombek et al. 2006). Rock size-frequency distributions were also 

determined from these images and erosion rates of ~0.03 nm/year were 

calculated, suggesting a dry environment, dominated by impact and aeolian 

processes and basaltic composition, since ~3 Gya.   

This work was continued in Golombek et al. (2012) for MSL landing site 

selection. They employ an automated detection algorithm that uses shadows 
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cast in HiRISE images for shadow segmentation, and subsequently fits ellipses 

to shadows and cylinders to rocks. Despite the difference in resolution between 

HiRISE and lander imaging systems, SFDs follow the same exponential models 

derived from lander measurements, and thus can be extrapolated for different 

rock size populations. They conclude that the SFDs for Eberswalde crater, Gale 

crater, Holden crater, and Mawrth Vallis fall below the 0.5% threshold 

probability of failure for the rover, rendering all of these landing sites safe. 

Pajola et al. (2017) later used automated detection algorithms to identify 

boulders (> 1.75 m) in CTX and HiRISE images for Oxia Planum in the interest 

of hazard assessment for the Rosalind Franklin rover. They use shadows to 

define boulders per previous studies, where lower phase angles generate more 

shadows for identification of smaller boulders. This process results in both a 

useful dataset for rover engineering planning, and geological insight into rock 

size-frequency distribution and thus erosional and transport processes on two 

different geologic units. 

2.2.6.2. Rover planning 

Quantitative comparisons between rover and orbital images also provide a 

means to localise rovers with high precision. Li et al. (2011) use incremental 

bundle adjustment (IBA) with MER-A panoramas combined with HiRISE 

orthoimages to localise the Spirit rover (Li et al. 2004; Li et al. 2011). Parker et 

al. (2016) utilise CTX and HiRISE DTMs with MER Navcam orthoimages for 

localisation and mapping in a GIS environment, to be additionally used for MSL 

and the Mars landers. Tao et al. (2016) perform HRSC-to-CTX and CTX-to-

HiRISE co-registration to match orbital ORIs with MER and MSL Navcam 

orthomosaics in order to localise the rovers. Both stratigraphic analysis and 

localisation demonstrate the contextualised, local-scale information that can be 

achieved by combining rover and orbital imaging.  

Geology from current rover imaging systems has additionally provided 

important context for landing site selection for these future systems. The future 

Rosalind Franklin rover landing site, Oxia Planum, exhibits transverse aeolian 
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ridges (TARs), dunes smaller than the resolution of HiRISE digital elevation 

models. MER-B Pancam images have recently been used to characterise TAR 

morphology and statistics in order to evaluate them as potential hazards in 

either candidate site (Balme et al. 2018).  

Inversely, Di et al. (2013) built on automated feature recognition algorithms in 

use for rover navigation to develop an automated mean-shift segmentation 

system for rock identification in Navcam and Pancam images from the Spirit 

rover. This system classifies features as rock candidates, shadows, and “large 

objects” and determines the size and shape properties of rocks, e.g., textural 

classifications such as angularity, using ellipse fitting. Both studies demonstrate 

an active synergy between past, present, and future rover imaging systems 

towards better rover navigation and detailed geological study. 

2.2.6.3. Stratigraphy 

Orbital perspective and ground detail provide multi-scale information for 

mapping bedding from outcrops. Stack et al. (2016) compare geologic “facies” 

derived from MSL Mastcam and MAHLI images with facies derived from 

HiRISE to demonstrate the utility of orbital mapping to contextualise geology 

from rover observations, in addition to the inconsistency and bias of orbital 

surveys, which lack angular information of bedforms. Similarly, Crumpler et al. 

(2015) perform “field-mapping” of the MER-B traverse with Navcam images, 

and use 3D terrain information from HiRISE DTMs to construct geologic 

sections from the derived facies. 

Barnes et al. (2018) perform annotations and measurements of bedding 

geometries from MER-B and MSL digital outcrop models (DOMs) visualised in 

PRo3D, a desktop 3D software developed to display Rosalind Franklin 

PanCam and Perseverance Mastcam-Z imagery, based on workflows for 

analysing terrestrial DOMs (e.g. Nesbit et al. 2018). PRo3D enables digitised 

measurements and annotations, including 3D lines and plane fitting for dip and 

strike, which are calculated based on a local surface normal vector. They 

validate these virtual tools by re-measuring beds that were measured from 
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rover photomosaics in Victoria crater, and also perform novel measurements 

of layer geometries. This methodology is discussed further in Chapter 4:. 

Caravaca et al. (2020) similarly perform virtual outcrop analysis using rover 

DOMs of the Kimberley outcrop in Gale crater, but in combination with HiRISE 

DTMs and in a virtual reality (VR) environment. The rover DTMs were 

processed using shape-from-motion software with Navcam, Mastcam, and 

MAHLI images. Their interpretations are made in-scene and recorded on 

panorama “snapshots” of the VR scene, as well as measurements in-software. 

They emphasise the benefit of immersion and “real scale visualisation” for 

outcrop interpretation, which they argue uniquely reveals laminations and 

contacts. 

2.2.6.4. Dynamic and temporal processes 

As discussed above, Martian variable features such as wind streaks and 

sediment transport were studied using combined observations from HRSC and 

MER-A imaging (Greeley et al. 2005). MOC was also used as a weather 

monitoring system for the MER rovers, identifying local dust devils as potential 

hazards, and demonstrating active synergy between the ground and orbit 

(Cantor et al. 2006).  

More recently, HiRISE and ChemCam’s Remote Micro Imager (RMI) images 

from MSL were combined to monitor slopes for lineae formation on Mt. Sharp 

in Gale crater (Dundas et al. 2016). The RMI images resolve features below 

the 25 cm/pixel resolution of HiRISE, but all lineae are visible in both datasets, 

and these observations suggest a dry formation such as grain flows downslope. 

HRSC images have also been processed by Putri et al. (2016) to detect and 

characterise surface changes at the Mars south polar residual cap (SPRC).  

Novel combinations of Mars rover and orbital imaging will continue as rover 

systems grow in number, providing critical, multi-level understanding of the 

planet, and 3D capabilities of data visualisation software will also enhance the 
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experience of the analysists who exploit these data to understand the geologic 

history of Mars.  



 

` 60 

2.3. Stereo Photogrammetry and Processing Suites for Mars 
Terrain 

2.3.1. Introduction 

Stereo photogrammetry has been applied to numerous planetary bodies for 

topographical analysis. Clementine photogrammetry was used to derive lunar 

topography in the 90s, whilst regional geology and geophysics of the icy moons 

of Saturn and Jupiter has been studied using digital elevation models (DEMs) 

from photogrammetry (Oberst et al. 1996; Giese et al. 2008). The following is a 

summary of photogrammetry pipelines and software used for Mars orbital and 

rover datasets. 

2.3.2. Commercial and Proprietary Pipelines 

The BAE Systems SOCET SET and GXP® software are photogrammetry 

suites to facilitate automated and manual stereo matching of images to 

construct DTMs (https://www.geospatialexploitationproducts.com/). SOCET 

SET has been used for stereo topography of Saturnian satellites with Cassini 

ISS images, as well as with HiRISE images for terrain analysis (Beddingfield et 

al. 2015; Kirk et al. 2009). SOCET is primarily used by the USGS Astrogeology 

Science Center for planetary terrain modelling (Beyer 2014).  

Planetary Robotics Vision Processing (PRoViP) is a framework developed in 

part by Joanneum Research for science operations of the ExoMars 2020 rover. 

PRoViP enables 3D reconstruction of rover images to produce digital outcrop 

models (DOMs), ORIs, and point clouds for geologic analysis and hazard 

assessment (Coates et al. 2017), such as in PRo3D (Barnes et al. 2018). 

https://www.geospatialexploitationproducts.com/
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2.3.3. VICAR and KM09 

2.3.3.1. Introduction 

The Video Image Communication And Retrieval (VICAR) system was 

developed by the NASA Jet Propulsion Laboratory in 1966 for image 

processing for planetary missions, especially for the Mars surface (Deen 2015). 

DLR modification of VICAR provides an extension for HRSC processing, 

including stereo processing for DTM generation (Gwinner et al. 2009). 

The DLR-VICAR pipeline was further modified to incorporate secondary 

matching algorithms that improve coverage, precision and lower gross errors 

of HRSC DTMs (Kim and Muller 2009). This pipeline, hereafter KM09, has 

previously been used to generate HRSC DTMs over the south pole of Mars to 

monitor for surface changes and Ares Vallis to model flood events (Putri et al. 

2016, 2019; Warner et al. 2009). 

2.3.3.2. Processing 

The inputs for the DLR-VICAR pipeline include three level-2 images (one nadir 

image and a stereo pair using the S1 and S2 channels at ±18.9º view angles, 

all of which have been radiometrically calibrated); external orientation 

(EXTORI) files and SPICE kernels, which are used to rectify each image to the 

MOLA DTM in VICAR; and mapping parameters (projection, datum, resolution 

of inputs and output, and lines of the image to be processed). After identification 

of relevant HRSC images for the area of interest, the level-2 images and 

EXTORI files must be downloaded for processing. The KM09 method utilises 

an IDL script to combine these inputs, launch DLR-VICAR, and perform 

matching, and the processing parameters are specified within the IDL script 

before it is run. Rizky et al. (2019) demonstrate the KM09 method for producing 

50-m HRSC DTMs of the Martian south pole. 

A flowchart of the DLR-VICAR process with KM09 modification is shown in 

Figure 2-23. Stereo models are first generated from the three images for image 
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matching. EXTORI, orbit, and pointing data rectify and bundle adjust each 

image to the MOLA DTM. In the DLR-VICAR pipeline, area-based matching is 

next performed. Each stereo image is matched to the nadir image iteratively 

from low resolution to higher resolution. Adaptive least-squares correlation 

(ALSC) then provides subpixel resolution. The resulting tie-points are 

converted to 3D object points, which are interpolated as a map-projected DTM. 

The KM09 pipeline has two key differences: an initial “ZK” ALSC algorithm 

(Zitnick and Kanade 2000); and a region-growing modification to Gruen ALSC, 

the Gruen-Otto-Chau (Gotcha) algorithm, to refine matching (Gruen and 

Baltsavias 1987; Otto and Chau 1989; Shin and Muller 2012). First, the ZK 

matcher generates matching points, which optionally are converted for input 

into Gotcha as high-density seed points. The images are then projected to the 

MOLA DTM to reduce the disparity range; this matching iterates over window 

sizes, decreasing in size for higher detail, with a maximum eigenvalue set to 

control precision for each match. The matching results are then merged. 3D 

points are generated from the tie-point coordinates using a least-squares 

forward intersection algorithm, and interpolated for sub-pixel resolution, given 

an accuracy threshold. The 3D intersection points and HRSC sensor model are 

then compared with the MOLA DTM to remove outliers before final interpolation 

of the DTM.  
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Figure 2-23. Flowchart of the “KM09” modification to the DLR-VICAR 

pipeline. Modified from Kim and Muller (2009). 

The 3D points are finally grid-point interpolated as DTMs. Optionally, the 

resulting level-3 map is projected to this DTM to orthorectify the images and 

provide the final orthorectified images (ORIs or orthoimages). The application 

of the KM09 modification of DLR-VICAR is further discussed in section 3.2. 

2.3.4. Ames Stereo Pipeline and CASP-GO 

The Co-registration ASP-Gotcha Optimised (CASP-GO) processing chain was 

similarly developed by the Imaging Group at UCL/Mullard Space Science 

Laboratory for DTM construction (Tao et al. 2018). CASP-GO is based on the 

Ames Stereo Pipeline (ASP), a workflow for image processing (including DTM 

construction) for planetary bodies, and optimised using a tie-point-based image 
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co-registration process and the Gruen-Otto-Chau (Gotcha) region-growing 

algorithm (Moratto et al. 2010; Sidiropoulos and Muller 2015; Shin and Muller 

2012).  

 

Figure 2-24. Flowchart of the CASP-GO processing chain. UCL modifications 

to the ASP workflow are indicated in green.  

The ASP DTM pipeline begins with pre-processing using least-squares bundle 

adjustment, left/right image alignment, map projection, normalisation of the 

image pair, and image filtering. A disparity map is next produced using integer-

based cross-correlation, followed by sub-pixel refinement, triangulation using 
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camera models via the US Geological Survey Integrated Software for Imagers 

and Spectrometers (ISIS), ending with the production of the final DTM and ORI 

and associated products. 

Figure 2-24 is a flowchart of the CASP-GO processing chain with ASP and 

ISIS3 functions denoted. The CASP-GO modification to ASP includes the 

following steps. First, CASP-GO utilises a maximum-likelihood sub-pixel 

refinement method to build a floating-point encoded initial disparity map, which 

tries to address the “quilting” artefact from ASP. Outlier rejection and erosion 

address un-matched areas and mis-matches, using a larger correlation kernel 

and smaller search range to minimise each, respectively, leaving un-matched 

areas for Gotcha densification and co-kriging interpolation. 

The ALSC and Gotcha algorithms attempt to match un-matched/mis-matched 

areas. Gotcha operates iteratively and achieves better completeness, 

especially at the edges, than ASP. Co-kriging grid-point interpolation generates 

the DTM and determines height uncertainties for each point. Finally, co-kriging 

uses weighted average neighbour values of elevation, based on distance, 

direction, and orientation, with a fixed search radius. CASP-GO processing is 

further discussed in section 3.3 and APPENDIX A. 
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2.4. Summary 

In this chapter, I have provided a review of key studies that employ 2D and 3D 

ground- and orbit-based imagery to reconstruct stratigraphy and 

palaeoenvironments on Mars, and have also discussed existing software, 

platforms, and tools for stereo reconstruction and 3D visualisation.  

Several lessons on performing geological analysis from digital terrain models 

(DTMs) are drawn from this literature and are applied in this thesis, particularly: 

a. Topographic profiles, layer geometries, and slope can be extracted 

from 3D terrain data in visualisation environments and contribute to 

compositional profiles and stratigraphic sequences to model the 

morphology and sedimentology. DTMs can furthermore reveal 

internal structure and topography not visible in 2D imagery.  

b. DTMs should, ideally, by ultimately tied to and validated against 

MOLA, particularly if quantitative measurements, such as layer 

thickness, across several DTMs will be performed, or for analysing 

features approaching the pixel size of the models. 

c. Geological analysis from terrain models particularly benefits from 

synergy with other imagery, including hyperspectral data, which can 

potentially differentiate different lithologies.  

d. Interpretations should be conservative; remote imagery can be 

limited by resolution, colour (or lack thereof), and the analysis tools 

in 2D and 3D platforms. Uncertainty can be reduced somewhat by 

repeat measurements and long baseline annotations when using 

multi-resolution data. 
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CHAPTER 3: 3D PROCESSING OF ORBITAL 

IMAGERY 
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3.1. Introduction 

In this chapter I discuss a dataset of Mars orbital DTMs and ORIs that are 

aligned to each other and the standard global ground truth, the MOLA global 

DEM. The goal for this processing is to ultimately procure very high-resolution, 

co-registered HiRISE DTM and ORI to analyse as a virtual outcrop in PRo3D, 

with coverage over Sakarya Vallis. This feature is a putative, ~20 km-long 

canyon on the west of the central mound of Gale crater, Mars, which exposes 

about 1 km of stratigraphy that may correlate to bedding that MSL has 

encountered or will encounter. The HiRISE dataset will be visualised and 

analysed in 3D to produce interpretations of this stratigraphy, which will 

comprise stratigraphic logs and be extrapolated as mapped units in 2D. 

To achieve this co-registered product, I process three sets of DTMs covering 

Gale crater, Mars: HRSC DTMs stereo processed using an in-house 

modification to VICAR (Kim and Muller 2009); CTX DTMs stereo processed 

using CASP-GO (Tao et al. 2018); and HiRISE DTMs processed from existing 

products using Ames Stereo Pipeline, GDAL, and QGIS. I discuss the 

construction of mosaics from the HRSC and CTX data; a co-registration 

sequence that progressively ties all three sets of data down to MOLA, 

culminating in the HiRISE dataset; the orthorectification of corresponding 

images to the CTX and HiRISE DTMs; and a quality assessment of the DTMs 

with existing products and each other. I also comment on the performance of 

different stereo processing suites and approaches, methods of co-registration, 

and issues regarding the quality of Mars DTMs.  

To complement this work, I additionally process a CRISM scene that overlies 

Sakarya Vallis into four RGB images and align them to the CTX and HiRISE 

ORIs produced in this work. From the CTX, HiRISE, and CRISM data I 

assemble a basemap over the north west central mound. I add further ancillary 

images to the basemap, consisting of HiRISE and MOC images, in addition to 

shapefiles of geologic units interpreted in other works, all of which are aligned 
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with the core dataset. This multi-resolution basemap will enhance the analyses 

presented in Chapter 4:. 

A key component of this approach, from stereo processing to co-registration 

methods, is the exploration of options for automating historically very user-

involved techniques. This goal is motivated by the need to establish workflows 

for geologists and other scientists to be able to generate products that are both 

reliable and rigorous, but also less involved than other established methods, 

from manual stereo matching to detailed feature matching. As a result, I have 

written a guide for CASP-GO (APPENDIX A) and discuss different geology-

driven approaches for co-registering different terrain data in this chapter. 

However, I also explore the many issues attendant to aligning DTMs and ORIs 

of different qualities and resolutions, and how these errors might impact 

analysis. 

3.1.1. New Methods Explored 

3.1.1.1. Data cascade 

Co-registration is central to the production of these datasets. Co-registration 

techniques generally rely on comparing and matching the point clouds of the 

source DTMs, which ultimately represent texture, and a DTM of very fine grid 

spacing will contain much denser texture compared with a DTM of a coarser 

grid spacing. Thus, a DTM is easier to align to another DTM of a similar grid 

spacing. Tao et al. (2018) offer a solution for co-registering highly textured, 

fine grid-spaced DTMs to much coarser DTMs by utilising multiple resolutions 

of Mars orbital imagery; their co-registration “cascade” is followed in this 

thesis.   

Figure 3-1 is a schematic of the datasets and the co-registration cascade from 

Tao et al. (2018) and which is applied to this work. The MOLA global DEM (463 

m) acts as the very base “ground truth” (section 2.2.1). The HRSC input images 

for stereo processing are automatically tied to MOLA; the CTX DTMs (18 m) 

are then co-registered to the HRSC DTMs (30 m), and the HiRISE DTM (1 m) 
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is finally co-registered to the CTX terrain. Co-registration using the methods 

described in this chapter uses the point clouds of each DTM and aligns one to 

the other; this alignment applies a translation uniformly across the aligned DTM 

vertically and horizontally (i.e., the point cloud is not “tilted” or otherwise 

unevenly modified to better match the reference DTM). 

 

Figure 3-1. An illustration of the co-registration cascade as described in this 

chapter. The base is the 463-m MOLA global terrain, cropped to Gale crater, 

and to which the HRSC data are tied; the CTX DTMs are then co-registered 

to the HRSC DTMs, and the HiRISE DTM is finally co-registered to the CTX 

terrain. Colour denotes relief in metres relative to the areoid, defined by the 

range of elevations in the MOLA DEM. 

It is important that these data are ultimately tied to MOLA, the closest global 

ground truth for Mars, for several reasons. First, local unit maps generated from 

this analysis can be correlated to and compared with future maps, which 

themselves would be co-registered, within a consistent, 3D spatial framework. 

This is particularly useful when comparing stratigraphic logs, which reveal 
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geology in a third dimension, so as to constrain lateral variations and extents 

of units.  

It is further important due to the limited spatial extents of HiRISE products as 

well as their lack of continuous coverage over even areas of interest for rover 

exploration; there are few areas in Gale crater with adjacent HiRISE coverage 

beyond the area of the MSL traverse. Relatedly, where lower-resolution data 

(such as CTX and HRSC) fill the gaps between HiRISE coverage, whether in 

2D or 3D analyses (e.g., visualising CTX and HiRISE DTMs together in 

PRo3D), all products should be aligned to a common reference. Thus, for 

example, bedding thicknesses and orientations in different locations on Mount 

Sharp could be measured and extrapolated to geologic units, with the 

understanding that they are all within the same 3D frame of reference even if 

collected from different products. Finally, reproducibility is a key priority for 

planetary science and MOLA is established as the common spatial framework 

for Mars DTMs in the field. 

The method of cascaded co-registration improves on common methods  of 

aligning CTX or even HiRISE DTMs directly to MOLA (cf. section 2.2), the latter 

of which is a scale difference of at least 1:463. Instead, DTMs of more 

comparable grid spacing are aligned: CTX (18 m) to HRSC (30 m), and HiRISE 

(1 m) to CTX (18 m). This improvement is not trivial; co-registration methods 

rely on matching texture in a 3D point cloud, and thus the density of distinct 

features is key to this alignment. Even without interest in CTX or HRSC, this 

cascaded co-registration approach  exploits these intermediary resolutions of 

Mars remote sensing imagery to better align HiRISE to MOLA  (Tao et al. 2018). 

3.1.1.2. Processing HRSC DTMs with KM09 

This work presents the application of the Kim and Muller modification to VICAR 

(Kim and Muller 2009) (KM09) to process three HRSC DTMs over Gale crater. 

I additionally take advantage of existing such products to compare stereo 

processing methods. 
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The same DTMs have been processed by DLR (Gwinner et al. 2010) and are 

included in the iMars webGIS. However, the HRSC dataset in this work differs 

from the DLR products and publications of the DTMs in a few ways. First, DLR 

process these DTMs using their modification of VICAR (“DLR-VICAR”); KM09 

presents several improvements to this processing suite, primarily the Gotcha 

and ZK algorithms (section 2.3.3) which are expected to improve stereo 

matching performance. I also use a 200-m MOLA-HRSC blended DTM from 

the USGS as the reference for the KM09 processing. This product combines 

the 463-m MOLA global DEM with global HRSC terrain data to fill gaps in the 

MOLA dataset (Fergason et al. 2018); in using a blend of MOLA DEM and the 

DLR DTM, rather than just the MOLA DEM, an improvement on the DLR stereo 

matching is expected. 

Because of these differences, I present both a validation of the KM09 HRSC 

products against the MOLA global DEM, and a comparison with the DLR 

products. This analysis includes detailed side-by-side visual comparisons, 

statistical and topographic profile comparisons with QGIS that are based on the 

methods in Kim and Muller (2009) and Tao et al. (2018), and a random-sample 

method of quantitative comparison between DTMs that I have developed in this 

thesis. DLR performed a comparison with different stereo processing 

techniques, including an early version of KM09 in Heipke et al. (2007), but using 

different techniques, overlapping with the methods in this work only in visual 

comparisons of close-ups of the products. 

This comparison therefore not only provides a quality assessment of the 

products that I have processed, relevant to the co-registration cascade, but also 

presents a semi-novel set of quality assessment techniques for comparing 

Mars DTMs, and reveals improvements or failures in KM09 performance 

relative to DLR-VICAR based on the same dataset. The expected result from 

this processing is an HRSC DTM mosaic over Gale crater that is useful for co-

registering CTX DTMs, and also a product that improves on the DLR DTM for 

any future geological analysis, the latter of which is not explored in this work. 
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3.1.1.3. Processing CTX DTMs with CASP-GO 

This thesis presents the first complete CTX DTM and ORI mosaics over Gale 

crater that have been processed with CASP-GO and/or co-registered to HRSC, 

as well as some novel observations about processing CTX DTMs and quality 

assessment of these products. CASP-GO is designed to streamline ASP 

functions and improve performance using Gotcha, and especially benefits in its 

capacity to support batch-processing. However, I discuss some key issues in 

initially batch-processing these DTMs, and experiment with improving these 

results. In these experiments, I have also discovered alignment issues relative 

to HRSC, where the CTX DTMs are vertically displaced hundreds of metres 

from HRSC (and thus MOLA) as well as each other, and the overall mosaic 

differs in scale from the HRSC mosaic. These are issues that have not been 

described in other work, and I experiment with solutions and potential ongoing 

issues. 

The CTX DTMs I have chosen to process are based on the work of the Natural 

History Museum, who have processed eight CTX DTMs over Gale crater 

(Grindrod and Davis 2018). I use the stereo pairs that they have identified in 

order to process the data in this work. These two sets of DTMs differ in key 

ways: first, Grindrod and Davis (2018) use SOCET SET to process their terrain 

data, and they co-register the DTMs to MOLA, rather than HRSC. As with the 

HRSC DTMs, I present a multi-approach quality assessment to evaluate the 

CTX DTMs against my HRSC results, as well as to compare with the SOCET 

SET data from the NHM. I provide a commentary on the differences between 

the SOCET SET and CASP-GO results for the same data. 

Some of the same or overlapping CTX DTMs have also been processed 

through CASP-GO batch-processing and co-registered to HRSC DTMs as part 

of the iMars project. However, this coverage is incomplete over Gale crater; 

further, the quality has suffered from batch processing, an issue which is 

discussed in this chapter. These non-public data were not retrieved and not 

compared to the DTMs presented in this work.  
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The results from processing and evaluating CTX DTMs and ORIs over Gale 

crater have thus led to a viable dataset for co-registering HiRISE DTMs, but 

have also raised important issues in stereo processing CTX DTMs generally; 

contributed important findings for CASP-GO processing and CTX DTM co-

registration in the future (cf. Tao et al. (2021)); and provided a detailed 

comparison between CASP-GO and SOCET SET performance with identical 

stereo pairs. 

3.1.1.4. Co-registering HiRISE DTMs and orthorectifying HiRISE ORIs 

In this thesis, I have not processed my own HiRISE DTMs from raw imagery, 

but instead use DTMs from other sources as at the time of this work, there were 

issues with processing HiRISE DTMs using CASP-GO. First, I began with two 

DTMs over Sakarya Vallis from University of Chicago (Mayer and Kite 2016), 

which had been processed with ASP, and experimented with co-registration to 

the CTX DTMs that I had processed. The University of Arizona then released 

its own DTM in January 2020 from the same stereo pair used in one of the U. 

Chicago DTMs, except processed using SOCET SET. I retrieved and prioritised 

this DTM, co-registered it to the U. Chicago data, and generated an orthoimage 

for it. Then, using most of the same methods outlined above, I validated this 

DTM against my CTX terrain data, and compared it with the U. Chicago DTM.  

As mentioned, I use a novel combination of techniques to compare these two 

datasets. I also use 3D visualisation to investigate the quality of the ORI, which 

will impact the accuracy of the analysis that I perform in Chapter 4. This use of 

visualisation stems from methods described in Tao et al. (2018), who employ 

Fledermaus to compare several DTMs in the same 3D environment; however, 

I use PRo3D, the software that I will use to perform analysis on this dataset in 

Chapter 4, to look specifically at the agreement between the orthoimage and 

the 3D terrain, which is a novel application of both this software and this 

method. 

Whilst this work does not present a new HiRISE DTM over Sakarya Vallis, 

which might gain quality if processed with CASP-GO, co-registration is still 
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successful, and the product, in sum with the HRSC and CTX mosaics, 

constitutes a multi-resolution set of 3D terrain products over Gale crater which 

is tied down to MOLA. I also present a detailed experiment of applying pc_align 

to best co-register HiRISE to both HiRISE and CTX DTMs. I further comment 

on mismatch between orthorectified images and DTMs and how to address 

these issues where possible, and how these issues may affect 3D visualisation 

and analysis of HiRISE data, which has not been presented elsewhere. 

3.1.1.5. Basemap 

The resulting co-registered, multi-resolution dataset over Gale crater is the 

basis of a basemap covering the north west of the central mound, which should 

support the analysis in Chapter 4. This basemap uses the CTX and HiRISE 

data over Sakarya Vallis as a core dataset around which ancillary image 

products are included and which may aid the interpretation and extrapolation 

of geologic units in the next chapter, as well as future work. The processing 

methods for these products is not novel; CRISM processing (APPENDIX C) 

follows methods from Seelos (2009) and a common georeferencing tool is used 

to co-register these ancillary 2D data to the map. 

A similar HiRISE-CTX-HRSC cascaded, co-registered mosaic does exist. The 

U.S. Geological Survey released a blended HiRISE, CTX, and HRSC digital 

elevation model in preparation for the MSL landing, along with an ORI basemap 

(Calef III and Parker 2016). The product is similarly tied to MOLA through 

HiRISE-CTX-HRSC registration (i.e., each dataset to the next lower-

registration dataset). This product is used as a guide for constructing the 

basemap in this work; the USGS website lists the HiRISE images that are 

included, which helped in selecting the additional images to add to the map.  

However, this mosaic differs from the image products discussed in this chapter 

in several ways. First, the USGS DTM mosaic covers a smaller area than the 

USGS ORI mosaic, focused on the traverse and the north of the central mound, 

whereas the HRSC and CTX DTMs produced in this work cover all of Gale 

crater, and the HiRISE DTM coverage is focused on Sakarya Vallis, rather than 
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the traverse. The ancillary products—CRISM and MOC, and to a lesser extent, 

HiRISE—are focused on Sakarya Vallis, whereas the USGS basemap has 

been designed for rover planning and features that bias in resolution towards 

the traverse area. 

Second, as mentioned, the HRSC and CTX DTMs are uniquely processed 

using KM09 and CASP-GO, respectively, whilst the USGS used SOCET-SET 

to produce the mosaic (whether another processing pipeline was used on the 

HRSC data is unknown; details of source HRSC data or processing are not 

disclosed by the USGS). The comparisons between CASP-GO and SOCET-

SET performance in this chapter point to differences between these products 

that might impact analysis; whether these are improvements or decreases in 

quality will be discussed. 

Third, the basemap is not blended. The primary goal is to visualise a single 

HiRISE product, which itself is quite substantial in detail and file size for 

analysis. I also seek to preserve these products as separate inputs in the GIS-

based basemap in case of future adjustment, additional image layers, and 

portability to other GIS platforms; the total file size of these image layers 

exceeds 80 GB which places limitations on processing and changing a blended 

product.  

I add two sets of geologic units as shapefiles to this basemap, digitising existing 

maps from Thomson et al. (2011) and Fraeman et al. (2016) as potential 

context for the interpretations in Chapter 4. 

3.1.1.6. General Methods 

The types of comparisons that I summarise here—between HiRISE, CTX, and 

HRSC products, as well as between products from different stereo processing 

suites—have only somewhat been performed recently by Kirk et al. (2021) to 

compare SOCET SET and ASP for HRSC, CTX, and HiRISE DTMs over 

Jezero crater. This work is not discussed in detail in this thesis but provides 

interesting reference and different methods for comparing the performance of 
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these suites for future work. They also discuss their future work in incorporating 

CASP-GO into their comparisons. 

Ultimately, the work in this chapter overlaps with the work of others in various 

ways, from the products themselves to the comparisons that I perform. 

However, I aim to show a final, co-registered dataset and map product that has 

benefited from advances in stereo processing Mars orbital imagery and which 

is suited specifically for 3D analysis of Sakarya Vallis. 

A significant result in this chapter, furthermore, is a commentary on issues 

arising from automated stereo processing and alignment, where manual 

intervention benefits quality at the cost of time and effort, and how this balance 

can potentially impact 3D analysis. As techniques for analysing digital outcrops 

from remote sensing imagery of Mars continue to emerge, and especially as 

they involve the cross-correlation of quantitative data that I describe above, 

these issues will remain a key consideration in evaluating accuracy and error 

in these studies. 

3.1.2. Chapter Structure 

First, I will discuss the application of KM09 to process three HRSC DTMs into 

a mosaic covering Gale crater. I then use qualitative and statistical methods 

based in QGIS and GDAL to compare this mosaic with both the MOLA global 

DEM and the HRSC DTM mosaic produced from the same source images by 

DLR. 

Second, I apply CASP-GO to process seven CTX DTMs over Gale crater. I 

explore the shortcomings of initially batch-processing these products in CASP-

GO, and experiment with changing different stereo processing parameters to 

improve the quality of the products. I assemble these DTMs into a mosaic 

blended with the HRSC mosaic. I experiment with using the Ames Stereo 

Pipeline (ASP) to co-register this CTX dataset to the HRSC mosaic. I then 

compare this co-registered mosaic with two sets of data: first, the HRSC mosaic 

produced in this work, and then DTMs produced from the same stereo pairs by 
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Grindrod and Davis (2018), using the same methods as applied to the HRSC 

dataset. I also orthorectify the left input images used for the stereo processing, 

and mosaic these. 

Third, I use a combination of HiRISE DTMs from the University of Arizona and 

U. Chicago (Mayer and Kite 2016) to co-register a single University of Arizona 

HiRISE DTM to CTX DTMs using the same ASP function. I compare one of 

these products with a DTM processed by Mayer and Kite (2016) using 

qualitative and statistical methods. I then process an ORI using ISIS3 and ASP 

and assess its quality.  

I then assemble a basemap using a portion of the CTX mosaic and the HiRISE 

data. I also include several HiRISE images and two MOC images that I register 

to the products I have processed, aligning them to my products using a semi-

manual function in QGIS, in order to fill the gaps between these images and 

extend to the MSL traverse region. Last, I digitise two sets of shapefiles based 

on existing geologic maps of the central mound and add these and a shapefile 

of the MSL traverse to the basemap. 

Finally, I comment on these results. Particularly, I comment on the stereo 

processing, limitations of these products given artefacts and other errors, the 

several methods of co-registration explored in this chapter, and implications for 

future geologic analysis. 
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3.2. HRSC DTMs of Gale Crater using KM09 

3.2.1. Introduction 

The base of the multi-resolution DTM dataset over Gale crater is a set of three, 

30-m HRSC DTMs. Because these DTMs are automatically aligned to MOLA 

when they are processed, they serve as the first part of the co-registration 

cascade from HiRISE all the way down to MOLA. I present the processing of 

these DTMs using an in-house modification to the VICAR pipeline from Kim and 

Muller (2009), hereafter KM09; a detailed visual comparison of key areas of the 

resulting mosaic with the MOLA global DEM; a series of statistical comparisons 

between these products in addition to the same DTM produced by DLR; and 

finally, a discussion of the quality of the mosaic. 

KM09 was selected to process these DTMs because of its improvements on 

DLR-VICAR, and because of its largely automated nature; it presents a faster 

process relative to, for example, Ames Stereo Pipeline, which involves a series 

of very iterative commands, or SOCET SET, which requires significant user 

input to manually match pixels between stereo images using a complex 

physical configuration with a stereo display (N.B. CASP-GO was not yet 

developed for processing HRSC DTMs at the time of this work in 2019, but has 

been demonstrated on HRSC DTMs in Tao et al. (2021)).  

The results here are novel in applying KM09 to produce HRSC DTMs over Gale 

crater. In order to be considered of sufficient quality for co-registering CTX 

DTMs, these DTMs should be continuous; demonstrate fidelity to the “ground 

truth” of MOLA; and lack systematic errors, artefacts, or outliers significant 

enough (i.e., exceeding the HRSC grid spacing) to negatively impact co-

registration. I present a quality assessment to address these criteria, comparing 

this dataset to both MOLA, as well as the same DTMs produced by DLR as a 

secondary validation and to further compare KM09 to DLR-VICAR. 

 



 

` 80 

The HRSC data are not used in the basemap or visualised for geological 

analysis in this work, but could be in the future. However, their primary function 

is to serve as the reference for co-registering CTX DTMs in the next section of 

this chapter, and thus are the means by which the CTX data will be tied down 

to MOLA.  

3.2.2. Methods 

KM09 was used to generate these three HRSC DTMs of Gale crater. As 

mentioned, KM09 is highly automated, limiting user input in stereo processing; 

several parameter documents are modified based on the inputs and desired 

outputs, and run as an IDL command on a Linux system. The workflow for 

KM09 is discussed in Kim and Muller (2009). 

JMARS was used to visualise HRSC stamps over Gale crater to select which 

images would be useful to produce a mosaic that would fully cover the feature. 

Three level-2 image sets H1938_0000, H1927_0000, and H1916_0000 were 

identified and then retrieved, along with their respective EXTORI files, from the 

ESA HRSC data archive as the inputs for KM09 processing (cf. section 2.3.3 

for details on KM09 inputs).  

Table 3-1 details the parameters used to process the three sets of input images; 

refer to Deen (2015) for definitions. A 30-m grid spacing was selected. DLR 

typically process HRSC DTMs from stereo pairs of this resolution at a grid 

spacing of 75 m. However, Kim (2010) argue that 25 m should be the finest grid 

spacing for HRSC DTMs as the lowest resolution between ND2, S12, and S22 

images. I select a 30-m grid spacing as slightly coarser than this minimum to 

offer some latitude for stereo matching. 

A 200-m MOLA and HRSC blended global DTM was used as the reference, in 

place of the MOLA global DEM which is 463 m (Fergason et al. 2018). This 

product should improve the stereo matching performance for this product due 

to the finer texture; existing HRSC data are, in essence, used to seed the stereo 

matching. N.B. an HRSC DTM itself should not be used in place of MOLA in 
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KM09, as the resolution should exceed 75 m/px for matching (Kim 2010). The 

map projection of these products, and all other products described in this thesis, 

is equidistant cylindrical. 

The remaining parameters are based on Putri et al. (2019). “Matcher” refers to 

two possible matching methods: the first uses the ZK matcher, a feature-based 

matcher best suited to highly-textured terrain; whereas the second uses the ZK 

matcher which then feeds the secondary Gruen matcher, which performs better 

on smooth terrain as an area-based matcher. Kim (2010) suggest using the 

faster Method 1 first to see if the results are sufficient before using the second 

method. The results presented here were considered sufficient and thus 

Method 2 was not applied. 

Table 3-1. Parameters used in processing the HRSC DTMs with KM09. 

Parameter Value 

Nadir image 12.5 m/pixel 

Map projection Equidistant cylindrical 

Map resolution 30 m 

Datum Spheroid, r = 3396.19 km 

MOLA global DTM 200 m MOLA + HRSC blended 

Matcher Method 1 

Critical disparity difference (x) 5.5 

Critical disparity difference (y) 5.5 

Minimum correlation 0.60 (Putri et al. 2019)  

Maximum eigenvalue 600 (Putri et al. 2019) 

 

VICAR includes a program called “xvd” which is used to display PDS images. 

The software was used to visualise each ND2 file to select the range of lines 

that were to be processed, based on relevant coverage of Gale crater, which 

were also input amongst these parameters. In order to test KM09 performance, 

only 5,000 lines of H1927_0000 were processed at first. Then all three DTMs 

were processed individually.  
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3.2.3. Results and Validation 

The three processed DTMs were cropped at their edges to remove edge 

artefacts, which result from the combination of nadir and stereo images in the 

DLR-VICAR processing and represent elevation “jumps” of ~100 m (Putri et al. 

