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Where Geomatics Meets Geoscience

An international conference organised by the Virtual Outcrop Geology (VOG) Group, Bergen

Scope

The VGC series focuses on novel developments apticapons of close range remote
sensing methods within the broad field of geos@emsearch. As the current state-of-the-art
of spatial mapping in geoscience is trending towamoinvergence between many fields (e.qg.
geomatics, computer vision, graphics, visualizatgeostatistics and numerical modelling, as
well as the sub-disciplines of earth science), aotyiand working with 3D and 2D image
data has never been so accessible. This has egulbedazzling array of new applications in
many areas and at many scales, and across thevacapablic and private sectors. The result
is an exciting new realm of scientific researchd #me purpose of the VGC series is to offer a
meeting place for researchers who are actively ingrkvith techniques such as lidar or
photogrammetry, develop analysis methods basedesetinput data, or are considering
starting to work in this field.

Background

The ' VGC took place at the University of Lausanne, 3aiand, organised by the Risk
Analysis Group in February 2014. At this time, tomference was called “Vertical Geology”,
to designate the focus of interest to be mostlyneated to near-vertical geological exposures
and associated surface processes, as opposeditmira@ remote sensing applications based
on aerial and satellite (nadir) field of views, wieoverage of steep topography was poor. To
encompass the broader range of applications incggu=, the series was renamed to Virtual
Geoscience, with the aim of attracting a wider eangf geomatics researchers and
geoscientists, and riding on a wave of new develypmassociated with relevant innovations
in computer science, such as virtual and augmergality, which is sure to be a stronger
feature of future events. Finally, the series stidolster cross-disciplinary discussion and
interaction, allowing growth and collaboration, haat than restricting dialogue to the
respective sub-disciplines.

Response

Following on from the successful VGC 2014 meetitigg response to the 2016 event was
characterised by breadth and growth. Nearly 11@adis were submitted, based on a call in
spring 2016, with representation by internation&lgding groups in geomatics and
geoscience research. In addition, public sectordso(i.g. geological surveys) were strong
contributors, showing the way geomatics methodsnameing from the research domain to
general utilisation. Norway, with its special siioa in terms of topography and climate, is a
leader in the field. Two short courses were runviniual Geoscience and CloudCompare,
and the conference co-hosted tf&1@mulus project workshop. All technical contrilorts
were reviewed by the scientific committee, conttifog to intense competition for oral
presentations, which were limited by number of daysilable. The final programme,
comprising 2 keynote speeches, 41 orals and ovaguosters, truly gives a flavour of the
current state-of-the-art of virtual geoscience.

Vii



Presentation formats

In addition to conventional oral and poster presgons, five contributions were selected for
Interactive presentation at the conference. As the conferémeme is highly visual, and
based on high technology and novel software, iadit 2D slides and posters do not always
do the content justice. Interactive presentatioesewtherefore introduced to allow authors
with specific hardware, software developments ortigaarly impressive datasets to
showcase their methods and results. Because Ititeraontributions were offered to two of
the oral presenters, to supplement their presentatirelevant abstracts appear in both the
oral and poster sessions, rather than having aatedi section. The Technical Programme
identifies the specific abstracts selected forratgve presentation.

Acknowledgements

The organising committee acknowledges the importemtribution of the scientific
committee to the development of the final programmainly characterised by the need to
perform a high number of reviews to ensure at léast referees were used for each
submission. In addition, all partner organisati@m&l sponsors are thanked for aiding the
promotion of the conference and giving financigbsort to ensure a successful international
conference could be organised in Norway. Thank®aniel Girardeau-Montaut for running
the CloudCompare short course. Finally, the locajanising team, comprising the
administration of the host institute (K. Haug, Krisgtiansen, M. Entner, I.S. Thorsen), A.
Graven in Uni Research, and helpers from the Unityeof Bergen (M. Flesland, I. Aarsland,
K. Alvestad, M. Kjenes, |. Blaekken, S.S. Agotnes,Magnus, M.T. Horne), provided
essential assistance in administrative and logissiapport.

A note on terminology

Where possible, terminology (spelling, abbreviatjdiesmatting) has been edited to follow
listings according to &ANSHAW (2016). This serves to add uniformity to what dam
disparate use of common terms (lidar, LIDAR, LIDARADAR, laserscanning, laser
scanning, TLS, T-LIDAR etc. being one common exahplhe cited reference is adopted by
the International Society of Photogrammetry and Btensensing (ISPRS).

GRANSHAW, S.I., 2016. Photogrammetric Terminology: Thirdted. Photogrammetric Recor@®1(154): 210-251.

Simon J. Buckley
Nicole Naumann
Tobias H. Kurz

Christian H. Eide
September 2016
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Practical Information

Locations and contacts
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Keynotes

The importance of geomatics in mapping and monitoring geohazards in Norway

Lars Harald Blikra, Norwegian Water Resources and Energy Directorate

Norway’s topography provides some unique challenges in terms of safety and infrastructure, which
must be managed to protect human life and ensure a modern communication and transport
network. Different types of landslides occur regularly, especially in western Norway, typified by deep
valleys and fjords stretching for many kilometres inland. Falling rock masses entering the fjord
system can cause tsunamis and flooding, giving failures potentially catastrophic consequences for
local populations. This gives a societal obligation to manage risk and provide early warning —
exemplified by a major programme for rockslide management and monitoring in Norway. Here,
geomatics methods are playing their part in identification, site characterisation and monitoring,
providing a showcase application for the theme of VGC 2016. In his keynote speech, Prof Blikra will
give an overview of this important geohazard affecting Norwegian society, and how geomatics is
integrated into an array of mapping and monitoring techniques that are used for managing risk and
uncertainty.

Lars Harald Blikra is Head of Section for Rockslide Management at the Norwegian Water Resources
and Energy Directorate (NVE), as well as an Adjunct Professor at the University of Tromsg. He has a
background in geology and is internationally-recognised for his work on landslide characterisation.

The potential of visualization and visual data analysis in geoscience

Helwig Hauser, Visualization Group, University of Bergen

Geoscientists acquire an increasing amount of rich spatial data in order to support their research.
With increased data volumes as well as with increased heterogeneity of the acquired data, the
utilization of modern analysis and visualization technology becomes important. The field of
visualization offers high-performance techniques for visualization, for example, exploiting graphics
hardware, as well as advanced methods for the interactive visual analysis of rich geoscientific data. In
this talk, we review the potential of modern visualization technology in the field of geoscience. In
particular, we sketch an answer to the question of how advanced visualization is more than just
rendering 2D pictures from 3D scenes.

Since 2007, Helwig Hauser has been professor of visualization at the University of Bergen, Norway,
where he leads a research group in the field of visualization at the Department of Informatics. He has
around 20 years of experience in visualization research with a major focus on application-oriented
basic research. The topic of visualization for the geosciences is one of the central research topics in
the Visualization research group in Bergen.
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Short Courses

1. Virtual Geoscience

A short course covering 3D measurement techniguegerspectral imaging and

interpretation for geoscience applications will bemed at PhD students, early career
researchers (ERCs) and anybody with an intereséaming how methods such as lidar,
photogrammetry and spectral imaging can be employéteir own work.

Terrestrial laser scanning (lidar) and photogranmynate being widely adopted in geoscience
research for obtaining topographic datasets. Initiadg complementary hyperspectral

imagers measure reflected light with high speatablution, allowing material properties to

be analysed remotely. Close range hyperspectragiimgais currently seeing increased
interest, especially through integration with lidgg@ometric data.

Controlling a terrestrial laser scanner using the-board wifi interface, not just a bunch of peoplaying on

their smartphones ;-). Right; interpretation usibtME.

In the course we will cover aspects of data calbectand processing and then focus on
practical exercises allowing participants to leanore about interpretation, analysis and
visualisation of 3D models, using the LIME software

Practical information:

Computer exercises will take place in the univgisitcomputing facilities: computers,
software and datasets provided.

Course holders:  Dr Simon Buckley & Dr Tobias K(dni Research CIPR)
Time: 09:00-17:00

Location: Room 3G10e B floor), Realfagbygget (Natural Science Building),
Allégaten 41, University of Bergen

Xii
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2. CloudCompare with Daniel Girardeau-Montaut

CloudCompare is open source software designed fgh lperformance point cloud
processing. Initially developed for comparing 3Dmpalouds (change/difference detection) it
has, over time, become a general and well-resp@died cloud processing utility, with many
users around the world. The software includes addradgorithms such as registration,
resampling, handling of colour, normal and scala&ld§, computation of statistics,
segmentation and display enhancement. In addiiogins are available implementing state-
of-the-art algorithms reported in the scientifietature.

Gravels

In this short course, CloudCompare’s creator aad eveloper, Daniel Girardeau-Montaut,
will give an overview of the software, includingeetents such as registration, cloud to cloud
comparison and plugins. The course is aimed gpaticipants with an interest in learning

more about practical point cloud processing.

Practical information:

Participants should bring their own laptop compatérpossible (or be prepared to work
together on practical components).

Course holder: Dr Daniel Girardeau-Montaut
Time: 09:00-17:00

Location: Room: CIPR 4060 {4floor), Realfagbygget (Natural Science Building),
Allégaten 41, University of Bergen
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IQmulus Workshop

VGC 2016 will play host to the third (and final) nulus Workshop on 21st September.
IQmulus is an ongoing Integrating Project (IP),tiadly funded by the European Commission
(2012-2016), and comprising 12 partners from 7 tes in Europe. IQmulus focuses on
developing a point cloud handling platform that \pdes the needed functionalities to
integrate latest research results in data proagssid visualization to tackle important real-
life challenges in geospatial applications. The kgbop will allow participants to present
their latest findings. The agenda is publishednenproject’s website.

Workshop organiser: Tor Dokken, (SINTEF)

Location: Room 4A10b {&floor), Realfagbygget (Natural Science Building),
Allégaten 41, University of Bergen/Uni Research
Time: 11:30-18:00

More information about the IQmulus project is aghle at:hitp://igmulus.eu/

A High-volume Fusion and Analysis Platform
for Geospatial Point Clouds, Coverages and

Volumetric Data Sets
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Technical Programme
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Wednesday, 21 September 2016

8338 - Registration and Morning Coffee(UiB RFB*, 4" floor)
Short Course: Short Course:
Virtual Geoscience CloudCompare IQmulus Workshop
09:00 - Session 1 Session 1
10:30 Room: 3G10e Room: CIPR 4060
UiB RFB*, 3" floor UiB RFB*, 4" floor
10:30 -
11:00 Coffee Break
11:00 — Session 2 Session 2
12:30 Room: 3G10e Room: CIPR 4060
' UiB RFB, 3" floor UiB RFB, 4" floor
12:30 - Lunc Room: 4A10b
13:30 UiB RFB*, 4" floor
Session 3 Session 3
13:30 - .
15:00 Room: Fjellhallen Room: CIPR 4060
' UiB RFB, 2" floor UiB RFB, 4" floor
15:00 -
15:30 Coffee Break
Session 4 Session 4
15:30 - .
17:00 Room: Fjellhallen Room: CIPR 4060
' UiB RFB, 2" floor UiB RFB, 4" floor
19:00 - . . .
22:00 Conference Icebreaker: Mikrobryggeriet, Zachariasbryggen
* UiB RFB: Realfagbygget (Natural Science Building), Allégaten 41, University of Bergen.
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Thursday 22" September, A.M.

08:00 - . . .
0830 Registration and Morning Coffee
Terminus Hall
08:30 - Welcome and Conference Opening
10:30 . . - . . -
Keynote: The importance of geomatics in mapping and monitoring geohazards
in Norway
Lars Harald Blikra, Norwegian Water Resources and Energy Directorate, Norway
Chair: Michel Jaboyedoff, University of Lausanne
Handheld mobile laser scanners Zeb-1 and Zeb-Revo to map an underground quarry and
its above-ground surroundings
Thomas Dewez, BRGM - French Geological Survey, France
Increasing safety along rock fall exposed highway sections by using ground-based radar
and RPAS captured photography
Requla Frauenfelder, Norwegian Geotechnical Institute (NGI), Norway
Optimising UAV topographic surveys processed with structure from motion: Ground
control and bundle adjustment
Mike R. James, Lancaster University, UK
10:30 -
11:00 Coffee Break

Terminus Hall Terminus Forum

11:00 - Chair: Marc-Henri Derron, University of

12:20 Lausanne Chair: Roderik Lindenbergh, TU Delft

Insights from constant near-realtime laser | The potential of non-semantic features for

scanning of actively failing rockslopes UAV remote sensing data fusion

Nick Rosser, Durham University, UK Eduard Angelats, CTTC, Geomatics Division,
Spain

Fast surveying of a sea cliff and a landslide |An approach for considering beam

based on structure from motion divergence in voxel space transformation of

photogrammetry full-waveform airborne laser scanning data

Giordano Teza, University of Padua, Italy Nadine Stelling, TU Dresden, Germany

GB-InSAR and lidar for mapping and Using high-resolution digital surface models
predicting slide events in steep terrain for wetland water level assessment
Lene Kristensen, Norwegian Water Marko Kohv, University of Tartu, Estonia

Resources and Energy Directorate, Norway

3D change detection analysis of a coastal Technical aspects related to monitoring
landslide performed by multi-temporal riverbank erosion in mountain catchments
point cloud comparison using point clouds

Giuseppe Esposito, University of Siena, Italy | Marco Scaioni, Politecnico di Milano, Italy

12:20 -

13:30 LGl
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Thursday 22" September, P.M.

13:30 -
14:30

Terminus Hall

Terminus Forum

Chair: Luc Girod, University of Oslo

Detailed glacier crevasse morphology
mapped by helicopter

Christopher Nuth, University of Oslo,
Norway

Multi-temporal UAV-survey of a calving
glacier in Northwest Greenland

Yvo Weidmann, ETH Ziirich VAW,
Switzerland

Is it worth going up there?
Fanny Brun, Université Grenobles Alpes,
France

Chair: Mike James, Lancaster University

Photogrammetric analysis of lava dome
growth using digital photography and
thermal imaging: Volcan de Colima 2013-
2015

Sam Thiele, Monash University, Australia

Laboratory geodesy: Application of open-
source photogrammetric software MicMac
to monitor surface deformation in
laboratory models

Olivier Galland, University of Oslo, Norway

Mapping lava flow morphology and
structure with unmanned aerial vehicles
Einat Lev, Columbia University, USA

14:30 —
15:00

Coffee Break

15:00 -
16:00

Terminus Hall

Chair: Jim Chandler, Loughborough University

UAV studies of terrestrial analogs for Martian geology
Jeffrey E. Moersch, University of Tennessee, USA

PRo3D®: A tool for geological analysis of Martian rover-derived digital outcrop models*

Robert Barnes, Imperial College London, UK

Listening to 3D topography data with interactive sonificationt

Karen Mair, University of Oslo, Norway

Announcement: Introduction to Poster Session

16:00 —
18:15

Chair: Tobias Kurz, Uni Research

Poster and Interactive Session¥, Aperitif

19:15 -
22:30

Conference Dinner, Flgien Folkerestaurant

T Denotes supplementary presentation during Interactive Session.

¥ Poster and Interactive presentations are detailed below.
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Friday 23" September, A.M.

08:00 —

0830 Registration and Morning Coffee

Terminus Hall

08:30— | Keynote: The potential of visualisation and visual data analysis in geoscience

10:15 Helwig Hauser, University of Bergen, Norway

Chair: Thomas Dewez, BRGM - French Geological Survey

Exfoliation sheets detection with terrestrial laser scanning and thermal imaging
(Yosemite Valley, California, USA)
Antoine Guerin, University of Lausanne, Switzerland

Simulated full-waveform laser scanning of outcrops for development of point cloud
analysis algorithms and survey planning: An application of the HELIOS lidar simulation
framework

Sebastian Bechtold, Heidelberg University, Germany

Geological Registration and Interpretation Toolbox (GRIT): A visual and interactive
approach for geological interpretation in the field
Christian Kehl, Uni Research AS, Norway

10:15 -
10:40 Coffee Break
Terminus Hall Terminus Forum
10:40 - | chair: John Howell, University of Aberdeen Chair: Daniel Wujanz, TU Berlin
12:00
Fracture network characterisation using Surface roughness analysis of fossil oyster
multi-scale UAV imagery, line extraction and | shells using 3D laser scanning data
stochastic simulation tools Ana Djuricic, Vienna University of
Roderik Lindenbergh, TU Delft, The Technology, Austria
Netherlands
3D modelling of fractures from DOM and Determination of roughness parameters
field data: Characterization of spatial based on dense image matching and
distribution patterns in fracture corridors structured light scanning
Sophie Viseur, Aix-Marseille Université, Kristofer Marsch, Technische Universitdt
France Berlin, Germany
Advances in the automated geometric Characterization of geological structures
extraction and analysis of geological bodies | with technical improvements in
from virtual outcrops acquisition and processing
Bjoérn Nyberg, University of Bergen, Norway | David Garcia-Sellés, University of
Barcelona, Spain
Fault extraction using multi-remote sensing | Distinguishing facade material change
images using close-range hyperspectral imaging
Li Wei, Northwest University, China Zohreh Zahiri, University College Dublin,
Ireland
12:00 -
Lunch
13:00 une

XiX
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Friday 23" September, P.M.

Terminus Hall Terminus Forum
13:00 - Chair: Sophie Viseur, Aix-Marseilles Chair: Nick Rosser, Durham University
14:20 Université
Geostatistics and modelling algorithms for | HPC implementation of image correlation
characterisation of sandstone intrusions techniques for monitoring slow-moving
David Hodgetts, University of Manchester, landslides with Sentinel-2 time series
UK Jean-Philippe Malet, University of
Strasbourg, France
Virtual outcrop mapping for CO, reservoir Object-based change analysis of terrestrial
analogue modelling laser scanning point clouds for shallow
Davide Pistellato, University of Queensland, |landslide monitoring
Australia Andreas Mayr, University of Innsbruck,
Austria
Utilisation of three-dimensional models in Quantification of intact rock bridges and
Exploration rock mass fragmentation after failure by
Jens Grimsqgaard, Statoil Research & means of remote sensing techniques
Technology, Norway Margherita Cecilia Spreafico, University of
Bologna, Italy
Lidar, photogrammetry & field Development of a TLS real-time monitoring
measurements from Stackpole Quay: system for landslides
Contrasting methods and implications for Ryan Kromer, Queen's University, Canada/
structural model building and predictions University of Lausanne, Switzerland
Adam Cawood, University of Aberdeen, UK
14:20 -
14:50 Coffee Break
Terminus Hall
14:50 - Chair: Nicole Naumann, Uni Research
15:30
Surface kinematics of periglacial sorted circles over 8 years using SfM close range
photogrammetry
Andreas Kddb, University of Oslo, Norway
The application of UAV acquired photogrammetric models in natural disaster mitigation:
Volcanic monitoring and crowd-sourced flood modelling
John Howell, University of Aberdeen, UK
15:30 - Panel Discussion: Issues, trends and the future of Virtual Geoscience
16:40 Moderator: Simon Buckley

Closing Remarks

XX
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Poster and Interactive Presentations, 22" September

Interactive Presentations

PRo3D®: A tool for geological analysis of Martian rover-derived digital outcrop models

Robert Barnes, Imperial College London, UK

Collaborative and immersive analytics to support stratigraphic survey
Marcelo Kehl de Souza, Vale do Rio dos Sinos University, Brazil

Listening to 3D topography data with interactive sonification
Karen Mair & Natasha Barrett, University of Oslo, Norway

From photorealistic outcrop models to synthetic seismic images
Kari Ringdal, Uni Research, Norway

Mapping Paleoproterozoic meta-volcanic rocks using photogrammetry
Erik Vest Sgrensen, Geological Survey of Denmark and Greenland (GEUS), Denmark

Poster Presentations

An evaluation of low cost consumer-grade UAS systems for 3D reality capture
Dietmar Backes, University College London, UK

Investigating snow cover volumes and icings dynamics in the moraine of an Arctic catchment using
UAV/ photogrammetry and lidar

Eric Bernard, University of Franche Comté, France

GB-InSAR and terrestrial laser point clouds for characterising the transient deformation pattern of a
large gravitational instability during rainfall events

Pierrick Bornemann, University of Strasbourg, France

Point cloud time series for monitoring landslide processes: displacement field analysis using image
correlation and optical flow algorithms

Pierrick Bornemann, University of Strasbourg, France

Information system for subsurface geological data: Find the best solution for the State of Geneva
Maud Brentini & Stéphanie Favre, University of Geneva, Switzerland

Extended temporal scale of Transantarctic outlet glacier hypsometry using stereographic techniques
with historic aerial photographs

Sarah F. Child, University of Kansas, USA

Evaluating roughness scaling properties of natural active fault surfaces by means of
photogrammetry

Amerigo Corradetti, University of Naples Federico Il, Italy

XXi
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Reservoir-scale fracture characterization from an inaccessible carbonate analogue: a UAV
photogrammetry application to geology

Amerigo Corradetti, University of Naples Federico Il, Italy

Distributed processing of Dutch AHN laser altimetry changes
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Underground quarries are typically difficult enviraents for 3D mapping. They are dark, wet, dusaueh
limited lines of sight and are full of hidden coradehind pillars. These properties call for a desweccession of
active measurement (using some kind of light) stetiwith hardened materials. Once mapped, theaimsous
guestion creeps up, how does this cavity relatthéoabove-ground world? The Zebedee range of héhdhe
mobile laser scanner was designed by CSIRO to aglust this question. We have tested a Zebed&eli-X)
and a Zebedee-Revo (Zeb-Revo) in an abandonedgmoded quarry. The initial purpose of the work vias
assess the equipment in mapping a sector of aygaad its above-ground surroundings. In a secord@hwe
examined how the full 3D dataset was to be prockseetrieve pertinent metrics for geotechnicaposes.

The investigated site is located in the abandoimedstone quarry at Saint-Maximin (Oise, Northerarfee),
where INERIS, within the framework of the R&D panft the “Plan National Cavités”, a French programme
dedicated to cavity risk assessment, managed byithech Ministry in charge of Environment, created
underground experiment and demonstration unit. Tdb®ratory site is dedicated to investigate unaenad
cavity risks and operated in collaboration with rsa&flaximin town council, owners, and the “Maison lde
Pierre”, manager of the site.

The Zebedee range of handheld mobile laser scaarists as Zeb-1 and the recent Zeb-Revo. Botliraeeof-
flight line scanning lidar coupled with an inertrabpping unit so as to locate the moving lidar heagpace and
time. The scanning plane freely oscillates on éngp{Zeb-1) or rotates around a horizontal axisrider to scan

a sphere portion surrounding the holder. A 90°cblione enables the holder to hide behind the segrimad
and avoid being scanned inside the scene. Thedidtance meter has a nominal precision of 5 mmmnim
with a maximum range of 30 m. Scanning densityOidides per second for Zeb-1 and 100 lines perrskfor
Zeb-Revo. Both line scanners cover three quarteascircle line made of 42,000 shots. A 3-axes roeneter
measures the attitude of the scanning head. Blagksbmultaneous location and mapping algorithm (S)A
build 3D cloud from these measurements assumirtghkasurfaces where points rebound off are rigid @on-
deformable. Near-neighbour point redundancy is usednake points converge towards a unique surface.
Processed outputs include 3D points in LAZ formatyious decimated cloud versions and 3D Zeb head
trajectory.

Surveys are established as 15 to 20 minutes hil#isng nearly at normal pace (~ 2-3 km/h) loopiragk to
the original starting point. Here, we walked foaops of 1000 m to 1500 m to survey 0.8 ha of unde
galleries and 1.8 ha of above-ground streets. Seiffi overlap between loops should be achieved:gister
loops together. One of the loops had too littlerage with the others, hence a loss of 0.45 ha afeuground
area impossible to tie to the rest of the survey.

Zebedee systems produce 3D point clouds with omdggtees of freedom (scale and horizontal are lestad —
XYZ coordinates relative to a local origin and i@litoearing to north are unknown), compared toGitegrees-
of-freedoms of terrestrial laser scanners (TLS, retszale is known) or 7-degrees-of-freedom Strecftom

Motion surveys (no rotation, translation or scaiewn).

