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Executive summary  
 

The scope of this deliverable is to provide an integrated virtual reality ( VR) 

application featuring the Kimberley outcr op and its local vicinity (Gale crater, Mars, 

tra versed by the MSL rover Curiosity in 2014 ). The working area (2700 m by 2800 

m) was def ined in deliverable 5.1 (Caravaca et al., 2019a) and the corresponding 

3D models were produced and provided by the deliverable 5.2 (Caravaca et al., 

2019b). 

In the VR application, users can visualize , explore  and take measurements  of  the 

Kimberley ou tcrop and its region, reconstructed using both orbital (DEM) and 

ground -based (DOM) data.  We present  several innovative tools  designed for the 

geological characterization of t his outcrop  in VR, allowing the user(s) to make  a 

wide range of field measurement s in the virtual environment, as if they were 

actually there  on the field . We also highlight  several examples of original results 

obtained at Kimberley using the newly -develop ed VR tools and the virtual 

environment . 

This VR application demonstrates the possibilities offered by the VR technology, 

but also serves the PlanMap effort in allowing a new finer and more accurate 

geological mapping and characterization of the Kimberley area. 

 

List of acronyms  
 

2D 2 Dimensions MAHLI MArs Hand Lens Imager  
3D 3 Dimensions Mastcam Mast Camera  
AR Augmented Reality MSL Mars Science Laboratory  
ChemCam CHEMistry and CAMera Navcam Navigation Camera  

CNRS 
Centre National de la Recherche 
Scientifique 

PDS 
Planetary Data System  

DEM Digital Elevation Model PlanMap Planetary Mapping  

DOM 
Digital Outcrop Model 

SPICE 
Spacecraft Planet Instrument orientation (C-
matrix) Events  

GIS Geographic Information System TCS Trough Cross-Stratification 

GNSS Global Navigation Satellite System UI User Interface  

HiRISE 
High Resolution Imaging Science 
Experiment 

UX 
User Experience  

HMD Head-Mounted Display VR Virtual Reality  

LPG 
Laboratoire de Planétologie et 
Géodynamique 

WP5 
Work Package 5  
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Introduc tion  
 

The deliverable 5. 3, led by CNRS-LPG, is focused on the release of a comprehensive 

Virtual Reality  application, allowing visualization, exploration and geological 

characterization of an accurate, multiscale and realistic 3D depiction of the 

Kimberley  outcrop area, traversed by the  MSL rover Curiosity in 2014.  

Using VR to rese arch ends is a very recent a pproach but it is largely growing among 

the community. This new technique and its development unlock previously 

underrated possibilit ies to study hardl y accessible areas, which i s particularly 

suited for planetary bodies, such as the Martian surface.  Several tools dedicated 

to the VR environment have been developed to perform the same actions that a 

geologist would do on a real field on Earth, such as ta king measurements of 

distance s, angles, strikes and dips , with an acute precision allowed by the digital 

tools . The VR environment also allows several exclusive possibilities  not possible 

on the field , such as the ability to observe a wide range of spatial ized data  over 

the 3D models  (e.g. geologic maps, MSL-generated imagery ) at various scale  using 

GIS-like functionalities . 

Base data used to produce the GIS-like database and virtual environment  are 

presented in and are issued from the GIS project provided with the deliverable 5.1 

(Caravaca et al., 2019a). The base 3D models used to recreate the VR environment 

(the Kimberley outcrop itself and its vicinity)  are presented in and  are issued from 

the deliverable 5.2 (Caravaca et al., 2019b). All these data have  been integrated 

into a fully functional  VR application , provided with this deliverable (cf. Annex A).  

The use of this application  allow s us to propose a new fine -scale geological 

characterization of the Kimberley outcrop  as a demonstration for the huge 

potential of this new technology in the Planetary Geology field , where remote 

access to the actual data is always an issue.  

 

Localization and Area of interest  
 

Since its landing in 2012 in the Gale crater on Mars, the MSL r over Curiosity 

explored the diverse sedimentary  formations of the northern plain of the crater, 

Aeolis Palus (Fig. 1a). During its mission, the rover studied the diversity of rocks 

encountered at Gale, bringing new insights into the past environments of th e 

planet, but also raising new scientific questions (e.g. Grotzinger et al., 2014; Le Deit 

et al., 2016; Stack et al., 2016). 