2019). The DTMs were then mosaicked using the ASP function dem_mosaic. 

This mosaic is shown in Figure 3-2 and reveals the range of elevations and 

morphologies in Gale crater, including Mount Sharp on the central mound, the 

high-elevation southern rim, and several kilometre-scale channels within the 

crater and along its rim. 

This DTM mosaic was compared against the 463-m MOLA global DEM and the 

official HRSC DTMs produced by DLR (Gwinner et al. 2016) to assess KM09 

performance. The DLR HRSC DTMs, which were processed using the original 

DLR-VICAR stereo-matching pipeline, were first mosaicked using 

dem_mosaic, and these mosaics and the MOLA product were then cropped to 

a common area around Gale crater. All three products are shown in Figure 3-3. 
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Figure 3-2. The HRSC DTM mosaic processed with KM09, colourised by 

height and hillshaded (solar elevation = 45º, solar azimuth=315º). Colour 

denotes elevation in metres, with the range defined by the MOLA elevation 

distribution over this region. N.B. this colour map is applied to all DTM 

products henceforth, with the exception of some HiRISE results in this and the 

next chapter. 



 

` 84 
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Figure 3-3. The 30-m KM09 HRSC DTM (top); the 75-m DLR HRSC DTM 

(middle); and the 463-m MOLA DEM from the USGS (bottom). Colour 

denotes relief in metres. 
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Figure 3-4. Locations of close-up views (1–8) in 

Figure 3-5.  

Close-up views of the three colourised, hillshaded DTMs were compared in 

QGIS. The locations of these different views are indicated in  

Figure 3-4, and the views and commentary on the comparisons are shown in  

Figure 3-5. Boxes, insets, and arrows highlight the features and artefacts 

discussed in the comments. The HRSC products are expected to have much 

more detail than the MOLA DEM, but the MOLA is included here as it can be 

used to identify artefacts in either product at the > 463 m scale. 

The DLR product generally presents more texture than the KM09 product, but 

also more artefacts in some areas (e.g., rows 2 and 4), whilst the KM09 is 

smoother and less defined. Row 4 particularly shows sharper detail in the DLR 

product. However, the KM09 product features finer detail over smooth terrain 

than the DLR (row 7). The KM09 has a unique artefact in a very fine, systematic 

striping grid-shaped artefact; this is likely from the MOLA-HRSC DTM, as this 

gridded texture is the size of the grid spacing as visible in the MOLA DEM. 
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 MOLA (USGS) HRSC (DLR) HRSC (KM09) Notes 

1 

   

Artefacts inside 
crater in DLR 

product; 
smoother 

appearance in 
KM09 but 

lacking artefacts 

2 

   

DLR DTM 
features a lot of 

artefacts on 
smooth floor 
terrain, but 

sharper detail 
along the north 
rim; crater well-
defined in KM09 
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3 

   

Comparable 
detail between 
HRSC DTMs. 

4 

   

Smoother KM09 
product, but 
lacking the 
pronounced 

gridding in the 
DLR DTM 
(white box) 
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5 

   

Less texture in 
KM09 DTM, 
comparable 

along smoother 
terrain to the 
west of the 

canyon; both 
particularly 

improve on the 
MOLA over 

Sakarya Vallis 

6 

  
 

Slightly less 
detail in KM09 
product, very 
fine gridding 

artefact; lacking 
pronounced 

gridding artefact 
in DLR DTM, 

and with 
sharper 

appearance of 
craters; 

smoother terrain 
in the north west 
in KM09 product 
(i.e. more even 

elevation) 
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7 

   

KM09 product 
less textured 

over this smooth 
terrain; DLR has 
more features 

but also 
possible texture 
artefacts (hard 

to discern based 
on the MOLA)  

8 

   

Less texture in 
KM09 product; 

DLR shows less 
detail over the 
smooth terrain 

in the north east 

 
Figure 3-5. Close-up views of the MOLA and HRSC DTMs for comparison. North is up. Cf. Figure 3-4 for the locations of these 

views. 
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From these comparisons, the degree to which the MOLA differs from HRSC 

terrain data is also clear. For example, the craters in rows 1 and 6 have very 

different general morphologies; in both images, the eastern rims look degraded 

whereas the HRSC DTMs do not show this. Sakarya Vallis (row 5) appears to 

have a topographic high over the base of the canyon. These features are at the 

2-4 km scale; the texture at the 10-km scale around Mount Sharp (row 4) looks 

closer to the HRSC. Whilst MOLA is not used further in either mapping, co-

registration, or even quality assessment in this work, this is a useful 

reinforcement that co-registering any DTM with finer grid spacing than HRSC 

may have issues. 

3.2.3.1. Elevation comparison 

The KM09 and DLR DTM mosaics were then resampled to 463 m for 

comparison with the MOLA DEM. Table 3-2 lists the elevation statistics of these 

three DTMs. These three products are very similar in their mean elevations. 

However, the HRSC products have minimum values 50-60 m lower than the 

MOLA. The KM09 product has the highest maximum elevation, almost 30 m 

above that of the DLR product and 91 m above the MOLA. 

Table 3-2. Elevation statistics for the MOLA, DLR HRSC, and KM09 HRSC 

DTMs (m), cropped and resampled to 463 metres using bilinear interpolation. 

 MOLA HRSC (DLR) HRSC (KM09) 

Min -4607 -4661 -4676 

Max 1347 1410 1438 

Mean -1749 -1742 -1743 

St. Dev. 1344 1349 1348 

 

Each HRSC mosaic was then subtracted from the MOLA DTM using GDAL 

raster subtraction. The resulting difference maps are shown in Figure 3-6. Both 

products most differ from the MOLA DTM at elevation maxima, i.e., the rim, 

Mount Sharp, and the channel banks in the south rim, ~200 m lower than 
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MOLA. Generally, the KM09 and DLR DTMs portray a “shallower” Gale crater 

than the MOLA. However, the DLR mosaic shows a greater difference in these 

regions.  

Both products also show the western flank of Mount Sharp and south-eastern 

rim as 150-200 m higher in elevation (blue) than in the MOLA DTM. 

Furthermore, in the DLR product, smooth terrain, such as the northern crater 

floor, differs (both positively and negatively) from the MOLA more than in the 

same regions of the KM09 DTM. 

Table 3-3 lists the difference statistics from these comparisons. Figure 3-7 

shows the histograms of the difference maps. The KM09 elevation differences 

show closer agreement with the MOLA, with a low mean (-4.12 m) and a smaller 

standard deviation, although both HRSC products differ by up to hundreds of 

metres from the MOLA. These differences are not caused by differences in 

datum (areoid vs. sphere) or projection, which tend to cause evenly 200- or 

400-m differences. However, the histograms of these difference maps show 

negligible frequencies for these significant differences (the histograms in Figure 

3-7 are clipped between -200 and 200); these values may reflect artefacts or 

even the difference in quality between HRSC and MOLA. 

The histograms are, generally, even Gaussian distributions. The MOLA-KM09 

difference map histogram is slightly sharper than that of the MOLA-DLR 

difference map, with full width at half maximum (FWHM) of ~ ±25 m vs. ±45 m, 

respectively. Both are slightly bimodal at -10 m and ~20 m; MOLA-KM09 shows 

sharper peaks at these values. The difference map for MOLA-KM09 does show 

some vertical, ~45-m-wide striping visible in neither the MOLA-DLR difference 

map nor the KM09 product, mostly in the yellow-green colour range  (-50–0 m) 

which may correspond to the -10 m peak. 
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Figure 3-6. Difference maps relative to the MOLA DTM (MOLA – HRSC): 

KM09 HRSC (top) and DLR HRSC (bottom). DTMs were resampled to 463 m 



 

` 94 

for raster subtraction with GDAL. The difference maps are clipped at -200–

200 m based on their corresponding histograms. 

This artefact may derive from a slight striping artefact in the MOLA-HRSC 

blended product that was used in the KM09 processing, which are also ~45 m 

wide, but the artefacts do not align; the source of the 20 m peak thus needs 

further investigation, including whether this might be improved with the Gotcha 

matcher. 

N.B. the difference in frequencies is due to a different number of pixels, with 

the DLR product resampled from 75 m to 463 m. These differences between 

the histograms may be accounted for by the “noise” of the HRSC DTMs, being 

less than the grid spacing of either (30 and 75 m), or else greater detail in the 

HRSC products relative to the MOLA. 

Table 3-3. Elevation difference statistics between the DLR and KM09 HRSC 

DTMs and the MOLA DEM. 

Differences (m) HRSC (DLR) HRSC (KM09) 

Min -621 -572 

Max 546 476 

Mean -6.78 -4.12 

St. Dev. 78.7 65.2 
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Figure 3-7. Histograms of the difference maps in Figure 3-6 for the KM09 

HRSC DTM (top) and DLR HRSC DTM (bottom). 
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3.2.3.2. Regional comparison 

Whilst these statistics permit a general analysis of DTM quality, differences 

relative to the MOLA reference may be sensitive to differences in texture, 

elevation, and location along the DTM strips, especially given how different 

stereo matching algorithms might perform with different levels of texture. QGIS 

was used to generate random points (randomised from the planar X- and Y-

coordinates) in different regions of Gale crater based on morphology (and thus 

texture) (Figure 3-8) to perform this assessment, and to investigate any source 

bias that may influence the above difference map histograms. 

 

Figure 3-8. Random points generated to compare the HRSC products with 

MOLA. Colour denotes subset of points (Table 3-4). The basemap is MOLA. 

The regions were defined over the central mound, north floor, south floor, rim, 

and surrounding terrain or “surrounds.” These regions were defined in QGIS 

using polygon shapefiles. Random point shapefiles were generated within 
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these polygons given a set number of points ("Random Points Inside 

Polygons”). These regions and their respective point counts and colours are 

listed in Table 3-4. The random points were then used to sample MOLA and 

the two resampled HRSC mosaics to compare elevation values (Point 

Sampling Tool). As a result, all three products are sampled in the same places. 

Table 3-4. Regions of random points in Gale crater for comparing the HRSC 

products and MOLA. 

Region Number of points 

Central mound (fuchsia) 100 

North floor (yellow) 150 

South floor (green) 200 

Rim (cyan) 100 

Surrounds (orange) 400 

 

Basic statistics were extracted from these subsets of samples (Table 3-5) using 

the “Basic Statistics for Numeric Fields” tool. For most of these regions, the 

KM09 mosaic has an average elevation slightly closer to that of the MOLA, 

typically within 10-30 metres, than does the DLR mosaic, which differs 

generally by the same range but up to ~40 m. Interestingly, both differ from the 

MOLA at the central mound by nearly an equal amount, ~20 m but are quite 

close to each other. 

The HRSC products most differ from the MOLA over regions with the most 

variable topography—the rim, the central mound, and the south floor. This may 

be due to the significant difference in grid spacing between the MOLA and 

HRSC products; differences in the south floor may also differ so much between 

the KM09 and DLR (~8 m) due to different stereo matching performance over 

smooth terrain.  
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Table 3-5. Average elevation values for each region for each product (m). 

Region 
MOLA KM09 HRSC DLR HRSC 

Avg. St. Dev. Avg. St. Dev. Avg. St. Dev. 

Central 

mound 
-2326.2 1035 -2307.2 1011 -2303.6 998 

North floor -3881.0 695 -3878.8 721 -3883.9 722 

South 

floor 
-2275.2 993 -2266.5 1005 -2253.2 1013 

Rim -1365.0 1204 -1391.6 1233 -1400.1 1252 

Surrounds -995.5 910 -992.0 916 -993.6 917 

 

Topographic profiles were then extracted from all three products in QGIS for 

further comparison, as well as to assess potential artefacts and systematic 

errors. Figure 3-9 maps the locations of these profiles in Gale crater. The 

profiles span four topographic features in both positive and negative relief. 

Profiles were not extracted over smooth terrain, as comparison between the 

three products over areas of elevation change were sought, and at these grid 

spacings, the texture over smooth terrain is difficult to discern from noise in 

profile and thus prevents confident comparisons (especially in the case of any 

planimetric shifts between products in these areas, which is discussed below). 
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Figure 3-9. Locations of profiles A–D. The basemap is the KM09 HRSC 

product. 

Figure 3-10 shows profile A – A’ across a ~4.5 km diameter crater in the north 

west floor of Gale crater. The topography of the DLR DTM is very similar to that 

in the KM09 DTM, but both of these profiles are offset from the MOLA DTM 

somewhat vertically and planimetrically (this is noticeable in the difference 

maps, both of which show ~200 m vertical difference relative to the MOLA). 

The MOLA DEM profile is predictably smoother than the HRSC profiles. 

The second profile, B – B’ (Figure 3-11), of the putative canyon Sakarya Vallis 

to the west of Aeolis Mons shows an offset between the KM09 and MOLA, ~800 

m planimetrically to the north east and ~200 m vertically. The KM09 and DLR 

DTMs agree more closely.  

Profile C – C’ spans the heart-shaped lobe on the northern central mound 

(Figure 3-12). The KM09 DTM shows strong agreement with the DLR; the 

MOLA  presents slightly different texture along these slopes at up to ~100 m 
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lower elevations. A planimetric shift is hard to discern here because of the 

difference in texture. 

The final profile, D – D’ (Figure 3-13), is a cross-section of another canyon or 

channel on the central mound, east of Aeolis Mons. The KM09 and DLR 

products once again have similar textures, with denser terrain than the MOLA 

(possibly the complex topography to the north and south of the channel), but 

more dramatically than shown in the other profile comparisons, particularly on 

the right side of the profile. The DLR product does lack some definition along 

the floor of the channel; it appears as a V-shaped valley, whilst the MOLA and 

KM09 DTMs show a distinct, flat floor. A smaller vertical shift is visible between 

the KM09/DLR and the MOLA at ~50 m. 

These regional comparisons demonstrate the fidelity of the KM09 HRSC DTM 

mosaic relative to the MOLA DTM, and the official DLR HRSC DTMs. The 

topographic profiles also do not seem to reflect any of the artefacts revealed 

visually from the products, or reveal any new artefacts, such as topographic 

outliers, that could affect co-registration. The region-specific shifts in some of 

the MOLA profiles may be an issue of differing resolution; the difference in 

texture density between 463 m and 30-75 m is significant, and the planimetric 

and vertical shifts are generally on the scale of the MOLA grid spacing, except 

for Profile B – B’. It is possible that this is a function of the texture of this feature, 

as well, although the shape of the MOLA profile is very similar to the other 

profiles. 
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Figure 3-10. Profile A – A’ across a crater in the north west floor of Gale 

crater: profile location (top); profile comparison (bottom) with MOLA in black, 

DLR HRSC in green, and KM09 HRSC in blue. 
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Figure 3-11. Profile B – B’ across Sakarya Vallis to the west of Mount Sharp: 

profile location (top); profile comparison (bottom) with MOLA in black, DLR 

HRSC in green, and KM09 HRSC in blue. 
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Figure 3-12. Profile C – C’ across the northern central mound of Gale crater: 

profile location (top); profile comparison (bottom) with MOLA in black, DLR 

HRSC in green, and KM09 HRSC in blue. 
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Figure 3-13. Profile D – D’ across a channel to the east of Mount Sharp: 

profile location (top); profile comparison (bottom) with MOLA in black, DLR 

HRSC in green, and KM09 HRSC in blue. 
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3.2.4. Discussion 

The KM09 processing chain is shown to be successful in producing 30-m 

HRSC DTMs with agreement in elevation and texture with the 463-m MOLA 

global DEM (generally less than the grid spacing limit of this MOLA product). 

These DTMs are furthermore shown to have topographic fidelity, i.e., is 

statistically and visually comparable to the 75-m HRSC DTMs produced by DLR 

with DLR-VICAR. The KM09 product lacks some detail around dense features 

such as crater rims relative to the DLR product as well as some gridding 

artefacts from the MOLA-HRSC product. However, in places, the KM09 mosaic 

shows more refined features over both smooth and dense terrain; these 

putative improvements are thus inconsistent. 

A recurring issue in the above evaluation is that the KM09 result coincides more 

with the MOLA over smooth terrain than does the DLR, specifically in being 

smoother; from a visual comparison, some of this additional texture in the DLR 

looks genuine, but in other places, it could be artefacts. It is therefore difficult 

to conclude whether DLR-VICAR matcher is failing over smooth terrains, or if it 

is performing better than KM09 and revealing texture at a smaller scale than 

what can be visible in the coarse MOLA DEM. An application of the Gotcha 

algorithm might further improve the KM09 results as an additional refinement 

step.  

Whether this product truly improves on the DLR product is therefore 

complicated to capture in this quality assessment. Gridding artefacts (or the 

lack or thereof) may impact analysis or co-registration outcomes, if higher-

resolution DTMs were to be co-registered to either mosaic, whilst the loss of 

some detail around features like craters, which Gotcha would not be expected 

to improve much more than the ZK matcher, does result in noticeable loss of 

quality. Where they may cause issues for co-registration is that these features 

are ~4-6 km in scale; if smoothing can be modelled in the first order as a 

smoothing filter with an arbitrary radius of half a pixel applied to each pixel, the 

resulting 45-m smoothed pixel will be 2.5 times coarser than the grid spacing 
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of the CTX DTMs processed in this chapter (18 m). This potential error can be 

quantified from the results in the next chapter, and will be discussed. 

Importantly, however, this HRSC DTM mosaic is continuous, and lacks 

significant artefacts or systematic error, particularly in profile or as elevation 

outliers. Smoothed features, such as craters, relative to DLR are still 

intrinsically much denser than MOLA, and in profile do not differ significantly 

from DLR, and so present an advantage to MOLA as a co-registration 

reference. This mosaic, now validated against not only MOLA but another 

HRSC DTM mosaic, should therefore be useful for co-registering CTX DTMs. 
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3.3. CTX DTMs of Gale Crater using the CASP-GO Pipeline  

3.3.1. Introduction 

The next highest-resolution DTMs in this multi-resolution cascade are those 

processed from CTX DTMs. Seven 18-m CTX DTMs were processed over Gale 

crater into a mosaic. I present the application of the CASP-GO suite (Tao et al. 

2018) to perform this stereo processing; co-registration to the HRSC DTM 

mosaic processed in this work; validation against the HRSC mosaic; qualitative 

and quantitative comparison with an existing mosaic comprising DTMs from the 

same stereo pairs, processed by Grindrod and Davis (2018) using SOCET SET 

(Kirk et al. 2009); and a discussion of this first stage of co-registration and the 

quality of the CASP-GO products. The processing of the corresponding 6-m 

ORIs is also described.  

CASP-GO is employed to produce these DTMs because of the advances it 

presents to ASP, in particular through Gotcha refinement, its streamlining of the 

ASP stereo processing algorithms, and its capability of batch-processing 

DTMs, which should save user input and processing time. The resulting DTMs 

will be used for co-registering HiRISE DTM and thus tying the HiRISE data to 

MOLA. One of these HiRISE DTMs will be visualised and analysed in PRo3D 

in Chapter 4:; the CTX DTMs will also serve as the core dataset of the basemap 

that is constructed at the end of this chapter to complement this and future 

analysis.  

I also discuss the drawbacks of batch-processing DTMs, including errors that 

have not been explored before with CASP-GO and/or generally with CTX 

DTMs, and some commentary about the difficulty in co-registering products that 

feature significant artefacts. This discussion continues in future sections as the 

co-registration cascade is completed. 
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3.3.2. Processing 

CASP-GO, like KM09, is highly automated. Image IDs are the primary inputs of 

the software, along with general processing parameters that can be adjusted. 

For the CASP-GO processing workflow, including lists of parameters and 

definitions, please see APPENDIX A. 

The image inputs for CASP-GO are the raw right and left images of the stereo 

pairs intended to be processed into DTMs. Because CTX is not a stereo 

camera, these stereo pairs have to be identified in advance, and CASP-GO 

then retrieves them automatically. Table 3-6 lists the image pair IDs for seven 

DTMs that cover Gale crater. These stereo pairs were retrieved from the 

Natural History Museum (NHM) (Grindrod and Davis 2018), whose CTX DTMs 

are discussed later in this section. These pairs and their corresponding DTMs 

are hereafter referred to as Sets 1-7 based on the naming scheme from the 

NHM, who labelled them from west to east across Gale crater. 
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Table 3-6. Gale crater CTX stereo image pairs (6 m/px) processed in CASP-

GO and by NHM with SOCET SET. 

Set Left Image Right Image 

1 
G04_019843_1746_ 

XI_05S223W 

G05_020265_1746_ 

XI_05S223W 

2 
P04_002675_1746_ 

XI_05S222W 

B21_017786_1746_ 

XN_05S222W 

3 
D02_027834_1748_ 

XN_05S222W 

G04_019698_1747_ 

XI_05S222W 

4 
P01_001422_1747_ 

XN_05S222W 

P18_008002_1748_ 

XN_05S222W 

5 
P04_002464_1746_ 

XI_05S221W 

B18_016731_1747_ 

XN_05S221W 

6 
D07_029891_1747_ 

XN_05S221W 

D13_032159_1745_ 

XN_05S221W 

7 
P03_002253_1746_ 

XN_05S221W 

G10_022190_1746_ 

XI_05S221W 

 

Initially, these DTMs were batch-processed using the default CASP-GO 

processing parameters (Table 3-7; further details on parameters can be found 

in APPENDIX A). One example, Set 4, is discussed here as representative of 

the seven resulting products. First, the stereo pairs were listed in the CASP-

GO input files; the input images of Set 4 are shown in Figure 3-14 and cover 

the centre of Gale crater. The programme was then executed. 
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Table 3-7. Parameters used in processing the CTX DTMs with CASP-GO. 

Parameter Value 

Grid spacing 18 m 

Alignment Affine epipolar 

Pre-processing filter Laplacian of Gaussian 

Pre-processing kernel size 1.4 

Max. eigenvalue 150 

ALSC kernel size 21 

Neighbour-growing Octave 

Co-kriging neighbour limit 21 

Co-kriging distance limit 500 

Correlation Absolute difference integer 

correlation 

Correlation threshold 2 

Correlation search window -125 to 125 m (X); -3 to 3 m (Y) 
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Figure 3-14. Raw (EDR), unprojected CTX images for stereo pair 

P01_001422_1747_XN_05S222W, P18_008002_1748_XN_05S222W. 
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Figure 3-15. Initial CASP-GO CTX DTM of Set 4 using the wide correlation 

search window (right). Colour denotes relief in metres above the areoid (Rossi 

2008). Data loss is visible around the northern part of the central mound, 

Mount Sharp (centre of the image strip), and the south crater rim (box; left). 

The resulting DTMs have several gaps, particularly stemming from the edges 

and at areas of elevation changes along the rim and central mound; these 

errors are shown on the Set 4 DTM in Figure 3-15. Other DTMs had missing 

data in up to a third of the spatial coverage. On this DTM, the Gale crater rim 

particularly features a “contouring” artefact, where the terrain is flattened and 
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almost platy in appearance due to a matching window that is too big (identified 

by the CASP-GO developers; European Space Agency, (2019)). In CASP-GO, 

the correlation search range defines a rectangle window that is applied in the 

matching process; if too big or small, the matching outcome may be too coarse 

or ineffective.  

The combination of these issues significantly affected the collective quality of 

these initial products, and was a concern for co-registering HiRISE or even 

future mapping or visualisation. More relevant processing parameters were 

therefore sought to generate more continuous DTMs for visualisation, with a 

focus on correlation search window.  

An approach based on the KM09 guide from Kim (2010) was followed. First, 

raw CTX images were map-projected in CASP-GO and displayed in the ISIS3 

program qview. The initial CTX DTMs were used as a reference to identify the 

elevation maxima and minima in the terrain; the pixel values at these points 

were recorded from the stereo images, and from these, maximum and minimum 

X and Y disparities were calculated. Elevation maxima and minima do not 

necessarily correlate to the greatest X/Y disparities between two stereo images, 

but can correlate well; several points around these extrema were searched and 

compared between the two images to refine this selection, but an exact match 

is not necessary. 

 

These ranges of disparities were used to define a new correlation search 

window for each stereo pair. These search windows are listed in Table 3-8. Set 

1 was initially processed alone, before Sets 2-7 were processed as a batch 

since they had similar disparity ranges. 

Table 3-8. Correlation search windows, in pixels, for processing in CASP-GO. 

Set Min X Min Y Max X Max Y 

1-7 (initial) -125 -3 125 3 

1 -20 -2 34 8 

2-7 -50 -10 50 15 
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The resulting seven CTX DTMs showed better detail and fewer gaps, although 

new gaps emerged. All seven products were converted to an areoid datum (DA) 

(Rossi 2008) using dem_geoid in the Ames Stereo Pipeline (ASP) for 

comparison with each other and the HRSC DTM mosaic processed in section 

3.2.2. A cursory comparison in QGIS (Figure 3-16) shows a significant elevation 

offset between the HRSC and these new CTX products. However, this offset is 

not uniform across all of the DTMs, and Sets 4–6 have good agreement with 

HRSC.  

Typically, conflict between spherical (r = 3396 km) vs. areoid (r = 3396.196 km) 

datum references for DTMs results in a ~200 m vertical shift; however, the 

elevation offset in these four DTMs appears after datum conversion. To fill 

these remaining gaps, correct for this elevation offset, and co-register the CTX 

to HRSC, the ASP functions pc_align, point2dem, and dem_mosaic were used. 

The first function aligns point clouds based on “source” (target) and “reference” 

DTMs; the second converts the resulting point clouds to a DTM; and the third 

blends the DTMs, including overlying products. Rather than aligning the CTX 

to the HRSC, a reversed pc_align (HRSC to CTX) was used, as ICP algorithms 

achieve better alignment with a reference product that is higher resolution than 

the source (Beyer, et al. 2021). 
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Figure 3-16. CTX sets 1-6 displayed over the HRSC mosaic, showing mixed 

agreement in elevation with HRSC. 

Table 3-9 lists the parameters used for all three functions. The point-to-plane 

alignment method uses an iterative closest point (ICP) algorithm based on 

libpointmatcher (Rothermel et al. 2012), which first matches points between two 

point clouds, estimates rotation and translation for each point, transforms the 

source points, and reiterates this process. The maximum displacement is 

based on the largest elevation disparity between the new CTX products and 

the HRSC DTM, which was found using QGIS following a similar method as 

described above for qview. The maximum number of reference points is based 

on the number of pixels in a single CTX DTM strip. The priority blending length 

was chosen after visualising interpolation artefacts using different values.  

First, each new CTX DTM was aligned to the HRSC DTM mosaic using 

pc_align; this co-registration necessarily corrects for the elevation disparity. 

Next, the new point clouds were converted to DTMs using point2dem, and 

mosaicked together using dem_mosaic. Finally, the HRSC mosaic was used to 
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fill the remaining gaps in this product with dem_mosaic. Figure 3-17 shows 

where this interpolation occurs in the CTX mosaic, accounting for ~3% of the 

total area of the mosaic. (Figure 3-41 shows an updated flowchart of CASP-GO 

processing to include these steps.) 

Table 3-9. Parameters used for the ASP functions for CTX-to-CTX and CTX-

to-HRSC. 

Function Parameter Value 

pc_align Max. displacement 2800 m 

Alignment method Point-to-plane 

Max. num. reference 

points 

25,000,000 

Max. num. source points 10,000 

Iterations 2,000 

point2dem DEM hole fill length 250 px 

dem_mosaic Priority blending length 350 px 

 

Bundle adjustment is a possible additional step to co-registration to improve the 

agreement between these adjacent DTMs. However, this capability was not 

included with ASP at the time of the work presented in this chapter (2017–

2019), and remains a priority for future work. 
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Figure 3-17. CTX DTM before interpolation (red), overlying the hill-shaded 

KM09 HRSC DTM mosaic processed in this chapter (hillshaded, grey). The 

HRSC DTM mosaic was used to fill the gaps in the CTX DTM mosaic (Figure 

3-20). These gaps constitute ~3% of the mosaic. 

3.3.3. Results 

The final DTM and ORI for Set 4 are shown in Figure 3-18, and Figure 3-19 

compares the original DTM with this new product using the closeup from Figure 

3-15. All of the gaps have been fixed from the above processing, although there 

is some erosion along the eastern edge of the DTM strip. There is also finer 

detail in the rim region, having benefited from the smaller correlation search 

window. 
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Figure 3-18. The new Set 4 18-m DTM (left, colourised and hillshaded) and 

6-m ORI (right). 
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Figure 3-19. A close-up comparison between the original Set 4 DTM (left, 

from Figure 3-15) and the second DTM (right). The new DTM shows better 

completion as well as finer-detailed texture. (N.B. the original Set 4 DTM uses 

a deprecated1 colourmap.) 

Figure 3-20 shows the final CTX DTM mosaic with HRSC interpolation; Figure 

3-21 shows the mosaic overlying the HRSC DTM mosaic processed in this 

work. The elevations of the CTX DTM mosaic generally show good visual 

agreement with the HRSC DTM mosaic, lacking any elevation steps along the 

mosaic where the DTMs transition. A comprehensive comparison is presented 

below. 

                                            

1 This chapter includes datasets to which the author no longer has access; these are marked 
as deprecated. 
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Figure 3-20. The final CTX DTM mosaic, with gaps interpolated from the 

HRSC DTM mosaic. Colour denotes relief in metres. 
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Figure 3-21. The CTX DTM mosaic (outlined in black) overlying the HRSC 

DTM mosaic. 

3.3.4. Comparison with NHM CTX DTMs using HRSC 

To validate these products as well as to assess CASP-GO performance, these 

CTX DTMs were compared with both the KM09 HRSC (hereafter HRSC) DTM 

mosaic from this work as well as the CTX DTMs produced by the NHM. This 

dataset from the NHM provides an opportunity to compare the performance of 

CASP-GO directly with outputs from SOCET SET for the same DTMs. The 

HRSC-MOLA co-registration of the NHM DTMs was not compared with the 
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above co-registration because the validation of CTX – HRSC co-registration 

has been discussed in other work (Tao et al. 2018). 

Therefore, the NHM CTX DTMs were co-registered to the HRSC DTM mosaic 

using pc_align using the same parameters listed in Table 3-9 and mosaicked 

(Figure 3-22), bringing these data into the same frame of reference as the 

DTMs produced in this work. All three mosaics were then cropped to a common 

area around Gale crater. 

 

Figure 3-22. NHM CTX DTM mosaic (20 m) generated using SOCET SET. 
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The function pc_align outputs errors in a log after each alignment. When 

aligning to a DTM, rather than a point cloud, this error represents the distance 

between the source point, projected onto the datum of the DTM (in this case, 

the HRSC DTM mosaic), and the reference DTM. For each CASP-GO and 

NHM CTX DTM, mean errors were calculated from the 75% smallest errors 

(75,000 points), as pc_align keeps 75% of the points when it discards outliers 

(Beyer et al. 2018). These mean errors before and after alignment of the CTX 

products to the HRSC DTM mosaic are listed in Table 3-10.  

Table 3-10. Mean errors before and after pc_align co-registration of the two 

CTX DTM datasets to the HRSC DTM mosaic (m). 

Set 
Mean beginning error (m) Mean end error (m) 

CTX (NHM) CTX (CASP-GO) CTX (NHM) CTX (CASP-GO) 

1 23.26 871.1 16.52 16.73 

2 24.09 179.0 19.95 19.17 

3 25.92 1785 16.07 15.73 

4 30.09 550.7 20.88 21.15 

5 29.27 620.1 26.68 19.10 

6 24.94 478.7 16.29 29.45 

7 24.09 1700 20.12 18.94 

 

The beginning errors for the NHM DTMs are 20-30 m—the same order of 

magnitude as the mean end errors—whereas the CASP-GO CTX products 

have hundreds of metres of misalignment relative to HRSC before pc_align, 

representing the prior co-registration of the NHM DTMs to MOLA. However, the 

mean end errors of the NHM and CASP-GO products are comparable, 

especially given the grid spacing of the DTMs (20 and 18 m, respectively). It is 

thus assumed that pc_align co-registration does not significantly contribute to 

the disparities in elevation between the datasets as analysed below. This ASP 

function is also therefore shown to be effective for misalignments up to ~1700 

metres. 
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Figure 3-24 compares the HRSC and CTX colourised, hillshaded mosaics in 

QGIS at smaller scales, with boxes, insets, and arrows corresponding to 

features of interest. These locations are mapped in Figure 3-23. Generally, the 

NHM products have greater texture and detail than the CASP-GO products, 

which are smoother especially on lower-elevation topography. However, each 

set of products has its own artefacts. Rows 1-3 show rock-sized “bumps” and 

“pits” in the CASP-GO DTMs, some of which are also present in the NHM 

products; these are likely processing artefacts. These features particularly 

appear in the CTX products in a few ~4-km diameter craters (rows 2, 3, 7, and 

8) as well as around the peak of Mount Sharp (row 9).  

The CASP-GO DTMs also still feature the contouring artefact in some areas 

(rows 7 and 11) that manifests as abrupt changes in elevation that should be 

smooth slopes. The increased-contrast insets in row 10 especially highlight a 

gridding artefact over Sakarya Vallis in the CASP-GO DTM, whilst row 11 

shows the same artefact in the NHM product; the squares of this grid are ~460 

m across, corresponding to the grid spacing of the MOLA DEM. These are 

described by the CASP-GO developers as “square artefacts” stemming from 

the areoid conversion (European Space Agency, 2019). The ASP command 

dem_geoid uses a reference MOLA DEM stored in the software package, but 

this file could be switched with an upscaled DEM, which would alleviate this 

artefact; this was not pursued. 

The CASP-GO DTMs lack small-scale artefacts present in the NHM DTMs 

along smoother terrain (rows 8-10). However, the contouring artefact in the 

channel shown in row 7 might particularly affect co-registration of HiRISE over 

this area, or any future 3D visualisation. This is discussed further in this section 

as well as in Chapter 4:. 

Row 8 shows that the CASP-GO DTM more closely resembles the HRSC DTM 

in the shape of this crater; however, this area is very close to where 

interpolation with HRSC was performed. The function dem_mosaic uses a 

weighted radius for blending, which was set at 350 px (N.B. this does not 

translate to a 6.3-km radius hole in the CTX, but a radius along which the data 

is progressively blended with the HRSC, stemming from the spots of missing 
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data shown in Figure 3-17). The crater morphology thus may represent the 

underlying HRSC data, rather than different matching performance over this 

crater between CASP-GO and SOCET SET. This would be of concern for any 

future HiRISE – CTX co-registration in this area, especially due to the lack of 

dense features around this crater on the Gale crater floor; this is an issue for 

future work. 

 

Figure 3-23. Locations of close-up views (1–11) in Figure 3-24. 
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 HRSC CTX (NHM) CTX (CASP-GO) Notes 

1 

   

Pits/bumps in north 
east corner in CASP-
GO product, smoother 

on crater floor; 
refinement on artefacts 

in HRSC 

2 

   

Pits/bumps in CASP-
GO product, along with 
smoother, less-dense 
texture along the rim 

3 

   

Pits/bumps in south 
east in CASP-GO 

product; artefacts in 
crater floors in the 

north east 
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4 

   

Smoother texture as 
well as contouring 

artefact in CASP-GO 
product 

5 

   

CTX striping in both 
CTX DTMs (arrows); 
smoother CASP-GO 

product; sharp features 
are comparable 

between the products 

6 

   

The CASP-GO DTM is 
once again smoother, 

although at this viewing 
scale it is less visible 
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7 

   

Pronounced contouring 
artefact in CASP-GO 

product along the 
channel; gridding 

visible in both CTX 
DTMs 

8 

   

Artefacts in and to the 
north west of the crater 
in CASP-GO product; 
some artefacts in the 

crater in the NHM 
product (almost 

grid/tile-shaped). The 
shape of the crater in 
the CASP-GO DTM 

more closely 
resembles HRSC. 

9 

   

Smoother CASP-GO 
product, including in 

the south west, which 
may feature artefacts in 

the NHM product; 
pits/bumps along Mt. 
Sharp in CASP-GO 
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10 

   

Artefacts west of the 
canyon in NHM 

product; comparable 
features, possibly more 
detail or errors within 

the canyon in the 
CASP-GO DTM (see 

insets); 1-2 bump 
artefacts in the CASP-

GO DTM 

11 

   

Pronounced contouring 
artefact and smoothing 

in CASP-GO DTM, 
combining in loss of 

detail; gridding artefact 
in NHM, noticeable 
along crater walls 

 

     
Figure 3-24. Close-up views of the HRSC and CTX DTMs for comparison. North is up. 
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3.3.4.1. Elevation comparison 

The CASP-GO and NHM CTX DTMs were then resampled to 30 m for 

comparison with the HRSC DTM mosaic. The elevation statistics for these 

products are listed in Table 3-11. The maximum elevations express a ~90 m 

range across the three products; the CASP-GO mosaic is slightly closer in 

maximum and mean elevation to the HRSC, and the NHM mosaic is closer in 

minimum elevation to the HRSC. 

Despite these differences, the two CTX DTM mosaics share an elevation range 

of ~6100 m, which is a greater range than the HRSC at 6028 m. The NHM 

mosaic is thus generally 40-50 m higher than the CASP-GO mosaic. Based on 

the errors derived in the previous section and how pc_align calculates error, 

this offset could be due to one dataset being above, or having positive errors 

relative to, the reference, and the other below, as only the magnitude and not 

the direction of the errors is provided in the error log (N.B. the sums of the NHM 

and CASP-GO end errors are ~40 m). 

Table 3-11. Elevation statistics for the HRSC, CTX, and NHM CTX DTMs (m), 

cropped and resampled to 30 m using bilinear interpolation. 

 HRSC CTX (NHM) CTX (CASP-GO) 

Min -4637 -4608 -4662 

Max 1391 1488 1443 

Mean -2212 -2215 -2214 

St. Dev. 1381 1382 1377 

 

Each CTX mosaic was then subtracted from the HRSC mosaic using GDAL 

raster subtraction. The MOLA global DEM was not used due to the significant 

difference in grid spacing (463:18). The resulting difference maps are shown in 

Figure 3-25. Both mosaics feature differences along the individual CTX strip 
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boundaries, which points to a need for further bundle adjustment of these DTMs 

before mosaicking.  

Both mosaics also most differ from the HRSC at the peak of Mount Sharp and 

some features in the eastern crater floor. These features include smooth terrain 

along the floor as well as a small ridge in the south east, possibly due to 

matching errors over less densely textured areas. Along the western rim are 

several areas that show the CASP-GO mosaic to be ~100 m higher in elevation 

(green) than the HRSC, where the NHM is shown to be ~100 m lower in 

elevation (orange). 
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Figure 3-25. Difference maps relative to the HRSC DTM: CASP-GO CTX 

(top) and NHM CTX (bottom). DTMs were resampled to 30 m for raster 

subtraction with GDAL. The difference maps are clipped at -150–150 m based 

on their corresponding histograms. 