Were Zeb surveys any good? Point precision wassssdeusing two perfectly planar surfaces ca. 3@anh.
These reference planes were advertisement postedsdn the Maison de la Pierre facade and madarpéulin
held in tension on metal frames. Precision estima@respond to point-to-plane deviation and come: t
25.5 mm and 32.2 mm respectively (Q66% of residualsa Zeb-Revo trajectory comprised between 0.&nch
10 m away from the planes (Tab. 1).
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Table 1: Zeb-REVO point precision assessment onplawar surfaces. Point precision is the deviatiwith
respect to the best-fitting plane. (S=Surface)

Point density [pts/m?] | Point spacing [mm/pts]| Point precision
Nb pts Length Width Surface| Q2.5% Q50% Q97.5%|Q2.5% Q50% Q97.5%| 1-¢ Q17-Q83
[-] [(m]  [m] [m] [mm]  [mm]
S1{113512 8.34 346 28.85 3300 13359271| 17.4 8.7 7.2 28.6 255
S2| 57259 912 322 2937 1953 5501 11165 226 13.59.5 35.5 32.2

Above ground, median point spacing was respecti@efymm and 13.5 mm on the modelled reference plane
Underground, point density in 3-m-high galleriesaateed median point spacing of 1 point every 15 mm.
(Tab. 1). This degree of surface description is zaAngly dense and fast compared to current
compass/rangefinder cavity surveys.

As is standard with TLS, post-processing of rawcdduds involves registering individual loops togatinto a
complete survey, and cleaning up stray points. Liempstration is today rather difficult because Hwanner’s
own relative coordinate origin and initial azimwtre unknown. Given these two unknowns, visual reitiog

of common gallery sections are far more challendgivan matching sequential TLS “bubble” clouds whire
same problem also exists. Once coarsely matcheegvey, cloud to cloud fine alignment can be perfedrjust
as well.

Raw Zeb clouds do contain parasite points, oftazabse the operator's body was scanned when it hage
come out of the lidar’s blind corner. These poftdat in midair. Cleaning them can rely on distabe¢ween the
point cloud and the Zeb head’s 3D trajectory andbeoal point density estimates.

Once together, new information can be teased othef3D cloud. Most geotechnically relevant infotimia
however require the point cloud to bear some sedosmanfioor, walls and ceilings, underground and \aho
ground points, pillars versus surrounding chambalisw Segmentation can be performed with tools sagh
CloudCompare combined with its plugin FACET S(ixz et al, 2016). Floor and ceilings can be segmented as
being above or below the Zeb trajectory, while walhd floor/ceiling can be isolated using theimmalrwith the
interactive stereogram tool of the plugin FACETS.

At St Maximin, galleries are generally sound. Ineaspecific location however, a gallery roof is kmovo
collapse occasionally. At present, the roof is @D% m at the highest above gallery floor, whileréhis only
9.35 m of over-lying terrain.

Figure 1: Map view of 1.8 ha of above ground sisdet warm tones) and 0.8 ha of underground gadelilight
gray) of the St Maximin building stone quarry (Qibkorthern France) mapped with a Zebedee Revo irctMa
2016. Colours depict the distance to the nearelégapoints.
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Up to 900 meters high mountain slopes with frequeok fall makes the E16 between Bergen and Gudvang
an exposed stretch of road.

The Norwegian Geotechnical Institute monitors paft&16 in Hordaland and Sogn og Fjordane on baifatie
Norwegian Public Roads Administration. The purpo&the monitoring is to warn where rock fall migitcur,
so that the road authorities can effectuate thessary mitigation measures. The mountain slopesgydte road
are so high and complex that it is impossible touse the rock faces everywhere. Therefore, momnigpwas
implemented at six sites with notorious rock faiets, especially during periods of heavy rainfall.

We use a Gamma Portable Radar Interferometer (GBRhpnitor the rock fall sites. Such ground-basshrs
have a fixed location for all measurements of ajecbThe method uses the difference in radar sigetaveen
data acquisitions in order to detect movementshefrheasured surface over time. Differences in sadar

images over time can reveal movements down tomeliie scale. For optimal visualization, the resaftshe

measurements are draped over 3-dimensional surfadels gained through the photogrammetric procgssin
a multitude of photographs captured from a Remd®dhyted Aircraft System (Fig. 1).

Figure 1: GPRI result (change detection between.N®15 and April 2016) of one of the survey areaped
over a 3-dimensional surface model derived from RRAptured imagery. Green areas are consideredestab
The yellow line outlines areas with block accumolat(blue) and block evacuation (red to yellow)te talus
cone below the rock wall.
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The first measurement series was conducted in au2®i4 which is used as a baseline. By now, we have
conducted three additional series of radar measam=mThe measurements happen twice a year, ingsarid
autumn. So far during the project period, no sigaift movements were observed in the surveyed .areas

Where meaningful, the acquired data is analyset thi¢ software PlaneDetect (cfO®E et al, 2013) which
allows for the automated identification and mappaiglanar discontinuities within the 3-dimensiosalkface
models. The software outputs a stereonet of digswaityt orientations coloured by joint set familyp anage of
the 3-dimensional model with each mapped discoityincoloured by the set family, and a text file of
discontinuity orientations (Fig. 2). The time sayimealized through using PlaneDetect for mapping
discontinuities is approximately ten times compaxethe manual mapping approaches and is, in addithore
statistically reliable due to less user bias.

Figure 2: left) 3D model of surveyed rock sectidght) the same model as left, now coloured bytjeet family
after processing in PlaneDetect.

Acknowledgements: We would like to acknowledge our client the NorweegPublic Roads Administration
(SVV) for allowing us to share our results with thgentific community and our contact persons aRNRVIr
Harald Hauso and Mr Knut Tgn.
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Structure from motion (SfM) algorithms are gredtgilitating the production of detailed topographiodels,
often using images collected by unmanned aerialclesh (UAVs). However, SfM-based software does not
generally provide the rigorous photogrammetric wsial required to fully understand survey quality.
Consequently, error related to problems in proogssettings, control point data or the distribut@fncontrol
can remain undiscovered. Even if these are notlargnagnitude, they can be systematic, and thus s@ong
implications for the use of products such as digiteavation models (DEMs) and orthophotos. Here dereelop

a Monte Carlo approach to (1) improve the accucgroducts when SfM-based processing is used and (
reduce the associated field effort by identifyingtable lower density deployments of ground conpraihts. The
method highlights issues such as overparametenisatiiring camera self-calibration and provides enhd
insight into control point performance when rigosarror metrics are not available.

Processing was implemented using commonly-used I&fséd software (PhotoScan Pro v.1.1.6), which we
augment with semi-automated and automated GCP<ximesgsurement. We apply the Monte Carlo method to
two contrasting case studies — an erosion gullyesu(Taurodont, Marocco) carried out with a fixethgrUAV,

and an active landslide survey (Super-Sauze, Fyaacguired using a manually controlled quadcopiée
results highlight the differences in the contrauiements for the two sites, and we explore thaizations for
future surveys.

We illustrate DEM sensitivity to software procesggisettings that are not generally discussed for SfM
geoscience surveys but are critical for suitablygiveng tie point and control point measurementsy.(R).
Appropriate settings values can be determined Imgidering the RMS of image residual magnitudes, thigl
increases DEM repeatability and reduces the spatiébility of error due to processing artefacts.



Vertical difference between DEMs (m)
-0.1 0 0.1

Figure 1: DEM variations resulting from using Ph&man Pro (v.1.1.6) default or recommended procgssin
settings in a self-calibrating bundle adjustmenttwihe Taroudant survey (‘marker accuracy’ = 0.5 mm
‘projection accuracy’ = 0.1 pixels and ‘tie pointceuracy = 4.0 pixels; note that default and recomdesl
settings values have changed with more recent amftweleases). Symbols show 3D ground control point
(GCPs), with triangles representing GCPs used fontwl and circles for GCPs used as check poifas.
Planimetric distribution of image outlines in thergey.(b) Vertical differences between two DEMs generated
by processing the image set whilst using 15 GCRsatrol points, but either with or without the chepoints
present during processing — thus differences raprethe effect of the presence of the check palotze. (c)
DEM differences when different GCPs are used agrabpoints — one DEM was generated using the GCPs
identified by triangles as control points and theércles as check points, the other visa-versa.
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Understanding the nature of rockfalls and thoseditoms which promote collapse relies upon detailed
monitoring, ideally before, during and immediatafier failure. With standard repeat surveys iai®ly the case
that surveys coincide with precursors or are coptaaneous with the event itself so gaining insigid the
controls on failure and the timescales over whidcprsors operate remains difficult to establisthwertainty.

As a result, establishing direct links between emvinental conditions and rock-falls, or sequendesvents
prior to rockfall, remain difficult to define.

Here we present an analysis of a high-frequencg-tenm dataset captured with a permanently insts3B
laser scanning system developed to constantly moait actively failing coastal rock slope. The eysts based
around a Riegl VZ-1000, integrated with and rempotantrolled by 3D Laser Mapping’'s SiteMonitor4Dhda
Navstar's GeoExplorer. The system captured d&alan spacing across > 22,000 at 30 minute intervals for
9 months. Data is streamed to a server that cosduntlling analysis of change. In parallel to tlevelopment
of the hardware, we present a new set of algorittomdifferencing that trade temporal resolutioraiagt spatial
resolution to enhance the precision of change tletecallowing both deformation and detachmentsbéo
identified.

From this dataset we present rockfall volume fregyedistributions based upon short-interval suryege
presence and/or absence of precursors, a nedmealolumetric measurement of rock face erosiord an
rockslope response to individual storm events. 'ge present results from correlations between adtlkind
prevailing environmental conditions to define tegipg factors for rockfall.

The results hold implications for understandingratkfall mechanics, but also for the interpretatmfndata
captured using much lower frequency surveys. Maits of the system and outputs are availablehen t
project website: http://whitbycoastal.wpengine.com.

13



Fast surveying of a sea cliff and a landslide basemh
structure from motion photogrammetry

Giordano Tezh, Arianna Peséj Andrea Ninfd & Antonio Galgard

! Department of Geosciences, University of Padua,Gfadenigo, 6, I-35131 Padova, ltaly;
giordano.teza@unipd.it
? |stituto Nazionale di Geofisica e Vulcanologiazi®ee di Bologna, Bologna, Italy

Key words: photogrammetry, structure from motion, sea cliffiling platform, flying platform.

Structure from motion (SfM) photogrammetry is iresangly used in geological and geomorphologicaveyr
because it allow a fast generation of accurate grbatistic point clouds and digital models in aosgly
automated way accessible with the currently avkilabomputation resources @ATOBY et al, 2012;
REMONDINO et al, 2014; MCHELETTI et al, 2015).

The simplest approach to SfM is based on free-ngtde Adjustment (BA) modelling, with an entirely
automatic point cloud generation without any caxistr Nevertheless, the resulting point cloud ireel with
respect to a non-metric reference frame. To havetaic point cloud, a scale factor (SF) must beonfticed. If
the coordinates of several Ground Control PointSKE), provided e.g. by GPS measurements, are bieithe
SF and georeferencing of a free-net BA model caads#ly obtained. Moreover, some SfM software pgeka
for example PhotoScan (AsorFT, 2016), allow the direct incorporation of GCP atinates into the BA
modelling. In this case, a georeferenced pointatlbaving the correct SF is directly generated. Heisond
approach should be preferred because it leadstier besults with respect to the first one.

Sometimes, a very fast survey is necessary be@usegency conditions occur. In these conditionsgtavork
of GPSs could be very hard or impossible to bet llhgtause of safety reasons and a free-net BA iuglel
could be the only possible approach to SfM datagssing. The SF can be defined by recognizing suoimgs
in both the point cloud and in available cartogsap@learly, this simplified procedure implies esasn SF,
georeferencing and also in photogrammetric modglfim large surface is studied.

In order to quantify the error associated to afifbdelling without accurate GCPs, some tests wengéedaout
both in coastal and mountain environment. A ~20@ong, ~60 m high sea cliff located in Monterossa (L
Spezia, Ligurian Sea) was acquired by means ofat-lmsed camera from ~150-m distance and the @otain
point cloud was compared with an available modél fnom laser scanning data (Fig. 1). Several poinere
recognized in both the free-net point cloud andap rfrom Google Maps, the corresponding polylinesewe
obtained and the SF was computed as ratio betvegnl¢éngths. The results show that the correctpmology

is reconstructed with ~10 cm accuracy and ~1% emd8F.

colorbar

Figure 1:Monterosso sea cliff (La Spezia). Map iffedences between the SfM-based point cloud antbdel
generated with laser scanning data.
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The second test was carried out on the Perarotadore landslide (Belluno, Italian Alps), focusioig an area

of ~200 m x 100 m surveyed with a camera based Wnrmaanned Aerial Vehicle (UAV) from 20-60 m height
(Fig. 2). Nine GCPs, observed by means of rapitiestifferential GPS measurements, were availablé&ee-

net BA model was generated without information abthe GCPs and then the SF computation and data
georeferencing were carried out, therefore simudpdi condition where only geographic data are alkgl The
results show that the alignment residual, expressedtandard deviation of the distribution of difeces
between real and estimated positions of the GCiRplis used as points for the alignment check), 18 €m
(and reaches ~50 cm for some images). Instedak iieoreferenced GCPs are incorporated in BA madelhe
alignment residual became ~3 cm. Although the aaguof the final model is significantly better thide initial

one, interesting preliminary results can be obthieeen if GCPs are unavailable.

In conclusion, the results show that a fast suneyried out without GCPs, can provide relativelyod
photogrammetric models that can be used to obtalnpnary but significant information that can bsed in
emergency conditions to evaluate possible detactsm@rmorphological changes under the conditiom tteir
characteristic size is at least ~10 cm.

s IR

Figure 2: Perarolo di Cadore landslide. Digital e&tion model where some morphological featuresliggted
by free-net BA modelling (edges and fractures)hagélighted.
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soglie di allertamento del fenomeno franoso dells@del Cristo in Comune di Perarolo di Cadore (BL)
funded by Regione Veneto.
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Failures of large rock slides usually occur aftepeiod of acceleration and increased activity. Kwoing
movement makes it possible to predict such fail@ed issue early warnings RGSTA & AGLIARDI, 2003).
Little is known on the typical development of smealslide events such as rock falls, rock slidesmmw glide
avalanches, but it can be assumed that they un@desgoilar acceleration phase prior to failure.

A research project in NVE, section for Rockslide ndgement, focuses on detailed monitoring of rodk fa
rockslide and avalanche events in the phase leagintp failure. The goal is to obtain more knowleduf
acceleration curves and typical behaviour in natsituations as to improve the early warning ansk ri
management of such events during crisis situations.

Movement is measured by ground based InterferomBaidar — (GB-InSAR) technology, which detects sub-
millimetre displacement with a high spatial resmint(S<REDE & KRISTENSEN 2016). On-site data processing
and online contact allows for following the develmgnt in real-time and constantly adjusting measgusipeed

to suit the actual velocity. Thus we can limit @o& data wrapping (fringes) which makes monitorafdarge
displacements from a satellite-based platform irajtds or difficult.

Lidar scans allow for detailed structural analysfsthe moving area. NVE uses a Riegl VZ-6000, which
measures up to 6 kilometres and is well suitedsfanw and ice surfaces. Large movement and failahenves

in rockslides may be mapped by repeated lidar sogn& novel development allows integrating thealicand
GB-InSAR data so the radar displacement data cashben on a 3D point cloud. This feature is paféicu
powerful when relating displacement to certain ggwmal structures.

Two cases from the project are presented. Firdiblsnen, Kafjord, where movements in the autumn 2i1&
1200nf rock fall release area, 950m asl, led to tempoeagcuation of a farm while a protection wall was
established. Several acceleration phases occuriadtp a dramatic acceleration off Dctober as velocities of
60cm/day were reached, followed by several rocls.fddlowever the largest monitored blocks shiftedifmn

and regained stability as winter set in. The seamask is Stavbrekkfonna, a glide avalanche whicht iypears
fails and blocks the fv.63 road, Strynefjellet, &kj A clear acceleration and velocity up to 20m/degs
recorded prior to failure on 21/04/2015. The measwnts at both sites continued in 2016 and were
supplemented with repeated lidar scans.

Our knowledge base is still limited but movemend aigcelerations probably occur in most slide typésr to
failure. Several acceleration phases may occurttamlthe failure time is difficult to predict; hewer it appears
to be possible to determine hazard levels basatieomonitoring. For high risk objects, thresholdues (most
likely site specific) should be determined and eatdd over time.
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Cumulated displacements measured from 17:44:00.000 2015/09/13 to 22:57:00.000 2015/10/22
Elapsed time: 39d 5h 13min 0.000sec
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Figure 1: Radar image showing displacement at tloémén rock fall area and a photo showing approxighat

the same area with points of time series.
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Figure 2: Time series showing displacement measdrgihg the main accelerations at Holmen 2015. Poin

location shown in Fig. 1.
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The structure from motion (SfM) photogrammetrichieicue (FONSTAD et al, 2013) has become a suitable
method to obtain high resolution topography data imide range of geomorphic environmentsgFALACQUA

et al, 2015). SfM is designed to reconstruct the thriesedsional geometry of buildings and objects from
randomly acquired images, and represents a low au#bn respect to traditional photogrammetric dider
techniques (BNSTAD et al, 2013). In this way, also the 3D geometry of caemphatural surfaces can be
achieved with a horizontal and vertical accuracyciidepend on the choice of sensor for images aitiqun,
platform (e.g., UAV, boat, vehicle), and methodasSignment of geodetic coordinates to the digitahdin
advanced geomorphic applications, repeated phatogedric surveys at different times allow to detect
topographic changes in order to map or monitorienpsleposition and develop sediment budgets.

In this work we present a 3D change detection aimiselated to a coastal landslide occurred dhQ@tober
2013 along the coastal sector of the Campi Flegpktanic district, Southern Italy @@ositoet al, 2015). A
total of four photogrammetric surveys have beemiedrout in about two years (Fig. 1), by using a\WA
platform for one survey and boats for the othee¢hin order to accurately define the exterior maggon of
images, a topographic survey was also carried rmagsuring a series of natural and artificial groeodtrol
points external to the landslide area with a loagge Total Station. Images were processed usingo&gi
PhotoScan® (http://www.agisoft.com), and 3D poilduds were compared through the "Multiscale Model t
Model Cloud Comparison (M3C2)" plugin AGUE et al, 2013) included in CloudCompare open source
software (http://www.danielgm.net/cc/). The plugitowed us to estimate orthogonal distances betwedti-
temporal point clouds as well as uncertainty relateeach distance measurement.

i 29/10/2013 - 17/01/2014 T 12/02/2015 -  29/01/2016

==

Figure 1: Some images of the landslide capturednduthe four photogrammetric surveys. Boat and UAV
symbols are included to indicate the type of ptatfased for image acquisition.

SfM processing of each survey resulted in densetmbdduds and high-resolution orthophotos. An agereo-
registration error between clouds was estimatedlasm. As output of the M3C2 distance computatiaa w
obtained three new clouds in which each point wesacterized by distance and uncertainty attrib(Feg 2).
Points corresponding to statistically significahtanges were exported and interpolated in ESRI A®Gor
volume calculation. Volumetric data show that thedslide deposit at cliff toe was progressivelydea by the
sea, while landslide scar was affected by a moderadsion in the first three months after the 2Bi®islide
event, as well as by a deep erosion between tlwndend third surveys.

Nevertheless, a negligible eroded volume betwedrd 20id 2016 surveys was estimated in this areao$ieg
sediments decreased through time in the whole ligiedarea so that, generally, a geomorphic evahutimving
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towards an equilibrium condition seems to be takpigce. The study here described highlights a high
potentiality of the SfM and cloud-to-cloud distarammputation techniques in geomorphology, bothafmurate
gualitative and quantitative analysis and for hdzamd risk assessment. The studied landslide thiedéed a
series of residential buildings located close ®ritreating cliff edge.
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igure 2: Example of RGB coloured 3D point clouds (top) and M3C2 processed clouds (bottom). Histograms of both
stance (bottom left) and uncertainty data (bottom right) from multi-temporal comparison are showed on the right
de of the colour scale. White arrows indicate geomorphic features highlighted by the 3D change detection analysis.
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Figure 2: Example of RGB coloured 3D point clouttg) and M3C2 processed clouds (bottom). Histografms
both distance (bottom left) and uncertainty datatitam right) from multi-temporal comparison are sreal on
the right side of the colour scale. White arrowsligate geomorphic features highlighted by the 3@nge
detection analysis.
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Recent advances in UAV platforms together withrigiaturization of cameras and laser scanner semaake
feasible to fly simultaneously, in terms of sizelawst, multi-sensor payloads, expanding possit#¥/{ased
applications and targeting new communities. Theaglogds can consist, for example, of several cagnera
sensing different spectral bands and/or lightweitgw cost laser scanners. The use of fused data these
sensors can boost the use of UAVs for environmenggdping purposes such as landslide volumetrimesitn,
biomass estimation or forestry management, to memtifew. In this context, co-registration becomé®y step

in order to exploit the complementary charactersstof several cameras and/or laser scanners, are th
generating additional information layers.

The main outputs of these combined systems use @ $et of oriented camera images and 3D pointdslou
These point clouds can be derived from a pair eflapping images or using the laser raw data tegetith the
platform estimated trajectory. Some applicationghhialso require coloured point clouds, which aseally
derived from a registration process between carapdhlaser scanner or, if several cameras are freed,a
registration process between all the cameras images

Nowadays, the standard procedure for camera to reaar@ camera to laser co-registration requiregraév
steps. The first one is the system calibration, retie lever arm and the boresight between allossrend the
positioning system must be determined. This cdiibmais usually done by means of a least squanestadent of
data acquired specifically for calibration purposiste that these values may not be constant and vaiy
significantly in each mission; these may be eveknown. Thus this calibration step must be doneefegry
mission. Next step is the system orientation. Sensentation can be done with direct or indireppeaches
and it is usually computed separately for eachaersen, it is possible to compute separate pdouds for
each sensor. Finally, the derived point cloudscareegistered. This last step is also based irast lsquares
adjustment and is a complex process with a highpeaational burden.

The aim of the research presented in this papéo ieduce the aforementioned co-registration stepa
system’s boresight calibration problem. In conttashe standard approach, we propose to solverteatation
and calibration of laser and camera data in asjrmgimbined adjustment. Solving the orientation @alibration
allows us to implicitly deal with the co-registi@ti problem. The proposed method is based on timdifidation
of common tie features between images and poindsl@and their use in a combined adjustment. Inrésisarch
we propose to use non-semantic features. By nomsterfeatures we understand those that providiiudata
to solve a certain task but provide no relevanbrimiation to describe or understand the scene. Ebesngd
common tie features, used in our approach are lgasimetric primitives such as straight line segsepoints,
planes and ellipses. The parameters to estimadaiimew problem will be those describing the feagurthe
orientation and system calibration parameters dued self-calibration parameters. These parametelisbwi
estimated from image coordinates, and raw lasenngrameasurements belonging to non-semantic objects
extracted from images or point clouds.

The co-registration strategy has been tested usialgdata from a UAV mapping system including a locost
laser scanner and two COTS cameras. The prelimiremyits suggest the feasibility and the potertfathe
approach. The tests show that with the proposedoapp co-registration is feasible, cheaper in teghs
computational burden and, last but not least, geldyoint cloud with high density can be obtainedrewith
low-textured scenes.
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An approach for considering beam divergence in voxepace
transformation of full-waveform airborne laser scaming data
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In the past decade, the first commercial full-wavef laser scanning systems have become availabtenitrast

to conventional laser scanner systems recordingrakpulses, full-waveform data digitise the entir@veform

of the backscattered pulse. Hence, the data prowittemation about the structure as well as physica
backscattering properties of the pulse reflectiraten. Especially in forestry applications, whene emitted
laser pulse traverses the vegetation and intevdathstree crowns, full-waveform airborne laser stag (ALS)
data provide a large gain of information for aspesiich as a more accurate differentiation of trgetagion
structure, biomass estimation or tree speciesifitag®n. To exploit the full potential offered yll-waveform
ALS data and to enable 3D analysis techniquescéimrersion of the 1D waveform data in a 3D voxelcsp
representation is essential.