As specified in  previous PlanMapɅs deliverables 5.1 and 5.2 (Caravaca et al., 2019a 

and 2019b), WP5Ʌs work focus on an area of the Gale crater e ncompassing 

CuriosityɅs traverse between sols 431 and 960 and notably including the Kimberley, 

Cooperstown and Pahrump Hills outcrops. This area corresponds to the ~2700 x 
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2800 m red box on Figure 1 a, more specifically centred around the Kimb erley 

outcrop,  traversed by Curiosity between sols 603 and 630 (Fig. 1; Caravaca et al., 

2019a and 2019b).  

 

 
Figure 1: a) View of Aeolis Palus and Aeolis Mons in Gale crater, Mars, and the traverse of MSL rover 

Curiosity (white line). The red box highligh ts the working  area recreated in the VR environment, and 

including the Cooperstown, Kimberley,  and Pahrump Hills outcrops. b) Curiosity rover at Kimberley 

during sol 595, as seen from orbit by Mars Reconnaissance OrbiterɅs HiRϥSE camera. The informally 

named ɈMt. Remarkableɉ butte is located, as well as the approximate limit of the area 

reconstructed in the DOM provided in deliverable 5.2 (red dashed line; Caravaca et al., 2019b, 2020) 

and featured in the VR application described in this deliverable. Base i mage: HiRISE 

ESP_036128_1755 full colour tile, NASA/JPL/University of Arizona , 

https://www.uahirise.org/ESP_036128_1755  

 

The Kimberley outcrop mainly consists in a butte of about 5 meters high 

(informally named Mt. Remarkable; Fig. 1b) dominating over a fl atter terrain. 

Those features are easily recognized from orbital imagery as observed on Figure 

1b. The outcrop shows siliciclastic series recording fluvial settings like many other 

outcrops observed since Bradbury Landing (Fig. 1 a; Le Deit et al. 2016; Stack et al., 

2016, Rice et al., 2017). Yet, this specific outcrop stands out by the unusually high 

abundance of potassium (2 -5 wt.% of K2O) analysed in these clastic sediments (Le 

Deit et al., 2016), contrasting with other sedimentary rocks with basaltic 

compositi on lacking the high abundance in potassium (e.g., Mangold et al., 2017). 

While the origin of the high potassium abundance might likely be detrital (Treiman 

et al., 2016), the question of the local to regional stratigraphical relationship of this 

outc rop wi th the rest of the Gale sedimentary series remains open to further 

investigation in absence of a clear continuity in -between  outcrops and clear 

evidenced contact s with other units.  

In order to better constrain the structure, geometry and facies of th is out crop, a 

previous work presented in deliverables 5.1 and 5.2 (Caravaca et al., 2019a and 
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2019b) focused on gathering all orbital as well as ground -based data available for 

this outcrop (cf. D.5.1) and on the reconstruction of multiscale , photorealisti c 3D 

model s of the Kimberley outcrop area (cf. D.5.2). In this deliverable, the objective 

is to  integrat e these spatialized data within a Virtual Reality environment with the 

purpose of making a new fine -scale mapping and characterization of t he 

sedimentar y record of the Kimberley outcrop and its vicinity using dedicated 

innovative tools.  

Creating a  Virtual Environment  
 

VR in planetary sciences is not a recent idea (McGreevy, 1993) , but the current  

development s in both hardware and software , as well as the democratization of 

powerful computing units and commercially available HMDs made it more 

accessible to our community. Several solutions are available to produce VR 

experiences using dedicated game -based engines (e.g., Mat et al., 2014; Murray,  

2017), allow ing promising applications of VR to research, education and training 

but also outreach.  

According to this, t he main objective of this deliverable is to provide a n application 

dedicated to the geologic survey and mapping of the  Kimberley outcro p in VR. To 

that extent, a virtual environment has been created to display a multi -scale 3D 

representation of the outcrop and its regional vicinity  using  highly -resolved and 

accurate 3D models reconstructed from orbital and/or ground -based data , 

provided w ith p revious deliverable 5.2 (Caravaca et al., 2019b). These data  need to  

be handled  with a minimum of modifications to  ensure their scientific reliability  in 

the same way they would be used with  more classic visualization  tools  (e.g. using 

a GIS software). Largest-scale orbital models are used to visualize the entire study 

area (a ~3x3 km square area centred around Kimberley) . They also provide a 

context and background for more localized observations  made on g round -based 

models  (DOMs), that present a reduced surface bu t offer an unprecedented 

resolution to study at a very fine scale the specificities of the Kimberley outcrop  

(Caravaca et al., 2020). 

 

Orbital data and models  
 

The entire study area is reproduced in the virtual environment using a 3D model 

with relief deri ved from an excerpt  of the HiRISE DEM for the Gale crater (Fig. 2; 

Parker & Calef, 2016; Caravaca et al., 2019b). This DEM offers a vertical resolution 

of 1 m/p ixel that allows us to discriminate most regional - to outcrop -scale 

geomorphologic structures at  Kimberley and within its vicinity.  