Table 3-12 lists the difference statistics from these comparisons. Figure 3-26 

shows the histograms of the difference maps. The range of elevation 

differences for, the CASP-GO mosaic show stronger agreement with the HRSC 

than does the NHM mosaic, as well as a smoother, sharper histogram, with a 

FWHM of ~ ±10 m, compared with ~ ±30 m for the NHM product. The NHM 

histogram furthermore shows a slight bi-modality, centred at about -5 m. This 

peak is not visibly apparent from the difference map, as -5 m will appear at too 
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similar in colour as 0. However, the CTX difference maps have comparable 

means and standard deviations. 

Table 3-12. Elevation difference statistics between the NHM and CASP-GO 

HRSC DTMs and the HRSC DTM. 

Differences (m) CTX (NHM) CTX (CASP-GO) 

Min -519.0 -266.9 

Max 748.9 262.4 

Mean 1.800 1.279 

St. Dev. 33.52 31.14 
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Figure 3-26. Histograms of the difference maps in for the CASP-GO CTX 

DTM mosaic (top) and NHM CTX DTM mosaic (bottom). 

3.3.4.2. Regional comparison 

QGIS was again used to sample random points in different regions of Gale 

crater for further comparison of these products, following the methods in section 

3.2.3.2. Figure 3-27 shows the locations of the random points, which are based 

on those used to compare the HRSC products; these regions and their 

respective point counts and colours are listed in Table 3-13. The random points 

were then used to sample the HRSC mosaic and two resampled CTX mosaics 

to compare elevation values. 
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Figure 3-27. Random points generated to compare the CTX products. Colour 

denotes geographic subset of points (Table 3-13). The basemap is the 

hillshaded CASP-GO CTX DTM mosaic. 
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Table 3-13. Regions of random points in Gale crater for comparing the CTX 

products and the HRSC mosaic. 

Region Number of points 

Mount Sharp (blue) 80 

Channel 1 (purple) 40 

Central mound (yellow) 100 

North floor (red) 150 

South floor (green) 200 

Surrounds (pink) 250 

 

Basic statistics were extracted from these subsets of samples (Table 3-14). 

Overall, both sets of CTX DTMs are within 15 m of the HRSC. However, the 

NHM DTMs are closer to the HRSC for all regions except for the central mound. 

These differences approach the grid spacing of the DTMs and are less than the 

mean errors from pc_align; as with the bulk elevation statistics, the two CTX 

products are very closely in agreement, especially in context of grid spacings 

these errors. 

To look more closely at texture, as well as potential artefacts and/or systematic 

errors, topographic profiles were then extracted from the three products using 

QGIS (Figure 3-28). Some of these profiles are in the same locations as those 

in section 3.2.3.2. and follow the same numbering scheme. 
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Table 3-14. Average elevation values for each region for each product (m). 

Region 

HRSC CASP-GO CTX NHM CTX 

Avg. St. Dev. Avg. 
St. 

Dev. 
Avg. St. Dev. 

Mount Sharp -809.93 722 -823.39 723 -815.71 725 

Channel 1 -3306.8 706 -3319.1 686 -3312.8 693 

Central mound -2106.4 1029 -2110.8 1025 -2111.3 1030 

North floor -4098.7 359 -4092.7 349 -4096.1 349 

South floor -2560.6 761 -2551.4 767 -2556.7 768 

Surrounds -1349.8 1210 -1359.1 1208 -1353.7 1210 
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Figure 3-28. Locations of profiles A-G. 

Profile A – A’ (Figure 3-29) transects the ~4.5 km crater in the north west of 

Gale crater. Both of the CTX products show general topographic agreement 

with the HRSC. However, the CASP-GO DTM shows sharp peaks along the 

length of the profile that the NHM DTM lacks. These features likely represent 

the contouring artefacts observed in Figure 3-24. The floor of the crater also 

shows much more texture in the CASP-GO product; at first glance, this could 

appear as detail missing in the NHM and HRSC products, such as a central 

peak in the crater, but the artefacts around the rim would suggest that these 

are artefact noise. 
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Figure 3-29. Profile A – A’ across a crater in the north west of Gale crater: 

profile location (top); profile comparison (bottom) with HRSC in black, NHM 

CTX in green, and CASP-GO CTX in blue. 

The second profile, B – B’ (Figure 3-30), is a cross-section of Sakarya Vallis to 

the west of Mount Sharp. Both of the CTX DTMs show a deeper channel than 
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the HRSC. The CTX products show similar additional detail and are virtually 

identical. 

 

 

Figure 3-30. Profile B – B’ across Sakarya Vallis to the west of Mount Sharp: 

profile location (top); profile comparison (bottom) with HRSC in black, NHM 

CTX in green, and CASP-GO CTX in blue. 
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Figure 3-31. Profile C – C’ across the northern central mound of Gale crater: 

profile location (top); profile comparison (bottom) with HRSC in black, NHM 

CTX in green, and CASP-GO CTX in blue. 

The third profile, C – C’ (Figure 3-31) crosses the northern central mound 

across a nearly symmetrical slope. The CTX profiles both show strong 

agreement with the HRSC, with additional texture in similar places. However, 

the CTX products show a very slight planimetric shift from the HRSC of around 
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300-500 m, but only on the left side of the profile. This may be due to the greater 

density of features on this side of the central mound along where the profile is 

drawn. 

Figure 3-32 shows profiles D – D’ through a channel to the east of Mount Sharp. 

Both CTX DTMs have deeper profiles (~40 m) than the HRSC, with additional 

texture at the < 100-m scale along their lengths that is similar between them. 

The CASP-GO profile is slightly smoother than the NHM profile, especially 

along the slopes on either side of the channel. 
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Figure 3-32. Profile D – D’ across a channel to the east of Mount Sharp: 

profile location (top); profile comparison (bottom) with HRSC in black, NHM 

CTX in green, and CASP-GO CTX in blue. 
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Figure 3-33. Profile E – E’ across a crater in the north east floor of Gale 

crater: profile location (top); profile comparison (bottom) with HRSC in black, 

NHM CTX in green, and CASP-GO CTX in blue. This location in the CASP-

GO product includes interpolated data from the HRSC DTM mosaic. 

The fifth profile, E – E’, transects the ~4.5 km diameter crater in the north-

eastern floor of Gale crater (Figure 3-33). Both CTX profiles are again deeper 

than the HRSC. The NHM DTM shows a sharper rim as well as a possibly 
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central peak, which would be expected for a crater of its diameter. Some of this 

additional texture could be noise, but the morphology—including symmetric 

steps on the slopes—are characteristic of complex impact craters. However, 

this area is one of three where the CASP-GO mosaic was interpolated using 

the HRSC mosaic, and so smoother terrain in this profile is expected. 

Figure 3-34 F – F’ (Figure 3-34) transects a channel in the south west rim of 

Gale crater. Here, the CASP-GO CTX shows more texture but the contouring 

artefact is clear in the almost linear jumps in elevation, whereas the NHM profile 

is smoother.  

A final profile, G – G’, was extracted along the eastern edge of the CTX mosaics 

(Figure 3-35) to assess the transition with the HRSC mosaic. The CASP-GO 

product is similarly smooth as the HRSC, whilst the NHM product has additional 

texture. The slight extension of the NHM profile on the right is due to a wider 

extent of the mosaic.  
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Figure 3-34. Profile F – F’ across a channel in the south west rim of Gale 

crater: profile location (top); profile comparison (bottom) with HRSC in black, 

NHM CTX in green, and CASP-GO CTX in blue. 
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Figure 3-35. Profile G – G’ across edge of the CTX mosaics, overlying the 

HRSC mosaic, in the north east rim of Gale crater: profile location (top); 

profile comparison (bottom) with HRSC in black, NHM CTX in green, and 

CASP-GO CTX in blue. The profile was drawn from right to left.  

Overall, the NHM DTM mosaic exhibits greater and more reliable texture, 

having fewer visible artefacts in profile than the CASP-GO DTM mosaic, 

especially for deeper negative-relief topography such as channels and craters. 
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However, where artefacts are absent in the CASP-GO dataset, both are shown 

to have strong agreement with HRSC as well as each other. 

3.3.5. Orthorectification 

The original left image for each stereo pair was orthorectified to these new 

DTMs using the ASP function mapproject, the parameters for which are listed 

in Table 3-15. This function is a wrapper for ISIS3 functions that split the image 

into tiles for processing and then re-mosaic them. The inputs are the DTM and 

the .cub file of the image, which contains image and camera information, and 

which in this work is automatically produced in CASP-GO. (N.B. the name 

“mapproject” refers to how the function also applies the DTM projection to the 

image.) 

The newly-aligned CTX DTMs and the level-1 ISIS3 .CUB (cube) files produced 

by CASP-GO were used as inputs. Because the Sets 2 and 6 DTMs contained 

gaps, which would translate to the ORIs, the Sets 2 and 6 images were instead 

orthorectified to the two corresponding bounded regions of the final CTX DTM 

mosaic. ASP’s mapproject will orthorectify an image based on the original 

camera geometries (via the SPICE kernels), rather than in terms of the post-

pc_align DTM, which means the new ORI will be shifted with respect to the 

aligned DTM. This shift was corrected using the GDAL command 

gdal_translate to refine the X-Y agreement. A pair of matching points was 

identified between each ORI and the DTM, and the X-Y coordinates of the 

points and image extents were used to calculate a translation, which was fed 

to gdal_translate to shift the ORIs. (N.B. gdal_translate can only apply a 

uniform, planimetric translation, but does not impose any rotation.) 

The ORI were then contrast-adjusted using GDAL to minimise the appearance 

of the strip boundaries, and mosaicked using dem_mosaic. The final ORI 

mosaic is shown in Figure 3-36. (These steps are shown in the flowchart in 

Figure 3-41.) 
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Table 3-15. Parameters used for mapproject. 

Parameter Value 

Session type ISIS3 

Cube Level 1 

Resolution 6 m/pixel 

 

Whilst visibly lacking artefacts, except the gaps remaining along the edges 

(where DTM interpolation with HRSC was not performed), some issues in the 

mosaic were discovered, and so a further assessment is presented below. 
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Figure 3-36. CTX ORI mosaic of Gale crater (6 m/px). 

3.3.5.1. Assessment 

Upon smaller-scale investigation (at the ~20-m scale) of the CTX ORI mosaic 

together with the DTM mosaic, issues appear in both CTX datasets relative to 

the HRSC mosaic. Some features seem well-aligned to the HRSC DTM whilst 

others are misaligned, i.e., there is nonuniform misalignment. This issue is 

particularly evident in the ORI mosaics where features appear twice (Figure 
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3-37) and creates problems for the interpolation that was performed using the 

HRSC data to fill gaps in the data. There are also implications for future co-

registration of HiRISE to this CTX DTM product, which relies on these finer 

scales. Finally, these issues were not captured by the statistical or profile 

comparisons, which problematises their efficacy at small scales. A series of 

solutions were investigated. 

 

 

Figure 3-37. “Doubled” features in the CTX ORI mosaic pointing to underlying 

issues of alignment, where neighbouring CTX DTMs do not overlap well, 

visualised in QGIS: (a) shows “doubled” yardangs on the central mound; (b) 

shows two “doubled” craters and nearby features. 

a. 

b. 
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3.3.5.2. Secondary co-registration 

Because of the issues in the DTM, the problem was first investigated as a co-

registration issue. The CTX DTMs were re-registered to each other, rather than 

to the HRSC mosaic. Set 7, the easternmost CTX DTM, was assessed as 

having the best alignment with HRSC, and so the CTX DTMs were co-aligned 

to Set 7 in a sequence from east to west (Table 3-16). 

Table 3-16. Co-registration of CTX DTMs. 

CTX DTM pair Shorthand 
Reference for co-

registration 

P03_002253_1746_XN_05S221W 

G10_022190_1746_XI_05S221W 
7 HRSC 

D07_029891_1747_XN_05S221W 

D13_032159_1745_XN_05S221W 
6 7 

P04_002464_1746_XI_05S221W 

B18_016731_1747_XN_05S221W 
5 6 

P01_001422_1747_XN_05S222W 

P18_008002_1748_XN_05S222W 
4 5 

D02_027834_1748_XN_05S222W 

G04_019698_1747_XI_05S222W 
3 4 

P04_002675_1746_XI_05S222W 

B21_017786_1746_XN_05S222W 
2 3 

G04_019843_1746_XI_05S223W 

G05_020265_1746_XI_05S223W 
1 2 

 

At first, co-registration with pc_align was performed using similar methods as 

described in section 3.3.2; maximum displacements between the CTX DTMs 

were found using QGIS, and the co-registration was performed on the full strips. 

However, this resulted in no improved alignment between the CTX DTMs; 

“double” features were still visible. 
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Each CTX DTM to be co-registered was then cropped to the overlap region 

between itself and the reference DTM. This crop was then co-registered to the 

equivalent crop of the reference DTM. Once a good alignment was achieved—

experimenting with maximum displacement, number of reference points, and 

number of source points—the full strip was co-registered to the reference 

cropped DTM using these parameters. The alignment was again assessed and 

this process iteratively repeated until full-strip alignment was acceptable. 

The six newly co-registered, “co-aligned” DTMs were then mosaicked, along 

with Set 7. The result is shown in Figure 3-38. These results presented a new 

problem, however; this mosaic represents a Gale crater that is spatially smaller 

than the Gale crater in the original CTX mosaic, i.e., some X-Y scaling has 

occurred that amounts to a ~760 m margin between the west sides of these 

mosaics (Figure 3-39). The spatial extent of the original CTX mosaic is still 

assumed to be accurate, based on close visual comparison, and is used as a 

proxy for the size of Gale crater in the HRSC mosaic. 

The misalignment between adjacent CTX DTMs in the original mosaic may or 

may not be evidence of scale differences between the CTX and HRSC data. 

This issue could arise from several sources: first, a scale difference between 

the raw CTX images and the HRSC images; second, a scale difference 

between the original CTX DTMs produced in CASP-GO and the HRSC DTMs; 

or third, a scaling effect occurring in the dem_mosaic processing.  

The ASP function dem_mosaic has already been shown to successfully mosaic 

DTMs for HRSC, and did not produce an HRSC mosaic that was smaller than 

Gale crater in the MOLA DEM, and so the mosaicking process most likely did 

not cause this issue. Similarly, the non-mosaicked DTM strips from the original 

co-registration and this experiment still show their respective issues when 

displayed together in QGIS, i.e., the misalignment leading to “doubled” features 

and the narrower extent are both visible. Differences in scale between the raw 

CTX images and HRSC would have to manifest in the geocoding of these TIFFs 

(possibly from a SPICE error) for all seven stereo pairs, which is unlikely. 

Furthermore, the HRSC-co-registered CTX DTMs from Grindrod and Davis 
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(2018) do not show a scale difference relative to HRSC or poor overlap 

between adjacent DTMs, ruling out issues in the raw data or with dem_mosaic. 

A fourth possibility is that co-registration with pc_align in either instance (co-

registering CTX to HRSC, or co-registering the CTX DTMs to each other) 

caused this issue. However, the selected pc_align function does not apply any 

scaling. Again, the DTMs from Grindrod and Davis (2018), when aligned to 

HRSC and mosaicked, do not present any misalignment between adjacent CTX 

DTMs, which should rule out pc_align as the issue. 

   

Figure 3-38. CTX DTM mosaic using the “co-aligned” CTX DTMs. 
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Figure 3-39. CTX DTM mosaic using the “co-aligned” CTX strips (pink), 

overlying the original aligned CTX DTM mosaic (blue) and the HRSC DTM 

mosaic (grey), all hillshaded. The co-aligned DTM mosaic is narrower than 

the original mosaic by ~760 m, evidenced by the blue margin on the west 

side. Assuming similar scales between the original mosaic and the HRSC, 

Gale crater in the co-aligned mosaic is narrower than in the HRSC data.  

If these errors occurred specifically during CTX – CTX co-registration, this could 

be an issue of persisting imperfect alignment between DTMs; these slight 

differences would propagate across all seven DTMs and manifest as a scaled 

mosaic relative to HRSC, especially in the east-west direction (which is what is 

observed). This case presents the challenge of continuing to experiment with 

pc_align parameters on the very small DTM crops that represent the overlap 

between adjacent DTMs. The difference in texture between the datasets at 

these scales when quality varies between DTMs complicates subjective 

inference of what is a good-quality alignment. The error output from pc_align 
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additionally can become arbitrary with small wavelength topography where 

features approach the grid spacing of the DTMs. 

Finally, if these processing techniques or the raw data are not causing the 

problem, then CASP-GO may be causing the issue. If systematic, this scaling 

would occur with each DTM which would result in an overall mosaic that is 

scaled unevenly across the crater. The issue would likely not like in the stereo-

matching steps of CASP-GO, but possibly in the grid-point interpolation when 

producing the DTM. This needs further investigation.  

3.3.5.3. Co-registration experiments 

Additional co-registration experiments were executed to rectify the scale issue 

in the CTX mosaic. One of the newest features of pc_align in the 2019 ASP 

release is the similarity point-to-point option. This method is an ICP algorithm 

that solves for translation, rotation, and scale. The mosaic that resulted from 

the CTX – CTX co-registration was used as an input, assuming that the 

alignment between adjacent DTMs was good. The pc_align function was run 

several times to experiment with ideal parameters (maximum displacement, 

number of reference points, and number of source points) to align this mosaic 

to the HRSC DTM mosaic. It immediately showed improvement, with slightly 

wider mosaics over Gale crater and reduced errors, from ~105 m to ~21 m.  

A final run of pc_align included an initial transform from hillshading. This 

function first generates hillshaded DTMs for the source and reference point 

clouds in order to find interest point matches and calculate a transform. This 

initial guess is then provided to pc_align to improve matching between the point 

clouds. This was performed using the similarity (rather than rigid or translation) 

point-to-point ICP in order to include scale. Table 3-17 shows the parameters 

used in this processing, and Table 3-18 shows the mean beginning and end 

errors. The hillshading step improves the error by about 75%, although when 

considering scale, error calculation is complicated and does not necessarily 

relate to the relationship between the DTMs. 
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Table 3-17. Parameters used for the ASP functions for CTX-to-CTX and CTX-

to-HRSC. 

Function Parameter Value 

pc_align Max. displacement 700 m 

Alignment method 
Similarity point-to-

point 

Initial transform Hillshading, similarity 

Max. num. reference 

points 
130,000,000 

Max. num. source points 10,000,000 

Iterations 2,000 

point2dem DEM hole fill length 250 px 

  

Table 3-18. Mean errors before and after pc_align co-registration using 

similarity point-to-point and initial transform from hillshading. These errors are 

in metres, relative to the reference DTM. 

Stage Mean beginning error (m) Mean end error (m) 

Hillshading (similarity) 105 26 

pc_align 26 20 

 

The resulting CTX DTM mosaic is shown in Figure 3-40 in comparison with 

HRSC and the co-aligned CTX DTM mosaic. The margin between the CTX 

mosaics is now virtually not visible. However, other features seem stretched 

(this is not displayed as it is only visible when animating these layers in a GIS 

platform); the scale issue is nonuniform. Processing each CTX DTM using this 

method was therefore considered, but the best alignment for CTX  at the scale 

of ~50 km-wide CTX DTMs, will typically be with other CTX data, not HRSC, 

due to the amount of texture across this area. 
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This scale issue remains ongoing; the proposed solution for co-registering 

HiRISE is to focus on very targeted, cropped areas of the original co-registered 

CTX DTMs and refine their co-registration using adjacent CTX and HRSC 

iteratively. (As they have not been validated, and capturing error in these scaled 

products is complicated, the results of these scaling pc_align experiments are 

not used henceforth for co-registering HiRISE.) This approach is explored 

further below. 

 

Figure 3-40. The final “co-aligned” CTX DTM mosaic of Gale crater, overlying 

the original co-registered CTX DTM mosaic (blue) and the HRSC DTM (grey), 

all hillshaded. This mosaic is much more similar to the HRSC data than the 

co-aligned CTX DTM mosaic. 
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3.3.6. Discussion 

3.3.6.1. Processing 

The CASP-GO processing pipeline was successfully used to produce seven 

CTX DTMs of Gale crater, and the Ames Stereo Pipeline used to improve the 

quality of these products, co-register them with high fidelity to the HRSC 

mosaic, and orthorectify the CTX images for visualisation and geological 

analysis. Figure 3-41 shows an updated CASP-GO flowchart that includes 

these steps, with the understanding that “co-registration to HRSC” is a multi-

stage process depending on the dataset, per Figure 3-42. These CTX products 

are shown to be comparable to existing CTX datasets produced in SOCET 

SET.  

Whilst the default CASP-GO parameters work generally well for CTX, some 

adjustments improved results. In particular, refining the correlation search 

window can lead to finer detail and fewer gaps in the DTMs.  

The steps for finding the ideal correlation search range for CTX are 

recommended as follows:  

1. Apply mapproject to the raw CTX images. If an initial DTM has already 

been processed with CASP-GO for this pair, the map-projected images 

are casp-go-downloads/*.map.cub. 

2. Display the two image cubes side-by-side in the ISIS3 program qview.  

3. Find matching pixels between the two images and note down their X and 

Y values. Minimum and maximum X and Y disparities often occur at 

elevation minima and maxima; if CASP-GO has been initially run, use 

the DTM to find these elevation minima and maxima. However, it is 

recommended that a few regions are tested (10-15 points initially). 

4. Subtract the left image X and Y values from the right image X and Y 

values to obtain disparities.  

5. From the maximum and minimum X and Y disparities (± 5), adjust the 

correlation search range in stereo.* using the format xmin ymin xmax ymax. 
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Further bundle adjustment and other ASP functions may improve agreement 

with HRSC, especially at the edges of each CTX DTM strip. 

It remains an issue that gaps were still emerging in these results after more 

tailored correlation search ranges, particularly as the interpolated HRSC data 

in the CTX mosaic could complicate future analysis and HiRISE – CTX co-

registration over these problem areas. A useful experiment might be to split 

each CTX stereo image spatially in half or smaller, and processing each block 

as a separate DTM with a unique correlation search range. This would be time 

intensive and might require modification to CASP-GO.  

Another solution could be to develop software that could perform the above 

steps automatically, possibly integrated into CASP-GO: first, an initial stereo 

matching would be performed; then, the X and Y disparities would then be 

estimated using these course matching points; a search window would be 

selected, with the option to use the course matching points to define 

corresponding blocks in each stereo image to define multiple search windows; 

and the primary stereo matching and subsequent CASP-GO steps would be 

performed. This level of automation would benefit accessibility in this process, 

especially as the above process requires access to different software.  

Nonetheless, the CTX DTM with the interpolated HRSC DTM mosaic serves as 

a useful basemap for the next chapter, and is, like the HRSC dataset, 

continuous. Compared with the HRSC dataset, however, this mosaic has many, 

fine-scale artefacts that impact the topography; the issue of scale is ongoing 

and needs to be addressed. This is discussed further later in this chapter.  
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Figure 3-41. Additions to the CASP-GO process shown in section 2.3.4. 

3.3.6.2. Co-registration 

First, it remains unknown why some of the CTX DTMs processed in this chapter 

are misaligned by hundreds of metres after processing in CASP-GO. This may 

be due to issues in the SPICE kernels for these DTMs; SPICE kernels contain 

information about instrument and viewing geometries as well as external 

variables such as solar incidence. Errors in these SPICE kernels could 

propagate to incorrect elevation solutions during stereo processing (Beyer et 

al. 2021). This requires further investigation of the source SPICE data. 
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Co-registering several adjacent CTX DTMs to HRSC DTMs remains 

complicated, requiring experimentation with pc_align parameters and frequent, 

subjective assessment using mosaics. Generally, first-attempt co-registration 

using pc_align achieves good alignment for general morphology and detail, and 

this good alignment is reflected in the topographical profiles and other statistics, 

but requires refinement at smaller scales, particularly in the case of the scale 

issues that emerged in this work. Bundle adjustment might aid this refinement 

or alignment in the first instance but requires further experimentation; this is 

discussed further as a potential solution in section 3.6. These are important 

considerations for working with multi-resolution datasets, e.g., overlaying 

several, non-contiguous HiRISE scenes over a CTX mosaic to assess features 

that cross between the datasets, such as landforms or exposed layers.  

In the case of mapping campaigns over large areas, such as a rover landing 

ellipse, a workflow is proposed here for co-registration of CTX to HRSC in order 

to prepare for co-registration of HiRISE to CTX (Figure 3-42):  

1. The initially co-registered DTMs are cropped, co-registered again to 

HRSC.  

2. These datasets are assessed iteratively for both alignment and good 

overlap between the CTX data, using both the DTMs and ORI. 

3. The best-aligned DTMs are then used to co-register the other DTMs. 

4. ORIs are generated. 

5. The DTM mosaic is then assessed for any scale issues, at which point 

the mosaic can be re-registered, in full, using other techniques with 

pc_align, after which a new ORI needs to be processed.  

 

This workflow is employed in section 3.4.2. Some of these steps are optional, 

in the case of persistent poor alignment, scale differences between HRSC and 

CTX, or several CTX DTMs. It is also recommended that CASP-GO developers 

explore whether the grid and/or DTM interpolation is the possible source of the 

scaling issue described here.  

An additional stage in evaluating both the processing and co-registration is 3D 

visualisation, especially for geologists trying to assess how artefacts, overlap, 
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and alignment issues may impact their specific mapping or other analytical 

goals (cf. the application of this process to HiRISE in section 3.4.2.3). Multi-

resolution datasets would have to be mosaicked together before display. This 

“preview” of the data gives the user the benefit of determining and even 

quantifying issues in alignment and/or orthorectification. For example, if the 

user is studying the morphology of a feature in HRSC and CTX, and the CTX 

is non-contiguous over the feature, imperfect alignment may affect analysis or 

may not depending on the nature of the analysis (studying fine-scale features 

like exposed layers, vs. calculating the general volume of a feature).  

3.3.6.3. Conclusion 

All of these proposed approaches involve heavily subjective or involved 

processing. Whilst this is converse to the aim to demonstrate automated 

workflows to process these products, these issues reveal that human 

assessment, particularly based on the needs of the user (e.g., 

geomorphological analysis vs. future co-registration), is an important 

intervention in these workflows. Further refinement of these solutions is not 

sought in this work as the primary aim has been achieved—a CTX DTM mosaic 

that is co-registered to HRSC, validated against HRSC and an existing dataset. 

As suggested, working with targeted areas of the original CTX DTMs will be 

necessary for co-registering HiRISE DTMs, which is explored in the next 

section. 
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Figure 3-42. Flowchart of aligning CTX to HRSC ahead of regional, multi-

resolution mapping using HiRISE. ROI refers to region of interest. 
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3.4. HiRISE DTMs of Gale Crater 

3.4.1. Introduction 

The final step of the co-registration cascade is the image dataset of scientific 

interest: Sakarya Vallis, a putative canyon that cross-cuts the central mound 

and which features exposed layers easily visible in CTX and especially HiRISE 

imagery. Sakarya Vallis offers an opportunity to investigate about 1 km of 

stratigraphy of Gale crater, which possibly corresponds to upper Lower 

formation of Mount Sharp (Thomson et al. 2011). As the central mound lacks 

dense HiRISE coverage beyond the area of the MSL traverse, a HiRISE DTM 

of this feature is particularly opportune for building upon the stratigraphy 

derived from MSL and potentially anticipating the stratigraphy that the rover will 

encounter in 2021–2022 in the last planned stages of its mission.  

The location of the canyon is shown in Figure 3-43. CASP-GO was not used to 

generate a HiRISE DTM due to ongoing issues with the development of the 

pipeline for HiRISE at the time of processing (2020). Instead, two 1-m HiRISE 

DTMs covering Sakarya Vallis were first retrieved from Kite et al. (2016), who 

processed them with ASP, before the 2020 release of the same DTMs from the 

University of Arizona, who used SOCET SET, which were also retrieved and 

then prioritised. I present the process of co-registering these DTMs to each 

other and to the CTX DTMs produced in this work; validation of these DTMs to 

the CTX data; the assembly of ORI for the UA products; and an assessment of 

the nuances in the terrain data and ORI, with a focus on one of the two datasets. 

Correlation of this analysis with elsewhere on the central mound especially 

necessitates strong alignment to a common spatial reference. I especially focus 

on the specific difficulties in co-registering HiRISE DTMs, which was an 

involved process that required practice and an iterative approach, and which 

benefited from the serendipitous comparison between the U. Chicago data and 

the University of Arizona data and thus SOCET SET and ASP performance for 

HiRISE. Whilst quality issues remain, the co-registration cascade is 
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successfully completed with this dataset, which will be visualised in 3D. I also 

present recommendations for streamlining the overall process of co-registering 

HiRISE DTMs to CTX DTMs. 
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Figure 3-43. Location of Sakarya Vallis shown by a red box (top); HiRISE 

DTM footprints (black dotted lines, bottom). The basemap is the CTX mosaic 

overlying the HRSC mosaic. 

3.4.2. Initial Processing and Assessment 

The two 1-m DTMs initially used for this work were retrieved from a set of DTMs 

processed by the University of Chicago (Mayer and Kite 2016) before the 

release of a new DTM by University of Arizona in January 2020. These U. 

Chicago DTMs were originally processed using ASP, and include some gaps 

in the data where stereo matching seems to have failed. The IDs are listed in 

Table 3-19. Working with this dataset led to several important observations 

about the needs of co-registration and priorities for visualisation using PRo3D, 

and the products are used to co-register the final dataset in section 3.4.3, but 

these products are not displayed in this section. 
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Table 3-19. HiRISE DTM ID and acquisition dates. 

DTM HiRISE DTM Images Acquisition Dates 

1 
PSP_006855_1750_ 

PSP_007501_1750 

PSP_006855_1750 12 January 2008 

PSP_007501_1750 2 March 2008 

2 
ESP_012340_1750_ 

ESP_012195_1750 

ESP_012340_1750 15 March 2009 

ESP_012195_1750 3 March 2009 

3.4.2.1. Co-registration 

To achieve acceptable HiRISE co-registration in light of the issues discussed 

in section 3.3.6, the processing flowchart in Figure 3-42 was followed for the 

CTX data covering this region of interest. First, two CTX DTM crops were 

extracted from the previously-registered Sets 2 and 3 from section 3.3.2. These 

crops were first re-registered to HRSC; Set 2 showed better final alignment, so 

the crop of Set 3 was then co-registered to the crop of Set 2. The output from 

this processing was then used as input for pc_align again to refine the Set 3 

alignment with a smaller maximum displacement.  

Table 3-20 shows the parameters used for pc_align in all four cases.  

Table 3-21 displays the mean errors from this processing, all of which are 

subpixel; visual evaluation of alignment was considered a stronger indicator of 

the alignment accuracy than these errors. 

CTX ORIs were generated for these aligned crops using mapproject on the 

level-1 image cubes. These ORIs were then compared with the hillshaded CTX 

DTMs, and adjusted using gdal_translate. Finally, the DTMs and ORI were 

mosaicked.  

Because of these issues, as well as the 18:1 grid spacing difference between 

the HiRISE and CTX products, the DTMs were co-registered several times 

using different processing parameters. The HiRISE DTMs were first converted 

to an areoid datum and reprojected using dem_geoid and GDAL, respectively. 
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The ASP script pc_align was then used to co-register the DTMs to the local 

CTX DTM mosaic.  

Table 3-20. The pc_align parameters used for the CTX crops. 

Parameter Set 

2/HRSC 

Set 

3/HRSC 

Set 3/Set 2 

(a) 

Set 3/Set 2 

(b) 

Max. displacement 40 20 40 15 

Max. reference points 1,200,000 2,000,000 2,000,000 2,000,000 

Max. source points 100,000 

Iterations 2,000 

Highest accuracy No 

 

Table 3-21. Mean errors before and after pc_align co-registration of the CTX 

crops. 

Stage Mean beginning error (m) Mean end error (m) 

Set 2 to HRSC 10.3 8.5 

Set 3 to HRSC 5.8 4.4 

Set 3 to Set 2 (a) 15.8 3.6 

Set 3 to Set 2 (b) 3.5 3.5 

 

These intermediary products were visualised in QGIS, and the alignment for 

both HiRISE DTMs was assessed based on the perceived continuity of the cliff 

edges of Sakarya Vallis before adjusting the pc_align parameters. The mean 

end error was used as one component of this assessment, but at this order of 

magnitude of error—the same as the grid spacing of the DTM—the errors do 

not consistently correlate with agreement as determined visually, even at a 

broad, 100–500 m viewing scale in QGIS.  

Table 3-22 lists the final parameters for pc_align for this co-registration, and the 

final mean errors are listed in Table 3-23. DTM (1) was aligned to the part of 
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the CTX mosaic derived from Set 2, and DTM (2) was aligned to the part of the 

mosaic from Set 3; despite that Set 3 includes more artefacts than Set 2, these 

mean end errors are very similar. Although this is encouraging, the errors 

should only be first-order indicators of quality alignment. 

Table 3-22. pc_align parameters used for HiRISE-to-CTX co-registration. 

Parameter Value 

Max. displacement 500 

Alignment method Point-to-plane 

Max. num. reference 

points 
1,500,000 

Max. num. source points 1,000 

Iterations 2,000 

Highest accuracy Yes 

 

Table 3-23. Mean errors before and after pc_align co-registration. 

DTM Mean beginning error Mean end error 

1 18.03 5.779 

2 42.39 5.544 

 

These new point clouds were converted to DTMs using point2dem. To check 

their alignment, the HiRISE DTMs were hillshaded and compared with the local 

CTX ORI mosaic, and adjusted using GDAL. 

3.4.2.2. Orthorectification 

The 25-cm left images for these DTMs were then orthorectified to the co-

registered HiRISE DTMs. The U. Chicago data repository includes ORI, to 

which the ASP command mapproject could be applied. However, because the 
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DTMs were not processed in this work, original ORI were sought, especially to 

eliminate any external sources of error.  

First, the ASP script hiedr2mosaic.py was applied to the EDR files for these 

HiRISE observations, which were retrieved from the NASA Planetary Data 

System (PDS). This script is an ISIS3 wrapper that includes all pre-processing 

commands—conversion to ISIS3 format, calibration, stitching of channel files, 

attaching SPICE kernels, mosaicking, and normalisation—to produce an ISIS3 

cube file. This image cube was then used as input to mapproject, along with 

the co-registered DTM. The ORIs were then adjusted using GDAL to match the 

features in the DTMs. 

3.4.2.3. Initial visualisation 

As discussed before, visualisation could be a useful tool for evaluating DTM 

quality. Before the UA data release, HiRISE DTM (1) was intended for the 

analysis presented in Chapter 4:, but instead became a test case for using 

visualisation to assess HiRISE DTMs. The DTM was converted to the ordered 

point cloud (OPC) format using the Joanneum Research Institute PRoViP 

pipeline (Paar et al. 2018), which generated 16 OPC tiles. The OPCs were 

visualised in the PRo3D platform, and the texture of each was adjusted to 

increase contrast, decrease brightness, and blend these properties between 

adjacent tiles. 

Initial polyline and dip/strike annotations, which are discussed further in the next 

chapter, were performed on this scene in PRo3D. However, some initial 

problems with the dataset were encountered during annotation which 

complicated decision-making for discerning boundaries between relevant 

groups of layers. Figure 3-44 shows a multi-angle view of a misalignment along 

the western wall of the canyon. There is a clear edge to a set of beds 

represented by a few dark lines in the image; the accompanying change in 

slope in the DTM, though, is offset, appearing further down the slope than the 

image would suggest. This offset was measured at about 30 m in the horizontal 

plane. 
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Another example is shown in Figure 3-45, along an area of erosion downslope 

where the slope is unclear. These offsets would suggest misalignment between 

the HiRISE ORI and DTM. However, such offsets are not observed to such an 

extent on the east side of the canyon, pointing to spatially variable 

misalignment—either the DTM or the ORI is warped relative to the other. 

It should be noted, regardless of statistical assessment (e.g., with random 

points to compare with CTX and HRSC), these issues are only visible on the 

“observation scale” of PRo3D, i.e., when the dataset is visualised in 3D and 

examined closely at the scale of tens of metres from multiple angles, rather 

than in a 2D environment as with a GIS.  
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Figure 3-44. Offset between the greyimage and the terrain in PRo3D (top and 

middle). The dotted black line highlights the offset (middle), showing where 

the “ledge” manifests in the terrain as opposed to where it appears in the ORI 

in QGIS (bottom). 
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Figure 3-45. Possible image warp in the cliff face of the western side of the 

canyon in PRo3D (top), compared with the ORI in QGIS (bottom). 

3.4.3. Final Products 

During these experiments, the University of Arizona released an official DTM 

corresponding to HiRISE DTM (1) on the 8th of January, 2020. This product was 

prioritised over the U. Chicago products because it is a continuous dataset 

lacking gaps. This product was co-registered to CTX and compared with the U. 

Chicago dataset above before visualisation in PRo3D. 
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3.4.3.1. Co-registration 

The HiRISE DTM from the University of Arizona (Table 3-24), hereafter the 

HiRISE DTM or UA HiRISE DTM, was first converted to an areoid datum and 

reprojected using dem_geoid and GDAL, respectively. It was then co-

registered directly to the co-registered U. Chicago HiRISE DTM (1) to achieve 

the best possible alignment, as HiRISE-to-HiRISE alignment requires less 

processing than HiRISE-to-CTX by merit of having the same grid spacing with 

similar density of texture (Beyer et al. 2018). Table 3-25 lists the parameters 

for pc_align for this co-registration. 

Table 3-24. UA HiRISE DTM ID and acquisition dates. 

HiRISE DTM Images Acquisition Dates 

DTEEC_006855_1750_ 
007501_1750_A01 

PSP_006855_1750 12 January 2008 

PSP_007501_1750 2 March 2008 

 

Table 3-25. The pc_align parameters used for HiRISE-to-HiRISE co-

registration. 

Parameter Value 

Max. displacement 500 

Alignment method Point-to-plane 

Max. num. reference 

points 
1,500,000 

Max. num. source points 1,000 

Iterations 2,000 

Highest accuracy Yes 

 

The new point cloud was then converted to a DTM using point2dem. To check 

its alignment to the CTX DTM, the HiRISE DTM was hillshaded and compared 

with the local CTX ORI mosaic and displayed in QGIS. Based on these visual 
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comparisons, the DTM was adjusted using gdal_translate. The final product is 

shown in Figure 3-46. Figure 3-47 shows the final HiRISE DTM overlaying a 

crop of the local CTX DTM mosaic. 