Our work deals with the development of methodstfer generation of voxel-based representations Ibf fu
waveform ALS data. Instead of extracting discretén{s by peak detection, the voxel attributes agaved
directly from the amplitudes of the waveform samspl&ELLING & RICHTER (2016) specify the required
geometric transformations for this purpose andgrerfan efficient ray tracing approach for the inéipn of
the waveform data into an octree-based voxel reptaton. Herein, the laser beam divergence isected in
the first instance, defining an infinitesimally ¢kiray for each laser pulse from the scanner oridamg the
direction vector of pulse emission. The attribufeaovoxel is derived from the amplitude of the grieted
waveform sample. Redundant voxel entries occuriimgoverlapping areas of different flight strips are
considered with the maximum amplitude within a loxe

To enhance the geometric quality of the volumettata representation, this contribution will present
advanced approach which includes the laser beaeng#ince in the voxel traversal process. Concetthiisgthe
ray of laser pulse emission is approximated to lw®rse considering the beam spread angle and tmmesca
origin (Fig. 1). Hence, the waveform samples apasented as circles at their respective distaalesy the
centre axis of the cone. The developed cone tratieiiiod detects occupied voxels by applying thetnaging
approach of (8LLING & RICHTER, 2016) to a bundle of rays describing the conentaty. In addition, the
voxel attributes are obtained considering the foaei coverage of the intersected voxel and theesponding
sample circle.

Figure 1: Principle of cone tracing method for cemting full-waveform airborne laser scanning datadn
octree-based voxel representation.
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Furthermore, we present a method allowing 3D fitigrirectly in voxel space to reduce the numbevafel
elements by extracting only relevant object infotiora The advantage of this approach is that neighibhg
waveform information can be considered in thetiiltg process.

Fig. 2 shows a visualisation of a generated vogats as well as the corresponding point cloud dongarison
reasons. The developed methods will be describdétail and more results will be shown in the pnéssigon.
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Figure 2: Visualisation of a spruce coloured by ditple: Point based as result of a Gaussian decasition
(a) and voxel based representation of waveform (ata
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Most of the remaining wetlands in Estonia are urielmopean Union level protection but are still Hiemned by
nearby human activity like underground mining in Bfonia. Accompanying water pumping endangersbyear
northern raised bog (MRANDI et al, 2013). Estonian northern raised bogs containdtaeds of small
waterbodies — bog pools, which have relatively whieels, usually 0-20 cm below the surrounding borface.
Bog pools are shortcuts through thick peat layens fater from the bog surface to underlying mineral
sediments, mostly fine sand and silt, which aredliy drained by nearby oil-shale mines. The faigins of
drainage effect should therefore occur in the bogl pvater levels, most notably during natural wdtarel
minimum in August-September. Mine location at tlstern border of the wetland should cause stroeffect

at the eastern side of the wetland compared tovéis¢ern areas.

Preliminary manual measurements taken in June g@ilShow abnormally low water levels at the eastide
and repeated sUAV surveys were carried out in otdlgenerate high-resolution DSM to assess relatiater
levels and their changes simultaneously over laigaber of bog pools. The sUAV was a self-built hexar
with 24 mb APC-C sensor Sony a6000 on board. Twasaof interest, each approx. 10 ha and contaifng
100 bog pools, were photographed from 80 m heigtructure-from-motion software Agisoft PhotoScarswa
used for 3D point cloud generation and LAStoolskpge for point classification in order to remowveeticover
from the DSM. The final DSM was stitched togethed amoothed with a median filter in QGIS. It protede
dense and accurate enough for relative bog po@nietel measurements straight from the modelfit&gbund
control measurements (N=20 for both areas) takehiwiwo days from flights agree well with valuesrided
from the DSM. Model based water level measuremefiies at least three to fivefold increase in pradty per
man-hour compared with ground measurements aloharifly accessible landscape like northern bogda&ea
models are archived for possible reanalysis, chdetgction and verification if necessary.
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Technical aspects related to monitoring riverbank eosion in
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In LONGONI et al., (2016) an experimental research about monitoiirey erosion on the basis of multi-temporal
terrestrial laser scanning measurements has bemsemed. In this study, a link between weather itiond,
river-flow rate and bank erosion has been tentgtigstablished. Indeed, such an investigation feshlpoorly
afforded in the previous literature. The case stooliysisted in four banks in Val Tartano, Northetalyl Six
data acquisitions over one year were taken, withaim to better understand the erosion processkghair
triggering factors by means of more frequent obeitsms compared to usual annual campaigns. Thetlgeof
the research was to address three key questiogrong bank erosion: ‘how’ erosion happens, ‘whauring
the year and ‘how much’ sediment is eroded. Thénateproved to be effective and able to measure dattied
and deposited volume in the surveyed area. Filsallgttempt to extrapolate basin scale volume fok legosion
has been presented.

At the current stage some newly investigated poiviisbe presented and discussed here. In particstame
technical and methodological aspects related teegimg data acquisition and processing are focuBest of
all, terrestrial laser scanning (TLS) fully provéal be ‘technically’ sound for efficient and comm@etiata
acquisition, but also revealed some practical deskb related to the reduced operational flexibibtyd
transportability, especially in mountain environmeenThus a comparison with structure from motiofiv()S
photogrammetry has been accomplished. The goaldemonstrate with a consistent set of examples3fa
may completely or partially take over TLS. In peutar, how to carry out georeferencing of multi-foral
photogrammetric blocks into the same stable refereystem is addressed here.

Secondly, the analysis of the 3D point uncertaintithe case of TLS surveying revealed to be a atymint to

understand which eroded or accumulated amount lnfisleould be statistically detected. Even thoughesal

theoretical studies have been published, theiofolip on the practice is still not relevant. Heneaew of this

aspect is reported with the aim to establish gindslfor the practical evaluation of 3D accuracyhie case of
point clouds to be used for change detection agiidins in geomorphological field.

The third last aspect concerns how to compute tinface changes in riverbank point clouds, wherenany

cases the complex topography may prevent the usigosé techniques that are usually applied for @ing

2.5D digital surface models (seeAfoNI et al, 2013; UNDENBERGH& PIETRzYK, 2015). A full 3D method for
comparing point clouds is then proposed and thepewmison of the results obtained this way with times
achieved with standard 2.5D techniques is reported.
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We produce and analyse a 30 cm resolution Digiteavd&ion Model (DEM) of the heavily crevassed ghaci
tongue of Kronebreen in northwest Svalbard. Usihgléecopter platform (Eurocopter AS-350), we suegyhe
glacier with the ICECAM system (faNE et al, in press) that combines a single frequency GR&sywith an
inertial navigation system (INS) to a standard Sia®era (Canon EOS 5D Mark Il) that is mounted qola
towards the front of the helicopter. The surveyuiiegl ~2500 photographs from about 800 metersudHit
covering a ground area of 50 kin 40 minutes at an average flying speed of ~Ifi%kr hour.

S W v sl i ki

Figure 1: 3D point cloud draped by the imagery other tongue of Kronebreen.

The single frequency GPS data was post processagl ejsen source software, RTKLIB AKasu, 2009), with a
base station in Ny Alesund, about 15 km from tlmntfrof Kronebreen, and connected directly to thagemy
acquired which marks the GPS epoch for each imagthe acquisition log files. Comparisons with post
processing results from GAMIT/Track software shopoaitioning standard deviation of +£30 cm over¢bharse

of the flight. We use the free open source photognatric suite MicMac (BRROT-DESEILLIGNY et al, 2016) to
generate the DEM without any ground control po{ifiig. 1). The imagery and the image positions aeduo
solve for the camera distortion, INS and leaver aatues. Two strategies for dense matching areopagd,
per-image-matching and ground-geometry-matchingh tie former providing the highest detail and [mien
within the steep crevasses of the glacier (Fig. 2).

Using the limited outcrop area surrounding the igla our survey, we compare our DEM to the mesent

product from the Norwegian Polar Institute (NPljialesurveying based on flights from 2009. Aftesanpling

up to 5 m to match the NPI DEM and subsequent gstration, the standard deviation of the terraimbout

1.5 m with little bias. This uncertainty reflectset combined precision of the NPl DEM and our updathp
DEM, and thus shows the robustness of our appreétththis instrument setup. Moreover, the comparisd

the two dense matching strategies showed a starmtasidtion over the glacier of about 0.70 m andighs

positive bias from the ground-geometry-matchingsThflects mainly the lack of depth the latter DEbhieves
within the steep crevasse voids (Fig. 2).
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The detailed surface DEM of Kronebreen is of unpdented resolution which allows for a number otis
related to crevasses within glaciology. For examptevasse volume and structure along with a nurober
modelling experiments related to incoming solaiatoin and boundary layer meteorology over theaatbugh
crevassed surfaces of outlet glaciers. The helroptatform for imagery allows us to acquire datailevon
other glaciological missions, for example, while asgring the mass balance. The connection with esing|
frequency GPS provides enough precision that wenatorequire ground control points for accurate beind
adjustments, and our results show an accuracy aecisppn equivalent with the most precise DEM data
available for Svalbard.
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Figure 2: Centre elevation profile of the first kB of the glacier front. The two dense matchingtaties are
shown, per-image-matching (blue) and ground-geoyaeiatching (red).
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Calving (breaking off of chunks of ice at the glrcterminus) is a major contributor to mass lossthaf
Greenland and Antarctica ice sheets. To betternstated the calving mechanisms, a Swiss-Japaneseareh
project monitors the calving front of Bowdoin glaciin Northwest Greenland (78 degrees latitudeyesin
July 2014. During the summer 2015 field campaife,damera inboard a UAV captured the initiatiom ohajor
calving event with 10 cm spatial resolution andnaetresolution of 5 days. Two UAV flights were optad
prior to and during the opening of a large cracit thormed about 100 m upstream from the calvingptfro
propagated laterally over more than a kilometre erehtually collapsed entirely.

Figure 1: Overview of the calving front of the Bairdglacier which was monitored by using UAV (greeea).

The choice of the UAV was guided by the followingguirements: i) the UAV must be capable of flying
autonomously more than 30 km up to 500 m abovegthand while carrying a 500 g on-board cameratii) i
must be fast and stable to cope with possibly windgditions iii) the autopilot must be accessibtetisat
problems due to North Greenland conditions carixeglfon site by fine-tuning parameter. A major essve had
to face was the weakness of the magnetic field ngattie compass unreliable. In the future, this |emmbcould
be fixed by changing the way how the orientatiocamputed in the Pixhawk with APM autopilot.

To achieve the mentioned requirements, the UAV lak based on the commercially available X8-Skykeal
airframe and standard components including thea®ikhautopilot. The X8 airframe provides a reliahiel well
known base for any kind of scientific instrumentising a flexible layout of the cargo, the X8 wasigaed to
be flown using 2, 3 or 4 lithium polymer 4S packagls camera, the mirrorless system cameras of &eny
chosen. The trigger electronic and the camera holdge designed either for APS-C or Full Frame aame
bodies with interchangeable lenses. This givegh kivel of flexibility for different flight missins and safeness
for exchange in case of failures.
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Figure 2: Flight plan (red line) of the calving finb monitoring and the DGPS measured Ground CorRahts
(red triangles).Additionally the locations of seisnarrays (purple dots), the boreholes (blue dotshe laps
cameras (red squares) and the camp of the expadifdd5 (green triangle).

For each flight, the UAV acquired about 1000 ovepiag pictures of the calving front. Ground ContRaints
(GCP) next to and on the glacier were installed medsured with Differential GPS (DGPS) to georefeecthe
UAV images. Due to the glacier velocity (more tllam/day), the GCPs located on the glacier were ureds
repeatedly so that their absolute positions attithe of each flight could be determined. The pietuof each
flight were post-processed through the softwareséii PhotoScan to create the digital surface modets
ortho-images. High-resolution velocity and straglds on the surface could be inferred from théa@itmages
by feature-tracking techniques, allowing an in-tefphcture mechanical analysis of the calving event
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Debris-covered glaciers account for more than 10%he glaciated area in the Pamir-Karakoram-Himalay
(PKH) and are important contributors to the highumtain hydrology in a changing climate. They arsoabf
great interest in terms of glacial hazard®(BH et al, 2012). They exhibit a very rough surface andghlli
heterogonous debris cover, therefore representimmipadienge to remote sensing techniques. Many esudi
highlighted the potential important role of supeaghl features, such as ice cliffs and supraglgmalds, and it
is therefore important to represent them accurdtelprocess oriented studiesu® et al, 2016). We studied a
small (2.7 km?) glacier of the Nepalese Himalayid above 5300 m asl, using almost concomitamessrial
photogrammetry (24-28 Nov. 2015), unmanned aesgdicle (UAV), structure from motion photogrammetry
(24-26 Nov. 2015), and tri-stereo Pléiades sagedlitquisition (22 Nov. 2015). We focused on twaaldes of
interest in terms of glaciological monitoring: ttede of elevation change for the whole glacier #nadice losses
at specific locations, such as ice cliffs or supaeaigl lakes.

Our results show that the satellite resolutionightenough to provide a satisfying glacier-wideeraf elevation
change, calculated by DEM differencing, and hasetieb spatial cover than the UAV. The latter misdes
highest 4% of the glacier (Fig. 1a), due to congid access to place ground control points in thiesg steep
slopes (>50°). After adjustments on stable (i.d.gbdcier terrain to mimic a case of geodetic mbaknce
calculation), the median elevation change on gtasie0.09 m between the UAV DEM and the Pléiad&vD
(both resampled at 2 m resolution). The standavihten of elevation difference between the DEM$.i87 m,
showing the good agreement between the two DEMseftleeless, the Pléiades DEM shows marked anomalies
near cliffs (Fig. 1b and c).

Using the terrestrial photogrammetry data as aeafse and working with point clouds and M3C2 althon to
calculate distances, we show the UAV’s ability épnesent very steep (even sometimes overhangiag)rés,
such as ice cliffs (see Fig. 2 for an example). [&/thie UAV data are highly relevant for small scptecess
oriented studies, the satellite imagery is mucherswited to calculate glacier mass balances, deds not
require human intervention. The terrestrial phatogmetry can be applied only to small area, duehto t
extending human means it requires. Nevertheless,tdlrestrial photogrammetry remains an always safe
acquisition when the UAV is not able to fly, duestoong winds occurring very often at high elevatio
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Figure 1: a) Elevation difference of the UAV anki®des DEMs acquired less than 5 days apart. Tlhekb
solid line represents the glacier outline and tled rectangle represents the subset shown in bddrafig. 2.
b) Elevation difference around an ice cliff showihg anomalies of the Pléiades DEM. ¢) UAV orthdphaf
the same ice cliff.

Figure 2: Comparison of point clouds derived from\Wacquisition and terrestrial photogrammetry. Ntte
offset of the frozen lake.
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photography and thermal imaging: Volcan de Colima P13-2015
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Photogrammetric and structure from motion (SfMhtdques are increasingly being used to monitovadtiva
domes (e.g.AMES & VARLEY, 2012,DIEFENBACH et al, 2013). This study applies SfM techniques to digit
single lens reflex (DSLR) and thermal images aegliduring observation overflights of Volcan de Gwliprior
to an eruption and associated dome collapse in 20i6. The collapse triggered a pyroclastic flowiclth
travelled ~10.7km’s, threatening several ranchektha town of Quesaria.

Models of the dome were constructed from DSLR dr&trhal images, and georeferenced by comparison with
Google Earth imagery. Models built using DSLR immgeere found to be substantially more sensitive to
degassing and poor lighting, but were of superioality during favourable conditions. Conversely, dats
produced from thermal images were less detailedriaué robust in non-optimal circumstances. Themmadels
were constructed from most flights, while DSLR misdmuld only be built for about 60% of the dataset

Georeferenced models were exported as triangulaheseand aligned with a pre-dome model to improve
relative georeferencing, using MeshLab’s iteratolesest point algorithm (GNONI et al, 2008). Volume
differences were then calculated using an impleatam of the signed tetrahedron methodiAXG & CHEN,
2001). In our application of this method, ‘regiafanterest’ are interactively selected and theunod between a
reference surface (pre-dome model) and test su(fsaeh dome model) calculated. Hence, the volumthef
dome, top portion of the main lava flow, and twéerence areas (zero volume change assumed) wéaretsst

(Fig. 1).

Estimated Volume vs Time
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Figure 1: Volume of the lava dome (solid) and ldlav top (dashed) between initiation of dome grointh
January 2013 and dome collapse in July 2015. THenve of reference areas (that are not expectedateh
changed, and hence should equal zero) are showgnei to give an indication of accuracy. There ingmlly
good agreement between volumes calculated witD81eR camera (circles) and thermal camera (squares).

Estimations derived from the DSLR and thermal medgtnerally correspond, suggesting (along with low
reference area volumes) that they are reasondiuagl this method assumes constant underlying tapbg
and hence likely produces underestimates. Thedletar that dome growth occurred in three distinisages.
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Between January and April 2013 the dome grew atte of ~0.05 — 0.12 #sec, slowly filling the pre-dome
crater (Fig. 2a). By late April the crater was dopped and a lava flow formed on the volcano’s witsstk,
creating a stable configuration where inflevoutflow and dome growth dropped to <0.0¥/sec. The second
period of dome growth occurred between July andexter 2014, growing at ~0.06%sec (Fig. 2c) and
forming several new flows (which accommodated muesiv lava). The dome then underwent a period of
substantial subsidence, deflating at ~0.0%et, accompanied by endogenous growth from a de(@asterly)
vent (Fig. 2c & d). Finally, the dome inflated agdat ~0.05 riisec) from May 2015, before collapsing to the
south in early July. Photographic evidence suggefétsion rate may have increased dramaticallyhenhiours
preceding collapse.

The geometric and thermal evolution of the lava damas also examined using the photogrammetric etatas
Most significantly, the models indicate that théyJeruption was preceded by effusion from two sepmwents
(Fig. 2d) and by substantial south directed bulgifighe dome. These results suggest that photogedrizm
monitoring provides both important insight into @ahic processes and a useful dataset for riskdstieg.

Figure 2: Selected DSLR (top) and thermal (bottphjtogrammetric models demonstrating the evolutittme
lava dome between 2013 and 2015 (see text forlglet@irid cells are 50x50 meters and oriented NS:EW
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The quantification of deformation is essential indarn laboratory models of geological systems. Plager
presents a new laboratory monitoring method utiizihe implementation of the open-source softwaieMdc,
which efficiently implements photogrammetry in stiwre from motion (SfM) algorithms (ELAND et al,
2016). Critical evaluation is provided using resultom an example laboratory geodesy scenario, raagm
emplacement (Fig. 1). MicMac automatically processeages from synchronized cameras to compute time
series of digital elevation models (DEMs) and oréntified images of model surfaces. MicMac alsolangents
Digital Image Correlation (DIC) to produce high-okdion displacements maps. The resolution of DEid
displacement maps corresponds to the pixel sizeoprocessed images. Using 24 MPs cameras, thisipre

of DEMs and displacements is ~0.05 mm on a 40x4Gurface. Processing displacement maps with Matlab®
scripts allows automatic fracture mapping on thanitooed surfaces (Fig. 2). MicMac also offers tlosgbility

to integrate 3D models of excavated structures withcorresponding surface deformation data (FigTBe
high resolution and high precision of MicMac resudind the ability to generate virtual 3D modelsaplex
structures make it a very promising tool for quiatitte monitoring in laboratory models of geolodisgstems.

B

4 synchronized cameras

959

Liquid flow a surface

Volumetric pump

Figure 1: A. Sketch showing the experimental apperaised for volcano geodesy (see text for exptamst B.

Representative oblique view photograph of the meddice during an experiment. The surface exhdbie
smooth dome, at the rim of which the oil eruptedRE€presentative oblique view photograph of an exieal

solidified intrusion. As it is fully excavatedjstpossible to apply photogrammetry and comput8btshape.

The implementation of MicMac in the laboratory iglily versatile. This laboratory geodesy platforffes
significant potential to study numerous geologichénomena involving surface deformation. These guees
include tectonics, landslides, glacier dynamics, &he ultimate objective is to integrate laborgtdata with
real geodetic measurements to help interpret nadata, and therefore better constrain the undeglprocesses.
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Figure 2: Plots of representative results of theface evolution during an example magma intrusinpegiment
at three distinct time steps (columns). The plapldy 4ADEM (topography change with respect to initial sfat
and divergence field calculated from Ux and Uydfidlhe yellow star locates oil eruption.

Edge of uplifted area
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Edge of uplifted area
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Figure 3: Two representative views of high-denpitint clouds of part of the model surface after ¢imel of the
experiment and the underlying solidified excavaidision. Notice the good correspondence betwheretige
of the uplifted area and the location of the eruptiissure (recall Fig. 1B).
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Lava flows cover vast areas of the rocky planetsranons, including the Earth. Lava flows can havarge of
appearances and roughnesses, jointly referredrto dge"morphology”. Aa and pahoehoe are commordy us
terms for describing subaerial lava morphologiet,thiey each have several sub-types. When examinlaga
flow, whether a fresh, recent one or one that ligohs of years old, the surface morphology of fluav can
reveal details about the dynamics of flow emplacamend through that, about eruption conditionsaPReters
such as the volumetric effusion rate, lava flowoedly, and the roughness and cohesion of the satbgtne lava
was flowing over are all important parameters ttat be inferred from lava morphology. In additidhe
surface roughness of lava flows plays a role asumdiary condition for atmospheric circulation abdive lava
flow field, and it is thus important to categoriaga morphology.

We present two test cases — one from Chile andfrome Iceland — where we recently used unmannedlaeri
vehicles (UAVSs) to collect visible-light images la#va flows, which we then analysed for flow struetand
morphology. The two cases span a range of lavasiisG flux rate, surface roughness and flow theds) and
represent two end-member tectonic environmentaibasction zone, and a mid-oceanic ridge with enédnc
hotspot volcanism. Data was collected using a Ddanfom 3 with built-in camera, and processed using
commercial structure-from-motion software (Pix4Dd&m Agisoft PhotoScan) to produce orthomosaic iesag
and digital terrain models (DTMs) of the flow swéa

We identify that unique challenges for mapping ldiavs using UAVS, including: 1) difficulty accessj
interior parts of the flow fields to establish wdlktributed ground control points that are geoledawith high
precision; 2) operating in harsh weather conditithat are often affected by strong winds, cold terafures,
low atmospheric pressure, and rapidly changingmihation conditions; and 3) challenges associatéth w
charging and maintaining UAV batteries to ensurficieht multi-sortie surveys when favourable weathe
conditions occur.

Preliminary findings for these test cases are §ipéeldbelow:

1. In Chile, the 1864 eruption of Quizapu volcano gatexrl several >100-m-thick andesitic (Sntent
>62%) lava flows that are each >10-km-long. Despéimg erupted at the same time and from the same
vent, the flows differ in composition and appeamne used the UAV to examine the details of latera
confinement of each flow, either by existing topagmy or by self-constructed levees. We are intedest
in examining how these changed along the lengteach flow. In addition to the UAV footage, we
collected tens of samples from each flow, and eolinpare the flow-scale variations with micro-scale
variations in chemical composition, crystal contamd vesicularity.

2. In Iceland, the 2014-2015 Holuhraun is one of #dst in recent Icelanding history, and has a
basaltic composition. The flow exhibits a rangeloW morphologies (aa, spiny, and pahoehoe units)
related to different eruption phases. Additionatlythickness and volume estimates, we focused our
investigation on the morphology along the flow exigehere it is likely to be influenced by interacti
with the pre-existing substrate. In addition to ralegéerizing flow morphology, the flow volumes
generated from UAV-derived DTMs place important stoaints on the thermal budget of the lava flow
and the expected durations of hydrothermal acti@iigociated with interactions between the lava and
seasonally active glacial melt streams.

Acknowledgements:CWH and SPS were supported by NASA Planetary Gga8oGeophysics (PGG) Grant #
NNX14AL54G. MER was supported by NSF Postdoctordldwship Grant # EAR-1452748.
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Figure 1: Orthophoto of a lava flow breakout lolverfi Quizapu volcano, Chile. The top part showsettige of
the main flow. Pressure ridges are clear on thdae of the breakout lobe. The prominent leve@jseent on
the edge of the main flow. The high resolution Dl will make from this data set will let us constra
parameters of flow evolution and dynamics suchdasace rate and cooling rate.