This model, provided with the deliverable 5.2 (Caravaca et al., 2019b), can be 

textured with three different layers that are:  
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- an excerpt  of the Gale crater HiRISE greyscale orthoimage at 25 cm/pixel 

resolution (Fig. 2a;  Calef & Parker, 2016 ). 

- this same base layer but with an additional co-registered excerpt  of the 

HiRISE colour ortho image ESP_036128_1755, giving a more realistic 

rendering of this part of the modelled terrain (Fig. 2b ). 

- an excerpt of the  geomorphological map of the area by Grotzinger et al. 

(2014), showing the 3D spatial repartition of the various orb ital facies 

described in Aeolis Palus (Fig. 2c). 

The different textures proposed are being used as part of the entry database for 

the GIS-like features of the  VR application. The orbital 3D model  itself is however 

not resolved enough for an exploration and  a fine -scale characterization at real -

scale, hence the need for a more detailed DOM of the Kimberley outcrop  made 

from ground -based imagery data . 

Ground -based data and Digital Outcrop Model  
 

In addition to regional -scale models  made from orbit al data , the Kimberley 

outcrop ha s been reconstructed as a photorealistic Digital Outcro p Model .  

The model itself was computed using photogrammetry, based on nearly  2000 

images taken by 3 different imagers onboard Curiosity (Navcam, Mastcam right 

and left ), as detailed by Caravaca et al. (2019b, 2020). This reconstruction results 

in a DOM representing a useful area of 1625.8 m²  (Fig. 3). The high resolution of 

the mesh allows for a 3D reproduc tion of  the various and multi -scale sedimentary 

structures, sand  ripples and scattered blocks that are present across the outcrop 

with unprecedented q uality , enabling  us to discriminate features at the sub -cm-

scale (Fig. 3). In addition , this mesh is textured using true colours  for  an immersive 

rendition in the virtual  environment.  

The DOM has been provided as part of the deliverable 5.2 (Caravaca et al., 2019b), 

and a textured low -resolution version is accessible on the Sketchfab public 

repository using this li nk: https://skfb.ly/6K Nq8. 

 

https://skfb.ly/6KNq8
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Figure 2: Regional 3D model of the working area, with relief reconstructed using HiRISE DEM, and 

textured with a ) HiRISE greyscale orthoimage , b) HiRISE greyscale orthoimage and a co -registered 

extract of the ESP_036128_1755 HiRISE colour orthoimage , and c) an excerpt of the regional 

geomorphological map after Grotzinger et al. (2014). Detail s show th e Kimberley outcrop  with each 

texture (after Caravaca et al., 2019b). 
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Figure 3: Photogrammetric DOM of the Kimberley outcrop, as reconstructed using Curiosity 

imagery data. a) General view of the DOM towards the Mount Remarkable butte. b) Opposite view 

towards the eastern part of the outcrop, from the Mount Remarkabl e perspe ctive. 

 

Integration of the multi -scale models in the virtual environmen t 
 

Once all the models have been computed ( using orbital and ground -based data), 

the next step in the creation of the virtual environment  itself  is the control of their  

respecti ve scaling and georeferencing prior to their integration. Indeed, all models 

have to be properly scaled, and their geographic po sition has to be known in order 

to enable the various geospatial features of the developed VR tools (e.g. 

measurement tools, compass). 

Scaling and georeferencing are easy to control on the orbital -derived model: both 

the DEM and the orthoimages are georefe renced within the Mars 2000 system 

(Seidelmann et al., 2002), allowing to be precisely situated when roaming  on this 
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model in VR. For the local DOM, scaling and georeferencing are less 

straightforward. While Agisoft PhotoScan Professional photogrammetry so ftware 

(Agisoft LLC, 2018) is able to scale the 3D model using the absolute spatial position 

of the georeferenced entry images  (cf. Caravaca et al., 2019b, 2020), a verification 

is needed to ensure the correct dimension of the model  before integration with 

the larger -scale orbital model. The scaling and orientation of the Kimberley DOM 

were validated in the CloudCompare software (v .2.9, Girardeau -Montaut, 2015) 

using georeferenced orbital HiRISE products as a reference. This step all owed us 

to validate both the scaling and the georeferencing of the DOM within the Mars 

2000 system , ensuring a common referential for the data and the v irtual 

environment . We were able to make the  Kimberley DOM match the HiRISE DEM 

for the most part of the  mesh, the only noticeable exception being a sandstone 

bed on the northern flank of Mt. Remarkable (Fig. 4). The residual gap existing in -

between the DE M and the DOM  is due to the difference of vertical resolution 

between the models (as evidenced by the sh adow seen underneath the DOM in 

Figure  4). 