Interestingly, the U. Chicago and the U. Arizona DTMs all lack a gridding 

artefact despite dem_geoid having been run. The artefact is further not 

identified by the HiRISE team (https://hirise.lpl.arizona.edu/dtm/about.php), 

who use SOCET SET to process these products, or other reports on HiRISE 

DTM artefacts, e.g., Hepburn et al. (2019), who use ASP. This could therefore 

be an issue intrinsic to CASP-GO. 

Table 3-26 represents the output of pc_align. Because there were multiple 

stages of co-registration, including HiRISE – HiRISE co-registration and 

translation with GDAL, registration errors between this product and the local 

CTX DTM have to be estimated. The mean beginning error is recorded directly 

from pc_align. To estimate the final error, pc_align was run on this co-registered 

UA HiRISE DTM and the local CTX mosaic, and then aborted at the stage of 

error output; this mean beginning error, as a record of disparity between these 

two DTMs, was taken to be the mean end error after the multiple stages of co-

registration.  

The error here is about two times that of the U. Chicago DTMs after co-

registration. This does not manifest visibly in QGIS, but the two DTMs are 

compared further below. 

 

 

https://hirise.lpl.arizona.edu/dtm/about.php
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Figure 3-46. UA HiRISE DTM of Sakarya Vallis in Gale crater. Colour 

denotes relief in metres. 
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Figure 3-47. UA HiRISE DTM overlaying the local CASP-GO CTX mosaic. 

Colour denotes relief in metres. 

Table 3-26. Mean errors before and after pc_align co-registration. These 

errors are in metres, relative to CTX. 

Mean beginning error Mean end error 

179.64 11.1 
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3.4.3.2. Comparison 

Difference maps using CTX were not processed because no original HiRISE 

DTM was processed in this work; it is understood that the UA and U. Chicago 

products have been validated independently. Further, given the difference in 

grid spacing between the HiRISE and CTX DTMs, the artefacts in the CTX are 

expected to be too significant for raster subtraction, but the data are sampled 

later. As a simple comparison before visualisation, the co-registered UA and U. 

Chicago HiRISE DTMs were instead subtracted from each other. This 

difference map should reveal any systematic or localised warping, 

misalignment, or rotation between the two products.  

The elevation statistics of the DTMs are listed in Table 3-27. These elevation 

statistics are mostly comparable within the grid spacing of the DTMs (1 m) and 

do not show any systematic difference between the two products. The minima 

of the DTMs differ by ~10 metres; the maxima and means differ by ~3 metres. 

The U. Chicago DTM thus spans a slightly wider range of elevations with a 

skew to deeper (more negative) topography.  

Table 3-27. Elevation statistics of the HiRISE DTMs (m). 

 U. Chicago UA 

Min -4026.4 -4016.8 

Max -2394.2 -2391.9 

Mean -3246.7 -3149.7 

St. Dev. 351.0 347.1 

 

The difference map was produced using raster subtraction with GDAL; the U. 

Chicago DTM was subtracted from the UA DTM. The resulting difference map 

is presented in Figure 3-48; and its elevation difference statistics are in Table 

3-28 and Figure 3-50 displays the histogram of the difference map.  
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Figure 3-48. Difference map showing the U. Chicago HiRISE DTM subtracted 

from the UA HiRISE DTM. 
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The differences, mostly between -5 and -10 metres, occur in stripes in the 

difference map. These stripes occur in two sets of bands: first, parallel bands 

~570 metres wide, with thin constituent stripes that are ~85 metres wide; and 

second, parallel bands that are ~85 metres wide (these stripes are shown in 

more detail in Figure 3-49). The difference is also distributed unevenly, with 

negative differences (i.e., the U. Chicago DTM being at higher elevation relative 

to the UA DTM) along the west side of the canyon, following the cliff face, and 

more irregularly on the eastern side, more correlating with the wide stripes. 

Elsewhere in the difference map shows mostly differences of 0-8 metres, where 

the UA DTM is similar to or at higher elevation than the U. Chicago DTM. 

 

Figure 3-49. Sets of striping artefacts in the difference map, highlighted with 

black lines. (1) shows the ~570-metre-wide bands with constituent bands of 

~85 m wide. (2) are also ~85 m wide. 

These differences could arise from several stages of HiRISE processing. First, 

the assembly of the left and right HiRISE images (before stereo matching) 

involves mosaicking (cf. HiRISE orthorectification) of 20 individual image strips. 

The wider striping, (1) in Figure 3-49, is a known artefact for HiRISE DTMs 
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because of this mosaicking (Hepburn et al. 2019); any offset or warp between 

two DTMs with similar artefacts will thus show these artefacts in a difference 

map of those two DTMs. 

The greatest differences (in both negative and positive values, up to ±10 m) 

occur along sharply sloped terrain—as opposed to the sides of the canyon, 

some of these areas mark the edges of high-topography terrain transitioning to 

smoother terrain, such as the edges of ridges, rather than smooth terrain 

breaking for low-topography. These differences could then represent stereo-

matching errors, or different stereo-matching solutions between the two 

products. They could also represent artefacts in one or both of the DTMs; for 

example, the CASP-GO- and SOCET-produced CTX DTMs showed artefacts 

(contouring and gridding, respectively) along crater rims and other topography, 

as a previous first-order comparison of ASP and SOCET DTMs.  

The elevation difference statistics (Table 3-28) furthermore do not suggest a 

systematic difference, with some outlying maximum differences around 100 m 

and secondary peaks in the histogram (Figure 3-50) around -1 and -2 m—

corresponding to orange in the difference map, mostly along the above-

discussed striping—although the distribution is generally centred on 0, with a 

slight shift towards 0.5 m. These differences thus point to localised warping 

where the different stereo methods have produced different solutions.  

Table 3-28. Elevation difference statistics between the U. Chicago and U. 

Arizona HiRISE DTMs (m). 

Differences (m) HiRISE 

Min -24.5 

Max 113.4 

Mean -0.03 

St. Dev. 1.4 
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These trends must be considered as sources of error in quantitative 

measurements of this dataset in Chapter 4, particularly in the band artefacts in 

the DTM. 

 

Figure 3-50. Histogram of the difference map in Figure 3-48 showing the U. 

Chicago HiRISE DTM subtracted from the UA HiRISE DTM. 

3.4.3.3. Validation of the DTM 

Unlike difference maps, the random points method is useful in that it samples 

single points in a controlled way, that is, across selected regions. This method 

was used with the HiRISE, CTX, and HRSC DTM products as a final 

comparison across the co-registration cascade (Figure 3-51). MOLA was not 

included in this comparison due to its coarseness at this scale. 
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These regions and their respective point counts and colours are listed in Table 

3-29. The HiRISE and CTX products were first resampled to 30 m for 

comparison. The random points were then used to sample the products to 

compare the elevation values. Basic statistics were then extracted from these 

subsets of samples (Table 3-30). Table 3-31 shows the calculated differences 

between the statistics of these three products. 

 

Figure 3-51. Random points generated to compare the HiRISE, CTX, and 

HRSC DTMs. Colour denotes subset of points (Table 3-29). The basemap is 

the hillshaded HiRISE DTM mosaic. 
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Table 3-29. Regions of random points in Gale crater for comparing the 

HiRISE, CTX, and HRSC DTMs. 

Region Number of points 

Outside (west) (red) 200 

West (yellow) 150 

East (green) 150 

Outside (east) (cyan) 250 

 

The HiRISE data are expected to be more comparable to (within ~20 m of) the 

CTX considering the factor 30 difference in grid spacing between the HiRISE 

and HRSC DTMs, with a range of differences of approximately ±1 to ±21 m. 

However, the “West” regional HiRISE values are closer to the HRSC than they 

are to CTX, within ~2 m of the HRSC and ~20 m of CTX. These values are 

along the cliff edges of the canyon; however, the CTX is closer to the HRSC in 

the “east” region, although all three are within ~6 m here. For the “outside” 

regions, the HiRISE is indeed closer to the CTX, within 5-9 metres as opposed 

to 10-15 metres compared to the HRSC. 

Based on the independent validation of the CTX and HRSC DTMs, and given 

the span of grid spacings across which these DTMs range, these results are 

encouraging. The co-registration cascade is considered to have succeeded in 

achieving a HiRISE DTM with strong agreement in elevations down to HRSC, 

and thus to MOLA. However, to assess its utility for analysis, visualisation with 

the ORI is necessary. 
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Table 3-30. Average elevation values for each region for each product (m). 

Region 
HRSC CTX HiRISE 

Avg. St. Dev. Avg. St. Dev. Avg. St. Dev. 

Outside west -2853.8 255.9 -2838.2 249.2 -2843.8 252.7 

West -3152.9 287.5 -3131.7 303.8 -3151.3 299.0 

East -3141.1 252.7 -3139.9 265.6 -3147.2 265.9 

Outside east -3234.8 245.2 -3210.9 252.5 -3219.9 244.1 
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Table 3-31. Elevation differences between HRSC, CTX, and HiRISE, 

calculated from Table 3-30.  

Region 
HRSC-CTX HRSC-HiRISE 

Avg. St. Dev. Avg. St. Dev. 

Outside west -15.6 6.7 -10 3.2 

West -21.2 -16.3 -1.6 -11.5 

East -1.2 -12.9 6.1 -13.2 

Outside east -23.9 -7.3 -14.9 1.1 

 

3.4.3.4. Orthorectification 

At first, the 25-cm left image from the University of Arizona was orthorectified 

to the co-registered UA HiRISE DTM using hiedr2mosaic.py and mapproject as 

per the process described in section 3.4.2. This ORI was then adjusted using 

GDAL to match the features in the DTMs. However, a few issues were 

observed: (1) as with the products from U. Chicago, there is some warp 

between the left ORI and the DTM; (2) there are differences between this new 

left ORI and the official left ORI that the University of Arizona published; (3) 

when a right ORI was processed to assess if there were errors in the left ORI, 

it differed from the left ORI processed in this work; (4) the right ORI also 

presented warp relative to the DTM; and (5) there are similar differences 

between the right ORI and the ORI from Arizona as with the left ORIs.  

These issues are reminiscent of the warping observed in PRo3D with the U. 

Chicago ORI and DTM. Before having this dataset converted into OPCs, a 

close comparison was undertaken in QGIS, with a focus on the areas that were 

noticeably warped in the U. Chicago 3D scene. All four ORIs, left and right ORIs 

from this work and UA, were overlaid as layers in QGIS, and with close-up 

views over these regions of interest, the layers were progressively turned off 
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and on. To capture these differences, these layers are shown here using red-

blue images with adjusted transparencies.2 

Figure 3-52 shows these differences in ORIs at one characteristic location, 

where the width of a feature along the bank of Sakarya Vallis is different in all 

four images. For the left ORI, the feature is wider in the UA ORI; in the right 

ORI, the feature is narrower in the UA ORI. The right ORI from this work is 

much wider than its left counterpart (~10 metres). The right and left UA ORIs 

are the same width (they appear only offset), although elsewhere in the scene 

they differ. 

Figure 3-53 shows another example of all four ORIs in comparison, focused on 

the western wall of the canyon and with two scalebars to highlight the relative 

warp between them. The UA right ORI is stretched in a north-south direction 

and shortened in an east-west direction relative to the right ORI from this work. 

The relationship between the left ORI is complicated; different features are 

rotated non-uniformly relative to each other. 

Figure 3-54 shows an area of particular interest for geological study. The UA 

left ORI is stretched in a north-south direction relative to the left ORI from this 

work. The right ORIs are very similar although rotated relative to each other. 

Overall, these differences, when compared to each other at different locations 

in the scene, suggest that the error or fundamental difference is not systematic, 

at least in simple X-Y translation terms. The left ORIs differ on the scale of ~10 

m, whilst the right ORIs differ from each other by ~5 m or less.  

 

 

                                            

2 Colour-blind readers are directed to the appearance of “doubled” features, as described in 
section 3.3.5. 
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Figure 3-52. (a) Left ORI from this work (red), left ORI from UA (blue); (b) 

right ORI from this work (red), right ORI from UA (blue). The scale is a 300-m 

marker to highlight the different width of this feature in all four images. 

a. 

b. 
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Figure 3-53. (a) Left ORI from this work (red), left ORI from UA (blue); (b) 

right ORI from this work (red); right ORI from UA (blue). The scalebars are 

400-m markers. 

a. 

b. 
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Figure 3-54. (a) Left ORI from this work (red), left UA ORI (blue); (b) right ORI 

from this work (red), right UA ORI (blue).  

a. 

b. 
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Figure 3-55 displays the left ORI from this work over the hillshaded UA HiRISE 

DTM in this area. Along with a 400-m scalebar, an overlaid grid highlights the 

differences between the data. The image does not show warp over most of this 

image, except for the lower left, where there is a mis-match of tens of metres. 

 

Figure 3-55. The left ORI from this work (red) overlying the hillshaded DTM 

(blue) with the white box highlighting a particular shift. The scalebar is a 400-

m marker. A grid is overlaid in 300 x 300 px intervals. 

Ideally, right and left ORI from a single source should be identical. However, 

the issue of right and left images shifted relative to each other is a known issue 

with mapproject due to errors in camera positions (Beyer et al. 2021). This issue 
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is usually addressed by running bundle adjustment before stereo matching in 

ASP. As orthorectification in this work was performed after stereo processing 

using CASP-GO, rather than as a part of a series of steps using ASP, the 

camera errors must be addressed differently. As discussed, mapproject will 

orthorectify the image based on the original camera geometries (via the SPICE 

kernels), which means the new ORI will be shifted with respect to the aligned 

DTM. Further, if pc_align applies any rotation to the DTM, the simple translation 

with gdal_translate cannot replicate any rotation. To update camera positions 

in the SPICE kernels after pc_align is run, bundle adjustment must be run again 

on the DTM and then the image orthorectified. However, as mentioned, this 

function was not yet available in ASP.  

Because it shows a better agreement with the UA ORI, and generally a closer 

agreement with the DTM, the right ORI was used as-is for visualisation. The 

potential impact on the analysis in Chapter 4 will be discussed. 

3.4.4. Discussion 

A HiRISE DTM covering the west side of Sakarya Vallis was successfully co-

registered to the CTX DTMs produced in this work, and thus tied down to 

MOLA, and a corresponding ORI produced. The dataset is continuous and 

some artefacts categorised, both in the DTM and ORI, which will have to be 

integrated as possible error in the measurements performed in the next 

chapter. I discuss some of the key findings and remaining concerns with this 

dataset below. 

3.4.4.1. Co-registration 

The co-registration cascade has been shown to succeed in bringing a HiRISE 

DTM into statistical agreement with HRSC and thus MOLA, with elevation 

differences between the DTMs of smaller than an HRSC pixel. The process of 

registering HiRISE to CTX remains complicated but benefits from using 



 

` 194 

cropped CTX DTMs that are finely re-registered to HRSC before HiRISE-CTX 

co-registration.  

Using GDAL to adjust DTM alignments based on the ORI also proved 

important, as comparing just DTMs to assess alignment can be difficult for the 

eyes to perceive. Overall, the process of co-registration of HiRISE to CTX, at 

least with this dataset, cannot be fully automated and relies on subjective 

assessment and experimentation with mapping tools and processing software. 

All of these different alignments and translations, however, make it difficult to 

fully quantify alignment error, or, possibly, to streamline this process for other 

datasets.  

3.4.4.2. Utility for visualisation 

Although exact agreement between the ORI and DTM remains problematic and 

requires bundle adjustment in future work, the DTM and ORI dataset are still 

promising for geological analysis in PRo3D. The distortions between the right 

ORI and the DTM are, generally, around or less than 5 metres, which is an 

improvement on the ~30 m observed in PRo3D with the U. Chicago dataset, 

but as mentioned some of the three-dimensional warping may not be easily 

observed in 2D. The final assessment of the ORI-DTM agreement is therefore 

left to 3D visualisation, as initial visualisation of the U. Chicago dataset revealed 

novel issues that were not visible from mapping software. 

Ultimately, because the ORI-DTM agreement cannot be improved at this time, 

these issues have to be quantified in error estimations during analysis. The 

judgment of package boundaries will be most impacted, where the visual 

locations of these boundaries will differ somewhat from the underlying DTM 

“ground truth.” Error calculation will be based on the above measurements and 

additional measurements of warping in PRo3D, and applied to layer package 

thickness and dip/strike values. The average elevation differences between 

HiRISE and HRSC also have to be considered as errors in the stratigraphic 

logs assembled from these measurements, which indicate elevation. 
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The criteria for visualisation are few: the HiRISE DTM and ORI lack data gaps 

and generally agree down to MOLA. Their quality is considered to outweigh the 

observed errors, especially as many artefacts and errors are endemic to 

processing software and datasets, and therefore fit for extracting 

measurements of the exposed layers across this entire scene. Whether 

warping exceeds the scale of the measured layer packages will be discussed, 

but regardless, some quantitative data and qualitative observations can be 

made of this HiRISE scene in 3D. 
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3.5. Assembly of the Basemap of North West Gale Crater, 
Mars 

3.5.1. Introduction 

The HiRISE DTM and ORI over Sakarya Vallis are intended for analysis in 

PRo3D, which is presented in Chapter 4:. The expected outputs of this work 

are annotations distinguishing putative bedding packages, as well as dip and 

strike measurements, towards constructing stratigraphic logs of these virtual 

outcrops. The locations of these annotations, as well as the interpretations 

stemming from them, need to be visualised in a broader map environment 

where they can be extrapolated as geologic units, be contextualised by regional 

geology, be compared with results from other work, and enable further geologic 

interpretations in future. 

The CTX ORI mosaic processed in section 3.3 could serve as this basemap. 

However, the inclusion of other, higher resolution or different image products 

could benefit this work and future analysis in several ways. First, the inclusion 

of multispectral CRISM products, as discussed in section C.1, and HiRISE RGB 

can complement analysis of the virtual outcrops in PRo3D by helping to discern 

geologic packages. Second, morpho-stratigraphic analysis of other parts of the 

central mound have been performed by other workers, particularly locally 

around the MSL traverse thus far based on both HiRISE and rover imagery 

(Fraeman et al. 2016), as well as broader-scale unit maps of the north west 

central mound in preparation of the rover landing (e.g., Thomson et al. (2011)). 

The resulting unit maps can be compared with the analysis of this work to 

correlate units derived from the rover team, especially to complement 

comparisons between stratigraphic logs from this work and those derived from 

rover observations. Finally, co-registration is useful when working with 

numerous image products or for setting up reproducible work; establishing a 

co-registered basemap that includes higher-resolution and/or multispectral 

data can enable future work in mapping the north west central mound in detail. 
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Therefore, a multi-resolution basemap of the north west of the central mound 

of Gale crater has been constructed in QGIS using the CTX and HiRISE DTM 

and ORI products processed in this chapter. In addition to these products, 

included are the RGB CRISM images from APPENDIX C; an RGB HiRISE strip 

covering part of Sakarya Vallis; HiRISE ORI, including some RGB data, 

covering the traverse of MSL thus far; several further HiRISE ORI covering the 

central mound; two MOC images over Sakarya Vallis; and the ORI mosaic of 

the aforementioned USGS basemap produced for the MSL landing site. The 

sources, georeferencing and/or alignment, and a discussion of these different 

products are presented in this chapter. Further, three sets of shapefiles have 

been generated for this basemap to enable comparison with existing geologic 

maps and to contextualise the results of Chapter 4:. 

3.5.2. Data Products 

All of the products in the basemap are listed in Table 3-32, including their 

sources. Each of these products, and the methods for processing them for 

inclusion in the basemap, are discussed below. The core HiRISE image that is 

visualised in PRo3D in Chapter 4 (PSP_007501_1750_RED) is hereafter called 

“Sakarya HiRISE.” The processing of the CRISM products is described in 

APPENDIX C. 
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Table 3-32. Image products constituting the basemap of the north west of the central mound in Gale crater. “Source” refers to from 

where the product was retrieved prior to alignment/co-registration for those products with corresponding DTMs. The “core” dataset 

covering Sakarya Vallis is indicated with asterisks. The shorthand names for these datasets are also included. 

Instrument Product Type Product ID 
Resolution 

(m/px) 

Source (before 

alignment/registration) 
Description/coverage 

CTX 
DTM* 

Sets 2 and 3 (Table 3-6) 
6 

This work 

Aligned mosaic from section 

3.4.2.1; north west central 

mound 
ORI* 18 

HiRISE 

DTM* 
DTEEC_006855_1750 

_007501_1750_A01 
1 UA 

“Sakarya Vallis” (section 3.4) 
ORI* PSP_007501_1750_RED 0.25 This work 

ORI ESP_012340_1750_RED 0.25 This work 

RGB ORI ESP_061750_1750_RGB 0.50 UA 
“Sakarya RGB”: Colour 

coverage in Sakarya Vallis 

ORI 
PSP_009149_1750_RED 

ESP_018854_1755_RED 
0.25 

This work (not 

described) 
“Traverse” 

RGB ORI 

ESP_069031_1750_MRGB 

PSP_009149_1750_MRGB 

ESP_029034_1750_MRGB 

0.50 UA “Gediz Vallis” (traverse) 
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ORI 

ESP_019698_1750_RED 

ESP_012551_1750_RED 

ESP_024300_1755_RED 

PSP_001488_1750_RED 

PSP_009650_1755_RED 

0.25 
UA 

“Central mound”: Filler 

coverage between Sakarya 

and traverse on central 

mound, based on USGS 

basemap 
ESP_012907_1745_RED Mayer and Kite (2016) 

MOC-NA ORI 

S2200845 2.2 

PDS 

Bridging 

ESP_012340_1750_RED, 

central mound 

R1100953 6.75 

Bridging 

ESP_012340_1750_RED, 

PSP_007501_1750_RED 

CRISM RGB ORI FRT000095ee 18 PDS 

Hydrated sulphates; hydrated 

mineralogy; mafics; hydrated 

sulphates (2) 

HRSC-CTX-

HiRISE 
ORI 

MSL Gale Merged Orthophoto 

Mosaic 25cm v3 
0.25 USGS 

Blended product; the HRSC 

and CTX are resampled to the 

resolution of HiRISE 
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3.5.3. Methods 

The specific methods for adding these products to the basemap are discussed here. 

Where not explicitly described, “georeferencing” refers to the use of the tool 

Georeference to warp and project a source image to the basemap; “alignment” is a 

general term, which generally refers to the fine-tuned alignment performed using 

gdal_translate. 

3.5.3.1. Core products 

The core products of this basemap are the HiRISE DTM and ORI over Sakarya Vallis 

processed in this work in section 3.4, and the CTX DTM and ORI mosaic that was 

used to co-register the HiRISE in section 3.4.2.1. Included, also, is the ORI 

ESP_012340_1750_RED, which has coverage over the east of Sakarya Vallis, and 

was processed in this work but for the HiRISE DTM (2) from Mayer and Kite (2016) 

(section 3.4). The DTMs are secondary products in this basemap and are not 

visualised in the results. 

3.5.3.2. USGS basemap 

As previously discussed, the MSL team processed an ORI basemap for rover traverse 

planning purposes. The product combines HRSC, CTX, and HiRISE ORI produced 

from stereo processing DTMs from images from each of these instruments, with all 

products downscaled to 25 cm/px. The ORIs are described as having been “manually 

georeferenced” from lowest to highest resolution (i.e., CTX was georeferenced to 

HRSC, and then HiRISE was georeferenced to CTX or georeferenced HiRISE), similar 

to the co-registration cascade described in this chapter. The images were also 

contrast- and brightness-adjusted to form a relatively uniform basemap. This mosaic 

was retrieved from the USGS data archive as the underlying map beneath and to fill 

the gaps between the additional products detailed below; this product and the list of 

source HiRISE images used in this basemap can be found there. 
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Because this basemap seems to include some of the same CTX imagery as that 

processed into ORI in this work, alignment to the core products was based on these 

areas. The GDAL function gdal_translate was used to shift the full map laterally to 

match the coverage of Sakarya Vallis. The X-translation amounted to 547.6 m and -

20.8 m Y-translation. Finer referencing of this product to the CTX ORI using the 

Georeference feature in QGIS was not pursued because of the file size (> 50 GB). 

3.5.3.3. Additional HiRISE 

Several additional HiRISE ORI were added to this basemap. First, in preparation for 

the work in section 3.4, pc_align was originally practiced on two HiRISE DTMs over 

the MSL traverse, whilst also working out how to best orthorectify the respective 

images. The source DTMs were originally processed in Tao et al. (2018). The products 

had been co-registered differently from the core HiRISE DTMs over Sakarya Vallis: 

pc_align and GDAL command gdal_translate were applied using the full CTX mosaic 

from section 3.3, rather than the local CTX mosaic, using similar but less developed 

methods described in section 3.4.2. The two corresponding ORIs, 

PSP_009149_1750_RED and ESP_018854_1755_RED, were produced using the 

ASP command mapproject from the image cubes produced in Tao et al. (2018). 

These products were not a focus in this work because, first, the scientific interest of 

this thesis centred on Sakarya Vallis, and second, pc_align was only coarsely applied. 

However, because these ORIs had been produced, they were added to this basemap 

with the potential that this higher-resolution coverage over this area could be used to 

later correlate the units extracted from Sakarya Vallis to the MSL team’s mapped units. 

The two will be referred to as the traverse HiRISE products. 

Next, six HiRISE images were retrieved from the University of Arizona’s HiRISE 

website. They were downloaded as JP2s, which were then projected as GeoTIFFs 

using GDAL. They each underwent initial alignment to the core dataset (and, where 

necessary, each other) using QGIS and the GDAL command gdal_translate following 

the process outlined in section 3.3.5. Some of these images still had poor alignment 

after lateral translation, and the QGIS function Georeference was applied based on 

methods discussed in section C.1.2.3, although to a lesser extent (i.e., with fewer 
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control points) due to file size, resolution, and lower relative importance as coverage 

adjacent to the core products. 

The first of these was HiRISE RGB image ESP_061750_1750_RGB. The image was 

converted to a GeoTIFF and then partially cropped to the RGB strip in the centre; 

some of the greyscale coverage has been left to aid alignment. Georeference was 

then used to reference this image to the underlying HiRISE and CTX ORI.  

Next, five additional HiRISE images were retrieved based on the images used in the 

USGS basemap. The images adjacent to Sakarya Vallis were then referenced to the 

core ORI using Georeference; the images adjacent to the traverse or than aligned to 

those HiRISE images where there was overlap and to the CTX ORI mosaic when there 

was none. Finally, the images in between these two sets were aligned to the aligned 

products, where overlapping, and the CTX ORI. Some of this process was iterative, 

but generally less intensive than aligning the CRISM images because of lower priority 

(APPENDIX C). It was noted that once aligned these images featured some relative 

warp compared with the USGS basemap. This is discussed further later. 

Next, ESP_012907_1745_RED was added to the basemap. This image was originally 

retrieved, along with a corresponding DTM, from Mayer and Kite (2016), along with 

their DTMs of Sakarya Vallis (cf. section 3.4). The image covers a feature to the south 

west of Sakarya Vallis and also exposes layers, named in Hughes (2021) as 

“Trifurcating Canyon.” This product was a lower priority than Sakarya Vallis, and thus 

not pursued as a scientific target, but the DTM and ORI were initially co-registered 

and aligned with the core CTX data using pc_align and gdal_translate, respectively, 

and the ORI was therefore conveniently available to be added to the basemap. 

Georeference was used to reference it more closely to the core CTX ORI mosaic, but 

provided little improvement, and so the original gdal_translate version is used. The 

latter six of these HiRISE products are hereafter referred to as the central mound 

HiRISE products. 

Finally, an additional HiRISE RGB mosaic was added to the basemap, although it was 

not processed in this work. The mosaic was developed for outreach purposes 

coinciding with HiRISE capturing a view of MSL on Mont Mercou, a 7-m butte at the 

mouth of Gediz Vallis on sols 3049–3088 in May 2021. Along with a DTM, this scene 
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was visualised in the open-source NASA DERT 3D visualisation platform to construct 

“flyover” videos. However, because this product had conveniently been processed, 

and offered RGB coverage over the later stage of the rover traverse, it was included 

in the basemap. The product also enables first-order comparisons with the colour 

coverage in Sakarya Vallis, as well as other analysis for future work. 

The mosaic is constructed from three RGB HiRISE images which have been cropped 

to just the colour strips, the first of which was referenced to PSP_009149_1750_RED 

using Georeference, the adjacent strip to the first, and the third strip to the second. 

This processing resulted in a few missing pixels in each of the images. They were then 

merged using the QGIS Merge tool to produce a mosaic at 50 cm/px. The resulting 

mosaic is referred to as the Gediz Vallis HiRISE product, after the channel-like feature 

central to the image. 

3.5.3.4. MOC-NA 

Two MOC-NA images were additionally retrieved from the PDS website. Because 

there is no adjacent coverage of Sakarya Vallis that bridges the two HiRISE images, 

PSP_007501_1750_RED and ESP_012340_1750_RED, that cover Sakarya Vallis, a 

MOC-NA image was sought to serve as this bridge. The second MOC-NA image 

covers the north west edge of Sakarya Vallis and overlaps with the “filler” HiRISE data 

described above. These two images were downloaded as PNGs and then referenced 

to the HiRISE and CTX core products, and in the case of the second image, some of 

the “filler” HiRISE imagery, using Georeference. The first MOC-NA image suffers from 

data loss from Georeference, likely due to the very warped source image. 

3.5.4. Shapefiles 

Three sets of shapefiles were added to the basemap: two geologic unit maps of the 

central mound; the traverse map of MSL; and a mapped “marker bed.” These shapes 

are derived from existing maps of Gale crater; these data will be useful for comparing 

and contextualising the results from the virtual outcrop analysis of Sakarya Vallis in 

Chapter 4:. 
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3.5.4.1. Units 

The 3D analysis of Sakarya Vallis will produce stratigraphic logs that can be compared 

with those developed by the MSL team from rover observations. They will further be 

extrapolated as a localised geologic unit map using this basemap, which can then be 

compared with existing maps of Gale crater to build a greater understanding of the 

geologic history of this region in future. This two-pronged approach will enable 

constraining the lateral extents of bedding (from the 2D maps) as well as lateral 

variations in bedding (from the 3D stratigraphy). 

Two detailed geologic maps of the central mound in Gale crater exist in the literature. 

Thomson et al. (2011) use a CTX-HiRISE mosaic to map major units of the central 

mound, split between the Lower mound (Lm) formation and the Upper mound (Um) 

formation. Fraeman et al. (2016) focus on the MSL traverse, and have mapped the 

units along and ahead of the traverse on HiRISE imagery partly up the lower north 

west slope of Mount Sharp. The units are comprised of the Murray formation, the 

Stimson formation, the Vera Rubin Ridge, and adjacent units including the layered 

sulphates further up slope. The stratigraphy from both of these works has since been 

updated from rover data, as discussed in section 2.1, but these remain the most recent 

geologic maps of these respective areas to date. 

These units were re-digitised (i.e., freehand based on visual comparison with the 

figures in these two papers) in QGIS using polygon shapefiles where the maps overlap 

with the basemap developed in this chapter. They were then adjusted based on the 

underlying HiRISE image where any obvious mismatch was observed, for example, 

where very visible unit boundaries did not align with the imagery. This is discussed 

further in section 3.6. 

3.5.4.2. Marker bed 

Fraeman et al. (2016) also include a “marker bed,” which was first described and 

mapped in Milliken et al. (2010). The bed is darker-toned and smooth, distinguished 

thus from the brighter sulphate beds above it, and may represent a temporal 

environmental change in the stratigraphy of Gale crater. The bed is visible in HiRISE 
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and CTX imagery in the north east of the central mound and Milliken et al. (2010) and 

Weitz et al. (2021) map this bed as possibly visible in Sakarya Vallis.  

The bed is useful for correlating units across the stratigraphy of the central mound. A 

polyline shapefile was used to trace this bed using these works as reference, and was 

then extended somewhat into adjacent HiRISE coverage in the basemap up to the 

base of Sakarya Vallis. 

3.5.4.3. Traverse 

The MSL traverse is relevant to the basemap for future work as the rover contributes 

insights into the stratigraphy of Mount Sharp in the near future, as the rover 

approaches the marker bed (which potentially correlates with beds exposed in 

Sakarya Vallis) in 2021 (Rapin, Dromart, Rubin, Le Deit, et al. 2021). The traverse 

path also provides a useful, accessible, and relatable context for the scale of the 

central mound and distance of Sakarya Vallis when sharing results from this work with 

the public. Further, Caravaca et al. (2021) have recently begun plotting the outcrops 

that are visible in the distance in ChemCam images to maps, enabling future work 

correlating these rover-derived units to the results from this thesis.  

A JSON file representing the rover traverse through sol 3222 (the 29th of August, 2021) 

was retrieved from the MSL mission website hosted by NASA 

(https://mars.nasa.gov/msl/mission/where-is-the-rover/). The basemap used on the 

website is assumed to be the USGS basemap overlaid by RGB HiRISE imagery. The 

file comprises rover waypoints as individual polygons, each with an optionally visible 

label for the corresponding sol number.  

In comparing the locations of the waypoints that constitute the traverse with local 

features on the website, there was an obvious discrepancy between the local HiRISE 

in the NASA basemap and the basemap in this work. The entire shapefile was thus 

translated using the shapefile editor in QGIS based on visual comparison with the 

NASA basemap (N.B. a computational vector translation could have been applied 

based on the translation applied to the USGS basemap, but as a much smaller file, 

this was a faster solution that could then be fine-tuned visually).  

https://mars.nasa.gov/msl/mission/where-is-the-rover/
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A small, nonuniform lateral discrepancy remains between the relative locations of the 

traverse to the terrain between this work and the NASA map. This is manifested as a 

~3 m difference at the waypoint at sol 3222. This issue will also be further discussed 

in section 3.6. 

3.5.5. Results 

The images were all added as layers in QGIS. For the greyscale ORI products, 

maximum and minimum brightnesses were adjusted, along with contrast and 

brightness, to blend the images and reduce the appearance of image boundaries. The 

basemap in QGIS is shown in Figure 3-56, without the CRISM; the boundaries of the 

image products are overlaid on this basemap in Figure 3-57. The CRISM images 

(APPENDIX C) are not shown here as they obscure the other images over Sakarya 

Vallis. 

Figure 3-58 shows the adaptation of the unit map from Thomson et al. (2011). These 

units were mostly defined by morphology over the central mound. The re-digitisation 

of the unit map over the MSL traverse region from Fraeman et al. (2016) is displayed 

in Figure 3-59, along with the marker bed. These units are defined by a combination 

of morphology and spectral analysis from CRISM. (N.B. what is labelled “Unnamed” 

is a yellow unit that is not included in the published key in Fraeman et al. (2016); it is 

possible that this unit is the HTI2 unit but rendered a different colour due to the 

underlying imagery.) Both maps must be considered approximations, as they were 

generated from visual comparison with the published maps, and adjusted based on 

the underlying imagery, which further may not match the imagery in these works at a 

< 1 km scale.  

However, the Thomson et al. (2011) map may complement the map that will be 

constructed in the next chapter using units extrapolated from the stratigraphic logs. 

The Fraeman et al. (2016) map shows the relationship between one identified unit, LS 

(also lm3 in the Thomson (2011) map), with the marker bed, which, as mentioned, has 

been correlated with layering in Sakarya Vallis in other works. This could be useful for 

correlating units that may extend between these two regions, or to reveal more 

complex regional geology. 
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Figure 3-56. The assembled basemap visualised in QGIS, with all images displayed 

except for the CRISM imagery (APPENDIX C). 
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Figure 3-57. The assembled basemap visualised in QGIS, sans CRISM products 

(APPENDIX C), showing the boundaries of all of the constituent images. 
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Figure 3-58. The re-digitised map over Sakarya Vallis, adapted from Fig. 3 in 

Thomson et al. (2011). 
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Figure 3-59. The re-digitised unit map over the rover traverse region, adapted from 

Fig. 3 in Fraeman et al. (2016). 
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3.5.6. Discussion 

A multi-resolution basemap centred the CTX and HiRISE results of this work was 

assembled over the north west central mound. In assembling this basemap, the 

Georeference tool in QGIS proved useful, raising the question as to whether it should 

be applied to the HiRISE ORI over Sakarya Vallis before visualisation in PRo3D. 

However, whilst convenient, and producing aesthetic similarity between products (i.e., 

good overlap), the algorithms for performing these nonuniform, pixel-by-pixel 

translations are affected by subjective inputs that are difficult to reproduce, whereas 

orthorectification based on SPICE kernels is consistent and reliable in that it is 

controlled objectively by the SPICE files, especially if bundle adjustment is applied in 

future. The usage of gdal_translate applies a simplistic lateral translation that is also 

easily reproduced. This is best illustrated in the application of Georeference to the 

Mayer and Kite (2016) product, which had already been initially aligned with the core 

CTX ORI using GDAL but which did not benefit from this algorithm. All of the CRISM 

images, as well as the Gediz Vallis HIRISE mosaic and one of the MOC-NA images, 

also suffered from data loss in the process (APPENDIX C). 

When comparing the georeferenced HiRISE ORIs produced in this work, for which the 

CTX mosaic was reference (itself orthorectified to a DTM that co-registered to HRSC 

and thus tied to MOLA), to the USGS-produced basemap, there are discrepancies and 

visible, nonuniform relative distortions when switching between these layers in QGIS. 

Whether this is human error in georeferencing or evidence that the underlying CTX 

images (which should otherwise be identical given CTX coverage over Gale crater) 

might be differently orthorectified to DTMs, or that those DTMs have been differently 

co-registered to HRSC, is unknown. These ongoing issues are discussed in section 

3.6. 

Regardless, it is understood that these ancillary products in the basemap are intended 

to complement the analysis of the single HiRISE dataset and to lay the groundwork 

for future work in extrapolating derived units and other measurements, comparing 

them with other work, and establishing continuity with existing basemaps, and is 

secondary to the processing of the core products in sections 3.3 and 3.4. 
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3.6. Conclusions 

This chapter presents three sets of digital terrain models: HRSC DTMs processed with 

KM09 into a mosaic that covers Gale crater; CTX DTMs processed with CASP-GO 

and also mosaicked to cover Gale crater; and a HiRISE DTM that covers part of 

Sakarya Vallis on the central mound, with orthorectified images processed for the 

latter sets of DTMs. The co-registration cascade as described in Tao et al. (2018) has 

been applied to these products. These results are discussed here.  