Figure 2: An orthophoto (left) and digital elevatianodel (right) of the front of the Holuhraun laflaw,
Iceland. The image reveals interaction betweendkea and the existing topography (e.g., backingagpinst a
high standing linear obstacle), and the braidecerigystem.
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Background: In the field of planetary science, a “terrestaaklog” is a feature on Earth that has one or more
geological, environmental, or biological characics in common with features found on another gtiary
body, or hypothesized to have been present on anptanetary body in its past. Good terrestrial@gmshare
fundamental processes in common with their plagetaunterparts, not just an outward physical resente.

As accessible examples of features found elsewihettee Solar System, terrestrial analogs may beiestuto
understand the conditions necessary for their fdanaleading to inferences about the conditiora thay have
been present on other planets. They are also usddst concepts for future spacecraft missions, tand
determine the appropriate instrumentation to banguch missions. It must be stressed that nostegkanalog

is perfectly analogous to its planetary counterpbut many have key characteristics in common tzat
illuminate our understanding of other worlds ifargreted in the proper context.

Over the past three years, we have added Unmaneegdl| Aehicle (UAV)-based remote sensing to theafet
methods that we regularly employ at our terresaislog field sites. Here, we briefly discuss ose of UAVsS
in campaigns at three different terrestrial analitgs for Mars as case studies that illustrater tidity in this
type of work.

The Laki lava flow of southern Iceland: Many of the oldest channel features observed omsMae
unambiguously of fluvial origin, but there are athgounger features called “outflow channels” thed of less
certain origin. Outflow channels may be fluvial vy formed through cataclysmic release of grourtdwat

the surface (over days or weeks), carving the oblanm large flooding events. Alternatively, thetma
mechanical erosion by lava may have carved thesanehs. Discrimination between these hypotheses is
complicated by possible overprinting relationshipsvhich lava flows may have resurfaced outflow roials.
Further, the hypothesis of channel formation byalagnnot yet be fully evaluated because the litezadn lava
channels as a general class of feature on anytplgngurface is much less well developed than ehafiuvial
channels.

The Laki lava flow (1783-1784) originated from aise of fissures and “flooded” existing river gosgend the
Varmadalur Valley. This valley includes a largaugius channel system that extends for tens of kiteas and
reaches up to ~20 m in depth, which is comparabkrale to many of the sinuous channels found ors Ma
better understanding of the characteristics of ¢hiannel, which is known to have been formed by, lawill
inform the debate over the origin of the Martiamttees. To this end, a field campaign was undentake
summer, 2015 (WvILTON et al, 2015), with the goal of using a morphological iésebased approach to
understanding the formation and characteristiagh®fLaki channel. High-resolution UAV-based mappafghe
channel was a key component of the work. Over these of five days of flying, approximately 6000-12
Megapixel, nadir-viewing images of the channel warquired from a DJI Phantom 3 Professional quagcajt
altitudes of 30 and 100 m above the channel, gigraund sampling distances of ~1 and 4 cm, respsygti
Images were acquired in horizontal grid patterrsgus. beta version of the Pix4D Capture applicationa
tablet computer to control the UAV. Pix4D Mappersathen used to create digital terrain maps (DTMg) a
orthophotos covering approximately 2.2 %(fig. 1). Geomorphic analyses of these data pisdare currently
being conducted, including precise quantificatidntlee volumes of individual flow units, channel sse
sectional areas, channel slopes, and other panamet¢eded to constrain flow discharge rates andigdly
properties such as lava viscosity. Relating chamgéava viscosity along the length of the flowdbanges in
channel sinuosity and other morphometric propestidisprovide new insight into the processes by ethlava
creates channels. Detailed, three dimensional mgppi the flow is also likely to reveal morphologic
characteristics that can be used to distinguish levannels from fluvial channels, which is relevemtthe
current debate over the origin of sinuous chanoelsars.
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Figure 1: Oblique view of a textured DTM Figure 2: Obligue view of a digital outcrop modéltbe
of a portion of the Laki lava channel, Wood Canyon Fm (~50m vertical section)
Iceland.

Wood Canyon Fm., Marble Mountains, Southern Califonia: One potentially important style of fluvial
sedimentation on the surface of Mars involves teeetbpment of braided channel systems, which (atha
form when sediment yield is high and vegetatioalisent or nearly so. The braided fluvial depodith® Wood
Canyon Formation, in the Mojave Desert of Califaynare a useful analogue for such Martian envirorisne
because they formed prior to the colonization of k&nd by rooted plants. Over the course of thragsdn
December, 2015, we used a Phantom 3 Professioretdoire oblique-viewing images of an outcrop & th
Wood Canyon Fm, flying in tilted-plane grid patterat a standoff distance of ~10—-15 m. Approxima®90
images with a ground sampling distance of ~6—7 nmerewprocessed to create a digital outcrop modelMPO
~50 m high and ~1 km long. We are currently analyshe DOM using the Virtual Reality Geological &itu
(www.vrgeoscience.com) to determine palaeocurre@sttions from cross bedding and alluvial architeetby
defining channel boundaries, which cannot be donethe ground easily because individual channels are
extremely wide.

Perennial cold springs, Canadian High Arctic:In July/August 2016, we will conduct field studiesperennial
cold springs on Axel Heiberg Island in the Canadiigh Arctic. These springs occur in a region vatimean
annual air temperature of -15°C and flow throughtcwous, 600-m-thick permafrost. It has been sstgge
(ANDERSENet al, 2002) that they may be appropriate analoguesifes on Mars where evidence for recent
groundwater seepage has been observed. We plaseta DJI Phantom 4 to provide ~cm-scale DTMs and
orthophotomosaics of these features. These produlttsnable quantitative assessments of the distion and
sizes of the springs. Photogeologic mapping udiege products will allow us to determine the spedifrata
and/or structures that the springs are associaittd 8ome springs are known to be found in feattinas have
distinctive surface topographic expression, suchiagos and exposed sulphate diapirsfARSENet al, 2008).
The data products provided by our UAV work willadl us to study the control this topography has tmn t
springs. We will also make very low-level (~10 midhd) flights over specific springs of interest.éfhmages
acquired on these flights will provide mm-scale 8iapping. This will enable calculation of morphonetr
properties associated with these springs, sucheagdlumes of spring mounds composed of precigit&deme

of these spring mounds are composed of ephemdtsl(say., hydrohalite) that are thought to paltidissolve
during the warm season, so future UAV field campsigvill be used to look for temporal variationstire
topography. First-look data products from this wailk be shown as part of our presentation.
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The key focus on the robotic exploration of Marsdgidence of ancient life is the quantitative etaerization
of sedimentary rock outcrops that (a) might holdidemce for biosignatures, and (b) provide
palaeoenvironmental context to drive the exploraf@ rocks that have potential to contain biostgnes. Clues
to determine ancient sedimentary environments gggepved in sedimentary rock layer geometries nsewutiary
structures and textures, and grain size distribsti®Rovers are a proxy for field geologists on M#aking high
resolution imagery of rock formations and landssapgich is digitally analysed in detail on EartlanBramic
digital cameras (MastCam and Pancam) are usedhfmacterising the geology of rock outcrops alongero
traverses. The panoramic camera systems take steages which are co-registered to create 3D pbintds of
rock outcrops to be quantitatively analysed muké geologists would do on Earth.

As part of the EU FP7 PRoVIDE project, we have w@a 3D visualization tool called PRo3D that carubed
to analyse and directly interpret digital outcropduals. Stereo-imagery derived from Mars rover data be
rendered in PRo3D, enabling the user to zoom,eaat translate the 3D outcrop model. Interpratatzan be
digitised directly onto the 3D surface, and simpleasurements can be taken of the dimensions afutoeop
and sedimentary features. Dip and strike is caledlavithin PRo3D from mapped bedding contacts aackdire
traces. Measurements and annotations can be oegaaccording to their geological context in a hiehial

way.

These tools have been tested on two case studies KASA’s Mars Science Laboratory Curiosity rover
mission The Shaler outcrop in Yellowknife Bay, ahd Pahrump Hills field site. Yellowknife Bay antiéder
were visited in the early stages of the MSL missiand provide excellent opportunities to charastethe
transition from lacustrine to fluvial conditions @mcient Mars. The Pahrump Hills were visited by MSL
Curiosity rover between Sols 753 and 904 of openatand was the location for the first multi-padstailed
geological campaign of the mission, at the baséMofint Sharp. A fluvio-deltaic-lacustrine successiwas
identified in this locality, together with strongidence of diagenetic imprints. Future work wilstehe validity

of geological measurements taken from digital agcmodels of mar-tian outcrops by comparing steta@
collected by panoramic camera emulators with i #ld measurements on terrestrial outcrops.

Representative examples and further informatioruatiee interactive 3D visualization tool can berfdwon the
FP7-SPACE PRoVIDE Project web pduén://www.provide-space.eu/interactive-virtual-ga/.

Acknowledgements: The research leading to these results has recéiveting from the European Un-ion’s
Seventh Framework Programme (FP7/2007-2013) urndet ggreement n° 312377 “PRoVIiDE".
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Figure 1: Pro3D interpretation of the stratigraphgt Shaler (imaged on Sol 318), showing the main
stratigraphic boundaries as red and blue lines, d&doundaries as thick white lines, and laminagi@vithin
those bedsets as the thin white lines. The dipsarike values are colour coded by dip value, an@ 1b° - 20°

to the southeast, however, this requires validatibhe findings show that the outcrop representsusid
environment, with recessive, fine grained unitgriiatyered with coarse, pebbly units. The outcroptaeed in
this reconstruction is 5.6 m in length and 5.9 noas at the top of the image.
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Figure 2. Measurement of the dip (purple lines) ahéitkness (black lines) of fluvial cross laminatiéue
sandstone bedsets at Whale Rock, Pahrump Hills. ddtaset was imaged on Sol 796.
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In this presentation we demonstrate how interacpagial sonification can be used as an auditapyldy for 3D
topographical data. We sonify high-resolution \attuoutcrop data obtained by structure from motion
photogrammetry of UAV based imagessGAND et al, 2016).

Figure 1: Field outcrop of a volcanic sill intrudddto shales at Las Loicas, Argentina forms theida$ the
data tested in this presentation

Sonification is a technique to map data with sowamt] has the potential of revealing informatiorotw aural
rather than visual senses. The approach we usesarameter mapping sonification, featuring spatidio,
and is currently implemented in an applicationezfiCheddar’ (BRRETT, 2016). Cheddar sonifies data in real-
time, where the user can modify a variety of terap@patial and sound parameters during the listeprocess,
and thus more easily uncover patterns and proca#ssies data than when applying non-real time, g non-
interactive techniques. Further, by engaging a &&free auditory perceptual experience, the userdetact
information that may not be apparent to the eye.

Figure 2: Demonstrating the interactive parametepping sonification tool ‘Cheddar’.
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In previous science-art collaborations (e.gRBETT & MAIR, 2014), we applied Cheddar as an auditory display
for geological datasets describing 3D geometritufes that temporally evolve during the coursehef model

or process. In this, our latest work, we apply ¢hee=xhniques to 3D digital elevation models whestead of a
temporal process per se, we display transectsioislices through the dataset. The timeline ofgbrification
thus reflects movement along the slice. Detailh1sag colour variations and topography that revesdt@iring,
veining, geometrical relations and topographicefetan be interactively explored in real time.

Acknowledgements:We thank Olivier Galland (University of Oslo) fproviding unpublished virtual outcrop
field data (QLLAND et al, 2016). Fieldwork was supported by Norwegian Rege&ouncil and YPF
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Rockfall activity in Yosemite Valley is often linketo the presence of sheeting joints (i.e., fradwseparating
exfoliation sheets), parallel to the topography arquitous throughout the valley @ATEL, 2011). The
Yosemite rockfall database 1Sck et al, 2013) shows that many historical events occuwitdout recognized
triggers, during warm and dry periods, raising plossibility that daily temperature variations weareolved in
triggering of rockfalls. However, little is knownowocerning the impact of thermal stresses on rode fa
deformation, despite its occurrence at all timeyexr. To fill this gap, we carried out several @éxments in
October 2015: (a) We first monitored a sub-vertigednodiorite flake for 24 consecutive hours usiidgr,
crackmeters and infrared thermal sensors; (b) Weitor@d a rockwall composed of tens of exfoliatehreets
for eight hours (from 17h30 to 01h30) with lidardatihermal imaging; (c) We fixed our thermal imager a
GigaPan device to take sequences of thermal pamodaming rock cooling and at the scale of clifieeliEl
Capitan (~1000-m-tall).

The lidar monitoring of experiment (a) allowed qtifying one full contraction-expansion cycle of the
monitored sheet, confirming the results abLCINS & Stock (2016). During this experiment, the maximum
crack closure (-4.9 +/- 0.5 mm) occurred around008(Fig. 1), following a 40 minutes delay of whamnface
temperatures were minimum. This deformation vatueonsistent with the one measured by the crackr&e
(-5.33 +/- 0.01 mm), located where the crack aperisi the largest (14.8 cm). The thermal picturesewthen
compared to each other to quantify the thermal \aeha of the flake during cooling and warming peiso The
results show that during the night, this is thet@rpart of the sheet which undergoes the mosiifsignt
cooling. Conversely, this is the flake edge whicklergoes the most significant diurnal temperatarétions.

13.10 20h +0.001 k 13.10 20h 4000t E 13.10 20h 40,001 13.10 20h
14.10 02h 14.10 08h 14.10 14h 14.10 20h
+0:00025 +0.0002 k. = +0.00025
o= =
= r

Deformation (m

Figure 1: Daily deformation of the granitic exfdiian monitored from ground-based lidar at 02h00h08,
14h00and 20h00 on 14 October 2015 compared to 20h0IB October 2015. C1 to C7 indicate the locatién
crackmeters (standard analog comparators with ggps)n Orange crackmeters: range +/- 0.5 mm; Red
crackmeters: range +/- 12.5 mm; Yellow crackmetange +/- 2.5 mm. The dashed white line shows Itie f
limits.

With the experiment (b), we detected negative deédions (contraction) for the flakes whose crack ar
persistent and apertures greater than 9 cm. Iretpsriment, we observed also that it is the cépte which
undergoes the most significant nocturnal cooling #nis does not depend on the length of the exfolissheets
(Fig. 2), which varies in this experiment from avfelm to several m. Finally, the comparison of tharm
panoramas of experiment (c) shows that the codiimgplitude varies depending on lithologies: the itapl
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seems more important for dark rocks (e.g., diotit@n for light-coloured rocks (e.g., granites) evhreflect
more incident radiation (Fig. 2).
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-
o
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Figure 2: Mapping of exfoliation sheets (black t&%) located in the rockwall monitored for the enipent (b).
Left: front view of the rockwall situated in theusloeast face of El Capitan. Right: cooling of tleckwall
between 17h30 on 19 October 2015 and 01h30 on 26b&xc2015.

Our experiments indicate that the coupling of lidad thermal imaging provides very interesting infation
about the process of cyclic daily thermally drivedeformation of partially detached exfoliation slseet
Furthermore, the thermal comparisons show thaintinared thermography can be used to remotely tistane
flakes in a cliff and thus help drawing a 3D maperfoliations sheets. Nevertheless, several thecorakctions
are still needed in order to well take into accoth# influence of the incidence angle, the emipgsigand
reflective temperature on the measurement recdrgédermography.

Acknowledgements:The authors would like to acknowledge the Swissddal Fund (200020_159221) and the
National Park Service at Yosemite National Parksiguporting this research.
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3D point clouds are of high value for geosciencesabse they can be used to model and examine comple
geometries in 3D (e.g. overhangs or crevassespmmon method for producing 3D point clouds is lidar
laser scanning, comprising a variety of sensorigarditions and platforms. Taking lidar measuremémthe
field may not be feasible or of advantage for dertstudies such as the testing of point cloud pssicey
algorithms. However, to develop and test algoritiors3D geodata processing, training datasets glayucial

role (RCKEL et al. 2015).

We present a highly flexible open source laser micgnsimulation framework named HELIOSHBHTOLD &
HOFLE 2016). Due to its modular software architectur&LHDS can support a wide range of projects in laser
scanning research for geoscience applicationarthe used to simulate many different types ofrlasanners,

as well as terrestrial, mobile and airborne scappiatforms. In contrast to many other laser saagsimulators
that are based on ‘2.5D’ elevation raster terrdil.IOS uses full-3D triangle meshes and/or voxelsspresent
the geometry of the scanned environment (Fig. bjs ®pens up the possibility to simulate laser szanwith
high realism, such as of rock outcrops includirecks and overhanging parts, caves, vegetations@iftth.

Virtual outcrop scenes for scanning simulation barcreated in two ways: One option is to use reddivdata
that was acquired with a real laser scanner orggnammetrically. Alternatively, purely artificiatenes can be
created with procedural scene generation algorithonsthrough manual construction using 3D modelling
software.

Figure 1: HELIOS simulating a terrestrial scan ofr@ck outcrop and castle ruin with a Riegl VZ-408vide.
The red line indicates the path of the currentiygiated laser beam, the yellow colour indicatesdimeulated
point cloud. (Outcrop & Castle model: CC-BY-NC skéhb.com)
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In exemplary use cases, we run algorithms for 3@laggc outcrop characterization BERS et al. 2016) and
vegetation investigation (FLE et al. 2015) on point clouds artificially generated WHELIOS. Virtual outcrop
models are captured from different scan positioitk different scan settings (e.g. beam divergereagding to
changes in point density and occlusion effectstifeamore, occlusion effects of vegetation in oytcsoans are
examined. We show that with our HELIOS frameworlluable test and benchmark data can be provided for
method development. We conclude that the tool cgupart scanning campaign planning and field wolnkist
being of high value for the geoscientific community
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Digital interpretation software is increasingly dse geology to study photorealistic surface moaélsutcrops
generated using lidar or photogrammetry/structtmenfmotion (SfM). The results of 3D modelling cam lsed
for presentation, manipulation and interpretatidraoquired surface models to support the undersignof
geological concepts and analogues. Interpretati@ng. stratigraphic logs, demarcation of structumal
sedimentological features) can be imported in gdiegtion-specific software, e.g. for hydrocarba@servoir
modelling (BJCKLEY, et al.,2010). Workflows have been developed to provid#msentary and structural data
by combining field observations into virtual outpranalogues (RTERSBACHER et al.,2013).

A recent trend has been to adapt workflows furtberards field integration, as envisaged by McCafiee al.
(MCCAFFREY, et al. 2005), using laptop-executable software for mawniglpurposes (e.g. SIGMA @&DAN,
2009)) and mobile devices for digital data acqigsit(e.g. MAP-IT (0= DONATIS & BRUCIATELLI, 2006),
FieldMove by Midland Valley Ltd.; SedMob (@NIEwWICZ, 2014)). Here, the goal is to maximize efficiency in
the field, capture relevant geological measurememtd reduce or enhance post-fieldwork digitizatisithough
the use of mobile devices for conducting geologiieldwork is increasing, the exploited capabiktief
handheld devices currently do not reach their fidtential. Modern mobile devices (i.e. smartphoaed
tablets) are able to process data more rapidlydwcinmore complicated analysis than simple measemém
acquisition, and thus can be used for more comgasks in the field. Their processors, in combimatiaith
integrated digital cameras, apply well to for dir@® photo manipulation. In addition, motion, otigtion and
positioning sensors facilitate full 3D image regisibn, and their processing units allow photosgioutcrop
models to be displayed with interactive frame ralds potential has been previously demonstrated1sgUR
et al. (2014), using the commercial off-the-shelf Unity@Rgine. \'SEUR et al. (2014) further introduces the
motivation for the development of mobile devicdditools.

Figure 1. GRIT comprises a 2D interpretation mobist) for polygon- and line interpretations of diigraphic
(yellow,grey) and structural (red) features and@ Bewer (left) of the virtual outcrop and interpations
(right), running on mobile devices.

In this research, we explore the computing capasliof mobile devices, and their contribution &olpgical

fieldwork. In contrast to Y6EURet al. (2014), we use available 3D data directly durie¢dfvork and excursions.
This is done within a new tool that closely linkeld observation in photos with an outcrop modeheT
application allows for fully geo-referenced phoaptures and their geological interpretation onetckng basis
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(Fig. 1, left), using integrated Image-to-Geometegistration procedures @KL et al, 2015). Furthermore, a
virtual outcrop viewer provides rendering and natign for 3D data (Fig. 1, right) analogous to jpoes
approaches, but utilizing open source graphicsavsoé. All software components run entirely on thebite
device and independent of network connectivity,alutdan be an issue in remote locations.
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Figure 2: Imported 3D interpretation structures dtesktop LIME software, based on projected mobiletgh
interpretations.

Case studies assess the approach using outcrdjtiéscim the UK. The field tests show the applioatof the
software for deriving stratigraphic interpretationsa 3D-registered environment for the purposeeskrvoir
modelling. The derived interpretations are expoftedjuality control to LIME (Fig. 2), a desktopéronment
for virtual outcrop interpretation and data expwrtreservoir modelling packages. Experiences oricdeand
user interface limitations are in line withS€uret al. (2014). These shortcomings and challenges arestisd
further and taken as a basis for future researettibns.

Acknowledgements:This research is part of the VOM2MPS project @®4111/E30), funded by the Research
Council of Norway (RCN) and FORCE consortium threiRetromaks 2 and SAFARI. Data are provided by the
SAFARI project.
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Fracture network characterisation using multi-scaleUAV
Imagery, line extraction and stochastic simulatioriools
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Outcrops offer hand-on access to geological feafuech as fractures, which can strongly affecntleehanical
or hydraulic reservoir behaviour, yet may not becétable in geophysical subsurface exploration. Kewe
capturing relevant geological features in a quatii¢ and accurate manner is still a challenge.

Our capabilities to depict geologic structures ighhresolution 3D has greatly improved with new wsigion
techniques that involve photogrammetry based ongpbollections acquired with lightweight unmannedial
vehicles (UAVs; @.LESPIE et al, 2011; SPENCE et al, 2014). These new developments deliver birds-eye
perspective and high resolution textured surfacscrilgtions of geologically significant outcrop sacés.
Whereas the development of UAVs and photogrammigtnys is rapidly advancing, methods for extracting
geological features are still limited @doub & KoIKE, 2011), in particular for obtaining relevant fractur
network properties.

More quantitative workflows need to be introducdthtt integrate qualitative field observations witie t
guantitative extraction of geological features that critical for the characterisation of a subscef structural
fabric (MAsoOUD & KOIKE, 2011). Such a pursuit is particularly useful fardsting fracture networks as these are
often complex multi-scale systems that require friggolution models of large areas.

We present a workflow that captures fracture nelteas explicit line traces and as a parametrisatfotine
structural fabric. Three case studies are preserfied. 1) based on UAV-acquired imagery and
photogrammetry: (1) fracture characterization ofcastal pavement of Jurassic shales in Yorkshice (2h
pavement of Cretaceous carbonates in the PotigasinBNE Brazil, (3) a 3D textured surface of aticiinal
fractured dip slope in Tunisia. These cases exéynplir use of photogrammetry techniques not jusbfalding
complex 3D geological models but for characterizing structural fabric. To this end we presentube of our
in-house DigiFract software @kDEBOL & BERTOTTI, 2013) and outline how we apply the Hough Transform
based lineament extraction and fracture fabricrpatarisation.

Figure 1: Imagery and textured surfaces of our caselies depicting fracture networks. (a) m-scadetiire
network in Yorkshire shales (b) 100 m scale curgdir fracture fabric in Brazil (c) 3D outcrop ofafttured
anticline flank, Tunisia.

Line detection procedures that are commonplaceidte wange of remote sensing applications are exaiin
aiming for lineament extraction and parameterisatibthe structural fabric (Fig. 2). The Hough Tstorm (HT;
DuDA & HART, 1972) is the classical approach for finding parameed shapes in images. The HT translates the
problem of detecting spatially spread patternshiat ©f finding localized peaks in a dual paramesgace.
Applying the HT for detecting curvilinear fracturgsour case studies, we found that the succeastoftracked
lineaments strongly depends, upon other input patenrs, on pre-set cancellation range around anahianom
length of the auto-tracked trace.
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In conclusion, using the translation of line patteto distance-to-angle parameterisation (the Hthom serve
the extraction of lineaments, and also help theatharization hand-drawn fracture traces. Suchrarpeter
space characterisation is informative of the stmadtrock fabric as input in stochastic fracturetwark
simulations. Our study shows how this both improwes fracture extraction capabilities from imagexy it
invites us to explore in how far outcrop image Isoidformation on upscale fabric properties suchcstiral
anisotropy with implications for fluid percolation.