 

 
Figure 4: High-resolution full colour DOM of the Kimberley outcrop, scaled and fitted on the 

georeferenced  and scaled HiRISE DEM of the Gale Crater (with HiRISE colour texture draped onto 

it), showing nearly pe rfect alignment between the two meshes (with  anat  exception for the 

northernmost part of Mt. Remarkable). A 1:1 model of the Curiosity rover is placed f or scale (after 

Caravaca et al., 2020). 
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Once all scaling, orientati ng and georeferencing have been verified , an integration 

of the different models was possible to create the landscape of the v irtual 

environment. That way, the large -scale orbital model se rves, when seen Ɉfrom the 

groundɉ in VR, as middle -ground  for the more localized Kimberley DOM (Fig.  5a). 

The background is made by a skybox representing  the Gale crater rim and Mount 

Sharp, in their geographically accurate position relative to the virtual  environment.  

This integration serves two purposes. First, it allows the immersion of the user 

withi n the virtual environment , which  is important so that the user could get a real 

sense of  its position in the environment and relative distance due to the la ck of 

landmark compared to an Earth -based outcrop  (Fig. 5a). Second, this integration 

has a critical  implication for measurements and notably regarding the ones taken 

between the Kimberley outcrop and other structures in the vicinity, that are 

represented by the orbital model (e.g. Mt. Christine in Fig. 5b). As the tools should  

not focus on one specific 3D model or another but rather consider the whole 

environment, the integration must  be fine -tuned to allow accuracy and relevance  

of the measurements  within  the same referential  and across various ranges . 

VR-enabled tools for geological characterization  
 

Applicati on of VR technology to Geology is a domain that needs to be investigated, 

with nearly unlimited potential for both research and educational purposes. It is 

also particularly well  suited for the exploration of remote and/or inaccessible 

areas, both on Earth  and on other planetary bodies.  

While we are able to produce  accurate 3D reconstructions of areas of interest (e.g. 

the Kimberley outcrop and its surroundings), our main goal remains to be able to 

use these immersive virtual environment s in such manner tha t it is possi ble to 

answer scientific questions and assess parameters like the spatial distribution of 

morphologies, structures or facies. For that reason, a set of innovative VR -enabled 

tools has been designed to empower ourselves with the possibility of doing a Ɉfield 

campaignɉ in the virtual environment , with  the ability of  using a rangefinder, a 

clinometer or a compass  in the same way we would on the field on Earth.  

To implement  a fully -functional and reliable VR application and to ensure 

maximum compat ibility with most  of the commercially available HMDs at the time 

this deliverable is released, the development of the VR -enabled and integrated 

tools described here has been entrusted  to a specialized third -party company, 

VR2Planets. The application has al so been tested an d is fully functional with 

commercially available Oculus Rift S and HTC Vive/Vive Pro HMDs.  
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Figure 5: a) General view of the Kimberley outcrop within the virtual environment , from a 1:1 scale 

ground perspective . Foreground high -resolution mesh is Kimberley  DOM, middle -ground lower 

resolution mod el is the regional  model derived from the HiRISE orbital  DEM. b) Wider -angle view 

of the DOM blended within the broader regional  model derived from the HiRISE  orbital  DEM. This 

integration is useful to provide regional context, and to study the stratigraph ic relations of the 

Kimberley outcrop with its immediate to broader vicinity (e.g. between Mount Remarkable and 

Mount Christine to the North).  The orange line indicates the traverse of Curiosity. 

 

Multi -scale exploration of  the virtual environment  
 

One of the most acclaimed breakthroughs of the VR is the ability to experience the 

virtual env ironment as if the user was actually there . This feature  is very useful in 

Geosciences, and particularly to the PlanMap effort in that we are able to explore  

digitally reconstructed outcrops that are actually situated several millions of km 
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away, without t he necessity of being there  in person (Fig. 5). Using VR, the user has 

therefore the opportunity to observe and characterize geological features that 

could have not been readily appreciable by other means (e.g. 2D Ɉflatɉ panorama 

images). Also, the user is  empowered  with the ability of freely walk around an 

accurately reconstructed DOM (cf. Caravaca et al., 2019b, 2020), at real-scale and 

without spatial limit ation (except that of the working area  actually rendered in the 

virtual environment ), allowing to m ake observations in 3D, as if the user wa s on 

the field. This is of p articular  interest to characterize lateral variations in 

thicknesses, facies and/or morp hologies, or to correlate strata over the distance.  