3.6.1. HRSC Products 

The HRSC DTMs feature a variety of artefacts as well as the loss of some sharpness 

of texture relative to the DLR products. As mentioned, using the “Method 2” matcher 

in KM09, which employs both the ZK and Gotcha matchers, could potentially address 

these issues, especially over smooth terrain. Another possible approach to improving 

the artefacts could be to apply a convolutional image filter, such as a median or 

Gaussian low-pass filter in ENVI, to smooth noise under a specified kernel size, whilst 

preserving non-artefact texture. This approach would require a series of experiments 

between different filters and parameters to balance smoothing and feature 

preservation.  

The primary impact, however, of this dataset is on co-registration of the CTX DTMs to 

these products, rather than any scientific analysis, and so these errors are not 

considered a major priority for solving—the overall texture of the DTM is in agreement 

with both MOLA and the DLR products. 

3.6.2. CTX Products 

Processing the CTX DTMs with CASP-GO has raised several interesting issues, from 

vertical disparity with HRSC, to outstanding artefacts, and, pressingly, an issue of 

scale difference between these products and the HRSC DTM mosaic. First, the 

significant vertical discrepancies between these datasets and HRSC potentially point 
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to issues in CTX SPICE kernels, which will likely impact other work with CTX DTMs. 

The application of pc_align to correct this has influenced ongoing work to generate 

global CTX DTM coverage with CASP-GO batch-processing, e.g., the recent work in 

Tao et al. (2021). 

This dataset might also benefit from the application of image filters to address 

artefacts, as well as investigation in CASP-GO of changing the reference MOLA DEM. 

These artefacts—contouring, pits, and gridding—may have impacted the co-

registration of the HiRISE DTM as they are numerous around Sakarya Vallis, where 

the HiRISE DTM intended for geologic study is located. The erroneous texture in this 

feature was shown to obscure the sides of the canyon in particular, which are the 

densest features in the area. The scale issues are considered to likely not compound 

these artefacts as the local CTX mosaic is spatially confined relative to a full CTX 

scene, and underwent additional co-registration, but this is a targeted solution that 

cannot be extrapolated to the whole CTX mosaic. Nevertheless, the “random points” 

assessment revealed that at least at these sampled points, the HiRISE and CTX agree 

within just about the grid spacing of the CTX DTMs. 

To quantify the non-uniform scale issues between the CTX and HRSC DTMs, 

displacement maps could be generated following similar methods as those described 

in Hepburn et al. (2019), who utilise the ImGRAFT feature tracking algorithm from 

Messerli and Grinsted (2015). These maps could illuminate the areas of the CTX 

DTMs where the distortion occurs to help find the source of the distortion, as well as 

which pc_align settings result in which levels of scale changes and where. 

A solution could then be to use ASP’s bundle adjustment function on all seven DTMs 

along with the HRSC DTM mosaic as the “ground truth” reference. The bundle 

adjustment workflow is optionally semi-manual, and thus benefits from user input of 

ground-control points (GCPs) (Beyer et al. 2021). This would offer a medium between 

using Georeference, which can involve data loss and does not use the camera 

geometries to find solutions, and fully-automating bundle adjustment, which would lack 

a visual inspection and matching component but might have more integrity in its 

solution.  
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In the meantime, the local CTX DTM mosaic that has been iteratively co-registered to 

HRSC is considered a solution for this work, as only one HiRISE image is analysed in 

PRo3D. For future work involving multiple HiRISE images, or in the case of 

reproducibility, these are residual issues that must be addressed. 

3.6.3. HiRISE Products 

The most significant issue with the HiRISE dataset is the alignment of the ORI to the 

DTM. Bundle adjustment has been discussed as a likely solution for this issue, both 

because it eliminates the need for gdal_translate which itself is limited to uniform 

lateral translations, and can replication the transformation of a DTM that has 

undergone pc_align co-registration. A tool like Georeference could also address this 

mis-alignment, especially as it gives the user control to match pixels between the 

source imagery and the reference. However, this processing could lead to loss of data, 

and would introduce human error, especially as its application for the ancillary HiRISE 

images used in the basemap required hundreds of GCPs for even a cursory alignment 

of such high-resolution imagery. 

A further concern is of what can be considered to be “correct”; bundle adjustment 

would use SPICE kernels and the DTM to back-calculate new camera geometries and 

adjust the points in the images, optionally with GCPs, whereas Georeference applies 

functions to each pixel based on the input of the user. However, even with the use of 

the geocoding of the images, bundle adjust can still be “forced” into solutions, a caveat 

made by Beyer et al. (2021). 

Without solutions at hand, error in analysis of HiRISE DTMs in visualisation suites like 

PRo3D will have to include these discrepancies observed both in 2D and 3D, as well 

as artefacts. Localised warp will be measured in the next chapter to best constrain the 

precision of the annotations that are collected from the dataset through this platform. 

3.6.4. Basemap 

The final basemap spans Sakarya Vallis northwards to the area of the latter years of 

the MSL traverse; these data provide a base upon which the units derived in the next 
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chapter can be extrapolated in 2D, compared broadly with existing unit maps and 

CRISM images (APPENDIX C), and possibly correlated to these units where the 

imagery is reliable.  

However, the disparity between especially the additional HiRISE imagery and the 

underlying USGS basemap requires careful consideration when mapping 

interpretations and seeking correlation. Ideally, all of these images would be 

orthorectified to DTMs that themselves are co-registered down to MOLA by similar 

methods described in this chapter, to bring them into the consistent framework that 

was sought for the core dataset and to provide the underlying terrain data that could, 

in future, be visualised. As such, the basemap products should be considered as 

ancillary products to the outcomes of the co-registration cascade, secondary to 

measurements from the HiRISE dataset in PRo3D, and considered as coarse guides 

in any analysis. 

3.6.5. Discussion 

An important principle of the work is reproducibility and, originally, to seek automated 

methods for producing the data to augment that reproducibility. The highly-manual 

method of georeferencing, or an iterative experiment using bundle adjustment, and 

even the manual intervention that a suite such as SOCET SET provides includes much 

subjective decision-making, particularly between images with different lighting 

conditions and resolutions (as well as colour bands), and cannot be relied upon to be 

reproducible between different workers, unless GCPs and workflows are published in 

detail. For example, a prior understanding of the local geology helped with matching 

pixels; an advanced geomorphologist might match features differently. This 

phenomenon is described in automated feature recognition studies (e.g., Francis et 

al. 2018). 

Much of the work of correcting alignment in this chapter has demonstrated a reliance 

on aesthetic sense of the terrain as well as multi-level approaches using different tools, 

furthermore towards a specific goal dataset and application of that dataset. In this 

case, automation may not best suit these goals. This method of georeferencing 

therefore also provides an interesting context to the problem as a whole: how can 
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accuracy, whether from automated or semi-manual or manual methods, be quantified 

across many products and thus millions of pixels, specifically on a scale relevant to 

the geologists performing analysis of these remote sensing products, and specific to 

the types of platforms they will use to perform these analyses? What is an acceptable 

range of distances of translation or rotation for a feature of a specific wavelength? 

Thus, given the complex nature of errors in these images, from processing artefacts, 

mis-registration, and errors in the original SPICE kernels for the source images, the 

problem can be framed in reverse, from the user need. 

3.6.5.1. Uberty and “drawing as” 

These questions verge somewhat into the philosophical; I explore two relevant 

concepts from the philosophy of science here, “uberty” and drawing as. This is a 

reflection auxiliary to the products presented above, but addresses an issue that I 

identify in the framework of error analysis that I have employed in this chapter, which 

is top-down, defined by the dataset, rather than bottom-up, driven by the user 

application. 

The concept of “uberty” in planetary geomorphology (Baker 2017; 2018) describes an 

investigation-driven formulation of scientific hypotheses. Baker argues that the 

paradigm of having the outcomes of scientific models (of, for example, fluvial 

processes that result in specific features) inform hypotheses (in this case, about the 

climate under which these features formed in reality) is false: “the resulting truth is only 

relevant to the validity of the system context in which the models are formulated” 

(Baker 2018). In the case of stereo processing, the scientific model is, in a way, that 

a DTM is a true representation of the surface. This “truth” is, traditionally, validated by 

testing the model, where Baker writes “testing ‘the fit of the model’ is not the same as 

‘testing the model’” (Baker 2018). 

DTMs are, of course, not a set of initial parameters run through controlled functions to 

experiment with how to best emulate a surface, as one might describe a 

geomorphological model, but the usage of DTMs does rely on this assumption that 

they represent a surface in a way that is both scientifically sound and useful. They are 

therefore considered a priori truth, within certain error bars, onto which principles of 
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geological analysis—that are historically based on field research—can be applied. In 

a sense, this is where 3D visualisation benefits study; it simulates the user experience 

of field research, but it still relies on a model of the surface that is assumed to be true.  

Whilst seemingly esoteric, and an imperfect analogy, this is an important aspect of 

validating terrain models on other planetary surfaces. With Earth data, a subset of 

DTMs can be validated using ground truth from ground lidar systems or other in situ 

measurements of the surface; this validation still relies on a shape model of the planet 

to produce a datum, which is constantly evolving as this technology improves. 

However, this capability of ground-truthing, beyond the usage of relatively coarse 

MOLA DEMs, is lacking on Mars. This becomes a greater issue for other terrestrial 

bodies with limited remote sensing data, such as for potential landed missions in the 

outer solar system (e.g., Hand et al. 2021).  

Further, as mentioned, the user intentions for visualisation shape what error is 

acceptable and for what analyses during the processing of DTMs, which can 

particularly impact terrain models that are produced through multiple stages of 

processing. This is observed with rover operations teams who have to make decisions 

about which images to capture and how to process them. Janet Vertesi writes on the 

representation of remote terrain in her ethnography of the MER team to examine the 

human choices behind rover imaging (Vertesi 2014). Vertesi borrows from the concept 

of “seeing as” from Wiggenstein’s Philosophical Investigations (Wittgenstein 1953), a 

framework that differentiates between images that are seen explicitly (seeing that) 

versus ambiguously (seeing as)—where people say “‘I see it as’…in situations where 

there is some ambiguity about which features are salient” (79). From this, Vertesi 

proposes a framework of drawing as to refer to choices in imaging and image 

processing.  

Vertesi identifies several stages of drawing as during the operations of the MER team 

and its treatment of images as map products. For example, in stereo processing, 

delineating the surface and sky when generating tie points between two stereo images 

requires the superposition of desired goals onto the resulting images. In “drawing Mars 

as trafficable terrain” (126), engineers used topography for operations decisions 

separate from science-driven decision-making, interpreting topography based on “how 

the rover moves, navigates, and interacts with the terrain” (129). This information and 
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these needs “inscribe these images with the point of view, possibilities, and limitations 

of the robotic body” for interaction—images and their purposes are not foregone 

conclusions or otherwise prediscursive (129). Another example that Vertesi uses is 

Cape Verde in Victoria crater (section 2.1.2.4). She observes a conflict between 

“composition of images versus the stratigraphy” in discussions on how to take and 

process images of this outcrop—where “‘lighting and geometry’ were more important 

than compositional difference” (“compositional” here referring the image quality, not 

geologic composition) as they would highlight important geological texture in the 

outcrop (77). 

In these observations, Vertesi problematises imaging as an objective process, due to 

different ways and goals of visualisation: “With so many possible viewings, it is clear 

that there is no one best way of picturing Mars. Rather, such images represent 

different ways of seeing and knowing the Martian surface” (78). She importantly 

concludes that in the different approaches to rover imaging, that there is not only no 

absolute, best representation of Mars but there is also “not an attempt to hone in” on 

such a representation “or to produce incommensurable representations” (78). She 

herself draws the targets of these images as “the artifact and the object of scientific 

analysis” between which “digital image-processing techniques enable a switch” (78). 

To return to the issue of DTMs, the processing of drawing as is user-specific. In this 

chapter, I seek to draw the HiRISE dataset as Mars stratigraphy, having accepted the 

dataset as a truthful model of the surface. I have made a series of decisions about the 

assessment of the quality of various products, and the assessed quality, towards this 

process. These methods follow standards in the literature whilst experimenting with 

these established methods. Ultimately, however, a major lesson of this work is that 

even as I seek reproducibility and the reduction of manual intervention in the 

processing of these datasets, I have made decisions that have stemmed from the 

ultimate goal of visualising the single HiRISE scene in PRo3D with specific tools.  

In this work I can “offload” uberty onto estimations of error in the measurements 

performed in PRo3D. However, especially as 3D imaging of planetary surfaces 

advances, uberty offers a potentially impactful framework by which planetary data is 

understood. Baker describes the application of the principle of uberty in planetary 

geomorphology as centred on fieldwork, the constraining of Earth processes to 
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illuminate processes on Mars. One example of seeking uberty in 3D image processing 

for geological analysis might follow a mixed-methods workflow that combines 

established, Earth-based methods for validating terrain models with a more 

ethnographic approach that seeks to capture the ways geologists use these data, 

where the outcomes of these experiments might inform, more solidly, how scientists 

see 3D images, how artefacts can impact analysis, and what errors are relevant 

(again, potentially as a pixel radius, degree of translation/rotation, strength of filtering, 

or other quantifiable ranges of quality). These experiments may, importantly, rely on 

the field environment as well.  

Whilst these concepts have not impacted the methods undertaken in this thesis, they 

provide interesting lenses by which its outcomes might be viewed, and with which I 

interpret the quandary of subjectivity in this work—in particular, how seeking a fully-

automated, replicable, and universally-applicable dataset with terrain data is complex, 

and a level of subjectivity is potentially necessary and intrinsic to developing these 

products. 
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CHAPTER 4: 3D VISUALISATION AND GEOLOGICAL 
ANALYSIS OF SAKARYA VALLIS, GALE CRATER, MARS 
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4.1. Introduction 

The culmination of this work is the visualisation and analysis of the final HiRISE 

dataset from section 3.4 over Sakarya Vallis on the central mound of Gale crater, 

Mars. HiRISE coverage of Sakarya Vallis provides an opportunity to analyse 400 m of 

stratigraphy and therefore investigate the geological history of the local region. This 

information can inform existing and future hypotheses and models of deposition, 

providing additional, broader context to the reconstruction of the palaeoenvironment 

in Gale crater. 

However, Sakarya Vallis is also serendipitously proximal—within ~20 km, at its base—

to where a rover is exploring; characterising the morphological variation in the exposed 

stratigraphy can thus provide context to observations from MSL. During its traverse, 

imagery and other data from MSL have been employed to reconstruct stratigraphy 

spanning from Peace Vallis to the Lower Mount Sharp units complemented by 

mapping of HiRISE and CRISM imagery (e.g., Edgar et al. (2012); Grotzinger et al. 

(2014); Grotzinger et al. (2015); Banham et al. (2018); Fraeman et al. (2016); Stack 

Morgan et al. (2019)).This stratigraphy within Sakarya Vallis may or may not correlate 

to layers as yet to be imaged by MSL as of 2021; in either case, analysis of this 

immense outcrop can provide insight into these rock layers, contribute to 

understanding of the stratigraphy of Gale crater, and help to inform depositional 

models of these strata and the formation of Mount Sharp.  

In this chapter, I present morpho-stratigraphic interpretations from the HiRISE scene 

in PRo3D. First, I present a summary of the seven primary units (packages) identified 

from the exposed stratigraphy based on their visible characteristics, such as bedding 

styles, key features, sub-packages, and bounding surfaces. Next, I detail each of the 

packages, examining these characteristics throughout the canyon. I then present 

stratigraphic logs and cross-sections representing the packages at eleven sites 

throughout the canyon, which are derived from topographic profiles and measured 

dips and dip directions. Finally, I discuss the extrapolation of these interpretations on 

the basemap of the north west central mound; potential overlap with units identified in 

other works; and the resulting interpretation of these packages. 
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4.1.1. Geological Context in Gale Crater 

Gale crater has undergone a complex geologic history of aqueous and aeolian 

processes, as observed from MSL (section 2.1.3) as well as orbital spacecraft 

(Grotzinger et al. 2014). A map of the morphology of Gale crater from Anderson and 

Bell III (2010) is shown in Figure 4-1, presenting a diversity of features ranging from 

canyons (such as Sakarya Vallis, in red), layered yardangs, and lobate features on 

the central mound. As discussed in section 2.2.4.1, Thomson et al. (2011) expand on 

this map with a focus on the central mound (Figure 4-2) (cf. section 3.5.4.1), naming 

22 units across the two primary formations, the Lower Mound Formation (lmf) and the 

Upper Mound Formation (umf) from Milliken et al. (2010), bound by an erosional 

unconformity. They use plane-fitting using HiRISE images and MOLA topography to 

derive a dip of the boundary between the formations as 12.1º to the north west.  

The Lm (Late Noachian to Early Hesperian, 3.6–3.4 Ga) is characterised by horizontal 

to sub-horizontal strata (~2º); polygonal ridges, interpreted as having formed from 

subsurface fluid flow and subsequent cementation; and inverted channels. The Um 

features steeper dips (5–10º) and finer, more uniform strata; and aeolian bedforms, 

such as yardangs. They describe a general transitioning from a mix of clay- and Mg-

sulphate-bearing rocks in the Lower mound formation towards more dominantly 

sulphate-bearing units and then anhydrous minerals in the upper units: a lower 

member of poly- and mono-hydrated sulphates; a middle member of sulphates and 

phyllosilicates; and an upper member of sulphates. Figure 4-3 summarises this 

stratigraphy of Mount Sharp as interpreted from orbital data, from Sheppard et al. 

(2021) (cf. its precursor Figure 2-21).  

Fraeman et al. (2016) map a smaller region focused on the later MSL traverse towards 

the lower mound where phyllosilicates transition to sulphates (Figure 4-4; cf. also 

Figure 2-22); as mentioned in section 3.5.4.1, this map is based on both morphology 

from HiRISE and spectral analysis from CRISM imagery. This map encompasses 

lmmr through lm3 of the map from Thomson et al. (2011), and so is of interest to this 

work as a means for linking strata in Sakarya Vallis to units local to the traverse. 

A “marker bed” (Figure 4-3 and Figure 4-4) has been described since the landing site 

selection for MSL (Milliken et al. 2010; Edgett 2010) most recently described in Weitz 
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et al. (2021), the boundary between the middle and upper members of the Lower 

formation The marker bed is a dark-toned, relatively smooth unit, with some small 

craters visible in HiRISE, and extends laterally along the north west central mound, 

providing a benchmark for analysing features in this region. The composition of the 

marker bed has largely been elusive; Weitz et al. (2021) argue that it is most likely a 

sulphate unit (but more indurated than the sulphate units above and below the bed), 

sandstone, or volcanic ash deposited contemporaneously with the sulphates. 
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Figure 4-1. Morphological map of Gale crater, adapted from Anderson and Bell III 

(2010). The white circle highlights Peace Vallis; the lower left arrow points to Farah 

Vallis, the upper right arrow points to Sakarya Vallis, and the two other arrows point 

to other valleys/canyons on the mound.  

25 km 
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Figure 4-2. Morphological map of Gale crater from Thomson et al. (2011). 
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Figure 4-3. The stratigraphy of Mt. Sharp from Sheppard et al. (2021), showing the 

morphological perspective on the left and insight from spectral analysis on the right. 

The brackets indicate the MSL traverse through sol 2390 (April 2019), which can be 

seen in Figure 2-20. 
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Figure 4-4. Unit map of the MSL traverse region from Fraeman et al. (2016). N.B. 

the white squares are remnant from that work. 

4.1.2. Sakarya Vallis 

Sakarya Vallis is a 26-km-long, up to 3.5-km-wide, and up to 450-m-deep feature that 

cross-cuts the north west central mound of Gale crater and was probably formed by 

fluvial erosion (Anderson and Bell III 2010). The centre of the canyon is approximately 
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27 km from and 700 m higher in elevation than the base of Gediz Vallis, the 

approximate location of MSL (as of August 2021, sol 3222). The hundreds of metres 

of exposed layers in this canyon provide a glimpse into the depositional history of the 

central mound of Gale crater. 

The layers exposed in Sakarya Vallis therefore could represent later depositional 

events than those encountered by the rover to date. As the rover ascends the mound 

towards Aeolis Mons, this geology could help contextualise rover observations and 

constrain lateral differences in bedding. Discussed here are existing work and data 

addressing the morpho- and chemostratigraphy of Sakarya Vallis. 

4.1.2.1. Morphology and stratigraphy 

The two discussed maps show Sakarya Vallis cross-cutting layered, etched, and 

subdued units that feature dark-toned yardangs, identified as polyhydrated sulphates 

in CRISM analysis. Table 4-1 lists the units from Thomson et al. (2011) which intersect 

with Sakarya Vallis, including those covered by the HiRISE scene analysed in this 

chapter. As discussed in section 3.5.4.2, Milliken et al. (2010), Anderson and Bell III 

(2010), and Weitz et al. (2021) map the marker bed within the walls of the canyon, 

outcropping on the western wall. 

On the floor of Sakarya Vallis is a light-toned feature that extends along much of the 

canyon. Edgett and Sarkar (2021) describe this feature as lithified channel-fill 

sediment; other works have interpreted it as an inverted channel (Thomson et al. 

2011). However, Hughes (2021) apply models of debris and groundwater flow and 

interpret this feature as a debris flow stemming from multiple source “chutes” along 

the walls of Sakarya Vallis. They argue that groundwater fluidised sulphates in the 

stratigraphy of the canyon, leading to failure and wasting; much of this material has 

been aerially eroded, leaving the debris on the floor, with its meandering channel 

morphology stemming from previous debris flows. They time the formation of this 

debris deposit, and the precipitation that drove it, as into the late Hesperian, as it likely 

post-dates most of the erosion of Mount Sharp as a whole. Their terminology of 

“central debris deposit” (CDD) is adopted in this work. 



 229 

Table 4-1. Units from Thomson et al. (2011) which Sakarya Vallis cross-cuts (listed 

in ascending elevation). The grey boxes indicate the units covered by the HiRISE 

scene. 

Formation Unit 

Lower 

mound (Lm) 

lm3s Lower mound subdued 3 

lm3 
Lower mound 3 (LS in Fraeman et al. 

(2016)) 

Upper 

mound 

(Um) 

umle Upper mound layered etched 

ume4 Upper mound etched 4 

umsp2 Upper mound smooth plains 2 

umls3 Upper mound subdued layered 3 

 

4.1.2.2. Chemo-stratigraphy 

The canyon cross-cuts both hydrated sulphates (lm3) and the Um units with a dust 

composition (Thomson et al. 2011). As discussed in section C.1, several works applied 

CRISM imagery (FRT000095, as in this work, APPENDIX C) specifically over Sakarya 

Vallis, including the exposed strata within the feature. Thomson et al. (2011) compare 

CRISM spectra to laboratory measurements (MgSO4•nH2O and kieserite) and derive 

a mix of polyhydrated and monohydrated sulphates over the canyon, as reported 

similarly by Hughes et al. (2020). 

Sheppard et al. (2021) also apply this image to Sakarya Vallis. Figure 4-5 shows the 

resulting map and spectra at four specific sites above the canyon. They observe that 

the spectra for clays do not seem to correlate with strata but cross-cut them, possibly 

as authigenic alteration assemblages, or potentially mixed with polyhydrated 

sulphates and varying laterally.  
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Figure 4-5. Mapped mineralogy of Sakarya Vallis, from Sheppard et al. (2021), 

showing a range polyhydrated sulphates, clays and clay/polyhydrated mixes, and 

monohydrated sulphates (blue, not labelled). 
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4.1.3. Approach 

4.1.3.1. Aims 

The primary aim of this chapter is to provide detailed interpretations of the morpho-

stratigraphy of Sakarya Vallis using HiRISE imagery in 3D, and to use these 

interpretations to investigate the geological history of this local region. The products 

of this analysis are a map of the interpreted units; dip/dip direction measurements of 

the boundaries between and within these units; thickness measurements of these 

units; and observations on the morphologies and geometries of the units and how they 

relate to each other and change along the length of the canyon in the scene, with the 

aid of the additional information that the 3D perspective provides.  

The secondary aims are to relate these interpretations to previous interpretations of 

the central mound (Thomson et al. (2011) and Fraeman et al. (2016)). 

Finally, I aim to provide insight into how future workers might approach morpho-

stratigraphic analysis of HiRISE products in PRo3D given the ways image rectification 

errors manifest in 3D. Ultimately, this work will provide new interpretations of the 

uppermost units of the Lower formation at approximately the metre scale, including 

novel interpretations within Sakarya Vallis.  

4.1.3.2. Methods 

The methods employed in this chapter to analyse this virtual outcrop are primarily 

based on the workflow from Barnes et al. (2018), who analysed rover DOMs in PRo3D. 

This workflow is based on field techniques but is adjusted to the virtual nature of these 

datasets as well as their limitations, and has been further modified in this work to 

accommodate the lower resolution and other limitations of HiRISE imagery relative to 

rover imagery. 

An overview of the application of 3D orbital imagery to study geology on Mars is 

provided in section 2.2. The use of digital outcrops with orbital imagery, however, has 

been limited for Mars until recently. As mentioned in section 2.2, Salese et al. (2020) 
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utilise HiRISE DTMs in ArcMap to interpret fluvial strata in the rim of Hellas basin. 

Caravaca et al. (2021), however, use tools within a VR environment that more 

resemble the capabilities of PRo3D to study sedimentology in Gale crater, but from 

rover imagery, as with Barnes et al. (2018) and Banham et al. (2018). Other analogous 

work is the analysis of digital outcrops assembled from drone-based imagery on Earth, 

such as Nesbit et al. (2018) who map strata within an Upper Cretaceous channel-belt 

sequence. They argue that these DOMs provide important lateral continuity to field-

based interpretations over complex outcrops. This work therefore provides a unique 

application of a digital outcrop analysis workflow to orbital data within PRo3D 

visualisation environment.  

4.1.4. Chapter Structure 

First, I discuss the methods applied to this dataset, from the tools and approach in 

PRo3D, to the utilisation of these and ancillary data in QGIS, and to the construction 

of stratigraphic logs and extrapolation of extracted packages to the basemap.  

Next, I outline the results from this work. I begin with the main products—the map of 

interpretations of primary packages, stratigraphic logs, and quantitative data (package 

thicknesses, dips, and dip directions). I then provide detailed descriptions of the 

characteristics of these packages alongside annotated captures from PRo3D. I 

present and discuss each stratigraphic log alongside cross-sections at each point of 

study in the canyon.  

Finally, I synthesise these observations and extrapolate these interpretations to a 

broader map, and correlate the observed units with units identified in other works. I 

then discuss the implications of these data and observations. 
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4.2. Methods 

4.2.1. Introduction 

The methods to analyse the virtual outcrop of Sakarya Vallis in PRo3D and QGIS are 

discussed here. The HiRISE DTM and ORI processed in section 3.4 were provided to 

the PRoViP pipeline, which then output 16 OPCs. Contrast and brightness were 

adjusted using the in-platform tools to blend the OPCs. 

While HiRISE provides the highest resolution remote imagery of Mars, it is still limited 

relative to either rover imagery or Earth-based fieldwork in the detail that it can reveal, 

both in the ORI resolution of 0.25 m/px and the DTM grid spacing of 1 m/px. Further, 

the virtual outcrop discussed in this chapter is not a true 3D outcrop, but rather a 2.5D 

visualisation, as DTMs assign a single elevation to each pixel (whereas in reality, a 

sheer or irregular surface may have multiple elevations at a single point, when viewed 

vertically from above). Because of these limitations, as well as the lack of full, “real” 

colour in the HiRISE ORI, the work presented here is not true stratigraphy, but morpho-

stratigraphy: an analysis of the rock layers exposed in Sakarya Vallis as visibly 

discernible at these scales and using morphology to distinguish between them. This 

issue is further discussed in this section and in discussion of error in this chapter.  

A workflow diagram summarising the primary approach and outputs possible with 

dataset is presented in Figure 4-6, adapted from Barnes et al. (2018) who employed 

the original workflow with rover DTMs in PRo3D. The main goals addressed were to 

explore the outcrop, make measurements of bed thickness (adapted for the scale of 

these features visible in HiRISE, discussed further in this section), and to produce a 

set of interpretations, including in the form of stratigraphic logs. This section 

summarises the methods used to achieve these goals; the results of these methods 

are discussed in section 4.3. 



 

 234 

 

Figure 4-6. Workflow diagram for outcrop analysis in PRo3D, modified from Barnes 

et al. (2018). Dark green boxes show goals and products addressed in this work; 

light green designates measurements and observations to be performed; grey boxes 

are goals and products that can only partially be achieved; and white boxes cannot 

(or will not) be addressed using HiRISE data. 
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Because of the above-described limitations, a modified terminology is required to 

describe the observed geology the HiRISE scene of Sakarya Vallis. Terms that 

describe fine-scaled layering, such as laminae, cannot be employed; meanwhile, the 

finest-visible scale of layering cannot be assumed to be the finest strata present. 

Similarly, “bed” is not used in this work, but rather “bedding” to generally describe 

layering. Instead, “package” is used to describe a vertical section of layers (here, 15–

200 m thickness) that is considered to be distinct. “Sub-package” refers to visible 

layering within a package. “Unit” is sometimes used in place of package, following 

Thomson et al. (2011) who argue that “member” as a subdivision of formations, 

although it is recognised that these packages generally occur as sub-divisions of 

existing units, such as from their work and as discussed in section 4.1.1. 

Table 4-2 adapts the terminology used by McKee and Weir (1963) to describe strata, 

alongside resolvability, i.e., which imagery can resolve these strata characteristics, 

partly based on an analogous chart for fluvial geomorphology by Salese et al. (2020). 

(For grain size, only boulders—generally > 25 cm—apply to HiRISE.) 

Table 4-2. Terminology for describing stratified rock, adapted from McKee and Weir 

(1963), and respective visibility in planetary data. 

Strata Scale (cm) Term Resolvability 

Very thick-bedded >120 Massive 
Rover, HiRISE ORI, 

and DTM 

Thick-bedded 60–120 Blocky 
Rover, HiRISE ORI, 

into HiRISE DTM 

Thin-bedded 5–60 Slabby Rover, into HiRISE 

Very thin-bedded 1–5 Flaggy Rover 

Laminated 0.20–1 Shaly or platy Rover 

Thinly laminated ≤ 0.20 Papery Rover 

 

Resolvability does not necessarily confer statistic reliability; errors, for example in any 

warping due to ORI-DTM mismatch as described in the previous chapter, will reduce 

this, but on the package scale, where a package is expected to have some lateral 
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extent and thus observable in multiple locations, the HiRISE-resolvable characteristics 

should be reliable.  

These observations were annotated using two classes of PRo3D annotations. The 

first are polylines, which were used to draw profiles; demarcate packages and sub-

packages; measure features and distances; and highlight or trace some features. The 

second, dip and strike, was applied to the primary packages and sub-packages. The 

two walls of Sakarya Vallis are referred to separately; the “west” of the canyon is the 

south west bank of the feature, whilst the “east” describes the north east bank. These 

terms are used because in the area of Sakarya Vallis covered by this specific HiRISE 

scene, the canyon trends north-south; the bend towards the east is not captured here 

(although is present in the basemap; cf. section 3.5.3.3). 

4.2.2. Workflow in PRo3D 

4.2.2.1. Walkaround 

The first step of the analysis of this scene in PRo3D was to perform a “walkaround” 

(“explore outcrop” in Figure 4-6) of Sakarya Vallis using the 3D navigation. This was 

done to gain familiarity with the features in the canyon and to identify any potential 

errors (particularly, mismatch between the ORI and the DTM resulting in warp of 

features). From this walkaround, locations for detailed study were identified, 

prioritising locations in the canyon where most stratigraphy was exposed, and where 

there was a diversity of features.  

4.2.2.2. Profiles 

The first annotations were profiles. At first, five profiles were only drawn on the east 

side of Sakarya Vallis; later in this study, five additional profiles were drawn on the 

west side, with four correlating to four of the east profiles, and one covering an 

additional area, as well as an eleventh profile over a feature at the north end of the 

canyon. Next, polylines were applied delineate packages and some sub-packages at 

each profile: starting with A – A’, the appearance of the orthoimage as well as the 
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topography of the canyon at this location was used to identify the boundaries between 

putative packages. The criteria that were used were: 

1. Contrast in morphology 

2. Change in slope 

3. Continuity beyond the profile 

 

where morphology refers to brightness, visible boulders, strata characteristics (Table 

4-2), and any specific features. These properties, including change in slope, were 

largely confined to ~500 m on either side of each profile; continuity refers to whether 

these properties characterise the putative package beyond this radius in case, for 

example, possible drift deposits might locally obscure or imitate certain features at this 

resolution and without colour information.  

After completing these annotations around the first profile (A – A’), the next profile was 

annotated, at first ignoring the packages identified at A – A’ following the above criteria, 

and then refining these annotations by correlating them to the packages in A – A’. This 

process was continued along the east side of the canyon, with several iterations of 

refinement of all the package boundaries as this analysis progressed. The 2D view in 

QGIS, along with the RGB image over Sakarya Vallis (processed from section 

3.5.3.3), complemented this process of refinement as well. The RGB image was 

particularly used to distinguish packages on the west side of the canyon, where the 

image is darker, but was not interpreted directly. Sub-packages were not connected 

between profiles, but some were annotated in some areas between profiles. 

For the West, the top of one package (P3, explored in section 4.3.3) was used to 

correlate packages across from A – A’ for AW – AW’, and these steps were repeated 

at the five west profiles. Finally, the package boundaries were redrawn as continuous 

boundaries on each side of the canyon, coarsely filling in the areas between profiles 

using the criteria above and then refined once again based on comparisons with the 

2D view in QGIS and closer examination. 
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4.2.2.3. Dips and dip directions 

The dip-and-strike (DnS) annotation was then used; this function allows the user to 

draw a polyline to which a plane is then fitted using least-squares regression. The 

package boundaries were prioritised as locations of these annotations at first, but 

where unclear, such as at areas of wasting and warp in the data (section 4.2.5), the 

nearest sub-package boundaries were used if the strike was visibly similar. The 

annotations were drawn using at least three points along these boundaries, close to 

the profiles when possible but with long enough baselines to capture the underlying 

package in 3D (i.e., to avoid drawing strike in a straight line, for which there are infinite 

dip solutions). Some sub-package orientations were also collected. 

4.2.3. Cross-sections and Logs 

The profiles from PRo3D were then redrawn as a shapefile in QGIS and used to 

sample the DTM. Using the map view in QGIS and the visualisation in PRo3D, the 

packages were annotated at-scale onto these plots as cross-sections. From these 

annotated profiles, stratigraphic logs were extrapolated for each profile, resulting in 

eleven logs total, following field techniques (e.g., Coe et al. 2010). 

4.2.4. Mapping 

Finally, the packages in PRo3D were re-digitised as shapefiles over the HiRISE ORI 

in QGIS using the digital outcrop view as a reference. These packages were extended 

somewhat onto the basemap (from section 3.5) using the visual aspects of the 

packages (brightness, textures, sub-packages) where possible and using cues from 

Thomson et al. (2011). Dips were mapped as shapefiles. 

4.2.5. Errors 

To characterise errors in the alignment between the ORI and the DTM, the map view 

of these data products was used to find areas in the PRo3D scene where mis-match 



 239 

was expected, as well as based on the locations found in section 3.4.2.3. Mis-matches 

were identified as areas where there is a visible stretching or contraction of features, 

usually anisotropically (i.e., in one direction, locally). Measurements were taken of 

these mis-matches—the measured distances loosely from the perceived start and end 

of these stretched areas. 

These 5–18-m warps occur along on most steep slopes, which tend to be at package 

and sub-package boundaries (Figure 4-7). On steeper slopes, these warps occur at 

up to 20–30 m (Figure 4-8). The third class of warp is where the warp is ambiguous 

and difficult to discriminate from the local morphology, but is expected due to the slope 

(Figure 4-9). All three of these cases represent slope changing in the DTM at cliff-

faces, where the transition in slope is sharp; where slope change is more gradual, mis-

match with the image would be less visible, whereas at these locations, the image is 

noticeably “draped” over the sharp edge. 

Areas such as these were therefore avoided when taking dip measurements, and 

these annotations were drawn over lengths of tens of hundreds of metres or longer to 

best allow for an accurate plane fit. With respect to scale, dips were measured to the 

nearest integer. Where textures or features like boulders are on the metre scale, an 

approximate, integer range is given; for smaller features, < 1 m indicates a size less 

than the DTM grid spacing as well as interpretive confidence with warping. 
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Figure 4-7. Examples of the smaller-scale (5–18 m) image warps common at 

package and sub-package boundaries, with measurements where possible. 

a. b. 

c. 

d. 

e. f. 

g. 

10 m 

14 m 

11 m 

8 m 

5 m 
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Figure 4-8. Examples of the larger-scale image warp (18–30-m). N.B. the flattening 

effect in (a). 

 

a. 

b. 

30 m 

18 m 
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Figure 4-9. An example of ambiguous but likely slight image warp along a steep 

slope. 
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4.3. Results 

4.3.1. Introduction 

This section presents the results of the observations, interpretations, and 

measurements performed in and based on the HiRISE dataset of Sakarya Vallis in 

PRo3D. I provide an overview of the main products—maps of the interpreted 

packages, stratigraphic logs, and structural data—and then provide a close study of 

the morphologies and geometries of each package and its respective stratigraphic log 

and cross-section. Finally, I synthesise these data to comment on the overall 

stratigraphy of Sakarya Vallis and the insight that it may provide.  

N.B. accompanying these descriptions are screenshots from PRo3D; contrast and 

brightness of these images have been adjusted to emphasise the relevant features for 

display on devices and in print. Vertical exaggeration was not applied to the HiRISE 

scene or cross-sections; all results are displayed 1:1. Finally, hereafter, the term “N 

profiles/logs” refers to the pair of east and west profiles or logs at site N. 

4.3.2. Overview of Sakarya Vallis 

An overview from the CTX and HiRISE core dataset is shown in Figure 4-10. Sakarya 

Vallis extends downslope on the western side of the central mound, north west of the 

peak of Mount Sharp. At its deepest, in the north west, the canyon is ~450 m deep, 

shallowing towards its source (Anderson and Bell III 2010) to < 100 m deep. To the 

north east of the canyon, the surface is an etched, yardang unit. Within the canyon 

are mass-wasting features, ripples, and boulder-scale lag deposits along the floor and 

clifftops. Also visible are craters on the floor, some of which are buried, and putative 

buttes of different scales. 
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Figure 4-10. A) An overview of the canyon on the central mound from CTX imagery 

(6 m/px, from section 3.3.5). The slope of the canyon is to the north west. The 

surface of the mound is etched by yardangs and in-filled craters. B) A close-up view 

of the northern, lower half of the canyon, from HiRISE image PSP_007501_1750 

(processed in section 3.4.3.4). The CDD is the bright feature that appears to 

meander along the floor of the canyon. 
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Figure 4-11 highlights some of the stratigraphy exposed within Sakarya Vallis. Seven 

packages were identified as exposed within this feature. 