Figure 2: Fracture extraction and network paramégation using Hough Transform. (a) the auto-traced
fractures, (b) the distance-to-azimuth-angle pareanepace diagram (c) Lineament probabilities frepeated
tracking. (d) Stochastic fracture network modelading to the distance-to-azimuth-angle parametits.

Acknowledgements: Our UAV hardware was supported by the Dutch redeachool ISES. We thank our
industry sponsors for the financing of our outceslogue studies with the Yorkshire pavements studnder
the Dutch Topsector Upstream Gas funded 2F2S @s¢mogram, for the Tunisia field study with Totaid
Brazil pavement studies in a collaboration with UFfatal) and Petrobras.
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3D modelling of fractures from DOM and field data:
Characterization of spatial distribution patterns
in fracture corridors
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Fractures have major impacts on fluid flow in caréite reservoirs (WTONELLINI et al., 1994; G\UTHIER et al.,
2000, FANSFORD et al., 2009). Many geostatistical approaches have beepoped to model 3D fracture
networks (BONNEAU et al, 2013) within structural 3D reservoir models. Téhamethods generally require
information about fracture geometry, size, oridotatand density. Moreover, different fracture clotesstics
have been defined in the literature(3HIER et al.,2012) depending on the dimension of the measwaiifes
(number, length, area, volume) and sampling zohBss¢anlines, 2D areas, 3D volumes). Fracture donsiare
particular geological structures within which thadture density is particularly high. Few studiesér been
devoted to characterize the geometry and spafia@rtions of fractures in fracture corridors. hist study, 3D
Digital Outcrop Models (DOM) were acquired from@agry at Calvisson and an outcrop at La Fare Légens
(SE France). These numerical data were used appoiufor interpreting and modelling fracture netksin
order to study the fracture patterns in fractungidors. Semi-automated techniques were used taebfracture
planes observed on outcrops. These surface patonssrained the 3D modelling of the fracture netwdre
obtained 3D model was finally compared with scamlimformation to understand the gap between 1D3&nd

The Quarry of Calvisson is located on a formatiomposed of limestone. It includes a Hauteriviarogll
limestone corresponding to a packstone-wackestonstly homogeneous over the whole quarry. The guarr
divided into three floors on which fracture cornidaare observed. A lidar acquisition was perforrmadthe
quarry to obtain a 3D representation of the quatricrops. Simultaneously, different field data waoguired:
dips and scanlines. These outcrops stemming frqomaay are particularly interesting as fracturenpbelongs
to outcrop surface and are few altered. A compardhtaset was obtained using photogrammetry orugnop
located at La Fare Les Oliviers (SE France).

As fracture planes belong to outcrop geometry aihiective is to help their interpretation by usggpmetrical
attributes. In (@RCIA-SELLES et al, 2011), a method is proposed to divide lidar gatits into several set of
fracture or stratigraphic planes. INnEIMEN et al, 2014), several geometrical attributes were prego®
highlight and extract parts of fracture planes friiva triangulated mesh of a DOM. An interestingnpaif this
approach is to extract planes that are parallehd¢asured dip data of a fracture family. Thus, lgé$ approach
was used and enhanced to extract fracture geométoim the numerical outcrops and the field measerds.

Let (6,a) be the measured dip azimuth and dip of a fractangly. The normalNy of the measured fracture
planes of this family is then defined &&; = (sina. cos6, sina.sind, cosa)*

Let N; be the normal vector of a locdl triangle of mesh. Then, the two planes are pariligeir normal
vectors are collinear, hendé¥y. N; = +1 or S; = abs(Ns.N;) = 1.

Then, considering a threshale [0,1], it can be written that the triandlebelong to a fracture plane to detect if
(Fig. 1):5F > t.

Pre-processing on normal vectors may be appliegdace noise due to mesh quality or data pointsiuda
validations and interpretations complete this pdace to assert to obtain reliable fracture geometri
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Figure 1: DOM geometrical attributes: left) Visusdition ofSy that corresponds to the absolute value of the
scalar product between the local normal of a trilengnd a normal of fracture planes measured in fibk;
right) binarization of the mesh using a threshadghal to 0.92.

3D models of fracture networks of the studied asmobtained. These models allow better undersignali
fracture corridor patterns and spatial variabilithe 3D fracture networks allow P30 values to b&ioled and
compared to fracture density obtained along scasl{MsEur et al, 2016).

Acknowledgements:The authors would like to thank ParadigmGeo ané6ASor providing Gocad-Skua and
the associated commercial and research-pluginsy @ls® would like to thank Total SA for sponsoritigs
work.

References

ANTONELLINI M. & AYDIN, A., 1994, Effect of faulting on fluid ow in porous satehes: petrophysical propertigsAPG
Bulletin, 78: 355-377.

BoNNEAU F., HENRION, V., CAUMON, G., RENARD, P. & Saussk, J., 2013. A methodology for pseudo-genetic stochastic
modelling of discrete fracture networlSomputers & Geosciences6: 12-22.

GARCIA-SELLESD., FALIVENE, O., ARBUES P.,GRATACOS, O., TAVANI, S.& MuRoz, J.A.,2011. Supervised identification and
reconstruction of near-planar geological surfacesfterrestrial laser scanninQomputer & Geosciencg37: 1584-1594.

GAUTHIER B., FRANSSEN R. & DrEl, S., 2000. Fracture networks in Rotliegend gas reservoirshe Dutch offshore:
implications for reservoir behaviouMetherlands Journal of Geoscienc@9(1): 45-57.

HANSFORD J. & FisHE, Q., 2009. The influence of fracture closure from petuoh production from naturally fractured
reservoirs: A simulation modelling approach. A®PG Conference and Exhibition

VISEUR S., CHATELEE, S., AKRICHE, C. & LAMARCHE, J.,2016. Approach for computing 1D fracture densifyplication to
fracture corridor characterizatioRroceedings of EGU General Assembly, Vienna

66



2" Virtual Geoscience Conference, Bergen, Norway
21-23 September 2016, Virtual Outcrop Geology Gradm Research CIPR

Advances in the automated geometric extraction andnalysis of
geological bodies from virtual outcrops

Bjorn Nyberd", Christian Haug EideSimon J. Buckle¥y* & John A. Howelf

!Department of Earth Sciences, University of Bergef). Box 7803, 5020 Bergen, Norway;
bjorn.nyberg@uib.no
Uni Research CIPR, P.O. Box 7810, 5020 Bergen Nprwa
3Department of Geology and Petroleum Geology, Usitenf Aberdeen, Meston Building,
AB24 3UE Old Aberdeen, UK

Key words: lidar, petroleum geology, shape analysis, geomstgchastic modelling.

Virtual outcrop geology (VOG) has seen significdatelopments over the past decade, with advancde toa
acquisition techniques such as terrestrial andctyeter-based lidar, photogrammetry and unmanneihl aer
vehicles, to improved software and processing wowd. This has facilitated geoscientists’ ability dcquire

and analyse increasingly large geological datasetsding to more realistic, accurate and quantiati
interpretations within a wide range of applicatiolrs particular, largescale virtual outcrops haeer used as
analogues to subsurface aquifers, hydrocarbon vaserand CQ sequestration research to supplement
traditional borehole and descriptive field-basedesbations. VOG is beneficial in correlating andagnizing
the larger scale packages of sandbody and faulhggi®s that can have significant influence on atflase
fluid flow behaviour. By correlating large scaleogeetries with field-based observations, borehold sgismic
data, quantitative datasets of qualitative geollgitformation can be gathered with relative e&fmwever, as
the practicality of gathering quantitative VOG ddtas improved, an increasingly prevalent problenthis
relatively manual and subjective methodology fotraoting quantitative geometric information and [shaf
interpreted sandbodies.

Figure 1: (A) shows a virtual outcrop of a ~1.7 kong by ~50 m thick succession of channel depositse
Cretaceous Blackhawk Formation of eastern Utah. §B)ws the manually-interpreted channel belts wibh
vertical exaggeration. (C) shows the same integiren with 5x vertical exaggeration for clarity.

To quantitatively analyse architectural elementa iphotorealistic model, interpretations of e.qidémdies are
typically digitised and geometric measurements raiyjunade in an interactive 3D environment, Fig.The
shape and geometries of those sandbody measureroantgrovide important geometric constrains on
geological sandbodies, which are then simulatetiersubsurface using stochastic models. The gepnstiape
and relationships between different sandbodiesamstbciated heterogeneities have important impdioation
subsurface flow behaviour. While there have beeavipus efforts for automated fracture mapping abd 3
training image extraction, a method lacks for thtomated description of geometric data and shapme frirtual
outcrop geobodies.
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In this contribution, we propose a method for tihomated description of shape and geometry of pné¢ed
geological features on a VOG model. By automatycd#fining the centreline of each individually irgested

sandbody, measurements of both width and centrelévéation are used to define a series of parasmédter
interpreting the shape and geometry of sandbodites.automatic method makes it possible to analgsasdts
that would be impractical by manual alternativelse Tnultiple measurements of width and centrelingadien

for each individually interpreted sandbody cantartmore be used to describe and reproduce thogeslima
stochastic-based modelling thereby providing a afsllel tool to apply outcrop interpretations dire@fyanalogs
for a particular subsurface application. As thatieely new discipline of VOG continues to grownavative

methods to analyse the increasingly quantitatiies#das need to be addressed, offering new opptesirio

efficiently study even larger geoscientific questio

Acknowledgements:The FORCE consortium of oil companies is thanledlieir support and funding for this
work as part of the SAFARI phase Il project.
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Many multi-stage faults of different scales andrabteristics were developed in the Qinling orogeimédt,
where the regional trunk faults are well studiechwdver, the research of associated secondary fhatls
relatively become the weak point and their propsttoccurrence and relations with regional trunkt$anot yet
clear. Danfeng, Qinling was selected as the studg because of its landforms of mainly mountairs glains
and well-developed faults, which was challenging thee implementation and validation of remote segsi
extraction methods. In addition, the high rate efjetation coverage, another notable feature ostilndy area,
could offer a positive reference for the fault extion in similar conditions. It is easy to recagnithat the
characteristics of rich spectral information, higfatial resolution and wide field view of remoteisieag data
could make the faults, which were presented in mnfof linear information on remote sensing images.
Compared to the conventional field work investigatiremote sensing extraction methods could ndintited

by climate, topography and other factors. Meanwhiteese methods could be taken as the supplementary
research techniques owning to the macroscopic ctaaistic of remote sensing images.

Figure 1: The remote sensing map of Qinling Moumgddanfeng area.

Combined with the field investigation, the distrilomn and characteristics of the faults were reviééheough the
extraction methods of multi-source remote sensimages, such as IRS-P6, ETM+, OLI, Google Earth dath
SRTM. The following methods were adopted for theeripretation and extraction of the faults. Firstgjour

synthesis, principal component analysis, direclidittaring, image fusion and ratio calculation,nabined with
three-dimensional display, were used to enhancesplagial structure information and spectral infotioma of

faults and establish the interpretation signs oflgtarea. Meanwhile, interpretation results westei# on field
areas. Secondly, automatic extraction using mefili@n-edge detection-Hough transform was directtifized

to detect the faults in the study area.

The results of these methods were encouraging. iMajdts in study area were well-extracted througa
method of automatic extraction. Moreover, the proes of these faults were judged on the basis of
interpretation signs of synchronous bending ofrriyestems, ridge twists, etc.

69



The distribution characteristics and propertiesrafjor faults, such as Meijiawuchang-Chenjiawuch&aglt
(F2), Wafangcun-Anjiping Fault (F3), Huiyu-Damiaagbault (F4), and Yueritan-Wangjiagou Fault (F5grev
significantly affected by regional main faults ohehgDan (F1) and primarily controlled by NNW sirasbt
strike-slip faults. Not only were the recorded fawdxtracted, but also a number of new faults vieterpreted
and tested, which could greatly enrich the geollgstructure information of this area. The faultsrgvmainly
close to NNW trending, EW in some individual areag basically presented the nature of sinistridesslip.
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Figure 2: the final results for the study area. Shangdan Fault Zone; F2.Meijiawuchang-Chenjiawuahan
Fault; F3.Wafangcun-Anjiping Fault; F4.Huiyu-Damigou Fault; F5.Yueritan-Wangjiagou Fault;
F6.Laoyemiao-Sixinggou Fault; F7.Longwangmiaocurelsangcun Fault; F8.Xigou-Madi Fault;
F9.Sanchazi-Baodingcun Fault; F10.Youfang-Chagouwlfa11.Wafang-Malucun Fault; F12.Xiayaozhuang
Fault; F13.Yuling Reservoir Fault; F14.Wangjiacunatt; F15.Yulingcun Fault; F16.Xiaogou Fault;
F17.Gongjiahecun Fault; F18.Balishi Fault.
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Laser scanning technology provides a precise andctive methodology for documenting paleontological
objects from in-situ localities (to support for fasce museum digital documentation). It is a nostdetive
approach for documenting in-situ fossils, capturthg geological context and expanding the avaitgbdf
specimens that may be rare or fragile. This teakigyas recently applied for a 3D modelling of atpcted
fossil oyster reef exposed in the geopark "Fosgsiit Weinviertel" in NE Austria (HRZHAUSER et al, 2015,
2016). The site represents the world’s largestilfogster reef, but due to the fragility of the §ils it is difficult

to study.

Figure 1: Terrestrial laser scanning campaign om tlvorld’s largest fossil oyster reef in the exhdithall at
Stetten in Austria.

The reef's digital surface model provides extengligital data for developing new algorithm workflsvior
roughness quantification on individual oyster shElis allows reliable computations of surface kbehdition,
i.e. surface roughness used in paleontological yaeal of bioerosion, epibenthic overgrowth or alorasi
(smoothness of shells). Roughness is derived aditoatig from geometry data based on the verticahponent
of surface normals, the sigma0 (standard deviaifoplane fitting residuals of reef points) and tbeal slope
(steepness indicator).
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Figure 2: Surface model overlapped with the rougisnlayer of identified individual fossil shellsasf area of
3m x 2m; (right) detail of complete convex up aygédve and its surrounding.

We are examining how the surface roughness on itheV oyster shells is affected when using varying
neighbourhood window sizes. Oyster shells are ifledtfrom a 1mm digital surface model derived frdne
laser scanning point cloud. This method was tested set of reference data (over 400 shells coyenmarea of

6 nt), justified through palaeontology experts by crolscking with high resolution orthophotos (0.5 mm)

The visualization and detection of shell surfacéhiw the complex surrounding on the oyster reefviaes a
new room to test and study possibilities of geoynétatures. Analysis of high resolution laser s¢agrdata
offers distinction between geometrical features dhdrefore supports the interpretation of surromgdi
topography, while it highlights both the highestldawest parts of features. This makes 3D lasenrsng an
ideal candidate for interpretative mapping of patetongical sites. Moreover, laser scanning is a@otributing
in multidisciplinary investigations, combining ieslvantages with other disciplines such as photogretny,
GIS, cartography, etc.

Acknowledgements:The project is supported by the Austrian SciengedHFWF P 25883-N29). The authors
would like to thank Peter Dorninger and Clemenshdgger from 4D-IT GmbH, Austria for organizing tield
campaign.
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In order to describe the mechanical behaviour odck mass the shear strength of the discontinuftiags a
vital role. The surface roughness is a major patamihat characterises the geometric componentheérs
resistance. In order to quantify roughness, indaas for surfaces or profiles are computed prbfgriiom
accurate 3D models. A major problem in this coniexthat devices for precise 3D data acquisitiachsas
structured light scanners, are very costly and @rmsdme to transport. It is obvious that such deviaee
impractical, especially in steep outcrops or moimotas regions. An interesting alternative is givarough
digital imagery which has been captured by conswgratle cameras. Current developments in photogrampme
and computer vision pursue the generation of 3Mtpdouds based on uncalibrated images. In thidystiwo
ways of acquiring 3D models were compared, namelysd image matching and structured light scanning
(SLS).

A major problem in this context is the determinataf a scaling factor that transforms the gener&@dnodel

into a metric representation. As this step systmallyt influences the quality of the outcome it dam rated as
the most vital step in the processing chain ofwhwle procedure. In order to tackle this issuegativeight,

low-cost, precise and portable frame is presertatidllows scale information in three cardinal dii@ns to be
reliably computed. The frame consists of carbomefitubes that are insensitive to thermal differendee to
their low coefficient of expansion. In addition kigspherical markers are attached to the tubes evi3@s
coordinates are known at high precision.

In this preliminary study a selection of variousrfages from different lithologies were mapped and
parameterised under laboratory conditions. Dataliaitipn has been carried out with an uncalibratachera
(Nikon D800) as well as a GOM ATOS | structurechtigcanner that served as a reference. In a faptthe
data quality was evaluated. In this regard, it w@asn that the 3D model acquired with dense imagehing
showed acceptable deviations to the referencellfivarious index numbers for the description ofigbness
were computed, namely JRC, Z2/[C+1] and RS (B\RTON & CHOUBEY, 1977; MYERS, 1962; TATONE &
GRASSELLI, 2010;BELEM et al, 2000).
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The characterization of fracture systems compriseghe one hand, the individual characterizatibfractures
by their orientation (strike and dip), type, lendtkight, roughness, aperture and in-filling, andle other hand
their relationship expressed as spacing betweettufes, the coefficient of variation (GESPIE, 1999),
abundance (BrRsHowITZ & HERDA, 1992) and fracture length and height distributaomong the most used
classical parameters. Fracture systems charadterizas commonly performed using field fracture
measurements along scanlines in layered rock amits often confined in discrete horizons definedthusir
mechanical properties @ss 1993).

In the last decade, improvements in software andivere have allowed terrestrial laser scanner and
photogrammetry data to have become widely usedh wite aim to complement existing fracture
characterization. In this sense, our group haveldeed algorithms to measure different propertiesgvirtual
scanlines in modelled fracture systemsaNSaNA, 2012). In order to obtain automatically the Fuaet
Stratigraphy (lauBAcH, 2009), this virtual scanline can be repeatedigliad in a several parallel-to-bedding
virtual scanlines with spacing of a few centimeti&s a consequence, the rock mass can be charactexnd
divided accordingly its fracture stratigraphy bebav. Virtual scanlines and window samples are uted
measure the classical parameters to charactermmaeaigcally the outcrop.
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Figure 1: Image of virtual scanlines (white linesethodology along a fracture model to obtain thadture
Stratigraphy. The fracture model reconstructs tlaetire sets by coloured planes.

This methodology is applied at Abra del Condor {(#a), a reservoir analogue outcrop placed at the-S
Andean range, with an extension of 1.7 km of tggrdstones in 350 m sequence of Huamampampa formati

Acknowledgements:This research is supported by Geomodels Reseastitute, and financed by the projects
CGL2014-54118-C2-1-R (SALTECRES), CGL2013-40828-BHARMA) from the Spanish Ministry of
Science and Technology.
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Figure 2: Example of correlation between fracturegasgraphy and stratigraphic column in a Pyrenean
outcrop.

References

DersHowITZ W. S.& HERDAH. H., 1992 Interpretation of fracture spacing amténsity. Tillerson, J. R. & Waversik, W. R.
(eds.) Rock Mechanics. Balkema, Rotterdam, 757-766.

GILLESPIE, P.A., JOHNSTON J.D.,LORIGA, M.A.,MCCAFFREY, K.L.W.,WALSH, L. L. & WATTERSON L., 1999. Influence of
layering on vein systematics in line samples. ltQdffrey, K.J.W., Lonergan, L., Wilkinson, J.J., &aes, Fluid Flow and
Mineralization. Geological Society, London. Speéablication, 155, pp. 35-56.

Gross M.R., 1993. The origin and spacing of cross joieteamples from the Monterey Formation, Santa Barbaastline,
California.Journal of Structural Geologyl5: 737-751.

LAUBACH, S.E.,OLsoN, J.E.& GrRoss M.E., 2009. Mechanical and fracture stratigraph¥xPG Bulletin 93, 11: 1413-1426.

SANTANA, D., COROMINAS, J., MAVROULI, O. & GARCIA-SELLES, D., 2012. Magnitude-frequency relation for rockfadlars
using a Terrestrial Laser Scannéngineering Geologyl45-146: 50—64.

77



G

7

Distinguishing facade material change using closeange
hyperspectral imaging
Zohreh Zahirt’, Debra F. Laefér Tobias H. Kurz & Simon J. Buckley

! University College Dublin, School of Civil Engimiegy, Dublin, Ireland; zohreh.zahiri@ucdconnect.ie
2 Uni Research CIPR, P.O. Box 7810, N-5020 Bergemwhly; tobias.kurz@uni.no

Key words: building material, remote sensing, hyperspectmaging, material detection.

To conduct city-scale computational modelling fofrastructure planning, micro-climate analysis, aighster
mitigation, not only must the geometry of the beittvironment be detectable automatically but thepmnent
materials must be as well. While extensive work basn undertaken for geometric recognition andufeat
detection on buildings (e.g.d/et al., 2015), relatively little has been done for mateidgntification (ZHU &
Woobcock, 2014). Furthermore, most of that work has beentHe classification of urban land cover, with
extremely limited analysis applied to building mré&kidentification.

Today, remote sensing data in the form of hypeisplenagery are widely used for identification mofterials
in agriculture, environment, geology, astronomyd amore. Despite the widespread application of hgpectral
imaging in many areas, this method has seldom bsed in building material detection. As aerial Irgpectral
imagers do not get adequate information from bogdiacades, close-range hyperspectral imaging, wisia
newer technique applied from the ground and regessibd to study geological outcropsufkz et al.,2013), can
be applied to evaluate building fagade material.

This paper will investigate how different buildingaterials can be differentiated using close-rareyaote
sensing technology in the form of hyperspectrabfrefrared) data. For this purpose the facade bitifding
containing multiple materials in Bergen, Norway,sve&anned by a close-range, hyperspectral instituréar
masking non-building material, several pre-progegdiechniques were applied on the hyperspectragéma
including atmospheric and brightness correction;phology effect removal, and bad pixel correctiDifferent
materials on the building were then classified gssnpervised classification techniques (Linear 8petn-
mixing and Spectral Angle Mapper). The results skmwhe ability of hyperspectral data in the ranfj@ear
infrared to differentiate distinctive building metds.
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Figure 2: Classification image of building facadsing Spectral Angle Mapper method.
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of sandstone intrusions
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Sand injection, the forceful remobilisation anceiztjon of sand during burial, is now recognise@msmportant
component of both new and existing reservoirs. &hefection structures occur on scales from a fewup to
injection features visible on seismic data and Idfisetres in length.

> it

Figure 1: The Dosados Canyon Survey. The surveypised scan positions collected using a Riegl LM3&
laser scanner. Scale bars are 25m high.

The Panoche Giant Injection Complex (PGIC) expdgetthe Panoche and Tumey Hills, San Joaquin Valley,
California, provides intermittent exposure overaaea of 100 ki(approx.), with exposures ideal for both lidar
and structure from motion (SfM) studies. The PGt@rfed during the Early Palaeocene and is intrudéeal i
mudstones of Late Cretaceous and Early PalacoggneFaur lidar studies (see Fig. 1 for an examplena
study area) and several SfM studies have been takeerduring the course of the project coveringsua best
exposure and key scientific interest. These datasate been used to map intrusion geometry andadgyo
(Fig. 2) and extract geostatistical information sime, orientation and spacing and derive P22 mapsal
percentage) and in turn use these to estimate &l8ges (volumetric percentage) for the studiedsarea

Figure 2: Photorealistic mesh derived from the flidkata (left) and geobodies and polylines interpcebn the
digital model showing geometries and relationshipsveen sandstone intrusions.

83



<
Y
g

N

()

N

)
3
N

Figure 3: The point cloud classified for sandstamteusions using the geobodies in Fig. 2. Thesa dah then
be upscaled into a modelling grid and then usedaslitioning data for building geocelluar outcropdels.