Moreover, VR is utmost useful in allowing the u ser to go anywhere in the virtual 

environment, including areas that could not be reachable in reality, or simply to 

take some altitude over the terrain to ap preciate different and wider  point s of view 

(Fig. 6). 

 

Scaling of the virtual environment  

 

While VR free -roam mode allows the user to experience a virtual rendition of an 

outcrop at real -scale, VR technology allows to step up the visualization with multi -

scale capabilities. It is possible for the user to change the scale of the virtual 

environment at an y time, allowing fast travel around the environment (which is 

useful for large study areas), but also and above all to observe the outcrop and its 

environment from different points of view and at varying scale, from the regional - 

(Fig. 6a) to local -scale (Figs. 6b and 6c), and to the  real -scale to observe 

macroscopic  features (e.g. the ~ 25 cm-wide trough cross -stratification at the base 

of Mount Remarkable , Fig. 6d). This is particularly important in cases where the 

geographic and/or stratigraphic position of an outcrop within its local to regional 

environment are at question and need to be clarified, or also to be able to produce 

local to regional correlation between localities.  

This change of scale is possible in -app by pressing lateral buttons on both 

controllers, and dragging in or out the terrain, as if the user was zooming in/out a 

photo on its smartphone/tablet. An onscreen tab appears to inform the user of 

the current scale (Fig. 6).  

 

Navigation with in the virtual environment  
 

Navigation within the virtual environment can be done in several way s. Obviously, 

the first and foremost way to move within the virtual environment is by physically 

moving and walking around, providing the user stay s within bounds of the 

previously defined VR area. When physical displacement is prevented, due to a 

lack of fre e space, or to achieve long -range travel across the virtual environment , 

the user has the possibility to teleport itself on various area s of the virtual 

environment.  
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Figure 6: Illustration of the multi -scale visualization capabilit ies of the VR application, allowing 

observation of the Kimberley outcrop from the regional scale (a), to the local scale (b), to the 

outcrop scale (c) and to small macroscopic details embedded within the strata, such as here the  

~25 cm-wide trough cross -stratification at the base of Mount Remarkable. An onscreen tab appears 

during the change of scale to inform  the  user of the current scale.  

 

The teleportation functionality proposes two options, whose difference matters 

when using an online multi -user mode. The first teleport option, as illustrated by 

Figure 7a, is a ɈTeleport areaɉ function . It allows to teleport the user and its 

networked group to a point of the virtual environment selected by pulling the 

trigger of the controller  (the destination is materialized by a yellow beam, Fig. 7a). 

The second option, illustrated by Figure 7b, allows the user to teleport him self 

within the range of the group area . This option is useful when convening with 

other users, to move around the are a quickly, without disturbing the position of 

the other users. In this case, the user selects its own destination by pulling the 

trigger within the designated area ( the destination beam being green in this case, 

Fig. 7b). 

The virtual environment in the app lication  also acts as a Ɉmodelɉ, and it is therefore 

easy to manipulate it in a similar way tha n the scaling functionality (see above), 

creating a relative displacement of the user.  By pressing the lateral button of only 

one of the controllers, the user ac tivates a ɈDragɅnɅmoveɉ function (Fig. 7c) that 

allows to move the terrain in every direction. This option is useful when the user 

wants to move quickly from one area to another, or to observe from up -close 

specific details at various scale s. Using this fu nct ionality, the user may lose its 

grounding. That is why a transparent circle has been designed to stand at the feet 
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of the user (Fig. 7d). This circle always indicates the position of the true ground in 

the VR area, and allows the user to move the virtua l environmentɅs ground to 

match the actual physical one it is standing on, as illustrated by Figure 7d.  

Finally, a ɈReset terrainɉ function is present (Fig.7e) to reset the entire virtual 

environment to its default scale and position.  

 

 
Figure 7: In-app lication navigation  functionalities; a) the ɈTeleport areaɉ function allows to teleport 

the user (and its networked group) to a specific destination pointed by the yellow beam; b) The 

ɈTeleport userɉ acts in a similar way, yet it allows the seldom teleportati on of the user within a  

limited range  (evidenced by a transparent circle) , to a destination pointed by a green beam; c) A 

ɈDragɅnɅmoveɉ function allows the user to manipulate the model to fast-travel around the 

environment, or bring the model to a closer p oin t of view; d) The ground circle marker is present 

to recall the position of the actual ground the user is standing on, allowing to match both real and 

virtual grounds; e) The ɈReset terrainɉ function reset the position and scale of the virtual 

environment.  

  












