 

Figure 4-11. A 3D perspective view of the interior of the canyon, visualised from 

HiRISE DTM DTEEC_006855_1750_007501_1750_A01 and HiRISE image 

PSP_007501_1750 in NASA DERT (Keely et al. 2017). This view shows the 

exposed layers and a possible fracture on the eastern wall (left), as well as the 

topography of the CDD. The floor of the canyon is overlain by ripples. The scalebar 

is oriented north and the view is looking southwards down the canyon. 

The packages are distinguished based on the erosional profile of the outcrop and 

morphology, and are summarised, alongside these criteria, in Figure 4-12. Package 1 

(P1) and Package 2 (P2) are the oldest packages observed. They are both mid-toned, 

with P2 exhibiting sub-metre-scale internal layering. These packages have limited 

visibility in this scene, and are distinguished based on a change in slope in the 

erosional profile where they are both visible and changes in morphology. 

Package 3 (P3) is a mid-toned package defined by several sub-packages of regular 

~20-m thicknesses in a pattern: 3–5 visible sub-packages of ~4-m thicknesses, 

separated by ~12-m sub-packages with boundaries that are less visible, and which 
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are sometimes darker-toned. The upper boundary of P3, above these sub-packages, 

is a bright, low-slope sub-package. 

Package 4 (P4) marks a steep change in slope from P3, and features putative drift 

and boulders, which may contribute to its darker tone in some areas. The package 

has internal layering of regular, metre-scale thicknesses. Package 5 (P5) is a bright 

package with unclear sub-package boundaries and a steep slope similar to P4, 

although sometimes outcropping as a broad, flat unit. The base of P5 throughout much 

of this scene is a steep, dark cliff-face with boulders. 

 

Figure 4-12. Summary of the packages and their characteristics, including 

boundaries between them (marked with dashed lines). The package thicknesses and 

erosional profile are not to scale. 
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Package 6 (P6) is also steep-sloped with more visible sub-package boundaries. The 

base of P6 is marked by a very bright-toned lens at the site of profile A – A’. Package 

7 (P7) is the top-most package, defined by bright, regular sub-packages. On the 

surface, P7 features yardangs oriented N – S. P5 – P7 outcrop at the surface above 

the canyon. The boundaries between P5, P6, and P7 are mostly based on changes in 

topography, as well as how distinct sub-packages are, change in tone, and change in 

the appearance of constituent blocks/boulders. These packages are discussed in 

detail in section 4.3.3.  

Figure 4-13 shows the location of the eleven profiles overlying the HiRISE DTM to give 

context of the placement of these profiles respective to the terrain data produced in 

Chapter 3. Figure 4-14 shows the HiRISE ORI, with the profiles, interpreted packages, 

and dip and dip direction makers, as the interpretation map of Sakarya Vallis. The 

unmapped portions of the HiRISE scene represent where wasting, boulders, and 

dunes obscure the packages completely. 

Figure 4-15 and Figure 4-16 are similar maps but as 3D perspective views from 

PRo3D over the east and west sides of the canyon, respectively, with the packages 

superimposed; Figure 4-17 shows the same for a putative butte, discussed further 

below.  

4.3.2.1. Other features 

The central debris deposit (Hughes 2021) persists along most of the floor in this scene 

as a very bright-toned feature with topography at the metre scale. The CDD cross-

cuts some of the units identified here and largely obscures the units constituting the 

floor in this scene. The margins of the central debris deposit were interpreted based 

on its typically bright-toned material; cross-cutting relationships with the other 

packages; and topography, as well as descriptions from Hughes (2021). Throughout 

the canyon, wasting features along the walls connect to the CDD, which has a relief 

of ~5–8 m. The CDD transitions into feature with greater topographic relief to the north 

end of Sakarya Vallis, where wasting features that connect to the CDD appear at larger 

scale with more exaggerated positive topography. 
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On the floor towards the north end of Sakarya Vallis is a layered feature of hundreds 

of metres in scale, which is interpreted as a butte and to consist of P1, P2, and P3 

(Figure 4-17). Other buttes at the scale of few tens of metres are visible at the south 

end of the scene but are not interpreted in this work. Dunes are visible throughout the 

floor of the canyon, as well as along some cliffs, such as where packages outcrop as 

low-slope exposures.  

4.3.2.2. Logs and cross-sections 

The stratigraphic logs constructed from these interpretations are presented in Figure 

4-18, which shows both the west and east logs centred on the base of P4, which is 

the only boundary visible at all profiles. Dotted lines indicate unclear boundaries and 

the base extents of the profiles; the zig-zag boundaries indicate putative 

unconformable boundaries, which were interpreted from cross-sections and are 

discussed further in this chapter. The CDD is not included in these logs as an assumed 

mantling feature with an unknown depth.  

The corresponding cross-sections are shown in Figure 4-19. Views of these profiles 

from PRo3D with the interpreted packages superimposed are presented in section 

B.2. The thicknesses on the logs reflect the true thicknesses (Table 4-4). The logs do 

not represent the full extent of the profiles at their bases due to the mantling of these 

lower packages by the CDD; in the cross-sections, however, the vertical extents of the 

lower-most units are assumed to extend to the bases of the profiles beneath the CDD. 

The logs and cross-sections are discussed in detail in section 4.3.4. 

4.3.2.3. Structural data 

Table 4-3 lists the measured dips and dip directions of the packages at their 

approximate bounding surfaces. Table 4-4 lists the true thicknesses of these 

packages, which were calculated from the apparent thicknesses and dips using a 

trigonometric conversion. Where dip measurements were unreliable, nearby dips 

along strike were substituted as representative values; these duplicated values are 

indicated with italics. The highlighted boxes represent uncertainty: particularly along 
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the west, the lack of curvature in the outcrop and boundaries suffering from image 

warp on steep slopes may have contributed error in the dip directions, which differ 

significantly between the west and the east at these locations. These could, however, 

be due to the geology; this, as well as the trends in these data, is discussed further in 

section 4.3.6. 

Dips and thicknesses were not taken at the CDD for a few reasons. First, the slopes 

of this feature approach the metre scale and are thus considered unreliable for dip 

measurements, and largely unreliable for thickness measurements, although relative 

relief can be considered. Second, as described in Hughes (2021) and mentioned 

above, this material is likely mantling and cannot be assumed to be continuous 

through a measured thickness. 
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Figure 4-13. HiRISE DTM DTEEC_006855_1750_007501_1750_A01 (processed in 

section 3.4.3, grid spacing 1 m). Colour denotes relief in metres relative to the 

areoid. 

Fig. 4-30 
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Figure 4-14. HiRISE image PSP_007501_1750 (processed in section 3.4.3; 0.25 

m/px), superimposed with the interpreted packages and dip and dip direction 

measurements (key, right). The dotted grey box around X – X’ is shown close up in 

Figure 4-30. 

Fig. 4-30 
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Table 4-3. Dips (º) and dip directions (d.d., º) of the lower boundary of each package at each profile. The highlighted values show 

where the same boundaries produced very different (> 50º) dip directions in different measurements. Italicised represent values 

where reliable measurements could not be taken and values were duplicated from nearby. P1 is not included as it is the lowermost 

package. 

Profile ZW A AW B BW C CW D DW E 

Package Dip d.d. Dip d.d. Dip d.d. Dip d.d. Dip d.d. Dip d.d. Dip d.d. Dip d.d. Dip d.d. Dip d.d. 

P2 5 330 6 324 5 330               

P3 6 033 8 291 11 032 11 256       2 278 3 337 6 275 

P4 4 019 9 269 8 274 12 256 7 307 11 274 5 291 6 277 2 314 4 275 

P5 3 302 9 268 4 317 9 281 8 339 11 282 3 026 8 272 3 026 5 272 

P6 4 292 7 288 7 295 7 289 8 342 6 298 7 298 9 278     

P7 4 012 6 298 9 028 2 312 9 357 8 288 11 055 8 299     
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Table 4-4. True thicknesses of each package at each profile (m). The values in parentheses indicate the base of the outcrop at 

these locations, where apparent thickness (vertical distance as measured in PRo3D) is given.  

Profile ZW–ZW’ A–A’ AW–AW’ B–B’ BW–BW’ C–C’ CW–CW’ D–D’ DW–DW’ E–E’ 

P1 (70) (13) (10)        

P2 54 65 72     (3) (4) (52) 

P3 102 92 94 (99) (48) (43) (40) 96 99 174 

P4 37 38 99 61 51 67 45 60 23 10 

P5 105 57 25 85 54 79 56 96 78 113 

P6 80 39 71 60 82 80 151 46   

P7 27 96 18 35 2 154 33 95   
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Figure 4-15. Interpretation of packages 1–7, the central debris deposit, profiles A – A’ through E – E’, and the dip and strike 

markers for these packages along the east of Sakarya Vallis, overlying a perspective view from PRo3D. The colours correspond to 

the packages; solid lines represent package boundaries, whilst dotted lines indicate where these boundaries are occluded by other 

features or the perspective view, or where the boundaries are inferred. 

Figs. B-11, 12 Figs. B-18, 21, 
26,  

 

Figs. 4-24; 
B-17, 24 

 

Figs. 4-20, 21. 27, 
28; B-4–10, 14–16, 

19, 20, 22, 23, 25  

 

Figs. 4-23. 25, 
26; B-27 

 

Figs. 4-32; 
B-13 
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Figure 4-16. Interpretation of packages 1–7, the central debris deposit, profiles ZW – ZW’ through DW – DW’, and the dip and 

strike markers for these packages along the west of Sakarya Vallis, overlying a perspective view from PRo3D. The colours 

correspond to the packages; solid lines represent package boundaries, whilst dotted lines indicate where these boundaries are 

occluded by other features or the perspective view, or where the boundaries are inferred. 

Figs. 4-21; B-
16, 20  Figs. B-15, 19 Figs. 4-22, 29 
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Figure 4-17. Interpretation of packages 1–7, the central debris deposit, profile X – X’, and the dip and strike markers for these 

packages at the putative butte at the north end of Sakarya Vallis, overlying a perspective view from PRo3D. The view is looking 

north east.
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Figure 4-18. Stratigraphic logs A–E and ZW–DW, corresponding to the respective profiles. The logs, except that of the butte, are 

centred around the P3 – P4 boundary; the packages of the butte are correlated to log E through the P2 – P3 boundary due to its 

proximity to profile E – E’. 
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Figure 4-19. Derived cross-sections (a) from the ten profiles, and their respective 

locations (b) visualised as a perspective view of Sakarya Vallis in PRo3D. 
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4.3.3. Packages Identified in Sakarya Vallis 

The seven packages are discussed in detail here. The east side of Sakarya Vallis 

(Figure 4-15) was the primary focus for analysis because most of the package 

boundaries are indistinct in the western wall of the canyon, due to overlying drift/dust, 

and so the majority of examples of characteristic features are sourced from the east 

side of the scene (package morphologies between the east and west are further 

compared, however, in section 4.3.4). Thicknesses of packages refer to the true 

thicknesses in Table 4-4; thicknesses of sub-packages are given as approximations 

based on apparent thickness, as they approach the limits of grid spacing and 

confidence due to error. Additional diagrams are found in section B.1. 

Package 1 (P1) is the oldest unit identified in this work, visible only at the location of 

profiles A – A’, AW – AW’, and ZW – ZW’ at exposures of 10–70 m thickness (Figure 

B-4). The package is generally mid- to dark-toned. However, as this package is mostly 

flat on the canyon floor, putative drift and dunes appear to obscure P1 across most of 

its exposure, which may contribute to its darker tone. Where more visible, the internal 

layering is continuous and comprises bright blocks, with apparent thicknesses down 

to the metre scale (< 3 m) in thickness. 

P1 is directly buried by the CDD. It also features boulders of 1–2 m in diameter, which 

appear sourced from P2 or P3 where there is a wasting feature (Figure B-5). The full 

extent of P1 is unclear due to both the CDD and this other material, but may constitute 

much of the canyon floor from the A profiles and south. 

Package 2 (P2) is a mid-toned package (Figure B-10), ranging in thickness from 3 to 

72 m with most exposure at the A and D profiles. At D – D’, P2 presents as a wide, 

shallow-sloped exposure. The package exhibits continuous internal layering (Figure 

4-20) that is bright and rocky, possibly overlain by drift as well as ripples, as is P1. 

These range from sub-metre to metre scale (< 2 m) in thickness, with boulders of 

similar diameter (< 3 m).  

The boundary between P1 and P2 (Figure B-6) is defined as a transition from this sub-

metre internal layering of bright material to a lack thereof, as well as a change in 

topography at the base of the canyon wall, but is otherwise gradual. The sub-package 
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boundaries become less distinct toward the top of the package, where the slope 

increases. The continuity of the internal layering of P1 and P2 is noticeable at these 

sites, but uncertain where drift obscures significant parts of the outcrop and/or where 

exposure on the west does not provide additional context. 

The upper boundary with P3 is marked by a dark sub-package (Figure B-6) similar to 

the base of this package (5–7 m), and a gradual change in slope. 

 

Figure 4-20. Sub-metre internal layering of P2 at A – A’ and B – B’, indicated with 

arrows. Bright, sub-metre blocks are visible, as well as boulders. 

Package 3 (P3) is a mid-toned to bright package with a thickness varying from 48 m 

to 174 m along its exposure in the canyon (Figure B-7). As mentioned, much of P3 

comprises at least two sub-packages: the first within which are alternating bright, 

blocky and dark internal layers which have a gradual boundary with P2 below them; 

and a bright sub-package which has an abrupt boundary with P4. These are best 

exposed at A – A’ (Figure 4-21). These sub-packages are, where visible, continuous; 

the alternating, potentially cyclic layers have consistent thicknesses of ~15–18 m, with 

the internal bright layers at ~2–4 m and down to < 1 m in thickness (Figure B-9, Figure 

4-22), and < 2 m for the dark layers in between. They are visible in the erosional profile 

(i.e., as topographic relief), with the darker layers as steep slopes between the brighter 

layers. 
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Figure 4-21. Overview of P3: alternating sub-packages of P3 at A – A’ (a) and ZW – 

ZW’ (b), indicated with arrows. The bright sub-package is visible as 2–3 visible 

bedding packages at the top of the unit. 

At A – A’ and B – B’, the bright sub-package composes a wide, low-slope exposure 

topped by ripples, whereas elsewhere in the canyon, this topography is not present. 

Nonetheless, this sub-package has a consistent thickness of ~27 m where visible in 

P3 

P4 

P2 
CDD 

P4 

P3 

a. 

b. 
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the scene. The boundary between P3 and P4 has a consistent ~7–11 m thickness 

(Figure B-8). 

The possibly cyclic sub-package is expressed most topographically towards D – D’ 

and E – E’ (Figure B-11), where the base of the package at D – D’ widens to a sub-

horizontal exposure (Figure B-12). E – E’ (Figure B-13) is the widest exposure of P3, 

at 174 m. The tens of sub-packages here are very regular in thickness, about 20 m 

thick, but without the internal layering visible. 

 

Figure 4-22. P3 at DW – DW’. The package is blockier with more boulders; sub-

packages are visible topographically and less so by brightness, except for where the 

arrow is pointing, which resembles the alternating bright/dark appearance (putatively 

a cyclic unit) of P3 at A – A’. 

Package 4 (P4) is a steep package of 10–99 m thickness, with a bright appearance 

when not covered in putative drift and metre-scale boulders (Figure B-14 shows an 

area where this material appears to be wasting, possibly from the base of P5 or further 

upslope where similar material obscures sub-packages of P5 and P6). The sub-

packages of P4 are consistently 1–7 m thick along the scene, best exposed at D – D’ 

where they are bright and rocky, although marked by erosion downslope (Figure 4-23). 

The package exhibits bright blocks at this exposure, with continuous internal bedding. 

P4 

P5 P3 

P2 

P4 

CDD 

P5 
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Save for at D – D’, P4 marks abrupt boundaries with both P3 below and P5 above, 

steep in topographic profile (i.e., not necessarily in dip). These boundaries are most 

abrupt at B – B’ (Figure 4-24), where P4 is obscured possibly from boulders from P5. 

 

Figure 4-23. P4 at D – D’, looking south. The arrow indicates some of the bright 

constituent blocks of the package. 

P4 

P3 

P5 

P6 
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Figure 4-24. P3–P5 at B – B’. The arrow points to the low-slope exposure marking 

the top of P3, highlighting the abrupt boundary with P4. The view is looking north 

east. 

Package 5 (P5) is a mid-toned to bright package ranging from 25 to 113 m in thickness 

(Figure B-16). Where visible, its sub-packages are 9–13 m thick, with further internal 

layering of < 2–5 m thicknesses. These layers appear continuous everywhere except 

between the B profiles and D profiles, where the boundaries of these internal beds are 

indistinct and may pinch out in the lower half of the package (Figure B-18); however, 

this is unclear, and may be due to overlying drift. 

As mentioned, P5 marks an abrupt topographic change from P4 (Figure B-19): the 

base of the package is a cliff-face that overhangs P4 (Figure B-19), and which is 

boulder-rich with dark, ~4 m boulders that can be seen downslope. The boundary with 

P6 is gradual in most places, and distinguished based on slight topographic changes 

and where P6 features more distinct internal bedding. At D – D’, the top of P5 is a low-

slope exposure (Figure 4-25), where P5 becomes exposed at the surface. 

P3 

P4 

P5 

CDD 
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Figure 4-25. P5 at D – D’, looking south. The arrow points to tens of regular, 

continuous sub-packages. 

Package 6 (P6) is 39–151 m thick and brighter than P5 throughout the canyon (Figure 

4-26). Its boundary, as mentioned, is gradual with P5 as well as P7, and in some areas 

indistinct by either morphology or topography. Sub-packages of P6 are ~15–20 m with 

further internal layers visible at < 3 m thicknesses. These thicknesses, where 

traceable, are consistent along strike. The internal layers of P6 are continuous 

everywhere on the east except at A – A’, and on the west except from CW – CW’ to 

the end of the exposure at DW – DW’. P6 is exposed at the surface between A – A’ 

and C – C’, and north of C – C’ and DW – DW’. 

At A – A’, the base of the package is an abrupt boundary with P5 as a bright-toned 

lens feature (Figure 4-27), named thus for the possible pinching out on at least one 

side, and as the morphology is not continuous, particularly north of this site. This 

feature is only visible in the vicinity of this profile. The lens comprises very fine, bright 

blocks, somewhat exhibiting layering (Figure 4-28) at the metre scale. At its base are 

1–2 visible sub-packages of bright layering marking the boundary with P5; above this 

boundary, the layers consist of larger bright blocks but their boundaries are unclear, 

at least in part due to data warp.  

P5 

P4 

P6 

CDD 
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Along strike, this material may be continuous to the south and outcrop at an area of 

wasting (Figure B-22), as this area shows very bright blocks parallel in elevation to the 

lens. This may persist southwards (Figure B-23). In both of these cases, however, 

these bright blocks could be other P6 material; it is not possible to discern due to the 

significant drift cover to the south of this area, which also lacks RGB and CRISM 

coverage which might otherwise provide insight.  

 

Figure 4-26. P6 at D – D’, looking south. This boundary with P5 is mostly defined 

based on the erosional profile (topography). Drift and potentially image warping 

obscure the appearance of the package. 

No dips were taken of any of the internal layering of the lens due to the steep slope 

generating image warping at the metre scale (e.g., Figure 4-7a). Despite this warp in 

PRo3D, however, the lenticular morphology appears in QGIS as well (Figure 4-27b).  

Between CW – CW’ and DW – DW’, the internal layers of P6 appear inclined and 

truncated: below by the boundary with P5 and above by either a surface within P6 or 

the package boundary with P7 (Figure 4-29). These surfaces may represent toplap 

and downlap, suggesting a depositional sequence of progradation southward. The 

internal bedding of P5 and P7 are otherwise concordant, as is that of P6 everywhere 

else in the scene, including directly south of this part of its exposure. 

P5 

P7 

P6 
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Figure 4-27. The lens feature at the base of P6 (a) in PRo3D, indicated by the 

arrow, looking south east; and (b) in map view in QGIS. 

P6 

P5 

P7 

a. 

b. 
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Figure 4-28. Close-up of the lens showing long, bright tabular blocks and visible 

layering within the lens. This view looks approximately east. 

 

Figure 4-29. P6 at DW – DW’. The internal layers of P6 appear to be bound by 

truncation surfaces, possibly evidence of progradation. This view is looking south 

west. 

P6 
P5 P4 P3 



 

 270 

Package 7 (P7) is the top-most package in this scene (Figure B-24), exposed above 

the canyon at 2/3 of the east side and most of the west. These exposures range from 

2–154 m thick. P7 features three continuous sub-packages, most visible around C – 

C’ (Figure B-26). The base is 5–11 m, with drift and boulders below it as possible 

wasting from this boundary, which is gradual, in morphology and topography, as a 

boundary with P6. The middle sub-package has regular internal layering (~2–10 m). 

The top sub-package is distinguished from the middle sub-package by a blocky base 

with < 3-m blocks, and transitions to more massive in the top 20 m. The finest internal 

layers are visible at the top with < 3 m thicknesses. These sub-packages are generally 

observable where P7 outcrops along the scene, including at five layered mounds 

(Figure B-24 with a closeup in Figure B-26).  

To the west of profile E – E’ is a layered mound which resembles similar features at 

the mouth of Gediz Vallis (e.g., Rapin et al. 2021) and is hereafter referred to as a 

putative butte. Figure 4-30 shows the unit map over this area and the location of profile 

X – X’ transecting the butte. The butte is 167 m tall, with a major axis of 702 m oriented 

339º (north west). The packages identified at the feature are P1, P2, and P3: P1 from 

base to the upper boundary is ~67 m thick; P2 is ~25 m; and P3 to the top of the butte 

is ~75 m. The sub-packages range from 6 to 11 m in thickness, with internal layering 

visible at 1.6–4 m thick, and in some areas < 1 m. The packages are partly interpreted 

based on elevation comparisons with the packages exposed at the nearby E – E’, 

accounting for the near-horizontal dips of these packages at that site. 

Figure 4-31 shows a close-up view of the butte. P3 features bright blocks and boulders 

at the metre scale. P2 has regular sub-packages under drift. P1 is considered as the 

remainder below P2, as the lowest-most named package in this work. P2 flattens out 

on the east side of the butte, towards the CDD, as a relatively smooth package with 

indistinct sub-packages. The layering of the butte on this side seems to slump 

topographically, with boulders and drift visible downslope. The relationship here with 

the CDD is ambiguous; beyond the edges of P1 and P2 is a topographic dip which 

then ascends to the CDD), but in places, P1 appears superimposed by the CDD. 
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Figure 4-30. Map of profile X – X’ over the butte at the north end of Sakarya Vallis. 
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Figure 4-31. The butte feature looking north east. 

 

Figure 4-32. Layering along the CDD (indicated by the arrow) at the base of the 

butte. The layers seem to suggest cross-bedding, but approach the confidence limit 

of the dataset for measurement. This view is looking west. 
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The central debris deposit is observed along almost all of the floor of Sakarya Vallis in 

this scene. Figure 4-32 shows this feature shallowing and narrowing to tens of metres 

wide to the north. The feature has fine, rocky layers visible, with the appearance of 

possibly cross-bedding. Dip measurements were not taken here as the layers are less 

than 1 metre thick and also appear to suffer from local warp in the imagery. 

4.3.4. Cross-Sections and Stratigraphic Logs 

Presented here is a discussion of the stratigraphic logs (Figure 4-18) and cross-

sections (Figure 4-19) derived from these interpretations (cf. Figure 4-14 and Table 

4-3 for numerical dip values for all measurements). Here, the stratigraphic logs are 

annotated with summaries of specific local morphology captured generally in section 

4.3.3. For context of each cross-section in PRo3D superimposed with package 

interpretations, see section B.2. N.B., the A and C cross-sections were each merged 

due to their respective profiles having a consistent strike. 

Figure 4-33 shows an annotated stratigraphic log for ZW – ZW’. The morphology of 

the packages here is consistent with scene-wide observations as described. The P1–

P2 boundary is indistinct, also due to dark-toned drift and dunes, and is inferred based 

on the boundary at A – A’. 
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Figure 4-33. Stratigraphic log for profile ZW – ZW’. 

The packages at ZW – ZW’ are sub-horizontal, transitioning from 6–8ºNE and E from 

the bases of P3 and P4 to 3–4ºNW in the upper packages. The cross-section shows 

this transition at the P4–P5 boundary as possibly unconformable, due to the change 

in dips, which is discussed further in section 4.3.6. The sub-packages at ZW – ZW’ 

range in dip similarly from 2–6ºNE but are randomly distributed through the section 

irrespective of package. However, further dip measurements are also limited because 

the curvature of the outcrop along strike is minimal here.
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Figure 4-34. Stratigraphic log for profile AW – AW’ (left) and A – A’ (right).
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Figure 4-34 shows the annotated stratigraphic logs for A – A’ and AW – AW’. The local 

points of interest are the bright lens at the base of P6, as discussed, and the possible 

cyclic sub-packages at P3. As mentioned, dip measurements were not taken along 

the lens due to visible image warp (Figure 4-7) and the small scale of its visible sub-

packages. The western log highlights the extent of the wasting and drift, but P6 and 

P7 are consistent in morphology between the two. P4 – P6 vary in thickness between 

the east and west (38–99; 57–25; and 39–71 m for P4, P5, and P6 on the east vs. the 

west, respectively). (P7 also varies as the top-most package and could be more 

eroded on the west.) 

The package boundaries at A – A’ are largely similar to each other in dip, as are sub-

packages (5–9ºNW or W). However, this differs within P3: the sub-packages and their 

internal layers have consistent dips and dip directions (5–6ºNW), whilst the bounding 

surfaces of P3 dip 8–9ºW. Further, the bright sub-packages that constitute the sub-

horizontal sub-package at the top of P3 have dips > 10ºSW. Similarly, the sub-

packages of P4 are shallower (5–7ºNW) than the lower or upper boundaries (~9ºNW) 

of this package, with directions ~290º, compared with ~270º above and below. (N.B., 

within a package, sub-package dips are consistent, unlike at ZW – ZW’.) 

The dips at AW – AW’ differ at the lower boundaries of P3 and P7, which dip to the 

north east (i.e., inwards towards the floor of the canyon, in cross-section). Further, 

because P4 dips to the north west here, P3 appears unconformable in cross-section. 

This area of the western wall of the canyon is largely obscured by wasting and drift, 

and so collecting sub-package measurements or taking a wider baseline for these dips 

were not pursued; this possible source of error is discussed further in section 4.3.6. 

In comparing these two cross-sections with ZW – ZW’, the latter has similar 

thicknesses at P2–P4 to A – A’, and similar thicknesses with AW – AW’ at P3 and P6; 

P5 at ZW – ZW’ is twice and four times as thick than the east and west A sites, 

respectively. The dips, however, are consistent at all package boundaries with AW – 

AW’, except for P4, where the dip direction is to the south east rather than the north 

west, which manifests as an unconformity at P4–P5 rather than P3–P4. Whether any 

errors are unique to either the west or more eroded sections of the outcrop at the west 

needs to be explored. 



 277 

The stratigraphic logs of the B profiles (Figure 4-35) demonstrate the thicknesses of 

the packages between the east and west as within ~20 m, except for P7, which is 

barely exposed at BW – BW’. P3 is buried beneath the CDD and possibly drift at its 

base on the west side of the canyon. Despite this, the topography of P3 (cf. section 

4.3.3) is pronounced on both sides of the canyon, and the overall morphologies of 

these packages are similar across the canyon.

a. 
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Figure 4-35. Stratigraphic log for profile BW – BW’ (left) and B – B’ (right). 
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The dips at B – B’ are generally steeper than at the three previous sites, ranging from 

2 to 11º. The dips are also slightly steeper from P3 to the lower boundary of P5 (9–

12º). P3 and P4 dip to the south west (~260º) and P5–P7 dip to the north west. The 

lower boundaries of P4 and P5 also mark changes in slope from nearly vertical to 

nearly horizontal exposures, with P4 recessed. Like at ZW – ZW’ and A – A’, P4 

appears unconformable between these two bounding surfaces in cross-section. 

The possible cyclicity within P3 is visible on both sides of the canyon but most distinctly 

on the east. These sub-packages have dips of 10–11º (west to south west), steeper 

than at A – A’ (where they also dip consistently to the north east). Internal layers of 

other packages on the east have unclear boundaries due to drift or their indistinct 

appearance at P5–P7.  

The dips on the west side are relatively comparable to those on the east, if shallower 

at P4–P6 (7–8º), steeper at P7 (9º, compared with 2º), and all to the north west (300–

357º). One sub-package within P4 was measured at 9ºNW, steeper than the bounding 

surfaces of this package (7–8º); sub-packages on the west are otherwise very 

indistinct, or beneath drift, to measure further. 

Figure 4-36 compares the two stratigraphic logs of the C profiles. P6 is almost twice 

as thick at the western exposure than on the east; otherwise, aside from the expected 

thicker exposure of P7 on the east, the package thicknesses are consistent between 

the two sides. The base of P5 on both sides is rocky, as expected, although less so at 

the east, where the boundary is much more distinct. 
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Figure 4-36. Stratigraphic log for profile CW – CW’ (left) and C – C’ (right).
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The dips on the east transition between P5 and P6, with the lower boundaries 

of P4 and P5 dipping 11º and P6 and P7 dipping 6–8º, all to the north west. 

The western dips are somewhat shallower; P4 dips 5ºNW, P5 3ºNE, P6 7ºNW, 

with a steep dip of 11ºNE at the base of P7, which was measured from a sub-

package to avoid warping of the image at the boundary here. The lower 

boundaries of the upper two of the three sub-packages of P7 at the east (cf. 

section 4.3.3), are very distinct, and were measured in two locations which gave 

dips of 12º to the west. 

The cross-section of the west shows P5, instead of P4 or P3, as 

unconformable. The projected boundaries for P5 on the east side also may 

suggest an unconformable boundary between P5 and P6. P7 is also shown to 

extinguish into the outcrop, although it is interpreted to persist along its 

exposure above the canyon; this may be due to the steep local slope and/or 

image warp influencing the dip measurement. Alternatively, the surface 

exposures of these packages may be more complex than initially interpreted. 

This is discussed further in section 4.3.6. 

Figure 4-37 compares the two stratigraphic logs for the D profiles. The rocky 

appearance of P4 remains present and consistent. Of the common packages 

between the two logs, the packages as exposed on the west are thinner than 

on the east (particularly P4, 78 m vs. 96 m), and represent a pinching out of the 

upper packages to the north along the west side of the canyon. 
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Figure 4-37. Stratigraphic log for profile DW – DW’ (left) and D – D’ (right). 
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P3 on the east is near-horizontal at 2º to the west/north west (~278º) at its 

bounding surfaces. The sub-packages of P3, however, once again vary (cf. 

Figure B-12), dipping 4–5ºNW at the near-horizontal base of the east canyon 

wall, and < 2ºW or NW at the putative cyclic layers towards the upper package 

boundary, which is more consistent with the bounding surfaces of P3.  

Above, P4 has a dip of 6º to the west/north west, above which the dips steepen 

to 8–9º to the west/north west for P5–P7. Sub-packages of P6 dip 7–9º to the 

south west and north west, consistent with the boundaries of this package. 

All of the measured dips at DW – DW’ are 2–3º, although they vary in direction, 

with P3 and P4 dipping to the north west and P5 dipping to the north east. Some 

sub-packages of P5 are also exposed local to this site; these dip 3–6ºNW, 

contrasting with the boundaries of the package. Along strike, the exposure is 

eroded along P3, where the possible cyclic sub-packages are exposed well at 

the base of the outcrop; these range from 4–6ºSW (not dissimilar to the lower 

sub-packages of P3 on the east). 

The stratigraphic log of E – E’ is shown in Figure 4-38. P3 is at its (and any 

package’s) thickest exposure at 174 m, while P4 is at its thinnest (10 m) with 

~2 visible sub-packages; P5 is also at its thickest at 113 m, and is exposed at 

the surface above the canyon. The sub-packages of P3 are distinct, with bright 

constituent blocks < 6 m in size. The lower boundary of P3 is unclear as it marks 

a change in topography from the base of the cliff to the smooth dark material 

on the floor, where it is possibly buried by the CDD. 
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Figure 4-38. Stratigraphic log for profile E – E’. 

The boundaries of P3 through P5 have comparable dips of 4–6ºW. The dips of 

the sub-packages of P3 range from 1 to 5º to the west and north west, 

steepening upslope towards the upper boundary, and are thus shallower than 

the bounding surfaces. Internal layers of the other packages are not distinct.  

Finally, the stratigraphic log of the butte is shown in Figure 4-39. N.B. the base 

of P3 was used to correlate to the packages at E – E’. Further, because 

ambiguous image warp was identified along the south east of the butte (Figure 

4-8, Figure 4-9), dip measurements were not taken along this portion of the 

feature, nor on the west side of the butte, where the outcrop is virtual straight 

along strike. 

The butte is unique amongst the eleven sites in providing 360º exposure of its 

constituent packages. The dips along the lower boundary of P3 vary from 4ºNE 

on the south east side; 1ºE at the north; and 11ºSW on the north east side, 

therefore pointing inwards (cf. Figure 4-17). One sub-package was measured 

with a dip of 9ºW. P2 is somewhat more consistent, with dips of 2–5º, dipping 

to the north east from the west side of the butte, and east and slightly north 

west on the east side of the butte.  
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Figure 4-39. Stratigraphic log for profile X – X’ over the butte. 

P2 and P1 also have varying cross-cutting relationships with the CDD here. In 

some areas, there are “gaps” between the topography of these packages and 

the CDD, again possibly being previous margins of the CDD. To investigate 

these, dips were measured at the P1 – CDD boundary to the north east of the 

butte, and at the P2 – CDD boundary to the east (i.e., not along the gap but the 

current margin of the CDD with positive relief). The first dips 4ºNW; the latter 

dips 39ºSW; more dips were not collected due to the lack of exposure at 

sufficient confidence level respective of the DTM, as well as a lack of distinct 

and/or continuous boundaries. 

The synthesis and implications of these results and observations are further 

discussed in section 4.3.6. 

4.3.5. Mapping 

Once mapped over the single HiRISE image in QGIS, the packages identified 

in this work were tentatively extrapolated over the basemap processed in 

section 3.5. This unit map is presented in Figure 4-40. P3 becomes more 

exposed to the north east. The boundaries of P4 have a lower confidence as 

the HiRISE imagery over this region is evenly-toned and highly textured, 

including with polygonal networks and cratering, which obscure the 

morphology. The P5–P6 boundary is extrapolated based on a topographic 
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margin; P6–P7 is based on apparently topography and brightness. Finally, the 

eastern margin of P7 is considered to be the topographic shift here, which 

marks unconformable lower boundary of the Upper formation. 

Noticeably, the lower sub-packages of P3 correlate to the marker bed; the 

marker bed does not exactly correlate to the base of P3, but is rather higher up 

in the package. Figure 4-41 shows a close-up of the map along with the units 

from Fraeman et al. (2016) shown in Figure 4-4 and digitised in section 3.5.4. 

The overlap with Thomson et al. (2011) is not shown here, but overlap between 

these packages and the maps from these two works is listed in Table 4-5. The 

most relevant overlap for this work is lm3 which is analogous to LS in Fraeman 

et al. (2016), within which the marker bed outcrops. 

Table 4-5. Correlation between packages identified in this work, and the units 

from Thomson et al. (2011) and Fraeman et al. (2016). 

Formation Thomson et al. (2011) Fraeman et al. (2016) Package 

Lower 

mound 

(Lm) 

lm3 Lower mound 3 LS 
Layered 

sulphates 
P5 – P7 

lm3s 
Lower mound 

subdued 3 
N/A P1 – P4 

 

As indicated in Figure 4-41, as well as Rapin et al. (2021) (cf. Figure 4-43), MSL 

is approaching the base of the LS unit. Whilst the traverse does not yet transect 

the extrapolated P3 and provide an opportunity to compare rover imagery of 

strata with this work, rover imagery over P3 is imminent, with P4 and above as 

possibilities as well.  
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Figure 4-40. Extrapolated packages on the basemap processed in section 

3.5. 
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Figure 4-41. Close-up on Figure 4-40 showing the units from Fraeman et al. 

(2016) on the basemap. The LS unit overlaps with the extensions of P3 – P7 

(indicated with white dotted outlines). 
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4.3.6. Discussion 

Seven packages were interpreted at eleven different sites along the HiRISE 

scene over Sakarya Vallis, accompanied by dip/dip direction measurements 

and integrated into a map, cross-sections, and stratigraphic logs. This morpho-

stratigraphy spans about 1 km from the lowest exposure to the highest (from 

approximately -3800 m to -2800 m relative to the areoid), with a maximum 

outcrop exposure of about 400 m, and covers about 15 km along the canyon 

from profile ZW – ZW’ to X – X’. At these scales, these interpretations are 

intermediary to the existing map of this part of the central mound from Thomson 

et al. (2011) and the detailed maps from rover-based analyses, such as 

Fraeman et al. (2016). Further, the packages overwhelmingly dip to the west 

and north west, as expected, based on other works (e.g., Thomson et al. 

(2011); Kite et al. (2013)) which describe strata as dipping outwards from Mt. 

Sharp. 

In performing these interpretations, various considerations of error arose, from 

how metre-scale warps in the image data might affect dip and dip direction, to 

what relief can be confidently ascertained from the underlying terrain data. The 

trends and errors in these observations and data are discussed further in this 

section. Nonetheless, these interpretations and quantitative data complicate a 

layer-cake model for this stratigraphy, revealing potential unconformities and 

fluvial/lacustrine features. The packages are interpreted in detail here, with a 

discussion of the implications for the geology of this region. 

4.3.6.1. Packages 1 and 2 

P1 and P2, as the floor units, are largely indistinct, but in some areas feature 

very fine layering with visible bright constituent blocks, particularly in P2. 

Further investigation is required to better distinguish these units as well as the 

lower sub-package of P3, as the boundaries between these three units are 

indistinct; their internal beds are similar in thickness; and the boundaries are 
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largely based on local morphology and change in slope due to lack of exposure 

elsewhere in the scene. 