The presence of sand injection features in a regecan, and do, impact reservoir performance byifging
reservoir connectivity away from that expect frohe tinitial depositional architecture. The digitaitcrop
models provide geostatistics and conditioning di&tg. 3) for building outcrop constrained geocellumodels
with facies classified point clouds providing arpoptunity to extract variograms for the intrusioistdbution.
Current reservoir modelling systems, however, hdifficulty in representing sand injection featuries two
primary reasons. 1) The injection features tendbgosteep angle with respect to the initial strapgy with
variability in both dip and azimuth, and reservmiodelling algorithms are not designed for thisM&ny of the
injection features which will modify the flow regemfall well below typical reservoir modelling restbns.
This 2" problem cannot be addressed by simply increasiagmodel resolution as to achieve the resolution
necessary the model would be too large to be uséblerder to successfully model these featuresy ne
approaches need to be developed in order to moelelimpact on petroleum reservoirs. As a resuthif a new
modelling algorithm has been developed to bettgrave the modelling of these complex systems iprxesr
models (see Fig. 4). This algorithm uses a fraefidBrownian motion (fBM) approach to build realésti
sandstone intrusion geometries which may then kealged into a full reservoir model.
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Figure 4: Sandstone Intrusions modelled as fra@ld@rownian motion (fBM) fractal surfaces.
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The Lower Jurassic Precipice Sandstone is an irapbreservoir for water, hydrocarbons and potdgti@D,
geosequestration in the Surat Basin. For geosaqtiest knowing the occurrence of reactive minerals
important for modelling the interaction of the £®@ith the host reservoir. It is the basal infillthie basin, and it
is commonly interpreted as forming in a fluviatBgstem that accumulated a thick (up to ~200m) bElt
sandstone located in correspondence to the stali@uis of the basin, the Mimosa Syncline. The anijps out
along the northern margin of the basin, often faigriaterally continuous cliffs that provide goochddions for
3D photogrammetry and classical 2D mapping andyaisgabf sedimentary architectures, bedding andefaci
(RARITY et al, 2014). This was coupled with hyperspectral imggdim developing a 3D model of the outcrop
and the mineral distribution.

3D terrestrial close range photogrammetry was pewd along with a topographic RTK survey in order t
extract 3D dense point clouds and generate solidetaavith extremely high photographic quality te®turhese
were used to measure surfaces, bed and body géesretr export to a reservoir modelling system,viitimg a
bridge between the subsurface drilling data andtherop analogue.

To assist with the identification and lateral cantty of fine grained units and their mineralogicaimposition
within the Precipice, quantitative mineral mapsivi from hyperspectral imagery acquired from édfizased
platform were integrated with photogrammetry (Fiy. Clay mineral-rich layers can impact on botheresir
permeability and the reactivity with GAron and manganese oxides and hydroxides, plilidiaies (clays) and
carbonates can be detected by means of hyperdpsmtisors (MRPHY et al, 2014) measuring the visible near-
infrared (VNIR) and short wave infrared (SWIR) sppatrange. The integration of hyperspectral pamica
images with 3D photogrammetric data enabled diffespectral signatures (indicative of changes inaralogy)
to be quantified, thus mapping the lateral continand thickness of layers on the exposed wall.

Figure 1: 3D photogrammetric model. Left: coloutagdspectral images; right: photorealistic texture.

The attempt to transform image coordinates inteedbgoordinates (KrRz et al, 2011) may represent a real
challenge when both the interior orientation and talibration parameters are not known. Howevee, th
correspondence between the spectral panoramic isnagel the photogrammetric data was establishethéy
identification of natural objects (GCP). Despite thmited spectral resolution, the proximity to thetcrop face
and the minimal colour differences between theblésand the high quality texture images helpeddoieve
satisfactory registration accuracies with RMS eymfra few centimetres.
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The preliminary field results particularly demoimsér that the gross clay mineralogical (e.g. kat)nand iron
oxide changes follow the bulk changes in litholdgiftstone and sandstone), as do patterns of aticorpy
molecular water, but discrimination is poor whemere are no sharp boundaries (Fig. 2). Althoughsreial
resolution and mineralogical identification migh# bmproved, this technique shows great promise usec#
highlights the distribution of siltstones beds andpes that can potentially create baffles in &servoir.
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Figure 2: Kaolinite distribution map.

Acknowledgements: The authors acknowledge ANLEC and CTSCo for ptogeport and constructive
scientific debate.
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Since the late 1990s Hydro/Statoil pioneered thesld@ment of virtual geology technology and thdisation
of outcrop data. Collected data were visualisediatetpreted in virtual reality or co-visualiseddaimterpreted
with other data. Models were built and used as imamd analogues to better understand the subsuititee

In Exploration, outcrops are extensively studietj arovide both a testing ground for new ideagusirfield
course assistance and quantitative analogues fstirex exploration targets. There have been sestalies
aimed at collecting three-dimensional data fromrtiare well-exposed outcrops, and these data haame lsed
for various types of analysis, including sedimengidal interpretation, structural measurement, @btruction
of synthetic seismic profiles. We will provide exgles of our efforts in various locations, includimgegration
of several three-dimensional outcrop models (pleatiistic models), interpretations, and advancedhsfit
seismic within the framework of GoogleEarth andppietary extensions to it (Outcrop Digitizer).
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Figure 1: Left: Photorealistic 3D outcrop model (&bfy, French Alps) acquired using laser scannimnf
helicopter. The outcrop with onlapping turbiditensistones have quickly been digitized in an intesadiware
package. Right: 25 Hz seismic model draped on tautcrop.

Co-visualization of all data within an easy-to-issdtware package provides numerous benefits. lbdmages
cross-disciplinary interaction by combining obsdiaas into a single framework, allows field databge kept in

a single repository for easy access by end-usedsabows field trip and course participants totéetinderstand

the overall context of the outcrops they will bsitihg both prior to and during a visit to the awjgs. We have
also integrated HSE documentation into the virteabgle Earth projects to prepare the participahtberisks
associated with the various locations to be visi&mme world class field localities have becomedeasible in

both the short and long term. Weather, politicatl dand owner issues have rendered some analogues
inaccessible so virtual learning from these logwtiis the only option.

W K T

Figure 2: Left: Photorealistic 3D outcrop model fnoWestern Ireland visualised in Google Earth. Right
sketch from a publication placed in GE and madei4smsparent.
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The use of geological data and observations frotorops to gain an understanding of, and make piiedi
about, sub-surface structural geometries is a k®ggss in the field of structural geology, with cifie
application to resource exploration. Often thesierop studies are used to create maps and buifs-@®ctions
that together represent a 3D conceptual model ®fsthuctural geometries observed; and how thesenéxt
beyond the outcrop (into the sub-surface, or algreeind). Virtual outcrops derived from techniquestsas
lidar and digital photogrammetry have the potertgbrovide large amounts of accessible, high te¢iol data
for the construction of these 3D conceptual modétsvever, the efficacy of these techniques in ottarésing
structural features when compared to traditionahaws has not been tested.

Here we present a workflow for, and the resultsaofjuantitative analysis and interpretation of maé&on data
acquired using multiple technologies. The classiaclgpole Quay syncline outcrop ANcCock, 1979) in
Pembrokeshire, is used to create two virtual opsrdrom lidar & digital photogrammetry. Structurdéta
extracted from these virtual outcrops and direfiiyn the structure, are quantitatively comparedingghis
data, we build 2D and 3D geological models andwsk established protocols ARSAY & HUBER, 1987) to
make predictions of fold geometry along strike. Mewacquired data from the structure allows us to
guantitatively assess the accuracy of our predistio

We find that of primary importance are point matchand dense cloud generation algorithms duringraated
photogrammetric processing. Lidar derived pointud® display higher density and greater coverage of
morphologically complex areas, allowing increaseduaacy and fidelity of triangulated meshes to lwegid
plane orientations. Structural measurements exitlaitbm virtual outcrops and derived models denratestthe
greater efficacy of lidar, when compared to digfithbtogrammetry, in making along strike predictiafgold
shape and orientation. The geometric methods usredgiorous 3D model building require accurate ctial
data, and thus the faithful representation of ggiold structure in virtual outcrops is of key impaorce if they

are to be used to build models and make predictions
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Figure 1: Detail of photorealistic (a) lidar and )Ybdigital photogrammetry derived virtual outcropsich
untextured wireframe mesh surfaces of the sameavidutcrops for (c) lidar and (d) digital photogranetry.
Corresponding areas of virtual outcrops coloured dip azimuth for comparison, with poles to bedding
projected onto stereonets.
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HPC implementation of image correlation techniquedgor
monitoring slow-moving landslides with Sentinel-2itme series
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The increasing availability of optical satellite age time series (SITS) with very-high spatial regoh (e.g.
Pléiades, Geoeye) and high temporal resolution Gegtinel-2, Landsat-8) offers enhanced posséslitor the
detection and monitoring of landslides.

This includes not only the inventory mapping ofidafandslides after major triggering events butalke
detection and monitoring of slow-moving landslideger wide areas. In particular image-correlationais
frequently used technique to measure horizontdhserdisplacement related to geomorphological antbhic
processes at sub-pixel precision from optical rens@nsing images. It can overcome some of thedliimits of
interferometric SAR when the displacement exceddsol the radar wavelength and the slope exposison
unfavourable relative to the line-of-sight geometry

Despite the theoretical sub-pixel precision of llde image correlation algorithms a number of ptigé error

sources still often lead to false detections osdiameasurements. Limitations can arise from irepedensor
models, co-registration and orthorectification desils, but also from study site characteristicshsas the
presence of a dense vegetation cover, cast shadmwsiontrast areas and specular reflectance festdrhe
availability of large optical SITS has the poteht@improve the robustness and accuracy of thplattement
measurements but there is currently a lack of btaland easy-to-use techniques which allow fulll@gation

of large archived datasets and redundant measutsfinem optical SITS.

The presented study addresses this issue throagietfelopment and implementation of a new sub-pirabe
processing chain for the detection and monitorihglow-moving landslides. The underlying key idsathe
possibility to obtain multiple, partially redundadisplacement measurements through the analysisutifple
pair combinations within time series of optical gea. The processing chain also includes routineghi®
elimination unreliable matches and the enhancemérthe image co-registration. Time series of pHytia
redundant displacement fields are combined to phijareliable indicators for the presence of slowving
landslides at very low false positive rates andnidre accurate displacement time-series througtiosfgmporal
averaging.

Since redundant measurements with large image v@hfe.g. Sentinel-2) and over wide areas require
considerable computational resources, the progss$iain makes use parallel and distributed comgudim a
cloud-based infrastructure. To this end the prangsshain is based on the MicMac open-source libfar
image matching and implemented as a processingceeon ESA's Geohazard Exploitation Platform (GEP)
currently being implemented by Terradue srl.

Several use cases in the European Alps, Northeemwipes and the Ethiopian highlands show the éffeoéss
and efficiency of the processors for the detectiod monitoring of large slow-moving landslides waantinel-
2 and Landsat-8 time series.
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Shallow landslides are gravitational mass movemehtmconsolidated material on hillslopes with aximaum

depth of about two meters. These dynamic procemsegsually triggered by hydro-meteorological esestich
as heavy rainfall events or rapid snowmelt. Shallamdslides affect infrastructure, cause a lossaif and

degrade agricultural land. Existing landslide sd¢gpgcally remain active for years to decades, witiogressive
erosion at their scarps (i.e. clods of materialeslor topple downward from the landslide scarp)e Ehding

mass can be reactivated by meteorological triggents. Moreover, secondary erosion of already esgh@seas
by runoff, wind or snow movement can occur.

We present a point cloud-based approach to identifgnitor and describe changes on slopes affecyed b
shallow landslides. The investigated test siteocaled in the Schmirn valley (Tyrol, Austria). bdntains two
shallow landslide scars that have been surveyddrbgstrial laser scanning (TLS) twice a year ifyesummer
and autumn since 2011. The TLS point clouds ard tselevelop and test an approach for the multiptenal

3D monitoring of landslides. At affected slopes sheface morphology of the landslides and theiraurdings

is complex and dynamic and changes in vegetatiamercimterfere with an automated analysis of geotniarp
activity. This requires the use of advanced poloud based techniques for both data pre-procegsimy for
registration and vegetation filtering) and multirjgoral analysis. The change detection procedurdogsa
point-based segmentation of 3D landslide sub-objethe unstructured points are grouped into segnent
according to their distance to each other and anityl measures. Such similarity measures can biemedric
properties of the scanned surface (i.e. laser puidlectance) or geometric features describing asarf
morphology (e.g. the direction of the normal vedtoa locally fitted plane, local roughness, cunvat etc.). In a
multi-temporal analysis these segments are haraiethoving and deforming objects to track their gesnin
3D. Extracting geomorphologically-meaningful obfedhat can be recognised and correctly matched in
consecutive scans is challenging due to the objactginess in reality and the lack of unique ammhsistent
patterns in a feature space. However, our resuiticate that with this object-based approach disgparts of
the landslide, such as individual clods of soih b&@ monitored. For instance, their three-dimeradiomovement

or their disintegration within time steps can beeatved, resulting in a comprehensive characteoizatf the
landslides’ evolution during the monitoring period.

Identified changes of the two shallow landsliderscs the test site are interpreted to enhancernberstanding
of landslide kinematics and mechanisms of secondaogion. The landslides’ evolution between sudeess
scans is analysed together with meteorological, datarded by a nearby weather station, to invastithe role
of e.g. heavy precipitation events.
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DISTANCE_mean [m]

Figure 1: Left: The two investigated landslide scaRight: Changes in the upper part of a landslgbar
(October 2011 to May 2012). Segments are colouyeshd&an cloud-to-cloud distance per segment.
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Figure 2: A landslide scar in two consecutive scaith point cloud segments coloured by segmentcispe
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In this work, two processes related to the onselt the evolution of large-scale rock falls-topples/dé been
analysed by means of remote sensing techniqueshé&@ane hand, the number of rock bridges vs prstiegi
fractures have been estimated in a newly-formeddliiae scarp. On the other hand, the fragmentaifotine
rock mass after failure was assessed.

The characterization of discontinuity persistennd atact rock bridges is one of the main challengkrock
mechanics. Several authors have tried to quantiflyiacorporate rock bridges in stability analysaspoverview
can be found in TCKEY (2012).

One of the most evident differences between frash @re-existing weathered fractures in a newly-fam
landslide scarp is the colour, due to hydro-chehpcacesses. Amongst otherRAYSSINES& HANTZ (2007)
and RARONUZzI & SERAFINI (2009) used this feature to estimate rock bridgea.a

A semi-automatic approach, based on the degreeesfthering, i.e. iron oxide coatings or stainingnglo
fractures, and thus on the different colour of diseontinuities, is proposed and tested on the sicHre recent
San Leo 2014 failure. Here, a calcarenitic rocksnaas involved in a toppling phenomenon, with apeaea
in the order of 20000 MThe estimation of the rock bridges percentage ssaslucted on a coloured terrestrial
laser scanner (TLS) point cloud of the failure seaquired few days after the failure (Fig.1).

In order to minimize the effects of the presencehomidity on the cliff, of the light condition dug the
acquisition and of the occlusions, the same pragedias repeated on a UAV point cloud acquired fexeks
after the failure. Based on the results, the locatand the orientation of the pre-existing fracsukeere
investigated. The estimated number of rock bridigethe scar is in agreement with the one inferrethai
numerical modelling techniques, in the order of 5@Rhe scarp surface.

Figure 1: coloured terrestrial laser scanner poicibud. On the left side of the picture the indiztkd pre-
existing discontinuities are highlighted in red.

After failure, the fragmentation of the rock blockan occur through (a) the breaking of intact radR, the
failure along pre-existing discontinuities and #&gombination of the previous two. The comparisetwiken the
number of fresh fractures formed during failure dhd one measured in the landslide deposit, iter &fie
impact between falling blocks and/or on the groandace, can assist in the determination of thgnfientation
occurring in the failed rock mass after the detashinphase.

The procedure was applied to the orthophoto ofghdslide deposit, by means of an object-basediéizstion.
This approach, classifying groups of image pixeddshon features such shape and texture, coupladspétctral
characteristics, permitted firstly to map the bdk the deposit area KENCI & SPREAFICQ 2016) and
subsequently to assign their surfaces to differelatsses representing newly formed or pre-existent
discontinuities.
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The variation of the intact rock bridge amount vestimated by comparing the percentage of newly éorm
fractures in the scarp and in the deposit area.

Acknowledgements:the authors wish to thank the Emilia-Romagna Red®TIB Romagna) for the San Leo
orthophoto.
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Monitoring slope instabilities and landslides witmote sensing approaches forms an important pamaay

risk management strategies. Remote monitoring eachbllenging given difficult site access, bulkymitoring

equipment and low project budgets. Additionally,jcguinstallation is sometimes required for a tenggr
monitoring campaign. A promising alternative topsaradar and GB-InSAR technologies is using a $enieg

laser scanner (TLS) as a light, portable, costetiffe temporary or permanent landslide monitorintuton.

Such systems require automation of the data caleeind processing workflow given the vast amo@@sdata
collected. In this study we address the developroéttoth the hardware and software components ci su
system.

We built a wooden encasement to house an OptdsHdiig range TLS (see Fig. 1) and anchored ihéofirst
level of a concrete building overlooking the Séelnihe rockslide in the French Alps EHMSTETTER &
GARAMBOIS, 2010). Within the encasement, the TLS is moupoted manual pan tilt allowing adjustment of the
view angle. Data processing is conducted on sitegusfield laptop within the building. The laptspconnected
to the local cellular network allowing for remotpesation of the scanner and remote access to twegsed
results.

Figure 1: Field setup of the real time TLS monigrisystem using Optech llris LR scanner.

The software component of the system consists afutes to operate the scanner, to manage and balekap
and automatically treat the data. The data proegssiodule was developed in-house using C++ witha@d
the Point Cloud Library (Bsu & CousiNg 2011) and is outlined in Fig. 2. The first stepthee algorithm is
removal of unwanted points and a quality contraCj@tep. Unwanted points are removed using a [raesigh
filter and the QC step consists of rejection ofodnpcloud if it does not contain a specified numbgpoints,
which is commonly due to poor atmospheric condgion rainfall. The second step is registrationhaf point
cloud to a reference through a registration pigetionsisting of an optional initial alignment stdgiowed by
an iterative fine alignment stage. The optionaiahialignment consists of finding repeatable keyngs in the
point cloud, defining descriptors based on the lld®gy point neighbourhoods and finding correspoicegsn
between features to perform an initial transforpratRefined alignment is conducted by iterativeiynsforming
the point cloud, finding correspondences and usingjector pipeline to discard poor correspondence a
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convergence criterion is met. Change detectiomiglacted by calculating slope dependent changerseand
filtering noise using neighbours in space and t{KiROMER et al, 2015).
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Figure 2: Automatic TLS data acquisition and autdimdata processing.

Initial testing of the system reveals that the da&mtment on the laptop is faster than the 10 Kidia
acquisition rate, allowing near real time analyaisl visualisation of change. This system can beéahles
alternative to GB-InNSAR monitoring given its relegly lower operating cost, ease of setup and hégelution
point representation of the terrain.

Acknowledgements: We would like to acknowledge the Centre for stadiend Expertise on Risks,
Environment, Mobility, and Urban and Country plammi(CEREMA) for allowing installation of the TLS on
their monitoring centre.
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Sorted soil circles are a form of periglacial patésl ground that is commonly noted for its strikijggpmetric
regularity. They consist of an inner fine domaindered by gravel rings that rise some decimetresalhe
fine domain. Field measurements and numerical nlindelsuggest that these features develop from a
convection-like circulation of soil in the activayer of permafrost. The related cyclic burial artiienation of
material is believed to play an important rolehe soil carbon cycle of high latitudes. The conioecof sorted
circles to permafrost conditions and its changesr dime make these ground forms potential palasatic
indicators. In this study, we apply the photogranmioetructure from motion (SfM) method fi€B et al, 2014)
to large sets of overlapping terrestrial photoiak Augusts of 2007, 2010 and 2015 over thretedarircles
at Kvadehuksletta, western Spitsbergen. In 2015biseel a modified acquisition setup and a new catogpash
resolution and precision even further comparedh® 2007 and 2010 data. We retrieve thus repeatatigi
elevation models (DEMs, Fig. 1) and ortho-imagethwanillimetre to sub-millimetre resolution and pison.
Changes in microrelief over the 8 years are obthifem DEM differencing (Fig. 1) and horizontal
displacement fields from tracking features betwdlem ortho-images (Fig. 1). In the fine domain, acef
material moves radially outward at horizontal raiésip to ~2 cm yr'. The coarse stones on the inner slopes of
the gravel rings move radially inward at similareisa A number of substantial deviations from thisrall radial
symmetry, both in horizontal displacements and icronelief, shed new light on the spatio-temponablation

of sorted soil circles, and potentially of perigid@atterned ground in general. The extensioruofimitial 2007-
2010 period to a third epoch, 2015, enables usdw dirst conclusions about the temporal variapitf the
sorted-circle kinematics obtained. Our results afeononstrate the large potential of SfM in gendmal
investigate Earth surface processes at local sedthsunprecedented precision and resolution —\sitld very
limited effort.

middle: hillshade; right: horizontal velocities 202010 of up to 2.5 cm/yr.
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The advent of high quality, low cost UAVs (dronespupled with recent developments in photogrammetri
processing software has seen a surge in applicafitrihe Earth Sciences. The acquisition of Virteaological
Outcrops (VOs) has become almost routine, andahih science community is continually inventing neays

to utilise these data. In this contribution we presgwo cases studies which illustrate novel apgibns of these
methods, which we believe have far-reaching imgibee for disaster mitigation.

Volcanos represent a continuous and well-known ralthazard to millions of people around the world.
Volcanic monitoring is required to predict the exéiming of eruptions in order to facilitate evatioa of
nearby settlements. This monitoring typically inxed the placement of a network of seismic recordienjces,
as well as other instruments, across the volcarroaeess which is expansive and potentially hazesdin
addition to seismic monitoring, satellite altimetiy sometimes used to record small scale changdhein
topography of the volcano which may represent dugesto an eruption.

In October 2015, preliminary field trials were untd&en on Stromboli, an active volcanic islandto# coast of
Sicily. These trails involved flying two UAVs ac®she crater of the volcano. The first was usecttord a set
of 250 regular photographs which were used to baifthotogrammetric DEM of the crater with a veltaad
horizontal resolution of 0.1m. The second UAV wiked with a FLIR IR camera and was used to acqaire
comparable set of thermal images. Ground controitpavere measured with a dGPS, these were markéed w
burning torches so that they could be identifiedttma thermal imagery. The IR imagery was then diapeer
the DEM to produce a 3D thermal model of the votcam addition to the active vents, this model also
highlighted a number of thermal anomalies on theks of the volcano which are interpreted to bateel to
lava flows from the last major eruption in Augu$tl2, and show the longevity of cooling of theseetymf
events.

In the future, repeat surveys could be used to toopsubtle changes in both the surface topograjpialyheeat
flow of the volcano, providing a low cost, low ingtand safe monitoring program.

Figure 1: Thermal 3D model of the east flank ob8tboli. Warm areas include two active craters anskdes
of lava flows from the 2014 eruptions.
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The second case study is from the 2015/16 floods dffected north-east Scotland. During storm Fregk'

Dec 2016) run-off from severe rainfall in the Deall¢y caused major flooding which significantly ieqted
homes and infrastructure in the region including tillage of Aboyne, where floodwaters backed ubite an
elevated causeway across the floodplain causingfisignt flooding in the town and erosion and scbaneath
the bridge arches that almost resulted in its failu

A major challenge to modelling and managing suobdk is the lack of detailed hydrographic data afray a
few selected gauging stations along the riverhindase of Aboyne, river levels from either sidehef bridge
are required to model the flow through the archesrder to mitigate against the scour and erosiahdccurred
during the flood.

Five days after the event a UAV was used to acquitetailed DEM across the area around Aboyne. fibidel
was calibrated using a Leica dGPS to give a resoluif 0.1 m in XY and Z. The model covers an anéa
700 nf and is based on a point cloud of 1703795 pointsthBhe scouring under the bridge and the
redistribution of sediment on the flood plain dotveam are captured in the elevation model.

In order to create the hydrographs, a social-medmpaign was used to crowd source digital imagekert
during the floods by the public. Significant mahestm media coverage resulted in over 1,000 imaggvideos
being submitted by the public, of which 773 camenfrthe area of interest. Time stamps captured thi¢h
images were used to sort them into a time seriesdHevels on prominent features such as buildimgals,

fences and roads within the images were used tordate river levels through the flood event. Orteese were
identified in the DEM it was possible to contouetbhange in river level through time. The resultB@

hydrograph shows the build-up of water on the upash side of the bridge that resulted in its undaring

during the flood. The new hydrograph is being usethodel bed erosion and sediment deposition ferfltdod

and to inform policy makers on flood mitigationagergy.

The resultant hydrograph is the first known to beated from crowd-sourced data. The hydrographdaare
more localized than the existing gauging statioms jarovide essential inputs to modelling. They gisomote
science within the community. For future flood wiaghand infrastructure management a solution thetva a
real-time hydrograph to be created utilising augmeemeality to integrate the river level information crowd
sourced imagery directly onto a 3D model, wouldhgigantly improve management planning and infracture
resilience assessment.

Figure 2: Flooding in Aboyne. Images such as the@eupleft can be used to recreate a hydrograph by
superimposing flood levels on the DEM (lower). Tosults can be used to model the impact of flodated
scour under the bridge (upper-right).
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During the last years small, lightweight and lovstteemotely piloted aerial systems (RPAS), commonly
referred to as drones, have rapidly developeddafmble low cost unmanned aerial systems (UAS)ldeuby

a vibrant community of scientists, professionalsl dmwbby enthusiasts enabling technologies have redatu
rapidly and prices of consumer-grade as well as-peofiessional systems fell sharply.

Especially multirotor vertical take-off and landify TOL) UAS have proven to be versatile and flezibl
platforms which can be equipped with a range osencapable to capture aerial data for a varie8Doand

3D mapping applications. Consumer-grade, low wegylstems such as the DJI Phantom or 3DR Solo have a
limited payload and are equipped with low weight@atcameras like the GoPro Hero models which apable

to collect video as well as still RGB and near-anéd imagery. Applying traditional photogrammetriethods

to imagery from low-cost UAS systems proved comer impractical in the past. However, modern sbéte
the-art structure from motion algorithms implemehie off-the-shelf software packages (sometimesrretl to

as the new photogrammetry), cloud processing enmenmts and available via open source libraries m®ito
generate dense 3D point clouds, textured modelsoathd-images in high quality and with little effoHow
accurate and how reliable are data products gestefiadm such systems?

Expanding from a preliminary study ABKES & TEASDALE, 2015) we review the progressing capabilities and
features of COTS (commercial of the shelf) user aathi-professional UAS systems under the aspects of
deployable sensors, ease of use, reliability a$ agekafety. We show the workflow from flight plang, data
collection to dense point cloud matching using mgeaof software products. The resulting point ckoade
evaluated and benchmarked using highly accuratedande reference data acquired via geodetic tealest
survey and laser scanning. The results of thisue@in allow conclusions on the current accura@abdities of
such low-cost systems.

Figure 1. UAS benchmark test around the UCL Portiteft: Camera locations and orientations; right:
matched 3D point cloud.
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Means for assessing the contribution of the termmaraine into the water budget of an Arctic gladie
investigated: on the one hand the terminal moregpeesents a significant fraction (22%) of the batent area
of the glacier under investigation — Austre Lovesdr, in the Brggger peninsula, Spitsbergeer{(B\RD et al,
2013) — and on the other hand icings formationafafeig each winter illustrates the contribution of suuigl
water flow. While over the glacier, with a smootlrface readily interpolated, the winter and summass
balances are assessed with only a few sparsehbdistd stakes, such an approach is not valid thi¢hrough
topography of the glacier moraine: high spatiabhetion elevation models at different seasons aedad to
estimate the volume of ice and snow accumulatechgwvinter in this part of the catchment basin asléased
in rivers during the melting season. Even if lodas only 6 km from the Ny-Alesund meteorologictdti®n,
the moraine of Austre Lovenbreen catchment carecoknow whose amount may differ from that given by
station, due to drift snow and elevation-amountggat, with spatial and temporal variability. Swyirgy the
terminal moraine by remote sensing methods is belfgr better quantifying the snow cover in proggdc
moraines.

Figure 1: Oblique view of the study area and conmgar of September (left) and April (right) streahraonel
resulting from subglacial outflow (Austre Lovenbrge

Lidar — and in our case its terrestrial implemdotat- is currently the reference system for digaldvation
model (DEM) generation: this highly specializedtinment provides utmost resolution with the drawhaden
considering extended terminal moraine areas, ob®sitge shadows avoided by bringing the instrument t
elevated measurement positions, a feat not nedgsaahievable in given weather conditions or gepdric
settings. We consider the complementary use ofhanwercial off the shelf (COTS) DJI Phantom3 Profesal
unmanned aerial vehicle (UAV) for aerial photognapdcquisition (IUCIEER et al, 2014), combined with

110



2" Virtual Geoscience Conference, Bergen, Norway
21-23 September 2016, Virtual Outcrop Geology Gradmi Research CIPR

structure from motion (SfM; \BSTOBY et al, 2012 — using dedicated software such as MicMabl, Agisoft
PhotoScan and QGis) analysis, for DEM computatldBM differences between datasets acquired in April
(snow cover maximum and icings volume maximum) &egitember (snow cover minimum) yield a volume
difference attributed either to snow cover or isirfgrmation. Repeat measurements over a shortvaiten
moraine regions where topography is known to bleletduint at an elevation resolution in the decmeange —
far better than the icings and snow accumulatiothhénmeter range. While the vegetation-free morpioeides
ideal conditions for SfM — with lateral resolutidown to 5 cm/pixel when flying at an altitude of0L& — snow
and river ice covered areas are challenging forftla¢ure matching step needed for SfM initializatioVe
observe that with appropriate lighting conditioaspiding long shadows associated with a low-lying snd
overcast weather conditions, well resolved DEMsaaguired and generate a useful dataset for asalysi

Legend
150924-160424

Figure 2: DEM difference between April and Octobequisition. The result is mapped on a Formosag|8t
image, which is used as a spatial reference.

This presentation shows early applications on s@@aumulation over the moraine, and on icing volume
estimation, which provides a significant water reeg. In a next step, the goal is to compare watgrivalent
accumulation (W.Eq.) in the icing with constantftaws monitored on the outlet of the basin.
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The Séchilienne landslide is located on the rigiikbof the Romanche River, south east of Grendbkrd,

France). The active zone of the gravitational iniditg involves several millions of cubic metershd geology
consists of fractured hard rocks (micaschists) wlitlable permeability and strong spatial heterodeseiThe

deformation of the unstable slope is monitored hysibe extensometric gauges, inclinometers, GNSHain
distance by terrestrial radar and a total station.

Over the last decades, ground based radar interétrg (GB-INSAR) and terrestrial laser scanning $J lhave
been successfully used for the reconstruction ddbdes surface displacement fields. Both techesgoave
complementary characteristics in terms of resultsueacy and spatio-temporal resolution, which makes
integration suitable for a system of surface disphaents detection and monitoring.

In this work, we aim at comparing and integratingrface displacement measurements obtained from
simultaneous GB-SAR and TLS acquisitions over theh@ienne rockslide (French Alps) during a campai{
three weeks in May 2016. Both datasets consisepéated surveys from the same base station witigha h
temporal resolution (2 minutes for the GB-SAR datasnd one per week for the TLS dataset), acquired
respectively with an IBIS-L terrestrial SAR interdeneter and with an Optech ILRIS 3D TLS sensor.

The datasets are processed separately in orderottuge landslide surface displacement maps dutieg t
experiment. Computed displacements are compareddir to identify the most active areas and to ssstee
transient deformation pattern of the slope in retato rainfall events.

Results from GB-SAR and TLS differ greatly in terwfsspatial resolution, accuracy and dimensionglity.
GB-SAR only has the ability to compute 2D displaeats, and produces less spatially dense resultsTths,
but is able to detect smaller displacements), whislifies the development of an integrative frarngw based
on a common georeferencing of 2D and 3D resulisguhe dataset complementary characteristics fostter
understanding of the slope dynamics.
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Time series of dense three-dimensional point cldwd® proved useful for long-term monitoring of teucture
and kinematics of slope movements. However, suthsdts are large and complex and require accurate a
efficient processing methods in order to extraspldicement information. Image-based feature trackiathods
that rely on the use of interpolated 2D data are &b provide a robust and precise estimation ofase
movements, expressed in terms of displacementfield

This work presents the comparison of two approatbhesompute the displacement fields using two image
matching algorithms based on interpolated intengityages: a hierarchical multi-scale image correfati
algorithm (e.g. MicMac) and an optical flow algbrit based on the Lucas-Kanade method. Both methods
produce an estimation of 2D displacements in imagae, from which 3D displacements can be recoaisdu
through a back-projection procedure using highlggm DEMs.

The two analysis methods are applied to time seriderrestrial laser scanning point clouds acquioe two
slope movements located in the French Alps: theéBemrockslide (period 2013-2015) in the Ubayelésahnd
the Séchilienne rockslide (period 2009-2015) inRleenache Valley. The dense point clouds have beguired
with a terrestrial long-range Optech ILRIS-3D laseanning device from the same base station.

The computed displacements are compared to GNS®taldtation surveys on reference targets locaitun
the landslide bodies and to features tracking erralw 3D point clouds in order to be validated.

The results indicate that both methods provide ecurate estimation of surface displacement fieldd a
deformation patterns but show limitations suchtesinability to accurately track non-rigid deforioats, the
use of a perspective projection that does not rairdriginal angles and distances on the interpdlanages,
and uncertainty on the interpolation accuracy isecaf occluded or insufficiently dense ground ardas
indicates that results obtained with 3D point cledmparison algorithms (C2C, ICP, M3C2) are g8kful to
add additional information on the displacementdfiehnd help to better understand the long-term igsof
the landslides.
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The deep subsurface and its natural resourcesdébgriaw, to the state. A detailed and accurataatedge of
them is therefore central to allowing effective lexjation and management. GEothermie 2020 is arprag
piloted by the State of Geneva and implementechbyiridustrial Services of Geneva (SIG). Aiming &velop
the geothermal energy in the Geneva basin, thigrpro offers the opportunity to improve subsurface
knowledge by collecting new data, both in two ahcbé-dimensions. As owner of the subsurface, tdesa
need to be gathered, organized and managed byaitee Infortunately to date, the existing infrastunes are
not sufficient to address these needs.

Supported by the State of Geneva, the main obgdtithis research is to develop a geological detabinked
to a Geographic Information System (GIS). The wisylstem has to be able to manage 2D and 3D gealogic
information. Integrated in a multidisciplinary pragn, our project involves two main research axes:

Firstly, a substantial work on the stratigraphiirddon and nomenclature of the Geneva basin bdsetcarried
out. It is necessary to start by crossing and airadythe regional stratigraphy works done throughesal
generations and then connect the different defingj levels and/or way of interpreting, peculiaeszh author.
A large work on harmonizing data has to be donerder to correlate all these data. HARMOS progrtra,
new lithostratigraphic framework with standard lede for the Geological Atlas of Switzerland 1:25000
(MORARD, 2014), will help us in this task. Because we hamly little information with boreholes on the deep
subsurface, it is important to valorise this wealthinformation. In Geneva, we have a great opputyuto
understand better the subsurface units by studpiem in the surrounding outcrops.

From the geomatics side, the SITG (Systeme d'irdtion du territoire genevois) is the cantonal platf
displaying the geographic information on Genevanceoning geological data, only minimum informatiare
currently provided about borehole (depth, firstibomns ...), but seismic lines, outcrops, geologgsaitions and
deeper geological information are missing (SITGL&0 Another main challenge relates to the linknsetn 2D

and 3D data. The new cantonal platform (ge.ch{ginlbgie3d) stores and displays 3D models whibdldws
generating virtual boreholes and cross-sectionsveier this platform works in isolation from the 2iatabase
system. These considerations imply that the dataagement system needs to be improved and further
expended. Geological information has to be orgahirea database system allowing spatial requesisaan
easier access to the third dimension. Moreoverlogezal data should also be intersected with infation on
energy and territorial planning, while ensuring anitoring of the data through time (4D).

The complete information system will be owned bg Btate of Geneva and will offer users the capskiti
find, extract, validate, interpret, process andritiste 2D and 3D geological data. Last but noste& will

provide tools for the State of Geneva to managsubsurface resources, develop geothermal enadegies,
and care for the environment.
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Ice sheet mass balance, the difference between gaassind loss over a specific period of time,nsralicator
of ice sheet stability and contribution to sea le@ver the last 20 years, the mass balance of rkare and
Antarctica has been -213+%2 yr!, contributing an estimated 11.2+3.8 mm of sealleise to the oceans
(SHEPHERDEet al, 2012). The latest mass balance estimate forrétita is -159+48:t yr-1, with the majority of
the mass loss coming from the West Antarctic IceeBHWAIS) (MCMILLIAN et al, 2014). Mass balance
estimates prior to the 1990s are limited and théiesa records covering the Transantarctic MourgdifAs),
which drain ice from the East Antarctic plateawitite Ross Ice Shelf, are from 1980 and suggesgtaaiers
were in relative mass balancelgROT et al, 2008). Using old aerial photos captured overléngest glaciers
flowing through the TAs, we will extend this recdsdck to the 1960s. By utilizing stereographic teghes, the
1960 images spanning five of the TAs’ largest dudlaciers (see Fig. 1) will be converted into thbelevation
models (DEM) to compare with present day glaciefase elevations.

To estimate glacier mass balance, we will use geodesthods of analysing the TAs’ outlet glaciephgmetry.
Glacier surface elevation changes over extende@dserof time are representative of changes in giaci
dynamics. The outlet glaciers from the TAs, locate&ast Antarctica, flow into the Ross Ice Shelfiich is a
stable ice shelf that shows no signs of collapgMguGHAN & DOAKE, 1996; ANIsIMOV et al, 2007). This
means that variations in velocity, and thus icekhess, of TA glaciers will likely be due to chasge
subglacial hydrology or thinning at the groundingel The result of this study will be a temporatemsion of
mass balance records of the TAs, based on a neDEM of the largest outlet glaciers.

Figure 1: The five glaciers (Scott Glacier; Shatate Glacier; Beardmore Glacier; Nimrod Glacier; Byr
Glacier) flowing through the Transantarctic Moumtaiwhere the mass balance study will take place.
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Experimental data relating friction to hold timéipsvelocity and displacement are well describedrate and
state friction laws. This work shows that the disienal properties of fault asperities (Dc) contia stability
of fault sliding behaviour (IETERICH, 1979) and thus influences seismic hazard assessmnd, to some extent,
the development of the spatial architecture oftfaul

Fault surface topography shows a self-affine behayiwhich for a Z(X,Y) surface can be describedtty
scaling transformation Z(X,Y)~X1/Hx~Y1/Hy, where Hd Hy are the scaling exponents, or Hurst expsnen
along the x and y direction respectively. Sinces¢hexponents cannot be derived directly @Ag0OzHNIKOV &
FOUFOULA-GEORGIOU, 1995), several different methods have been dpeeloin recent years for their
estimation. Of these, previous workers have shdvah the Fourier power spectrum method has provdieto
most reliable (e.g. &y et al, 2007; @QNDELA et al, 2009, BSTACCHI et al, 2011; RNARD et al, 2012). Fault
roughness (size of asperities) scales over selargih scales with two distinct Hurst exponentbath the slip
parallel and perpendicular directions.

To perform FFT analysis, an accurate and detadpddraphy of faults must be captured. Whilst thgabdity
of standard methods such as lidar, laser profilemseand white light interferometers (e.gANDELA et al,
2012), is well known, the potential use of photagnzetric methods in fault roughness studies is wexqaored.

In this study we used photogrammetry to reprodbhieetdpography of six fault rock samples collectexhf the
main fault surfaces of active normal faults frone @@entral Apennines that are characterised by acleastic
matrix and both striated and polished fault sudadéese rock surfaces were photographed from & r26@e

of angles using a tripod to enable higher f/stapkelp sharpen the background by increasing théhdefield.
Low 1SOs were also used to increase exposure tHremely dense (average distance of points wasitabo
70um) point clouds were built in PhotoScan. In llative then performed a FFT analysis on the surfaloesy
the direction of slip and perpendicular to it usang-D FFT approach (e.gERARD et al, 2012).

Our results (Fig.1) show that the analysed fauifages are characterized by an average Hurst erpafe
0.87+0.083 in the direction of slip and 0.95+0.0F&rpendicularly to it. These slightly higher valubsn
expected are probably the result of the polishedraaf the majority of the analysed fault surfadesessence,
by means of photogrammetry, we were able to coaerqf the resolution attained by lidar, completelerlap
that of the laser profilometers and to a small eixpart of the scale range attained by white ligtérferometers.
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Figure 1: Fourier power spectra of six fault surésccollected by close-range photogrammetry.
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The fast development experienced by both digitederas and computational speed has open the wéag tase
of digital photogrammetry for the production oftuil outcrop models in geology. This process was hklped
by the versatility of the method that, contrarityiéser scanner, does not require the transpdmlif and heavy
devices.

In this contribution we present workflow and resuitom an inaccessible outcrop, namely the Conacctiif
(Lattari Mountains, Italy; Fig. 1). The Conocchilfds about 250 m wide and 200 m high, with E-Wemted
exposure of gently dipping shallow-water carbondédiernating limestones and dolomites) of Cretaseage.
The use of a UAV (unmanned aerial vehicle) was sy since the outcrop is exposed toward the afulf
Positano at an altitude over 1100 meters.
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Figure 1: Workflow followed for the 3D fracture alaaterization of an inaccessible carbonate analague
Photographs were acquired by means of a drone fit)) later imported in PhotoScan (2), where, throtlé
processes of photo-alignment (3), geometry-buildihg and texturing (5), a 3D photorealistic modehsv
generated. Later, by means of the OpenPlot frelevacd, structural data were extracted from the midgég
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The UAV was equipped with a mirrorless Sony Nexiotp-camera that acquired 105 photographs (24.3
Mpixels each) of the cliff from different points efew and at different angles with respect to themwp. A total
station was used to measure the accurate posttifiveqoints within the cliff (blue flags in Fidl) to ensure the
post processing scaling and re-orientation of fiteal outcrop model (VOM).

Photographs were imported into Agisoft PhotoScaerehfollowing the well-established processing vilork,

a trustworthy 3D VOM of the cliff was generated.tém the model was imported into the OpenPlot free
software, where bedding surfaces and fractures digitized clicking point by point along the intergion
between the topography and each geological surfdeeresult was the digitization of 1003 fractueeger than
few meters and up to some tens of meters (Figl't®se fractures belong to three sets at high anddedding,
grouped according to orientation as: ENE-WSW (3eEBE-WNW (set 2) and NW-SE (set 3). Each set was
projected onto a panel which is perpendicular ®dhection of intersection with bedding (Fig. Bjiscarding
set 1 that was almost parallel to the cliff (anddeaffected by an orientation bias), the obtajemkls favoured
the geospatial fracture analysis of the outcropding quantitative datasets describing size andiocadr
continuity of those reservoir-scale through-goimgcfures (Fig. 2). In addition, through a completagn
stratigraphic study of the succession exposedeaCtimocchia cliff, we were able to appreciate thajor bed-
perpendicular through-going fractures arrest agqiaskages made of thinly stratified layers of dates, while
they pass across medium to thick beds (bed thiskre30 cm). In essence, through-going fracturessamn
weak levels, consisting of thinly-bedded layergipbsed between packages made of several thick @eafstly
like bed-confined fractures arrest on less competeerlayers.
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Figure 2: Data analysis workflow. (1) Attitude datxtracted from the VOM were analysed by cluster
orientation. (2) Each cluster is manually seleceattl (3) a tensor analysis performed in order toeadvthe
statistical direction of intersection between beddand the cluster. (4) The direction of intersactis used to
project the selected features toward a perpendicpémel. (5) The mechanical stratigraphy of thecoop with
respect to through-going fractures is revealed.
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Detection of changes in human-made structuresharuareas — caused by either planned or natursbmea-
can provide useful information for government agenon several fields ranging from land usage thhourban
planning and civil engineering to disaster manageme

The evolution of remote sensing and light detecttond ranging (lidar) in the last few decades offese
technology capable of rapid high resolution capmfrsurface altimetry data through airborne lag@msing.
The increasing quantity and improving quality of aserements raised new challenges regarding the
computation and memory efficient analysis of thesssive datasets. Distributed and cloud computystems
have been around for years, proven to be notalgfulim static or rarely altering big data procagsiapplied in
numerous fields including Geographic Informatiorsteyns (GIS). Recent research addresses the impertdn
the management of rapidly growing spatial datag¥taNG & HUANG, 2013). Distributed lidar processing
toward digital elevation models also received digant attention from the scientific community EBEMAN

et al, 2014; N et al, 2015). However, analysis on higher abstractémell spatial features is still an unsolved
challenge in multiple aspects.

Our paper proposes a methodology to automaticaijuate altimetry change detection on massive dtgas a
cloud computing environment like Hadoop or Spark.a2ddemonstration, our building construction, déshaig
and change detection algorithm was evaluated onsunements from the nation-wide AHN (Actueel
Hoogtebestand Nederland) altimetry archive of tle¢hlrlands, comparing the AHN-2 dataset and thiadne
subset of the ongoing AHN-3 data acquisition. Tuiege elevation changes, digital surface modelSNI
generated from the point clouds were comparedOeh an resolution. The choice of using a DSM insteathe
raw point clouds enabled faster and more efficievdluation while maintaining an adequate resolufiam
change detection in larger artificial objects.
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Figure 1. Sample urban area in Delft with sateliibeage (left) and detection of changed buildingght).
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The currently considered input dataset containstd@airs, requiring an accumulated storage spd€e5 TB,
The final dataset will occupy near 1.5 TB once #&idN-3 measurements will be completed. To enable the
efficient handling of data of this magnitude, filairs were compared and processed in a parallah@nawith the
utilization of distributed computing. The implematibn was carried out in C++ based on the opencsour
GDAL/OGR geospatial and geoprocessing softwareatipr First, the changeset between tile pairs was
calculated, discarding alterations under the aagutiareshold corresponding to the quality spediitces of the
AHN measurements AN DER ZON, 2013). Buildings and other artificial changes evdetected by examining
the noise and the planar features of the DSM goiditp. Finally small, insignificant cluster of clges (e.g.
construction of a chimney) were removed from th&ults, as our research aimed to locate modificatimm a
larger scale.
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The application of 3D seismic data has led to algion in the understanding of architecture of imaill
complexes, and their influence on basin histonyidffflow, and implications for magma transport e tcrust,
feeding relationships to volcanoes and influencehpdrocarbon systems. However, considerable uringrta
exists on how the seismic observations relate toahgeometries and architecture of sill compleyasthe
seismic method has considerable limitations, maifily decrease of seismic quality and resolutiothwiepth
due to absorption of high frequencies, seismicggnand downward increase in seismic velocity; (rburden
effects, where the seismic signal is affected bymlex overburden which can be a considerable probie
basins with igneous rocks; and (3) the inabilitytleé reflection seismic method to image steeplyidig and
vertical interfaces.

In order to assess the seismic imaging of actliat@mplexes, synthetic seismograms simulating Jevase,
depth-migrated seismic data are generated fronrauigata constrained by lidar and abundant fiekd.déhe
outcrop is a 22 x 0.25 km, world-class exposurdurfissic clastic sedimentary rocks intruded atka3lepth
by Eocene dolerite dykes from Jameson Land, Eastriband. This dataset is compared to differentigtdse
3D-seismic dataset with and without well control.

The study shows that significant overestimatiosithfthickness and volume may occur using seisnaiadand
that unimaged oblique dykes and vertical sills magur. Furthermore, this study highlights the Maitiey and
complexity of seismic imaging of sill intrusionsycashow that seismic modelling of acquisition andcpssing
parameters to understand which components may &geidhand which may not.

Acknowledgements:We thank the Research Council of Norway and spsnfeo funding through the FORCE
SAFARI project and Trias North (project 234152).isTfunding has been used for funding for fieldwodkta
acquisition, interpretation and method development.
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Clay mineral mapping in underground potash mines uisg
corrected intensity lidar data at 905 nm
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This study presents an initial investigation in&ing estimated reflectance, derived from raw térigddaser
scanner intensity data, to model clay content withipotash mine. The mines of interest are locatetthe
Prairie Evaporite Formation about 1 kilometre ugdeund in the province of Saskatchewan, Canad& It
shown that with an appropriate reflectance estwnafirocess, as presented IrRRENGTON et al 2015), it is
possible to produce consistent reflectance estsnaver different distances and angles for a sykvidieposit
containing interbedded clays. Estimating the rédlece assures that measurements are repeatablsepidhate
instruments and at different distances and an@les.main contributions of this paper are:

0] An application of intensity-derived reflectancectay mapping within a potash seam;
(ii) Verification that this model of “diffuse reflectagitcan be applied to real non-lambertian surfaces;
(i) Comparison between modelled reflectance to assajtseas an indicator of clay/mineral content.