4.3.6.2. Package 3  

As mentioned, P3 can be separated into three sections: the base material, with 

sub-package dips consistent with both boundaries of P3; the resistant, 

potentially cyclic sub-packages, which have shallower dips from either 

bounding surface of P3, and to the west rather than the north west; and the 

more steeply-dipping bright sub-packages at the top which in some areas (like 

A – A’) dip to the south west. P3 generally thins south; however, as it comprises 

the floor unit at the B and C profiles, at times covered by the CDD, it has been 

extrapolated downwards in cross-section, and may be more consistent in 

thickness than the stratigraphic logs indicate. 

The putative rhythmic/cyclic beds are largely continuous and regular in 

thickness, although they become more topographically exposed to the north, 

where the brighter sub-packages appear more resistant, visible in profile. This 

would suggest a regional environment, rather than local.   

Rhythmic bedding on Mars implies low-energy, non-disruptive deposition; a 

fluvio-lacustrine environment would otherwise disrupt sediments, for example. 

Lewis and Aharonson (2014) analyse potentially rhythmic units on Mars, 

including in Gale crater, and suggest as depositional processes: distal and 

subaqueous, where energy is low enough far from a fluvial source; groundwater 

seepage and precipitation of evaporitic minerals, where cyclicity is controlled 

by orbital signals, varves, or Milankovitch cycles; or dust accumulation, 

controlled by obliquity. 

Closer investigation of the CRISM products over the exposure at A – A’, 

including with spectra, could further illuminate the depositional processes that 

formed this middle sub-package, especially as CRISM reveals P3 to possibly 

be a mix of sulphates with hydrous minerals (such as clays) and low-/high-Ca 

pyroxene (cf. section C.2). 
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Regardless, these sub-packages may represent a regime change from the 

lower section of P3 that further changed before the bright, overlying sub-

packages were emplaced, possibly with an erosive boundary between these 

middle and upper sub-packages. If representative of, for example, lacustrine 

deposition, supported by lateral continuity at least within this HiRISE scene, this 

environment may have been limited temporally but may have been regional. 

Because of the change in dip particularly between the middle and upper-sub-

package, P3 may further represent a depositional sequence. This requires 

further investigation of the internal bedding of this unit. 

4.3.6.3. Package 4 

P4 is the least-resistant package, covered in basaltic drift in areas and 

recessive on the east. One or more of its bounding surfaces may be 

unconformable, based on the cross-sections as well as morphology at B – B’. 

This package also thins significantly to the north and may be regionally-

constrained due to pinching-out in at least the east, west, and north. 

The package differs between the west and the east. For example, within P4, 

the dips of internal layers vary from the package boundaries, in places 

shallower on the east and steeper on the west; the package is at its thickest at 

AW – AW’ (99 m) but consistently around 30–70 m thick at other profiles. As 

mentioned, measurements on the west may be problematised by inaccurate 

ORI–DTM registration on the west, where boundaries are further more indistinct 

beneath drift/dust and subject to human error in interpretation. 

Without the data from the west side of the canyon, the package does not 

consistently thin to the north but varies, particularly at B where it may be 

unconformable with P3 and P5, which may be the most reliable measurement 

of boundary dips for P4, even as it is also obscured by drift and boulders. 
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4.3.6.4. Package 5 

P5–P7 are similar in erosional profile; P5 is the most exposed “above” the 

canyon towards the north of the scene. P5 differs from the other packages in 

that its internal beds are consistently indistinct except at CW – CW’ and the D 

profiles, and where visible, they vary in thickness. However, the base of P5 is 

consistently steep and blocky, and potentially an unconformity. The CRISM 

maps (APPENDIX C) reveal that this boundary may not be the source of the 

drift downslope, such as over P4, as originally inferred. 

The upper boundary of P5 may be an erosional surface if the lens at the base 

of P6 at A – A’ persists laterally; however, the lens may be local or only extend 

southward. Nonetheless, P5 seems to represent a transition at its boundary 

with P4 and/or P6—dips of overlying packages (P6–P7) and sometimes the 

lower boundary of P5 are shallower than the dips of the underlying units. This 

transition is further discussed in section 4.3.6.7.  

4.3.6.5. Package 6 

P6 has a nearly-consistent thickness, except for a thick exposure at CW – CW’ 

and a thin exposure at DW – DW’ where it is the top-post package and likely 

eroded. Its boundaries also have consistent dips of 6–9ºNW and its internal 

beds mostly have comparable dips.  

However, as mentioned, the internal layers of P6 between CW – CW’ and DW 

– DW’ appear tilted respective of the package boundaries or possible truncation 

surfaces within the package, featuring toplap and downlap. This exposure is 

interpreted as progradation in a southward direction, representing a rise in 

water level (Figure 4-42). At this site, the base of P6 also marks a transition of 

beds dipping NE (P3–P5) to NW (P6, P7, and their internal beds). The 

appearance of toplap and downlap is not visible anywhere else in the canyon, 

whether within this package or other packages. 
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However, P6 also features a lens at A – A’. There is one continuous bright bed 

at its base that is discontinuous to the left (north) and somewhat to the right 

(south). Within the lens are a mix of concordant beds and discontinuous 

bedding that is channel-shaped or potentially cross-bedded, including in the 2D 

imagery. However, erosion and underlying topography may create a misleading 

appearance; these beds could be horizontal/parallel but cut through a curved 

cliff-face (or are warped in the 2D or 3D), which is observed elsewhere in the 

scene, such as at areas of landslides (e.g., Figure B-5). 

 

Figure 4-42. Annotation showing toplap and downlap of sub-packages, as 

well as concordant layering, within P6 between CW – CW’ and DW – DW’. 

This view is looking west. (Cf. Figure 4-29 for a similar view without 

annotations.) 

The lens, unfortunately below the resolution of CRISM, seems very local, but 

could possibly extend south along strike. This feature could represent scour 

(from erosion) or a channel-fill deposit. Improving the ORI–DTM alignment 

would help to constrain the morphology of the feature (due to the local image 

warp here) and potentially enable detailed analysis of dips to better constrain 

how it may have formed. With evidence of progradation and possibly a channel, 

this package could suggest a period of both fluvial and lacustrine activity.  
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4.3.6.6. Package 7 

As the top-most package, there is limited exposure of P7 to observe. However, 

the distinct sub-packages on the east dip more steeply (12º) than the package 

boundaries (6–8º), which requires further investigation especially in context of 

P6 (i.e., if P7 is further a part of this depositional sequence). 

P5–P7 rely somewhat on map extrapolation, and their surface outcrops may 

not be as simple as mapped in this work. CRISM indicates that P7, for example, 

may not be as exposed at the surface at A – A’ and south (or else, based on 

Sheppard et al. (2021), could have local alteration or mantling of clay minerals) 

(section C.2). Further, some cross-sections also suggest that P7 extinguishes 

on the west side. 

4.3.6.7. Bedding geometries 

In combination, the interpretations in this work reveal several potential sites of 

unconformity: the lower boundaries of P5 at ZW – ZW’ and B – B’; P4 at AW – 

AW’; and P6 at CW – CW’ and internally between CW – CW’ and DW – DW’.  

Of these sites, ZW – ZW’, AW – AW’, and CW – CW’ show where either P5, 

P4, or P6, respectively, marks a change from dipping NE/E to NW/W up-

section.   

The underlying data has to be considered in these measurements. The west 

side of the canyon features more image warps due to local slopes, whilst the 

rocky P5–P4 boundary complicates finding reliable dips, and the relative dip 

directions may be influenced due to these issues. Particularly at changes in 

slope, a slight shift between the overlying imagery and the terrain data can 

manifest as greater areas of warp in the visualised data, and this will affect dip 

measurements. Whilst multiple polylines were used to best capture dip this 

issue may still influence the appearance of unconformities.  

Another issue is where dip annotations do not provide enough 3D strike 

(curvature in the outcrop) to best find a dip solution; this was especially an issue 
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on the west side of the canyon due to its morphology, where long baselines 

were often necessary but difficult to obtain in combination with wasting features. 

All of the putative unconformities correlate with uncertainty in the indistinct 

package boundaries, except for P6. The dip of the lower boundary of P4 at AW 

– AW’, and the resulting interpreted unconformity, is thus considered 

cautiously. The extrapolation of P4 in the map (Figure 4-40), which may 

extinguish locally and not persist laterally if indeed beneath an erosional 

surface, is therefore also tentative, based only on morphology (which, as 

mentioned, was difficult to discern in the basemap). Likewise, the putatively 

erosional surface between P6 and P5 at CW – CW’—and the thickness of P6 

at this site—is not consistent with the package geometry at DW – DW’, despite 

the proximity of these measurements, which could be due to the indistinct 

boundaries on the west and lack of 3D strike. The exception is P4 at ZW – ZW’, 

where boundaries are more distinct (like the exposure at A – A’) and the dips 

of the packages are consistent with each other on either side of the upper 

boundary of P4 and may therefore be more statistically significant.  

The key truncation surfaces are thus interpreted as the bounding surfaces of 

P4, especially at B – B’, where there is the most confidence in the boundary 

measurements of this package; the internal surface in P6, which may not be 

erosional but a non-depositional hiatus; and P7, which is considered to be 

eroded on the western side of the canyon. P4 and P5 both mark transitions 

where overlying units have shallower dips, and so the lower boundary P5 may 

also be a truncation surface. A tectonic cause of these unconformities (e.g., as 

angular unconformities) is not plausible for Gale crater (Banham et al. 2018), 

and, as with P6, these unconformities may indicate that these packages 

comprise a larger depositional sequence. 

4.3.6.8. Implications 

Despite these uncertainties in measurement, P6 and potentially P3 are 

interpreted to represent low-energy periods of subaqueous deposition, with P6 

signifying water-level rise in a possibly lacustrine environment. P4 is interpreted 
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as a truncation surface above P3. While the interpretations of unconformities 

of other packages may be subject to error, the unconformity at B – B’ is treated 

with confidence and is interpreted to reveal P5 as unconformably overlying P4.  

P4 may extinguish locally and represent a regional unit that is discontinuous 

laterally; further investigation with the basemap, other HiRISE imagery, and 

CRISM could further constrain the extent of P4. The internal beds of P5 are 

indistinct or possibly discontinuous above P4, and the sub-packages of P7 have 

steeper dips than its boundary with P6; further work quantifying the sub-

packages of P3, P5, and P7 may thus better constrain whether P3–P7 

represent a depositional sequence, or distinct events with different 

mechanisms of emplacement. Additionally, future detailed study of the sub-

packages of P3 could be contextualised within models of geochronometry and 

deposition rate to understand the climate under which they formed, potentially 

in combination with study of similar units at Mt. Sharp (Lewis and Aharonson 

2014). 

4.3.6.9. Central debris deposit 

Ancillary to this analysis, the morpho-stratigraphy CDD was studied in this 

work. As discussed in section 4.1, Hughes (2021) describes multiple, fluidised 

wasting events, possibly during the late Hesperian, that have likely eroded 

subaerially and differentially to leave behind positive topography (inversion). 

This work reveals possible previous margins along the CDD, superimposed by 

or superimposing packages, where layering of the underlying floor units may 

be uncovered, based on topography and morphology. 

Based on the cross-cutting relationships between CDD and P2–P4, a possible 

sequence of processes is proposed: late Hesperian mass-wasting (following 

Hughes (2021)), mostly from P5 and P6, to form channelised flow along the 

floor; repeated periods of this deposition and erosion overprinting previous 

margins; cessation of this activity and later erosion to expose P1 – P2 in areas; 

and, finally, the impacts that form the handful of craters visibly superimposing 

the CDD and dune activity. 
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4.4. Conclusions 

This work has contributed detailed, orbital-based stratigraphy in the upper 

Lower mound formation in Gale crater as exposed in Sakarya Vallis. Seven 

packages are identified here, distinguished by brightness, visible textures, and 

morphology. This work further complements previous work on orbital 

stratigraphy of the central mound, enabling future studies correlating unit maps, 

including those derived from MSL data.  

This analysis in PRo3D has revealed a diversity of geology both in the strata 

exposed in Sakarya Vallis, as well as within the feature. The morpho-

stratigraphy is interpreted as largely layer-cake but not strictly, including 

localised features and different regimes of sub-packages that may suggest a 

depositional sequence and channel (P6) and a low-energy, cyclic depositional 

environment (P3), as well as potential unconformities that represent periods of 

erosion. These units therefore reveal at least one, and possibly two, periods of 

sub-aqueous deposition in this region during the Late Noachian – Early 

Hesperian. 

P3 correlates to the layered sulphates (LS) unit identified by Fraeman et al. 

(2016) and may therefore be imaged and sampled by MSL during its remaining 

mission lifetime as it ascends Mt. Sharp. However, this work disputes the 

identification of the marker bed within Sakarya Vallis, as the characteristic 

morphology of the marker bed is absent from the exposed stratigraphy as 

visible in the HiRISE imagery. 

The uncertainty in some of these trends emerges as an additional result: much 

of these quantitative data hinges on good ORI–DTM agreement at scales 

relevant to analysis. For example, dip direction is sensitive to local image 

warping at the metre scale, which can then possibly influence interpretations of 

unconformities, whilst image warping at up to 20 m scales is observed. As 

discussed in Chapter 3, this could potentially be improved through more manual 

interventions in both stereo processing and orthorectification. However, 

quantifying stereo error and extrapolating this to analytical error in 
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interpretations is already complicated; human intervention further complicates 

this. 

Other works have sought to qualify the ways in which orbital imagery-based 

interpretations can differ from those made from rover images, and provide 

important caveats. Stack et al. (2016), as discussed in section 2.2.6.3, compare 

interpretations from rover-based imagery and orbital imagery. They emphasise 

that orbital-based interpretations rely on visible qualities of the geology, i.e., 

brightness, surface texture within the image resolution, relative brightness, and 

resistance to erosion, whose interpretation can be biased by the analyst. 

Further, they caution that derived stratigraphy can be simplistic, whereas 

imagery from MSL exposes non-layer-cake geometries. 

Similarly, Salvatore et al. (2020) compare orbital-derived (CRISM) and rover-

derived (CheMin) spectroscopy over the Vera Rubin Ridge (VRR). The 

discrepancies they identify include a hematite signature in CRISM seeming to 

be stratigraphically-controlled, whilst rover data showed hematite signals cross-

cutting bedding. Both Stack et al. (2016) and Salvatore et al. (2020) emphasise 

the reciprocal insight that rover-based observations can have with 

interpretations from orbital data, describing that in situ study of rover sites help 

to inform regional mapping from orbital data.  

These studies thus point to a bigger picture in terms of error, as touched upon 

in section 3.6.5: how can image error be minimised or otherwise captured in 

terms of geologic interpretations, particularly where local rover context is not 

present? This remains an unanswered question, and one that may have 

answers specific to each dataset that is analysed for a given site, but it 

highlights the important synergy between image processing, geological 

analysis of orbital data, and field techniques (or field-approximate, such as with 

rovers). 
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4.4.1. Future work  

4.4.1.1. Interpretations 

Several directions might be pursued to expand upon these results. First, a more 

detailed examination of the sub-packages could provide further insight into the 

bedding patterns and geometries within Sakarya Vallis, particular on the 

western exposure which suffers from indistinct package boundaries. Statistical 

analysis of the dips, plotting with stereo nets, and incorporation into a fence 

diagram of the canyon could also further help constrain both error and trends 

in these data, and aid in comparison with other areas of Mt. Sharp including 

MSL data. The resulting trends could also thence be compared with existing 

models: depositional models such as that discussed in Thomson et al. (2019), 

and formation models of the central mound such as those of Kite et al. (2016). 

Comparisons with terrestrial outcrops that have already been studied in-depth 

would also be useful, as they would help to better constrain what can be reliably 

interpreted from remote imagery. Whether these units, particularly P3–P7, exist 

within a larger depositional sequence would benefit from this further study. 

Whilst CRISM maps were discussed in this work (APPENDIX C), specific 

spectra over areas of interest could enhance this work and provide more insight 

into the chemo-stratigraphy of these packages, particularly P4 which remains 

enigmatic in terms of local geometry and spectral properties. These data could 

also be incorporated with the terrain data into compositional profiles that can 

be compared with those produced elsewhere in Gale crater, particularly around 

the MSL traverse. 

Finally, the extrapolated map units require a closer analysis as relevant to MSL; 

detailed correlation with Gediz Vallis would be useful as MSL ascends Mt. 

Sharp, particularly given the insight discussed above concerning orbital vs. in 

situ interpretations. Figure 4-43 (Rapin et al. 2021) shows the Mt. Sharp 

stratigraphic column alongside a close-up of Gediz Vallis, linking specific 

features and the local units in the map from Fraeman et al. (2016) to the 

stratigraphic column. As of the time of this work, the rover has yet to encounter 
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the LS unit, at which point it will, based on these interpretations, begin to image 

P3 and possibly other units in the distance, if they indeed laterally extend to this 

region of the central mound. This phase in the rover mission would thus provide 

an opportunity to investigate the lateral extent of the Sakarya Vallis packages 

and improve these interpretations in light of finer-scale observation and 

analysis. 

 
 

Figure 4-43. Local map showing the MSL traverse over a HiRISE basemap, 

alongside a stratigraphic log of Gale crater thus far reconstructed from the 

mission, from Rapin et al. (2021). The yellow overlay represents the CRISM 

summary product SINDEX2; the labels indicate subsequent figures in their 

work but indicate the relative locations of these features on the stratigraphic 

log, including the marker bed. 
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4.4.1.2. Data products 

Whilst this work has discussed error qualitatively, a few approaches are 

proposed here to address error quantitatively. The first is to use feature-tracking 

tools to map distortions between the DTM and ORI, which should produce an 

image showing where the distortions occur and in which directions (azimuths) 

as vectors. In comparison side-by-side with the data displayed in PRo3D, this 

map can serve as a tool in two ways: first, to add error bars to any annotations 

that fall along the distortions, e.g., if a distortion appears at the 10-m scale in 

the north–south direction, along strike, the vertical distortion can be measured 

and incorporated into the package measurements at this location; second, the 

map could be used to rule out what distortions may be irrelevant to the analysis, 

depending on location and scale, although this is expected to not be relevant 

to this work where the small scale is important to qualitative and quantitative 

data but may be important for other studies. 

If distortions trend along the boundaries between the constituent image strips 

of the HiRISE ORI, this may be an issue sourced in ISIS3 and how 

hiedr2mosaic.py is executed. This also highlights the lack of bundle adjustment 

before using mapproject to orthorectify the greyimage to the DTM—the SPICE 

kernels are still configured to the original image rather than the co-registered 

DTM. Bundle adjustment could also therefore be applied to the individual 

HiRISE image strips before mosaicking; alternatively, control points could be 

manually identified along all of the strips to co-align them before mosaicking, 

such as in ArcGIS or ENVI. 

Another means of correcting these distortions is to use a tool such as 

Georeference to improve the ORI alignment with the DTM, with a focus on the 

areas identified from the feature-tracking tool. However, the caveats of using 

more manual interventions, such as this tool or even bundle adjustment, are 

discussed in section 3.6.5. 

A final consideration is that the analysis in this chapter has revealed the ways 

these distortions appear in PRo3D: at steep slopes, particularly on the western 

side of the canyon where layers are topographically expressed and overhang 
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the imagery below, thus causing vertical occlusion. Such occlusions are 

intrinsic to remote sensing data at near-vertical or vertical areas (hence the 

labelling of this analysis as 2.5D rather than true 3D); it is understood that this 

is the likely source of differences between the right and left ORI, in addition to 

the lack of bundle adjustment (cf. section 3.4.3.4). Whilst the above methods 

may overwhelmingly improve the distortions, this issue may still persist as an 

error that cannot be fixed, and which should be both quantitatively and 

qualitatively constrained. 
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CHAPTER 5: CONCLUSIONS 
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5.1. Commentary 

In this work, I have processed two sets of orbital imagery and secondarily 

processed a third, with a focus on Gale crater, Mars: an HRSC DTM mosaic 

with the KM09 modification to DLR-VICAR; CTX DTM and ORI mosaics with 

CASP-GO; and a HiRISE DTM and ORI with Ames Stereo Pipeline, 

respectively. I used Ames Stereo Pipeline to progressively co-register these 

products following a “co-registration cascade”—aligning DTMs to the next-

lowest resolution product—to ultimately tie these 3D products down to the best 

global ground truth, the global MOLA DEM, thereby producing a multi-

resolution stack of imagery all within a consistent spatial framework. I compared 

each dataset to the next-lowest resolution products as well as existing products 

from other workers to ascertain image quality, characterise artefacts, and 

evaluate the performance of these automated methods. Ancillary to this 

processing and evaluation, I used secondary processing techniques to place 

these products within a larger basemap using other HiRISE and MOC imagery 

as well as multi-spectral CRISM imagery, centred on Sakarya Vallis, to prepare 

for 2D and 3D geological analysis of this feature. 

Using the imagery I processed, I visualised the HiRISE DTM and ORI over 

Sakarya Vallis in PRo3D, a virtual 3D environment, to analyse as a digital 

outcrop. I extracted rich 3D interpretations of unit—“package”—boundaries and 

their dip/dip directions, which I then combined with 2D mapping to produce 

package thickness values, and thence graphical stratigraphic logs and cross-

sections. Along with visual analysis, I used these data to interpret this section 

of stratigraphy exposed in Gale crater, identifying seven key packages and two 

potential instances of aqueous deposition, within the limitations of resolution 

and data integrity. I further compared the 2D mapped packages with geological 

unit maps of this local region to draw potential correlations between these units 

and those being approached by the Mars Science Laboratory. 

Accompanying this approach, I have also provided commentaries on the gains 

and concerns of automating image processing (stereo processing, co-
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registration, and orthorectification) of these orbital datasets, and how they may 

impact geological analysis. From this discussion I extrapolate to the analyses 

that I perform, and report on the potential ways that image errors manifest in 

such interpretations. 

3D analysis of orbital datasets will increasingly become relevant as new virtual 

technologies develop and missions return new, high-resolution 2D and 3D, 

enabling more intuitive, field-like analyses of the surface of Mars. This work 

demonstrates a ground-up approach to providing novel interpretations of 

exposed strata in Gale crater: from processing multiple sets of DTMs to achieve 

a co-registered, high-resolution orbital data product within a multi-product 

regional map, to adapting a field-like workflow in PRo3D to analyse about 1 km 

of stratigraphy in Sakarya Vallis. Along with my commentary on image 

processing integrity and subjectivity in quality assessment, this synergy will also 

remain an important aspect of multi-modal study of Mars (with multi-resolution 

and multispectral orbital data, rover data, and modelling) in future. 

The map data produced in this work have been made publicly available; cf. 

section 5.2.4. 

5.1.1. Processing Orbital Imagery over Gale Crater, Mars 

The key findings from the image processing performed in this work might be 

considered as the products themselves—the HRSC DTM mosaic, CTX DTM 

and ORI mosaics, the HiRISE DTM and ORI, and the regional map of the 

central mound, co-registered down to MOLA—intended to feed forward to 

geological analysis. However, the comparisons of these products and 

processing experiments led to other lessons, as well.  

First, automated and semi-automated methods for processing imagery have 

different benefits and drawbacks. The automated methods used for stereo 

processing in this work provided efficiency and reproducibility, as long as 

specific parameters and workflows were recorded. They also suffered from 

often needing an initial processing stage to constrain the best parameters for a 
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specific dataset, sensitive to brightness and texture in the images as well as 

slope and often producing artefacts as a result. The expected improvements 

when compared with the same products produced by other workers with 

different, typically more manual methods were thus complicated or sometimes 

negligible.  

Further, the usage of the Georeference tool made it evident that manual 

intervention, informed by an understanding of geomorphology as well as 

lighting effects or shadows, improved the apparent agreement between a 

product and its reference for alignment, but caused data loss or uncertainty in 

the exact transformations applied to the image, limiting reproducibility. 

Additionally, exploration of how to best quantify error; the remaining issues in 

the CTX mosaic; and the reduction of DTM artefacts are important future steps 

to better address Mars DTM quality. 

Second, stemming from this, it became apparent that quantifying error needs 

to be contextualised by intended analysis, and that stereo processing and 

secondary processing of stereo products should not be performed “in a 

vacuum” with respect to end user needs. Particularly in context with the initial 

and eventual visualisations of these products, local errors can potentially 

influence the detail of HiRISE imagery down to the metre scale when visualised 

with 3D terrain data. These issues are expected to particularly impact analyses 

where local ground truth is unavailable, including on other bodies where, 

additionally, resolution of image products is lower. 

Nonetheless, this work presents a novel multi-resolution map product over 

north west Gale crater, which enabled geological analysis in this work. In future, 

more detailed alignment of the image products of this basemap, as well as the 

addition of more co-registered HiRISE DTMs, would enable the expansion of 

the morpho-stratigraphic study performed in this work to other exposed strata 

across this region of the central mound.  
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5.1.2. 3D Visualisation and Geological Analysis of Sakarya Vallis, Gale 
Crater, Mars 

This work provides the first detailed morpho-stratigraphic analysis of Sakarya 

Vallis in Gale crater, Mars, and a novel use of a semi-VR environment to 

analyse orbital data in 3D. The stratigraphic logs and cross-sections produced 

in this work capture an approximately 400-m section of exposed layering in 

Gale crater at the lower boundary of the Lower formation of the Mount Sharp 

group. This work presents a complex perspective into these strata, with 

potential cyclic bedding; unconformities; and a lens, possibly representing a 

channel. The quantitative data—bedding geometries and thicknesses along 

~15 km of the canyon—complicate a layer-cake model, whilst the spectral data 

correlated with the identified packages contribute to a view of perhaps a 

changing environment over time during the formation of Aeolis Mons. 

This work therefore contributes to the study of strata on Mars generally—as 

well as to the use of 3D tools to perform this study—and to the limited study of 

this feature specifically. These data will also contribute to depositional models 

of the central mound; provide regional context to findings from MSL as it 

approaches one of the lower-most units identified in this work; and also provide 

important insight into the upper strata of the Lower Fm of Mt. Sharp which the 

rover will not encounter. 

As mentioned above, this analysis also serves as a sandbox for examining 

image and DTM quality and agreement. An ancillary result of this work, 

therefore, is the utility of using 3D tools to investigate image quality at the scale 

relevant to the intended analysis. Future work will focus on synergy with and 

lessons from in situ analysis from MSL as it ascends Gediz Vallis, and, in 

tandem, an investigation on how to best constrain reliability and confidence in 

qualitative and quantitative data derived from 3D analysis of HiRISE data. 

Nontrivially, the processing and visualisation of this dataset contributed to 

public engagement, from games to localise Mars rovers based on visualised 

DTMs and rover images to teach 3D spatial reasoning, to the demonstration of 

the ways planetary geologists use 3D data to simulate field environments to 
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enhance their work. I consider this work critical to the analyses presented in 

this thesis as a demonstration of the broad utility of 3D planetary imagery for 

science communication, promoting scientific literacy and education, and 

embracing the spirit of open access research. Selected such demonstrations 

are listed in the following section. 
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5.2. Publications 

Publications marked with asterisks are collaborations outside the scope of this 

thesis but applying related methods of image processing or visualisation. 

5.2.1. Conference Proceedings 

*Chernetskiy, M., Muller, J.-P., Tao, Y., Persaud, D. M., Malik, R., 3D imaging 

of the moon for the NASA Artemis human exploration programme, British 

Planetary Science Conference, 2020. 

Persaud, D. M., Barnes, R., Tao, Y., Muller, J.-P., Stratigraphy in a channel in 

Gale Crater, Mars, from 3D HiRISE Imagery, British Planetary Science 

Conference, 2020. 

Persaud, D. M., Tao, Y., and Muller, J.-P., Multi-Resolution, Nested Orbital 3D 

Images of Gale Crater for Fused MSL Rover-Orbital Image Simulations. 

EPSC-DPS, Geneva, Switzerland, 16-20 September 2019. Abs. #1540. 

*Hall, A., et al. ExoFiT: ExoMars-Like Field Trials – a Mission Simulation. In: 

15th Symposium on Advanced Space Technologies in Robotics and 

Automation, 27-28 May 2019, ESA-ESTEC, Noordwijk, the Netherlands. 

Francis, A. M., Muller, J.-P., Sidiropoulos, P., Persaud, D. M., Automatic 

detection of sub-km craters on Mars for equilibrium population statistics. 

European Planetary Science Congress, TU Berlin, Berlin, Germany, 16-21 

September 2018. Abstract #1089. 

Persaud, D. M., Tao, Y., and Muller, J.-P., Super-resolution restored HiRISE 

images for simulating “rover’s eye” views in 3D. European Planetary 

Science Congress, TU Berlin, Berlin, Germany, 16-21 September 2018. 

Abstract #505.  
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5.2.2. Publications 

*Brydon, G., Persaud, D. M., Jones, G., 2021, Planetary Topography 

Measurement by Descent Stereophotogrammetry, Planetary and Space 

Science, 202, 105242. doi: 10.1016/j.pss.2021.105242 

*Xiong, S., Tao, Y., Persaud, D. M., Campbell, J. D., Putri, A.D.R., Muller, J.-

P., 2020, Subsurface reflections detected by SHARAD data revealing 

buried channels and islands over the Elysium Planitia, Earth and Space 

Science. doi: 10.1029/2019EA0009 

5.2.3. Public Talks and Contributions (Specific to this Work) 

“3D imagery to support planetary exploration,” Institute for Risk and 

Uncertainty, University of Liverpool, UK, 25 May 2022 (virtual). 

“Ancient Volcanoes in the Solar System,” Death Valley Dark Sky Festival, 

Death Valley National Park, California, US, 26-27 February 2022. 

”Remote Sensing the Solar System in 3D,” Herdman Symposium, University of 

Liverpool, UK, 12 February 2022 (virtual). 

“Understanding outcrops on another planet,” Girls into Geoscience 2021, 

Geological Society of London, London, UK, 29 June 2021 (virtual). 

“Gale Crater: a 3D tour,” Pint of Science, University College London, London, 

UK, 18 May 2021 (virtual). 

“Planetary geology is storytelling!”, Black STEMM Futures, Wellcome 

Connecting Science, London, UK, 12 May 2021 (virtual). 

“A Canyon in Gale Crater, Mars, and Implications for Exploration by the 

Curiosity Rover,” Planetary Geomorphology Image of the Day, IAG 

Working Group, March 2021. 

https://planetarygeomorphology.wordpress.com/2021/03/01/a-canyon-in-

gale-crater-mars-and-implications-for-exploration-by-the-curiosity-rover/  

https://planetarygeomorphology.wordpress.com/2021/03/01/a-canyon-in-gale-crater-mars-and-implications-for-exploration-by-the-curiosity-rover/
https://planetarygeomorphology.wordpress.com/2021/03/01/a-canyon-in-gale-crater-mars-and-implications-for-exploration-by-the-curiosity-rover/


 311 

“3D imaging and visualization to investigate complex Mars geology,” TIGER in 

STEMM Summer Webinar Series in Physics, London, UK, 3 September 

2020 (virtual). 

“3D Visualization of Geology on Mars,” Lunchtime Q&A, Geological Society of 

London, London, UK, 3 June 2020 (virtual). 

“3D Visualization of Geology on Mars,” GlobalTees, Chapelgarth Estate, 

Middlesborough, UK, March 2020. 

5.2.4. Data Releases 

Persaud, D. M., Putri, A. D. R., Muller, J.-P. (2021). 30-m HRSC DTM Mosaic 

of Gale Crater, Mars [Data set]. Zenodo. 

https://doi.org/10.5281/zenodo.5808354 

Persaud, D. M., Tao, Y., Muller, J.-P. (2021). CTX DTM and ORI Mosaics over 

Sakarya Vallis, Gale Crater, Mars [Data set]. Zenodo. 

https://doi.org/10.5281/zenodo.5808357 

Persaud, D. M. (2021). Co-registered U. Arizona HiRISE DTM and ORI over 

Sakarya Vallis, Gale Crater, Mars [Data set]. Zenodo. 

https://doi.org/10.5281/zenodo.5808371 

Persaud, D. M. (2021). Multi-Resolution Basemap of Northwest Aeolis Mons, 

Gale Crater, Mars [Data set]. Zenodo. 

https://doi.org/10.5281/zenodo.5808381  

Persaud, D. M. (2021). Unit Map and Dips/Strikes of Sakarya Vallis, Gale 

Crater, Mars [Data set]. Zenodo. https://doi.org/10.5281/zenodo.5819267  

*European Space Agency, 2019, UCL-MSSL_Mars-CERBERUS_CTX-

HiRISE-HRSC_V1.0, https://doi.org/10.5270/esa-lqefjdl 

https://doi.org/10.5281/zenodo.5808354
https://doi.org/10.5281/zenodo.5808357
https://doi.org/10.5281/zenodo.5808371
https://doi.org/10.5281/zenodo.5808381
https://doi.org/10.5281/zenodo.5819267
https://doi.org/10.5270/esa-lqefjdl
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APPENDIX A: CO-REGISTRATION AMES STEREO 

PIPELINE GOTCHA OPTIMISED (CASP-GO) USER 

GUIDE 
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A.1. Introduction 

The Co-registration ASP-Gotcha Optimised (CASP-GO) is a C++ wrapper of 

the independent NASA Ames Stereo Pipeline with additional UCL developed 

components for image co-registration, Gotcha disparity densification, ML 

disparity refinement, and co-kriging DTM interpolation software suites. 

CASP-GO can be used to produce HiRISE and CTX DTMs straightaway. 

USGS-ISIS3 is the only required additional installation. For HRSC DTMs, 

CASP-GO needs some specific set-up; please contact the developer 

(yu.tao@ucl.ac.uk) for more information. Work is underway for CaSSIS for 

Mars and to extend its use to very high-resolution EO platforms, such as 

Carbonite-2 and Planet Skysat, and lunar stereo data, such as LROC-NAC.  

This user guide has been organised and written by Divya M. Persaud, based 

on the software, work, and original user guide from Yu Tao and Prof. Jan-Peter 

Muller. 

mailto:yu.tao@ucl.ac.uk
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A.2. Architecture 

The CASP-GO processing chain was developed by the Imaging Group at 

UCL/Mullard Space Science Laboratory for DTM construction (Tao et al. 2018). 

CASP-GO is based on the NASA Ames Stereo Pipeline (ASP), a workflow for 

image processing (including DTM construction) for planetary bodies, and 

optimised using a tie-point-based image co-registration process and the Gruen-

Otto-Chau (Gotcha) region-growing algorithm (Moratto et al. 2010; Sidiropoulos 

and Muller 2015; Shin and Muller 2012).  

The ASP DTM pipeline begins with pre-processing using least-squares bundle 

adjustment, left/right image alignment, map projection, normalisation of the 

image pair, and image filtering. A disparity map is next produced using integer-

based cross-correlation, followed by sub-pixel refinement, triangulation using 

camera models via the US Geological Survey Integrated Software for Imagers 

and Spectrometers (ISIS), ending with the production of the final DTM and ORI 

and associated products. 

Figure 2-24 is a flowchart of the CASP-GO processing chain with ASP and 

ISIS3 functions denoted. The CASP-GO modification to ASP includes the 

following steps. Firstly, CASP-GO utilises a maximum-likelihood sub-pixel 

refinement method to build a floating-point encoded initial disparity map, which 

tries to address the “quilting” artefact from ASP. Outlier rejection and erosion 

address un-matched areas and mis-matches, using a larger correlation kernel 

and smaller search range to minimise each, respectively, leaving un-matched 

areas for Gotcha densification and co-kriging interpolation. 

The ALSC and Gotcha algorithm attempt to match un-matched/mis-matched 

areas. Gotcha operates iteratively and achieves better completeness, 

especially at the edges, than ASP. Co-kriging grid-point interpolation generates 

the DTM and determines height uncertainties for each point. Finally, co-kriging 

uses weighted average neighbour values of elevation, based on distance, 

direction, and orientation, with a fixed search radius. 
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A.3. Pre-Installation 

The ISIS3 planetary remote sensing toolkit needs to be installed first: 

1. Install ISIS3 with MRO kernels 

2. Set up the ISIS3 environment and external libraries by changing the 

directories in set_env.sh and then execute the command:  

>> source set_env.sh 

The iMars website includes a published list of all possible 100% overlapping 

stereo pairs for CTX and all HiRISE stereo-pairs for repeat observations for the 

creation of super-resolution restored products at ≤ 5cm: http://www.i-

mars.eu/publications/products. These IDs can be copied for CASP-GO 

processing. The order for the CTX list is left/right pairs in succession. If the 

approximate latitude/longitude is known, the list can be searched as the CTX 

IDs include latitude/longitude to the nearest integer degree.  

A list of all the processed CTX stereo-pairs of the highest quality is also 

provided at the same location in a separate list with the stub-names of the files. 

In future, the iMars website will include a webGIS display of all the ≈3000 high 

quality CTX DTMs at http://www.i-mars.eu/web-gis.  

 

http://www.i-mars.eu/publications/products
http://www.i-mars.eu/publications/products
http://www.i-mars.eu/web-gis


 

 316 

A.4. General Processing Workflow 

A.4.1. Parameters 

CASP-GO uses a parameters file, which lists the directories for input and output 

files, software, and working directories. This file includes the corresponding, full 

paths of:  

1. Three input image text files 

2. ASP processing parameters file  

3. UCL workflow processing parameters file  

4. project working directory, i.e., software binaries  

5. download directory to store the input image files of CTX and HiRISE  

6. results directory 

Two files list processing parameters for CASP-GO in /CASP-GO_Pack/casp-

go-params/: 

1. UCL workflow in ctx.xml or hirise.xml 

2. ASP workflow in stereo.ctx or stereo.hirise 

Both of these files can be opened with a text editor. The parameters for the 

UCL workflow (casp-go-params/*.xml) and their defaults are listed in Table A-1 

and Table A-2 for CTX and HiRISE, respectively. 

Table A-1. Default parameters for ctx.xml. 

Parameter Value 

Gotcha 

ALSC iterations 8 

Max. eigenvalue 150 

ALSC kernel 21 

Grow neighbour 8 

ML 
ML kernel 25 

ML iterations 3 
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ORS 

Max. difference 1.5 

Percent difference 60 

Diff. kernel 21 

Patch Threshold 7.5 

Percent rejection 25 

Erode 0 

Co-kriging 

Neighbour limit 21 

Distance limit 500 

Spatial res. Ratio 1.0 

MSA-SIFT 

Octave 8 

Edge threshold 10 

Match coefficient 0.6 

Layers 3 

 

Table A-2. Default parameters for hirise.xml. 

Parameter Value 

Gotcha 

ALSC iterations 8 

Max. eigenvalue 80 

ALSC kernel 11 

Grow neighbor 8 

ML 
ML kernel 25 

ML iterations 3 

ORS 

Max. difference 1.5 

Percent difference 60 

Diff. kernel 21 

Patch Threshold 7.5 

Percent rejection 25 

Erode 0 

Co-kriging 

Neighbour limit 21 

Distance limit 500 

Spatial res. Ratio 1.0 
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MSA-SIFT 

Octave 8 

Edge threshold 10 

Match coefficient 0.6 

Layers 3 

 

The parameters for the ASP workflow (casp-go-params/stereo.*) and their 

options are listed below with their defaults in Table A-3 and Table A-4 for CTX 

and HiRISE, respectively. 

Table A-3. Default parameters for stereo.ctx. 

Parameter Value 

Pre-processing 

Alignment method Affine epipolar 

Intensity normalization Force use entire range 

Pre-processing filter Laplacian of Gaussian 

Pre-filter kernel size 

(width) 
1.4 

Integer correlation 

Correlation seed 

mode 
Absolute difference 

Correlation kernel size 175, 175 

Correlation search 

range (xmin ymin xmax 

ymax) 

-125 -3 125 5 

X-correlation 

threshold 
2 

Subpixel refinement 

Subpixel mode 
Affine adaptive window, 

Bayes EM weighting 

Subpixel EM iterations 15 

Subpixel affine 

iterations 
5 

Correlation kernel size 135, 135 

Post-filtering 
Filter mode 1 

RM half-kernel 7, 7 
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Max. mean diff. 1 

Fill holes Enabled 

Fill holes max. size 350000 

RM clean-up passes 1 

Triangulation 
Near-universe radius 0.0 

Far-universe radius 0.0 

 

Table A-4. Default parameters for stereo.hirise. 

Parameter Value 

Pre-

processing 

Alignment method None 

Intensity normalization Force use entire range 

Pre-processing filter Laplacian of Gaussian 

Pre-filter kernel size (width) 1.4 

Integer 

correlation 

Correlation seed mode Squared difference 

Correlation kernel size 75, 75 

Correlation search range (xmin 

ymin xmax ymax) 
-750 140 -540 170 

X-correlation threshold 2 

Subpixel 

refinement 

Subpixel mode 
Affine adaptive window, 

Bayes EM weighting 

Subpixel EM iterations 15 

Subpixel affine iterations 5 

Correlation kernel size 95, 95 

Post-filtering 

Filter mode 1 

RM half-kernel 7, 7 

Max. mean diff. 1 

Fill holes Enabled 

Fill holes max. size 350000 

RM clean-up passes 1 

Triangulation 
Near-universe radius 0.0 

Far-universe radius 0.0 
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For further discussion of each parameter, please refer to the ASP book 

(https://byss.arc.nasa.gov/stereopipeline/daily_build/asp_book.pdf) and Tao et 

al. (2018). The processing parameter files in this step can be skipped to use 

the default parameters (they are already set up for CTX stereo images). 

A.4.2. Processing 

For inputs and execution for CTX and HiRISE, please see the subsequent 

chapters. 

The downloaded data can be found in /CASP-GO_Pack/casp-go-downloads/. 

The results can be found in /CASP-GO_Pack/casp-go-results/. These 

directories can be changed as long as param.xml is updated.  

If there is any error cached and returned in the terminal, some instructions 

should be provided.  

1. Error (1) relates to input issues (list file formats etc.)  

2. Error (2) refers to system issue (project/lib directory set-up etc.)  

3. Error (3) refers to processing issue (change processing parameters or 

processing failure). 

 

 

https://byss.arc.nasa.gov/stereopipeline/daily_build/asp_book.pdf
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A.5. CTX Processing 

A.5.3. Parameters 

Open /CASP-GO_Pack/param.xml in a text editor and set up the project 

parameters. Navigate to /CASP-GO_Pack/casp-go-params/ to change the 

processing parameters for: 

1. UCL workflow in ctx.xml 

2. ASP workflow in stereo.ctx 

A.5.4. Inputs 

In casp-go-params/ there should be three text files: 

1. URL.txt: the full list of URLs of your images 

2. LEFT.txt: the list of the *image IDs* for the left images 

3. RIGHT.txt: the list of the *image IDs* for the right images 

Each text file should only have a single entry per line. The URLs should be 

listed alternating left/right, and include the .IMG extension (e.g., the URL of a 

PDS mirror). The ID text files, LEFT.txt and RIGHT.txt, must use only the ID 

names without a file extension, e.g., B10_013685_1753_XN_04S221W, not 

B10_013685_1753_XN_04S221W.IMG. 

A.5.5. Execution 

Execute command: 

>> ./CASP-GO param.xml 

It is recommended that CASP-GO is run in a detached screen session.  
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A.6. HiRISE Processing 

A.6.6. Parameters 

Open /CASP-GO_Pack/param-hirise.xml in a text editor and set up the project 

parameters. Navigate to /CASP-GO_Pack/casp-go-params/ to change the 

processing parameters for: 

1. UCL workflow in hirise.xml 

2. ASP workflow in stereo.hirise 

A.6.7. Inputs 

In casp-go-params/ there should be three text files: 

1. DIR.txt: the full list of directories for the images 

2. LEFT.txt: the list of the *image IDs* for the left images 

3. RIGHT.txt: the list of the *image IDs* for the right images 

Each text file should only have a single entry per line. N.B. that this is a different 

setup than the CTX input files. The 20 red .cub files for each HiRISE image 

must be downloaded by the user and saved to separate directories. These 

directories are listed left/right in DIR.txt. CASP-GO will then mosaic these strips 

into full HiRISE images using ISIS3. 

A.6.8. Execution 

Execute command: 

>> ./CASP-GO param-hirise.xml --hirise 

It is recommended that CASP-GO is run in a detached screen session. 
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A.7. Additional Notes 

A.7.9. Projection and datum 

DTMs produced with the newest version of CASP-GO use an areoid datum with 

a 3396-km radius. Older versions of CASP-GO output DTMs with a spheroid 

reference body, which can be changed using the ASP dem_geoid function:  

--geoid MOLA input.tif -o output-prefix 

CASP-GO DTMs are in an equirectangular projection. 

A.7.10. Parameters 

While the default CASP-GO parameters work generally for CTX and HiRISE, 

some adjustments can improve results. Refining the correlation search window 

can particularly lead to finer detail and fewer gaps in the DTMs.  

The steps for finding the ideal correlation search range for CTX are as follows:  

1. Map project the raw CTX images. If an initial DTM has already been 

processed with CASP-GO for this pair, the map-projected images are 

casp-go-downloads/*.map.cub. 

2. Display the two image cubes side-by-side in the ISIS3 program qview.  

3. Find matching pixels between the two images and note down their X and 

Y values. Minimum and maximum X- and Y-disparities often occur at 

elevation minima and maxima; if CASP-GO has been initially run, use 

the DTM to find these elevation minima and maxima. However, it is 

recommended that a few regions are tested (10-15 points initially). 

4. Subtract the left image X and Y values from the right image X and Y 

values to obtain disparities.  

5. From the maximum and minimum X and Y disparities (± 5), adjust the 

correlation search range in stereo.* using the format xmin ymin xmax ymax. 
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A.7.11. Example 

An example of an 18-m CTX DTM processed with CASP-GO in Persaud et al. 

(2019) is given here. The input images, P01_001422_1747_XN_05S222W and 

P18_008002_1748_XN_05S222W cover the centre of Gale crater (Figure A-1). 

Details are given in Table A-5. The default settings for CTX were used, except 

for correlation search window.  

 

Figure A-1. Raw CTX images for stereo pair 

P01_001422_1747_XN_05S222W, P18_008002_1748_XN_05S222W. 
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Table A-5. CASP-GO processing details for this stereo pair. 

 Parameter Value 

Images 

CTX IDs 
1: P01_001422_1747_XN_05S222W 

2: P18_008002_1748_XN_05S222W 

Raw image 

dimensions 

1: 5056, 28672 

2: 5056, 34816 

Processing 

DTM grid spacing 18 m 

Stereo correlation 

range 
-50 -10 50 15 

Computing 

Time 3-5 days 

Diskspace 2.5-4 GB 

Final products (DTM, 

ORI, disparity maps) 
470 MB 

 

The resulting (low- and high-resolution) disparity maps are shown in Figure A-2. 

The DTM was then co-registered to a 30-m HRSC DTM mosaic of Gale crater 

using the ASP function pc_align. The final DTM and ORI are shown in Figure 

A-3. 
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Figure A-2. Disparity maps from CASP-GO. The left is the low-resolution 

disparity map calculated from reduced input images, which defines the search 

range for the higher-resolution disparity (right) (ASP Book, 2019).  
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Figure A-3. The resulting 18-m DTM (left, colourised and hillshaded) and 6-m 

ORI (right). 
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APPENDIX B: DETAILED VIEWS OF SAKARYA 

VALLIS FROM PRO3D 
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B.1. Annotated Diagrams of Interpreted Packages 

To complement the discussion of the seven interpreted packages of Sakarya 

Vallis as presented in section 4.3.3, this section provides additional views 

captured from PRo3D and annotated with interpretations. 

 

Figure B-4. Overview, at A – A’ and AW – AW’, looking towards the eastern 

wall of Sakarya Vallis. P1 has a dusty appearance with layers that are largely 

obscured. The floor of the canyon features dunes and the CDD. 
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Figure B-5. Wasting feature (indicated by the arrow) overlying the base of P3, 

P2, and the top of P1 at Profile A – A’. This view looks south east. 

 

Figure B-6. Boundaries between P1 and P2, and P2 and P3, looking east. 

The arrow on the right points to the dark sub-package at the base of P3. The 

arrow on the left shows a dark wasting feature. N.B. this is out of view of the 

overview map in Figure 4-15. 
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Figure B-7. Context of P3 at A – A’, looking south east.  

 

Figure B-8. Bright sub-package at the top of P3, shown between A – A’ and B 

– B’ and indicated with arrows. 
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Figure B-9. Close-up of the possible cyclic sub-packages of P3, between A – 

A’ and B – B’. 

  

Figure B-10. Overview of P2 at profile A – A’. This view looks east. 
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Figure B-11. Alternating sub-packages between profiles D – D’ and E – E’, 

looking east. The CDD upslope are chutes that flow into the CDD in Hughes 

(2021). 

 

Figure B-12. The base of P3 between D – D’ and E – E’, facing east. The top 

of the package shows the regularly spaced sub-packages, which transition to 

a sub-horizontal exposure with less distinct sub-package boundaries at its 

base. Some bright material (indicated by the arrow) is visible towards the 
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bottom of the package, with fine, bright blocky layering, but is not visible 

elsewhere. The thickness of the bright sub-package exposure is 9–12 m, with 

visible bright and blocky internal layers of 4–5 m (measured as widths as they 

lack topography). 

 

Figure B-13. P3 at E – E’, looking east. The sub-packages are largely 

regular, with bright blocks. 
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Figure B-14. Overview of P4 at A – A’, looking south east. The arrow is 

indicating the appearance of potential drift material, which is likely contributing 

to the dark tone of this package locally and could be sourced from the upper 

boundary of P4. 
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Figure B-15. P4 at the B profiles: B – B’, looking north east (a); and AW – 

AW’, looking north west (b). The arrows point to the exposure of fine sub-

packages, which are largely obscured elsewhere. 
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Figure B-16. Overview of P5 at A – A’, looking south east (a); and ZW – ZW’, 

looking south west (b). The arrow points to possible drift darkening the 

appearance of the indistinct sub-packages. 
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Figure B-17. Fine sub-packages of P5 between A – A’ and B – B’, indicated 

by arrows. The view is looking east. 

 

Figure B-18. Indistinct sub-package boundaries of P5 between B – B’ and C 

– C’. The view is looking east. 

P4 

P5 

P6 

P5 

P6 

P7 

P3 



 

 340 

 

Figure B-19. Cliff base of P5, indicated with arrows: (a) at A – A’, looking 

south east; (b) at AW – AW’, looking south west. 
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Figure B-20. Overview of P6: (a) between A – A’, looking north east; and (b) 

at ZW – ZW’, looking north west. 
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Figure B-21. P6 between B – B’ and C – C, looking north east. Two sub-

package boundaries are clear, whilst most of the package appears obscured 

by drift. The internal beds of P5 are shown to be variably distinct, possible 

discontinuous in the lower half of the package. 

 

Figure B-22. Wasting to the right (south) of the lens; this reveals more of an 

outcrop of this bright material, which is possibly obscured higher up in the 

outcrop with drift material. 
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Figure B-23. View looking east, towards the south end of the scene, possibly 

showing the lateral extent of the lens—these regular bright, blocky sub-

packages are indicated by arrows. 

 

Figure B-24. View of P7 from above at B – B’. This view is looking north east. 
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Figure B-25.  P7 at A – A’, looking east. 

 

Figure B-26. Overview of P7 at C – C’, looking south east. 
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Figure B-27. P7 at D – D’, looking south east. 
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B.2. Colourised Perspective Views of Profiles and 
Interpretations in PRo3D 

This section presents a complement to the cross-sections and stratigraphic logs 

in section 4.3.4, showing the seven interpreted packages overlying the 3D 

terrain of Sakarya Vallis within PRo3D. Included in these diagrams are the dip 

markers from the software and keys for interpreting their dips. 

 

Figure B-28. Profile ZW – ZW’ in PRo3D, overlaid with the package 

interpretations. 
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Figure B-29. Profile A – A’ in PRo3D, overlaid with the package 

interpretations.  

 

Figure B-30. Profile AW – AW’ in PRo3D, overlaid with the package 

interpretations. 
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Figure B-31. Profile B – B’ in PRo3D, overlaid with the package 

interpretations. 

 

Figure B-32. Profile BW – BW’ in PRo3D. 
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Figure B-33. Profile C – C’ in PRo3D, overlaid with the package 

interpretations. 

 

Figure B-34. Profile CW – CW’ in PRo3D, overlaid with the package 

interpretations. 
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Figure B-35. Profile D – D’ in PRo3D, overlaid with the package 

interpretations. 

 

Figure B-36. Profile DW – DW’ in PRo3D, overlaid with the package 

interpretations. 
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Figure B-37. Profile E – E’ in PRo3D, overlaid with the package 

interpretations. 
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Figure B-38. Profile X – X’ over the butte in PRo3D, overlaid with the 

package interpretations (a) and cross-section (b). 
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APPENDIX C: A CRISM SCENE OVER SAKARYA 

VALLIS, MARS 
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C.1. Processing of a CRISM Scene over Sakarya Vallis, Mars 

C.1.1. Introduction 

The HiRISE scene over Sakarya Vallis serves as the basis for stratigraphic 

analysis in PRo3D. However, other image data can accompany these data to 

enhance this analysis. CRISM scene FRT000095ee was processed into four 

images using ENVI and QGIS into products based on previous CRISM studies 

of Mount Sharp and the MSL traverse. Multispectral data could reveal nuances 

in these compositions, especially deeper in the rock record than exposed 

elsewhere in the north west of the central mound of Gale crater, and 

complement the 3D analysis of this stratigraphy. 

In this section, I process a CRISM scene that covers Sakarya Vallis. I use the 

CRISM Analysis Tool in ENVI to process this scene and then apply a spectral 

library to produce summary products that combine spectral bands into bands 

that are representative of specific mineralogies. I then produce four RGB 

images, focusing on mineralogy that has been identified from this and other 

CRISM images covering the north west central mound, including the MSL 

traverse. 

The Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) 

instrument is part of the payload of MRO, and detects in visible, infrared, and 

near-IR wavelengths (Murchie et al. 2009) with a spatial resolution down to 18 

m/px. In combination with spectral libraries, which have been developed by 

collecting spectra of hundreds of mineralogical samples of different 

provenances with known compositions, these multispectral data can be 

processed to investigate specific mineralogies, as well as collect spectra at the 

pixel scale using tools within image analysis suites like ENVI. The CRISM 

Analysis Toolkit (CAT) was developed by the CRISM team and released 

through the PDS for use with ENVI (with IDL) to display, process, and analyse 

CRISM data (Morgan et al. 2009). 
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The CRISM scene was processed into four 18-m/px RGB images using CAT in 

ENVI, with each colour band representing a class of minerals based on existing 

spectral libraries, and then georeferenced to the HiRISE and CTX data 

products processed in this chapter using QGIS. These images can provide 

insight into the mineralogical composition of the layers exposed in and around 

Sakarya Vallis and enable better distinction between different units alongside 

analysis in PRo3D, especially because the HiRISE imagery lacks full colour 

coverage of the canyon. 

C.1.2. Processing 

C.1.2.1. General steps 

The steps for processing this CRISM scene follow the workflow defined by 

Campbell and Muller (2017), adapted from Seelos (2009), to employ CAT in 

ENVI. First, the CRISM data for CRISM image FRT000095ee were downloaded 

from the CRISM data repository (http://crism-map.jhuapl.edu/). The relevant 

PDS data products and their descriptions are listed in Table C-6. 

Table C-7 presents a summary of the CAT processing steps. First, the image 

needs to be converted from PDS format to a specific CAT format for further 

processing in ENVI. This is performed on the TRDR image file. Next, two 

corrections are performed on this resulting file: first, photometric correction, and 

atmospheric correction, the latter of which is based on spectra from the peak 

of Olympus Mons, which is assumed to represent atmospheric composition. 

Two further corrections, destripe and despike, are then applied, which can 

correct for image artefacts.  

 

http://crism-map.jhuapl.edu/
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Table C-6. Input data products for processing a CRISM scene (Seelos 2009). 

PDS File Description  

frt000095ee_07_ 

de165l_ddr1.img 

Derived Data Record; contains geometric 

information and information on surface properties, 

the latter of which is derived from other datasets 

frt000095ee_07_ 

de165l _ddr1.lbl 
The label for the DDR 

frt000095ee_07_ 

if165l_trr3.img 

Targeted Reduced Data Record (TRDR, trr for 

short); image data converted to units of radiance 

and physical units from calibrated data records 

(CDRs) 

frt000095ee_07_ 

if165l _trr.lbl 
The label for the TRDR 

frt000095ee_07_ 

ra165l _hkp3.tab 

CDR; coefficients for calibrating from digital to 

physical units 

 

Finally, summary products are created. This step refers to a spectral library of 

the user’s choice to perform band math, combining existing bands into new 

bands representative of specific mineralogies in the library. For example, the 

original CRISM image has up to 544 bands, and applying the spectral library 

(https://speclib.rsl.wustl.edu/) from Viviano-Beck et al. (2014) reduces these 

bands to 60, each representing a summary product. A geometric equation may 

be applied that combines three different bands to represent characteristic 

signals for ferric minerals (to some specific degree, such as hematite and 

goethite). The ferric minerals summary product can then be displayed as the 

red, green, and/or blue channel to show the relative abundance of that 

mineralogy in the image. If other summary products are displayed in the 

remaining 1-2 channels, then different mineralogies can be compared in the 

same map product based on the absorption (expected colour) of each. 

https://speclib.rsl.wustl.edu/
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Table C-7. CRISM processing steps using CAT in ENVI and QGIS. 

CRISM Processing Step Description 

Convert PDS to CAT 
Conversion of file format to be used with 

CAT 

Photometric Correction 
Divides pixels by cos(theta) where theta 

= incidence angle. 

Volcano Scan Atmospheric 

Correction 

Correction based on spectra of the peak 

of Olympus Mons as representative of 

the atmosphere 

Destripe 
Removal of known artefacts 

Despike 

Create Summary Products 

Combines bands into new bands that 

represent specific mineralogies; from 

Viviano-Beck et al. (2014) 

Co-registration to HiRISE “Georeference” tool in QGIS 

 

These steps were applied to the CRISM scene, and the Viviano-Beck et al. 

(2014) spectral library was employed to make summary products. 

C.1.2.2. RGB images 

Four RGB images were made from a combination of these bands. Table C-8 

lists these products, the constituent Viviano-Beck et al. (2014) summary 

product names, to what colour band each is assigned, the mineral spectrum on 

which it is based, and the abundance of what mineralogy the band should 

represent.  
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Table C-8. The four RGB CRISM products assembled from CRISM image 

FRT000095ee.  

Product Band 

Name 

(Viviano-Beck 

et al. 2014) 

Reference 

mineral 

spectrum 

Representative 

Hydrated 

mineralogy 

Red SINDEX2 Gypsum Hydrated sulphates 

Green BD2100_2 
Magnesium 

sulphate 
Monohydrated sulphates 

Blue BD1900_2 Kieserite 
Structural H2O, excluding 

monohydrated sulphates 

Hydrated 

sulphates 

(1) 

Red SINDEX2 Gypsum Hydrated sulphates 

Green BD1900R2 
1.9 μm 

hydration 

Structural H2O, excluding 

hydrated sulphates 

Blue HCPINDEX3 Enstatite High-calcium pyroxene 

Mafics 

Red LCPINDEX3 Pigeonite Low-calcium pyroxene 

Green HCPINDEX3 Enstatite High-calcium pyroxene 

Blue OLINDEX3 Augite, olivine Ferrous minerals 

Hydrated 

sulphates 

(2) 

R/G/B SINDEX2 Gypsum 
Mono- and polyhydrated 

sulphates 

 

Three of the four RGB products focus on hydrated mineralogy, that is, minerals 

with water molecules—structural or bound water—that fill spaces in their 

crystalline structure, and differentiating between different types of hydrated 

minerals or between hydrated minerals and minerals of other provenance, like 

volcanism. The fourth focuses on mafic (high-Fe and Mg volcanic) minerals. 

C.1.2.3. Georeferencing 

Image-to-image co-registration was not explored in this thesis, beyond minor 

adjustments of ORI using GDAL tools, due to the emphasis on co-registration 

of 3D imagery. In order to have these multispectral CRISM products in the same 

frame of reference as the products processed earlier in this chapter, the 



 359 

Georeference tool was used in QGIS. This is a semi-manual solution; the input 

image is visualised side-by-side with the reference map in the GIS display 

window, and ground-control points (GCPs) are drawn by the user on the input 

and reference images. An algorithm is then applied to transform the input image 

based on these control points, and into the projection and datum of the 

reference, with the output as a projected GeoTIFF regardless of the input data 

format. Fraeman et al. (2020) use a similar tool in ArcMap on CRISM imagery. 

The input images in this case were the four RGB CRISM images. The 

unprojected, processed CRISM scenes are inverted, and so these were rotated 

first before being loaded as PNGs into QGIS for georeferencing. GCPs were 

then drawn between the CRISM images and the CTX and HiRISE coverage of 

Sakarya Vallis, with higher priority given to matching to the HiRISE. An example 

of one of the original inputs is shown in Figure C-39. The view from the 

Georeference windows, with this raw image, the GCP locations, and the 

reference HiRISE-CTX basemap, is shown in Figure C-40. 



 

 360 

 

Figure C-39. The processed, non-projected RGB CRISM image for hydrated 

sulphates (1), before georeferencing. The image is rotated 180º (north is 

down).  

Finally, a thin plate spline algorithm was applied to perform the referencing. A 

thin plate spline algorithm applies polynomials to perform the matching between 

the GCPs, mostly used to solve warped mapping products as it forces the GCPs 

to match, rather than minimising error between them (“QGIS Desktop User 

Guide/Manual” 2021). Other transformation algorithms apply linear or uniform 

changes, and were tested initially, but were found to apply too-simplistic 

transformations to these CRISM images which feature slight and non-uniform 

warping relative to the HiRISE and CTX ORI. 
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Figure C-40. An example of GCP locations for the hydrated sulphates (1) 

CRISM image. The top shows the original (rotated, unprojected) CRISM 

image (contrast, brightness, and saturation have been adjusted to make the 

points more visible). The bottom shows the map view in QGIS of the CTX and 

HiRISE coverage of Sakarya Vallis with the corresponding locations of the 

match points. 
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Alignment was assessed using visualisation in QGIS and alternating visible 

layers between the outputs and the CTX and HiRISE ORIs, including with 

different blending modes to better see the texture in the CRISM scenes. For 

three of the products, two to three iterations of georeferencing were required 

due to significant spatial differences between the CRISM scenes and the CTX 

and HiRISE imagery, as well as visual difficulty in matching these coarser, 

colour images to the finer-resolution, greyscale reference imagery. Because 

the two hydrated sulphates images had the same extent, however, the GCPs 

produced in referencing the hydrated sulphates (1) image was uploaded to the 

Georeference interface and the algorithm was run without creating additional 

points.  

C.1.3. Results 

Presented here are the four summary products processed from CRISM image 

FRT000095ee. Below, these RGB CRISM images are displayed with the 

HiRISE and CTX ORI over Sakarya Vallis and discussed. The CRISM images 

have been rendered using an overlay blending mode; overlaying is a means of 

applying the texture of the underlying layers, in this case the ORI, to the 

overlaying layers. Some saturation, brightness, and contrast adjustment were 

applied. The images have also been cropped to remove the problematic 

borders.  

The four images all feature a few artefacts, not all of which originate with the 

source CRISM image. From the source data, images have borders where the 

edges are not covered fully by all three bands; this is manifested as white 

borders on three of the products, which cannot be displayed here but is visible 

as red in the hydrated sulphates (2) image. They also feature some errors, 

particularly clear in the non-projected image shown in Figure C-39 towards the 

east side of the image. 

This error is not visible in the projected, georeferenced RGB images as the 

georeferencing failed along this area, resulting in missing pixels. All of the 

images show additional missing pixels in different areas and to different extents 
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from one another (N. B. this is not shown in hydrated sulphates (2) due to the 

way it has to be displayed because it uses a single band). This is likely because 

the thin plate spline algorithm forces GCPs to match; this can lead to local 

deformations which may contribute to data loss (“QGIS Desktop User 

Guide/Manual” 2021). These gaps were considered acceptable as the CRISM 

results were not intended for detailed mapping, spectral analysis, or 

visualisation. Each image, except for hydrated sulphates (2), was 

georeferenced independently using different GCPs, and so they feature 

different missing pixels.  

C.1.3.4. Hydrated mineralogy 

The first RGB CRISM product represents hydrated mineralogy. This band 

combination was selected from Viviano-Beck et al. (2014) because it 

represents an interesting combination of hydrated sulphates and other 

hydrated mineralogy (Table C-8). This combination was applied recently to the 

same CRISM image as well as adjacent CRISM products by Sheppard et al. 

(2021), although with different RGB assignments. Figure C-41 shows the 

resulting image, with Table C-9 listing the relevant colours and what they 

represent in this image. 

Table C-9. Key of colours and their respective mineral abundances for the 

hydrated mineralogy RGB CRISM image in Figure C-41 (Viviano-Beck et al. 

2014). 

Mineralogy Colour 

Polyhydrated sulphates Magenta 

Monohydrated sulphates Yellow/green 

Other hydrated mineralogy (clays, 

hydrated silica, carbonate, zeolite) 
Blue 
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Figure C-41. RGB CRISM product displaying hydrated mineralogy. Magenta 

represents polyhydrated sulphates; yellow and green represent 

monohydrated sulphates; and blue represents other hydrated mineralogy. 

C.1.3.5. Hydrated sulphates (1) 

Second, an RGB CRISM image for hydrated sulphates was assembled. This 

combination of bands is defined in Viviano-Beck et al. (2014) and is based on 

Hughes et al. (2019) and Hughes et al. (2020), who apply it to this same CRISM 

scene and over the MSL traverse, and Weitz et al. (2021) who apply it to 

investigate stratigraphy to the north of Sakarya Vallis, towards the MSL 

traverse. The bands show the relative abundance of hydrated sulphates, other 

minerals with structural H2O at the 1.9 μm hydration (that is, other hydrated 

mineralogy but with a unique absorption), and high-calcium pyroxene, which is 

a volcanic mineral (Table C-8). The RGB image is shown in Figure C-42; the 

colours are explained in Table C-10. 
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Table C-10. Key of colours and their respective mineral abundances for the 

hydrated sulphates (1) RGB CRISM image in Figure C-42 (Viviano-Beck et al. 

2014). 

Mineralogy Colour 

Monohydrated sulphates Red 

Polyhydrated sulphates Yellow 

Basaltic sand Blue 

 

 

Figure C-42. The first RGB CRISM product displaying hydrated sulphates (1). 

Red represents monohydrated sulphates; yellow represents polyhydrated 

sulphates; and blue represents basaltic sand. 

C.1.3.6. Mafics 

The third RGB CRISM image represents mafic minerals, based on Viviano-

Beck et al. (2014). Rudolph et al. (2019) applied this band combination to 
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CRISM scenes with adjacent coverage to investigate volcanic sand in Gale 

crater; this was pursued because this prior work focuses on similar morphology 

in Gale crater as Sakarya Vallis (exposed layers and dark material).  The bands 

represent high- and low-calcium pyroxenes and ferrous materials, the latter of 

which are represented by augite or olivine (Table C-8). Figure C-43 shows the 

CRISM image overlaying the basemap, and Table C-11 details the colours and 

what they represent. 

Table C-11. Key of colours and their respective mineral abundances for the 

mafics RGB CRISM image in Figure C-43 (Viviano-Beck et al. 2014). 

Mineralogy Colour 

Olivine, Fe-phyllosilicates Red 

Low-Ca pyroxene  Green/cyan 

high-Ca pyroxene Blue/magenta 

 

Figure C-43. RGB CRISM product displaying mafics. Red represents olivine 

and/or Fe-phyllosilicates; green/cyan represent low-Ca pyroxene, and 

blue/magenta represent high-Ca pyroxene. 
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C.1.3.7. Hydrated sulphates (2) 

Last, an RGB image for hydrated sulphates was assembled using a single band 

for all three RGB colour channels, based on Ehlmann et al. (2021) who applied 

a SINDEX2 map to the region of the rover traverse. Figure C-44 shows this 

CRISM image over the basemap. Because all three bands are represented by 

SINDEX2, the colour range just represents the abundance of hydrated 

sulphates, where anything exceeding 0 is a positive signal (Viviano-Beck et al. 

2014).  

 

Figure C-44. The second RGB CRISM product displaying hydrated sulphates 

(2). Positive signals for hydrated sulphates are indicated in the blue-to-red 

range, with the strongest signals in red. 

C.1.4. Discussion 

Four CRISM maps were processed based on existing data products of the 

same CRISM scene or adjacent coverage of exposed rock layers of Mount 

Sharp, including around the MSL traverse. These products were also 
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georeferenced to CTX and HiRISE ORI processed in this work to a satisfactory 

degree: features, as much as they can be discerned in these RGB images, 

correlate well with the underlying orthoimages, and missing data and errors do 

not interfere with the overall integrity of the image for the level of analysis 

planned for these datasets. The images should augment analysis of the layers 

exposed in Sakarya Vallis, as well as the correlation of these layers to units 

from other studies.  

Further, the Georeference tool was tested on these images. Whilst this tool was 

used for 2D-image-to-orthoimage alignment, as opposed to the co-registration 

performed earlier in this chapter using 3D products, this tool could enable 

further fine-tuned image products, although it presents some drawbacks such 

as the potential for deforming and losing data. The potential impact of using this 

tool in the future is discussed further in section 3.6. 
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C.2. Analysis of a CRISM Scene over Sakarya Vallis, Mars 

A brief discussion of the CRISM data from section C.1.3 is presented here. The 

CRISM images are displayed with the interpreted packages and overlying the 

basemap in Figure C-45 (hydrated mineralogy), Figure C-46 (hydrated 

sulphates [1]), Figure C-48 (hydrated sulphates [2]), and Figure C-47 (mafics) 

and discussed in this order. The coverage of the CRISM is limited to part of ZW 

– ZW’ through the D profiles and across the first two chutes to the north along 

Sakarya Vallis, but does not cover the butte or E – E’. Further, because of the 

steeper slope on the west of the canyon, which makes it difficult to distinguish 

the packages or changes in the CRISM image, the east is largely used as a 

reference for discussing the packages. The following abbreviations are 

employed in this discussion: MHS = monohydrated sulphates; PHS = 

polyhydrated sulphates. 

C.2.5. Hydrated Mineralogy 

The CRISM map from Sheppard et al. (2021) (Figure 4-5), assembled from the 

same bands, shows some of P1, the base of P3 at profile B – B’, and the floor 

between the D profiles as MHS; P3 as PHS/clays mix; and P7 (and down to P5 

between the B and D profiles) as polyhydrated sulphates; and the CDD as 

polyhydrated sulphates (where magenta, in this work). What is green in this 

work is labelled spectrally bland (N.B. they performed corrections that were not 

performed in this work). In some areas where P7 is exposed to the west of 

Sakarya Vallis, P7 is also interpreted as clays.  

From the CRISM map processed in this work, P1 is largely indistinct; however, 

P2 (yellow to yellow-green) at its exposures by the A and D profiles is bright in 

MHS. P3 is similar, although it transitions from green at A – A’ to yellow north 

of this site, perhaps as a mix of MHS and other hydrated mineralogy. P4 is 

locally different at A – A’ and B – B’, visible as an interruption in the MHS signals 

on the east as other mineralogy. Elsewhere, P4 becomes bright in MHS at C – 

C’ and then indistinct northwards.  



 

 370 

P5–P7 are also bland at A – A’ as well, but become more complex to the north. 

Above Sakarya on the east is bright in PHS between the A and D profiles, and 

P5–P7 are as well between the B and D profiles. North of the two chutes, the 

signals seem to not follow the stratigraphy, with P3 also appearing bright in 

PHS.  

The CDD also varies along the floor; between the A and B profiles, the bright 

blocks along the margins are bright in PHS, and between the B and D profiles 

becomes more distinct in PHS. The centre of the CDD, particularly between the 

A profiles, is also indistinct/spectrally bland, correlating with where dark 

material, such as drift and dunes, overlie the CDD, at least at the southern end 

of the scene. To the north, the CDD, which is transitioning to the topographic 

floor feature, as well as the two chutes upslope between D – D’ and E – E’ are 

indistinct. 
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Figure C-45. The CRISM image representing hydrated mineralogy 

abundances, overlying the basemap and with the outlines of the interpreted 

packages superimposed. Red indicates monohydrated sulphates; yellow 

indicates polyhydrated sulphates; and blue indicates basaltic sand. 

C.2.6. Hydrated Sulphates 

The hydrated sulphates (2) CRISM image shows much of the same as the 

hydrated mineralogy map: P7 and the CDD bright in PHS, P3 as a mixture, and 

P2 as MHS. However, the blue band for mafics highlights locations where 

basaltic sand is present: the two chutes at the north; along areas on the floor, 

including within the margins of the CDD, correlating with drift/dunes (Figure 

C-46b); and over P5–P7 at A – A’ (as well as the craters at the surface, which 

are not discussed in this work). P4 is once again indistinct, and in the SINDEX2 

map shows a negative signal for PHS. 

 

a. 

b
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Figure C-46. (a) the CRISM image representing hydrated sulphates (1), 

overlying the basemap and with the outlines of the interpreted packages 

superimposed. Magenta indicates polyhydrated sulphates; yellow and green 

indicate monohydrated sulphates; and blue indicates other hydrated 

mineralogy. The inset (b) provides a close-up of the CDD between A – A’ and 

B – B’ where the arrow indicates likely mafic material along the centre of the 

feature. 

b. 
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Figure C-47. The CRISM image representing hydrated sulphates (2), 

overlying the basemap and with the outlines of the interpreted packages 

superimposed. Positive signals are indicated from blue to red. 

C.2.7. Mafics 

The mafics CRISM map particularly indicates areas of drift as low-Ca pyroxene 

along some of the dune material on the floor; P5 between A – A’ and B – B’; 

the two chutes; and along P3 particularly at its thick exposure at D – D’ and 

north. P4 is bright in low-Ca pyroxene at A – A; P3–P5 are all bright in the same 

at D – D’. Figure C-48b shows a close-up to where P3 is exposed between the 

chutes and north of here, towards E – E’; the low-Ca pyroxene signal correlates 

with the dark material visible along sub-package boundaries, and is also 

present along the P3 cliffs at A – A’. High-Ca pyroxene and olivine appears 

absent from within the canyon. 
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Figure C-48. (a) the CRISM image representing relative abundances of mafic 

minerals, overlying the basemap and with the outlines of the interpreted 

packages superimposed. Red indicates olivine and/or Fe-phyllosilicates; 

green and cyan indicate low-calcium pyroxene; and blue and magenta 

indicate high-calcium pyroxene. The inset (b) highlights the low-Ca pyroxene 

over the chutes (arrows), correlating with the alternating bright/dark sub-

b. 

a. 

b
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packages of P3 between D – D’ and E – E’ (N.B. this is displayed without 

‘overlay’ for visibility). 

Interestingly, the low-Ca pyroxene signal correlates to areas of both dark drift 

towards the south of the scene, as well as mid-toned drift that is hard to 

distinguish from the underlying outcrop in the HiRISE image. This highlights the 

limitations of HiRISE, since the brightness does seem to vary across the image, 

and the analysis in this work has largely relied on using brightness to discern 

packages. 

C.2.8. Discussion 

In combination, this general look at different CRISM spectral signals over 

Sakarya Vallis reveals a few things (Figure C-49). First, P5–P7 between the A 

and D profiles are PHS, but this is very local. P2 appears consistently to be 

MHS. The CDD is also consistent, appearing as PHS except where overlain by 

mafic drift and dunes, particularly along its centre towards the south of the 

scene and within the superimposed crater at the ridge between B – B’ and C – 

C’.  

P3 is complex; the dark material amongst the putative cyclic section of the 

package is low-Ca pyroxene that is probably drift collecting in the topographic 

relief of these sub-packages (of which Weitz et al. (2021) and Grotzinger and 

Milliken (2012) discuss elsewhere in Gale crater, including the marker bed). 

Otherwise, it may be a mix of sulphates and other hydrous mineralogy, such as 

clays. 

Three areas remain unknown: the topographic floor feature at the north of the 

scene, the underlying material of the chutes, and the underlying material of P4 

(if the latter are indeed only superficially covered in low-Ca pyroxene), the last 

of which particularly suffers from being thin as the CRISM data has limited 

resolution. P1 also remains indistinct at this scale, or else missing due to data 

loss. Further processing (including to address the data gaps that resulted from 

using the Georeference tool, and calibration) could help future analysis. Other 
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future work includes utilising other local CRISM scenes and processing further 

summary products to better constrain this mineralogy, including over areas 

where P4 is better exposed, if possible. 

 

Figure C-49. Summary of the CRISM analysis over the package summary log 

from Figure 4-12. 
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