The estimated reflectance values for differentimistregions of a typical mine wall, shown in Fify. were
compared with assay results. The distinct regioesewsegmented based on geologic lithography as asell
intensity uniformity. If a linear relationship issumed then Rvalues ranging from 0.51 to 0.92 were observed.
The higher R values (above 0.86) were for SiMgO, AlLO;, CaO, TiQ and FgOs, which are indicative of
increased clay content. This shows that there ®zaigiossibility of using the estimated reflectafioen a Faro
Focus3D 120 (operating at 905 nm) to map clay naineontent in underground potash mines. More rebear
needs to be conducted to determine if the relatipssobserved in this study are applicable on gelaregional
scale.

Figure 1: Two point clouds of the same region. ®he on the left is coloured with camera data areldhe on
the right is coloured with received intensity data.
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various regions shown in Fig. 1. The red lines lamear models fit to the data.
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User-guided structural interpretation toolbox for
digital outcrop models
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To characterize structurally-complex reservoirsisitessential to understand the impact of fault &adture
networks on cap rock integrity and fluid flow befawr. In particular, fault and fracture kinematipgrmeability
characteristics, sealing capacity and scaling ptigseneed to be constrained. Faults and fractuegras can be
detected on seismic data while single fracturesrageneral below seismic resolution and only Vesiin well
data such as borehole image logs and cores. Tanotita extra information needed to build and pofaula
reservoir models away from wells, outcrop analogresoften used to bridge the gap between seissalution
and well logs. They especially provide insight®itite characteristics of natural small-scale frachatterns, as
well as their relationship with seismic-scale fault

Nowadays, digital outcrop models (DOMs), or digitddvation models (DEMSs) are built by combiningelas
scanning technology (lidar) with digital photograetny and remote sensing. While the acquisition and
processing of digital models are affordable, fastl anostly automatic, their interpretation remainset
consuming as it is mostly done manually. Along wihbse technologies comes an increase in data echnd
complexity promoting new approaches for user-guaatmated interpretation tools.

This study aims at automatically extracting and rabgerizing multi-scale geological discontinuitiesd
associated sedimentary deformation directly froghlyi dense lidar-derived DOMs combined with DEMsr F
this purpose, an automated processing workflow ripgsed. The approach starts by removing unwanted
features like vegetation from the raw dataset. Bhép is followed by the generation of an optineadttrized
triangulated mesh where the resolution dependsi®ni¢gree of details to be kept. Simultaneousharatysis

is performed on the lidar point cloud to extractsof the 3D geometric information such as dipragh,
planarity, and dilation angle. The analysis is tlsepplemented by an interactive filtering and dfasgion
allowing more interaction of the interpreter onaenon 3D platform. The final results include, intmailar,
quantitative properties for heterogeneities likiemtation, dip, length, and density.

To assess the proposed methodology, a feasit®ytas been conducted on the combination of grbardd
lidar data, digital photos and satellite imageopnirthe Fuyun fault complex, China.
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Rockfall source area detection and characterisatiofrom
terrestrial laser scanner (TLS) data
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The emphasis of this research is on characterimogfall source areas by analysing 3D discontingiggs
identified from TLS data, in order to describe thechanisms and possible features and volumes ehiait
rockfalls. This work is developed in the MontserMassif located about 50 Km north-west of Barcelona
(Spain). The study site includes rock faces affgctbtne of the most exposed access roads, chasactdry an
area of 2 ha and a maximum height of 90 m.

A first approach on the detection and charactédmabf the rockfall source zones is developed bguai
inspection at the field. Subsequently, the discwilly sets are analysed from TLS point clouds, bingi the
SEFL (Surface Extraction from Lidar) applicatiorvdmped by GRCIA-SELLES et al (2011). Briefly the SEFL
application is based on the planar regressioneptint cloud that allowed the computation of tliye @hd dip
direction of the different continuous surfaces. Thenputation of a series of quality parametershefresulted
data and a clustering process allows the individadtaction of discontinuity sets (Fig. 1 and 2)dathe
obtaining of a morphometric model of the disconties. Afterward the mean surface length and thermme
spacing are calculated for each discontinuity Bietld measurements and observations are used ittateathe
discontinuity sets characteristics defined from Tdea, since TLS point cloud is normally affectgdoloclusion
and certain biases.

) o

Figure 1: Results from the SEFL application to abtée discontinuity sets affecting the rock chf.TLS point
cloud. B: Points showed in different colours depegan which discontinuity set they belong. C: Maymetric
model.
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Figure 2: Pole density stereographic representatiamd mean dip and dip direction for each discantinset
and bedding.

The results are compared with the ones obtainddriner works developed in other sectors of the tderrat
Mountain, in order to detect possible differencethe morphometry of the rockfalls. The charactgian of the
source zones attained provides compulsory infoonafor the design and implementation of protective
measures to reduce the rockfall risk in the stuép.a

Acknowledgements:The work has been partially supported by the Staklinistry of Science and Innovation
project CHARMA (CGL2013-40828-R), the project “LilBA applications on rockfall study in Montserrat
Mountain (year 2015)" of the Institut CartographidGeologic de Catalunya (ICGC), the research group
RISKNAT (2009SGR-520) and the GEOMODELS Researstitirte.
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Opportunistic survey of glaciers using low-cost egpment
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The capability of structure from motion (SfM) phgtammetric techniques to survey geomorphologicg@aib

— such as glaciers, moraines or landslides — gt lvigh spatial and temporal resolutions is a prargisool for
better quantification and understanding of the eiased processes. Modern software and computingepow
allow us to produce accurate datasets from low-saosteys, which enhance our observational capgtidita
wider range of processes. We present a methodéeoatdvantage of light transport flights to colleotgery for
geomorphological analysis.

Our method exploits the malleability of SfM photagmmetry compared to classical photogrammetry @ffli
path requirement and aircraft stability. In thiadst, we test and validate an approach to attacplsicameras
and hiking GNSS receivers to aircrafts conductittgeomissions in order to collect data when thghflipath is
over an area of interest. A key novelty in our roetlis the proposed way to link the GNSS informatiorthe

images without a physical or electronic link. THesence of associated costs allows for failed t@gald the
collection of surplus of images that could alsaibed for other projects if properly archived.

As a proof of concept, we conducted two test swsviaySeptember 2014 and 2015 over Midtre Lovénbreen
glacier and its fore field. Midtre Lovénbreen is~& knf glacier situated in a north-facing catchment on
Brgggerhalvgya, NW Svalbard, and has one of thgdsincontinuous mass balance records of the Aidfes.
used GoPro Hero 3+ BE taking one picture per secaamti a GARMIN GPSmap 60CSx attached to the
underbelly of a helicopter (see Fig. 1). The flghte took advantage of were planned for ice stakeegs on

the neighbouring Kronenbreen.

Figure 1: Equipment used for our surveys (GARMINSBRp 60CSx, Eurocopter AS350 and GoPro Hero 3+
BE).

A DEM and an ortho-image are generated at 1m résalfrom about 400 images collected using the &pen
source photogrammetric suite MicMaagRROT-DESEILLIGNY et al, 2016). The comparison with a professional
photogrammetric 2010 DEM (1 m resolution) showsaleolute error in the direct registration of ab8mot in
Easting, Northing and elevation. Co-registratiorttef DEMs using stable ground (with the method fiduTH

& KAAB, 2011) leads to an RMS in the elevation of £3.5 m.

DEM differencing shows glacier retreat (~12 m.y%)veell as dynamics in the western moraine (see Zidn
both comparisons with the 2010 DEM and betweentwarsurveys (2014 and 2015).
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Figure 2: Left: DEM difference at the tongue of thlacier (2010 vs 2015) and positions of the peofihes
(red). Right: profile lines on DEMs and DEM diffaes (Top: A, Bottom: B).
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In recent years there has been a considerableaserin the use of spherical images (Fig. 1) foedhr
dimensional documentation of urban environmentghagological heritage (DMNIBALE, 2011), indoor
environments (MVIATEK et al, 2014) and combined applications integratingriasanners (KNG et al, 2009).
Nowadays there are many software packages deditatéfie processing of images through structure from
motion (SfM) and computer vision (CV) algorithmsjtlonly some of them were adapted to spherical @sag
Knowing the internal calibration parameters of thenera, suitable software is able to quickly atlggspherical
images and georeference the model according teatqints.

Figure 1: Panoramic image created by stitching altions on four plane images, acquired during thetgavith
the camera NCTech iSTAR.

Several tests were conducted in hallways of théd®oico di Torino through the use of the NCTechAR
Fusion panoramic camera, composed of four fisheyses.

This camera was mounted on a cargo bike Panda Mikevan (Fig. 2), connected with a computer and an
Inertial Measurement Unit (IMU). This type of vel@allows capture data to be captured rather quickbve
along the aisles with some ease, ensuring the magsstability of the sensors. As well known ¢BLONE

et al, 2004), each optical device has radial and tatiejetistortion due to optical lens, which leadaio image
that is not a central projection. In order to usese images for photogrammetry, the research edgli$ on the
estimation of the radial and tangential distortgarameters of the camera lenses and on the analysisage
quality.

A comparison between models obtained varying sorgeisitions parameters, allowed to evaluate theracy
of the produced point clouds. The reference modeltie analysis on the achieved accuracy is a |bémt
cloud acquired with the Trimble Indoor Mapping Saua (TIMMS), with which the three-dimensional praxds
of the spherical images will be compared.
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Figure 2: Panda bike minivan, on which the imaggquasition system was installed.

Finally, further tests were performed in order $sess the quality of the 3D models obtained byrttegration
of the spherical images with images acquired byattimn-cam Garmin Virb Elite, also mounted on khS.

This article aims to analyse the potential of thpproach for evaluating the structural safety imssd¢hool
buildings. These systems, in fact, provide a fasa @cquisition if mounted on Mobile Mapping SystgiMMS)
and, eventually, could be used in areas not aditesssing an unmanned ground vehicle (UGVRUKFFet al,
2012).

References

D’ANNIBALE, E., 2011. Image based modeling from spherical mratometry and structure for motion. The case of the
treasury, Nabatean architecture in PeBaoinformatics FCE CT\B: 62-73.

KANG, Z., LI, J., ZHANG, L., ZHAO, Q. & ZLATANOVA, S., 2009. Automatic registration of terrestrialelascanning point
clouds using panoramic reflectance ima@ensors9(4): 2621-2646.

KRUWFF, G.J.M., TRETYAKOV, V., LINDER, T., PIRRI, F., GIANNI, M., PaPADAKIS, P. & PrIORI, F., 2012. Rescue robots at
earthquake-hit Mirandola, Italy: a field report: Bafety, Security, and Rescue Robotics (SSERP IEEE International
Symposium on (pp. 1-8). IEEE.

KwiaTEK, K. & TOKARCzYK, R., 2014. Photogrammetric applications of immersiideo cameradSPRS Annals of the
Photogrammetry, Remote Sensing and Spatial Infoom&ciences2(5): 211.

McGLONE, J.C., MIKHAIL, E. & BETHEL, J., 2004.Manual of Photogrammetry, s Edition, American Society for
Photogrammetry and Remote Sensing, 5th edition, BethévD.

133



i

" 4

)

7

o)

o

N

Multi-temporal DEM extraction using archival aerial photos:
Case study of the Czarny Dunajec River, Polish Caigthians.
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The main aim of the study was to evaluate usefslinéshe photogrammetric DEM extraction method tfoe
survey of river channel changes based on a cady efuhe Czarny Dunajec River. The river channakvan
object of field research conducted in the years022@13, which documented landforms resulting frdra t
recent activity of the river. Thus the verificatiof the modelling is possible through the comparie® DEM
and field measurements. An accuracy analysis ofiE®1 obtained from archival aerial photos allows to
improve technology of elaboration of this matedatl DEM extraction, that can be applied to otheasmwith
similar dynamics of geomorphological processes.hAal aerial photos of the study area were gairedie
following time intervals: 1954-56, 1963-65, 1977088, 1994, and 2012. Additional materials comprised
orthophotos and DEMs from 2009, and a DEM from 2(01ee test areas were selected for a comparisitie o
DEM extracted from the stereopairs of the sequkatisal photos. Then the changes of relief coddbrveyed
as differential models using map algebra algoritfiime key issue was to evaluate the accuracy of B&d¥i
and to determine the factors that affect it in otdamprove the photogrammetric survey. A setaftcol points
was surveyed for each photogrammetric projectbéisteed for each test area and time epoch, refgtonthe
exact 2012 DEM, acquired using lidar, and GPS cbmpioints surveyed by GNSS in 2013. The accuradhef
extracted DEMs varies due to different accuracyaefotriangulation, expressed by RMS error afterdiin
adjustment process. These errors did not exceds f.2or any time epoch. Generally, a strong refetiop
between the value of the observed error and theftagerial photos was found, caused by severabfastuch as
the radiometric quality of the photos, geometristalition of the photo material (due to improperrate
conditions), and uncertainty of the GCP locatiofise mean error of the ground observations refekbtéehe
lidar, or GPS elevation data is on a relativelyhhigvel of 0.3-0.4 m, with local maximum values ovan,
probably caused by insufficient radiometric andrgetyic quality of the photos. This means that #whhiques
of the photo distortion correction and radiometyimlity enhancement are the crucial issues fomtipeovement
of the DEM extracted from the archival aerial plsto

Acknowledgements: This study was performed within the scope of thesdarch Project DEC-
2013/09/B/ST10/00056 financed by the National Smee@entre of Poland.
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Displacement surveys on mountain slopes are impbfta forecasting and preventing natural disasseish as
landslides. Recent research in photogrammetry allavenitoring movements by comparing multi-temporal
DEMs, measuring 2D displacements from multi-tempanghophotos or measuring points’ coordinates on
moving area by GPS. In spite of the variety of ¢hesethods, it is still difficult to investigate den 3D
displacements because of the complexity of slopeement. In this article, we propose a new methodiémse
3D displacement retrieval by using multi-view andual photogrammetry techniques. The final resilh map

of mobile areas, in which 3D displacement vectayald be drawn on each pixel. This map helps toebett
understand the slope movement especially in arbasendisplacements are not homogenous.

Limited by the speed of displacement on mountaopesl we established an experiment for simulatirgy th
landslide on a scaled model. This model allowsousontrol as many influenced factors as possiblenduata
acquisition, so that we can easily focus on the enmant. A pile of sand covered by cobbles and rixksed

for representing a mountain slope. They are loaded dump truck. When the hopper is raised from one
inclination to another, cobbles and rocks creeprdomtil stable. These displacements, representiogntain
slope surface displacements, are what we obsernveur experiment, the hopper has been raised ahigher
position, with sand and rocks sliding down slowhdarestabilising in another state. For each statset of
images has been taken by a camera Nikon D800. dimera was carried manually and two lenses (35 mim an
85 mm) were used for acquisition: the 35 mm isgavducing global images while the 85mm is for shapt
detailed images.

Our 3D displacement retrieval method consists @éghmain parts: reconstruction of a 3D point cloud,
generation of multiple 2D displacements maps argiofuof 3D displacement maps. We use PhotoScan for
reconstructing point clouds from images of eackesfahe point cloud of the first state is referehbg targets
installed on the truck. These targets were measoyedl total station. The second point cloud isrexfeed by
using coordinates of the first state’s targetghla way, the hopper in two point clouds overlapace two point
clouds are aligned, a virtual camera is createdtdking pictures at the top of each point cloude Mirtual
acquisition process can be seen as a projecti@gioints on an image plane; it generates one inégach
point cloud. By calculating correlation of theseotwirtual images, a 2D displacement map is produSautce
intrinsic and extrinsic parameters of virtual caaare modifiable, we placed it at 5 different posis for taking
more pictures of two point clouds. Each pair oftuat images produces a 2D displacements map. AB a 2
displacement can be seen as a projection of 3Dadisment, a 3D displacements map can be therefioe f
from three or more 2D displacement maps by an sieertechnique (XN, 2011).

Fig. 1 is a 3D displacement map of sand and rdckthis map, 3D displacement has been calculate@doh
pixel. In the mobile area, arrows point to the dii@n of displacement on the image plane, the kegtarrows
represents amplitude of displacement on image gotanthe colour of arrows stands for the verticapldicement
amplitude. In order to identify moving areas, wécakated distance of two point clouds in CloudConepaVe
found distance in most of area is less than 2 moegxtwo places indicated in Fig. 1. As can be $e@m the
3D displacement map, these two places are whege facks slip down so that colours of arrows irséhareas
are brighter.

In conclusion, most of arrows correspond to dict@nd amplitude of movement. In addition, the mimn
displacement our method has detected in this exgeti is about 1.2 mm. Arrows pointing upwards oaiigaa
where there is no sand are errors coming from ladioe, lighting changes and displacement of smaiel.
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Figure 1: 3D displacement map.
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Over the past few decades, several theories onlame faults develop and grow have been proposkd. T
‘isolated fault’ theory states that smaller indivéd faults interact with one another, before forgningeometrical
link. Hard-linked fault ‘segments’ may then eithempture individually or continuously during eartlzdges,
leading to different magnitudes and seismic haz8RITM imagery is commonly used for fault displaceine
analysis on large, mature faults, i.e. those thaehaccumulated large amounts of displacement{da®3 m).
Studying individual fault segments or immature,g&arfaults requires high resolution satellite imgges
cumulative and earthquake incremental displacemmatg be less than the SRTM resolution (30 m). B, t
satellite stereo-imagery such as Pleiades andfdal amirveying techniques such as structure frontiano
photogrammetry are required. Furthermore, a rarfgeesolutions will bridge the gap between SRTM and
ground observations.

Here, we study two fault segments of the immatuMANSSE striking Bilila-Mtakataka fault, Malawi, #te
southern end of the East African Rift System. Rresi studies concluded the Bilila-Mtakataka fault is
geometrically continuous along its entire 100 kmgih, with the most recent event producing an aera
displacement of 10 m, equating to an Mw8.0 eartkgUa@CKONSON & BLENKINSOP, 1997). We explore the
extent to which differences in segment orientatéord relationship to pre-existing structures (fadia} has
influenced segment growth, leading to interacti©aor fault segments, near the village of Golomaéstrikes
differing on average by 10°, with a maximum of ~B%their adjacent tips. The southern segmenttispsuallel

to the foliation, while the northern segment isigié to perpendicular to the locally folded folgati

Fault scarp height and orientation is constraimggdint cloud models derived from SRTM 30 m andidles

0.5 m satellite data, and structure from motiomgs&in Unmanned Aerial Vehicle (UAV). Displacemeantgth
(D-L) analyses show bell-shaped appearances fdr $mgments, with scarp height maxima (DMAX) cloger
the adjacent tip than the segment centre. Skewagh $eight maxima suggests that this section ofBilia-
Mtakataka fault may be hard-linked and mechanicabntinuous’ despite appearing as two geometgeall
separate segments from ground observations. Coukirabs change following earthquakes on the segment
suggests that the foliation orientation is non-wmgli for the growth of the northern segment, butroat for the
southern segment, potentially providing a pathvaayihkage.

Our findings show that at certain angles to redistr@ss and fault strike, pre-existing structurgience fault
growth and orientation, and geometrically sepafatdt segments may still be mechanically linkedgr8ent
interactions may develop large, ‘continuous’ fasystems, increasing maximum fault rupture dimerssiamd
consequently, alter the seismic hazard.
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Remote sensing imagery constitutes a valuable astleffective source for mapping landslides anahtifigng
landslide changes. Just as the availability anditguaf remote sensing data steadily increasesdascthe
demands for extracting relevant geospatial (chamgfeymation in a semi-automated or even fully an#bed
manner. Facing the large number of sensor systemispeocessing techniques, however, it is a chadleiog
determine a suitable approach for time series aisabf optical imagery. Object-based image anal{@BIA)
enables us to work seamlessly with multi-scale patisl data by combining image processing and GIS
functionalities (RASCHKE, 2010). Geomorphological features can be treaeatgregates of pixels and grouped
into homogeneous image objects, providing not @pgctral properties, but also information on topgaal
relationships, size and shape. Object-based chdetgetion (OBCD) offers unique methods for exphgjthigh
resolution (HR) and very high resolution (VHR) ineag to capture meaningful detailed change inforamain a
systematic and repeatable mannergC et al, 2012; HISSAIN et al, 2013). Even so, existing object-based
methods are often customized to specific data wiystireas. There is still need for research to awgprtheir
transferability across different sensors and scadadicularly when investigating complex naturlepomena
such as landslides (MBLING et al, 2015).

In this study an object-based time series analgpjzroach for detecting landslide changes in twdéediht
geographical regions is presented. The Austriadyssite is located in the flysch of the Haunsbergaa
approximately 10 km north of the city of Salzbufgis landslide-prone area has been known for a tiomg and
is characterised by major landslides (“Furwag lédd®) that were particularly active during seveyehrs at the
turn of the century (Fig. 1). For mapping the etiolu of the Flrwag landslide, Landsat time seriadrom
1999 to 2003 is used. The second study site iedoshe village of Flam in the municipality of Aand,
western Norway (Fig. 2). The Flam valley is a nestiuth oriented valley consisting predominantly of
Precambrian gabbro-mangerite, gneisses and amijbiloaerlain by phyllite and mica schist of Ordadsit-
Cambrian age, the latter section being of grehiekmess on the eastern slope. Due to the strudiffarences
and the disparity in resistance to weathering, $idd deposits show distinct difference in graimesand
morphology. Landslide changes and debris accunounlaieas as result of landslide activity are detkcising
aerial photographs from 2007 to 2014 with a spa#ablution ranging from 0.5 m to 0.1 m. The lauts|
changes are identified by comparing the transfaonaif feature values of segmentation-derived imalgjects
between subsequent images. A major focus is puherdevelopment of a method that is applicabledth b
study areas and the different data sets. Classifitaccuracies are assessed by a comparison uttsré®m
visual image interpretation, i.e. manually digitizeference polygons, to estimate the spatial apetinder- and
over-estimated areas.

The approach can be used for the regular updatirafslide inventory maps. Moreover, findings from
retrospective time-series analysis can provideuleformation for predicting unstable areas prémé&ndslides
and erosion. Such knowledge can be valuable foleimenting prevention and mitigation measures tdgato
people and infrastructure.
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Figure 1: The Furwag landslide in Austria. The twajor landslides (“Firwag North”, “Flirwag South”) &
shown on a QuickBird image from 2002 for illusteettipurposes; corresponding Landsat 7 images froen th
years 2000, 2001 and 2002 that are used for timesanalysis are shown on the right.

0.1m /01.05.2014 {

0.25m / 21.07.2013

0.5m / 22.08.2007

Figure 2: Photo (© Pal Ringkjgb Nielsen) from thim valley and orthophotos from 2007, 2013 and 2014
showing changes in debris accumulation area.
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Detection of surface water changes using TerraSAR-Hata
for flood hazard monitoring
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Identifying the presence, extent and change ofaserfvater bodies is critical for determining poedrftooding
hazards. In this study, hazards caused by beatigityare investigated. Currently, flooding anddenmining
hazards posed to nearby infrastructure such asaygsl are infrequently monitored by manned helicopted
ground-based field investigations. Satellite-basleservations could present a viable alternativeutjn the use
of Synthetic Aperture Radar (SAR) with improved tigdaand temporal coverage. Recently, a two-meigh h
beaver dam collapse caused a 15 m section of ttea@ai Trail in Ontario to be completely washed. dinis
trail was built and maintained on an old railwayeli which provides a testbed for determining theergxof
damage such hazards can pose to critical infrasielc

In this study, the single polarization (HH) backssaintensity from TerraSAR-X (TSX) staring spgtit mode
is used to map water extent. Water bodies are etlyal as they exhibit very little backscatter aadehgood
contrast with land targets fBscoet al, 2008). Grey-level thresholding is used to extsacface water bodies as
well as wetlands. All pixels with a backscatterffioent lower than a predefined threshold in areisity image
are mapped as water (WE et al, 2015). The backscatter intensity histogram aedsof known surface water
are used to determine the threshold for each iddaliscene. Surface water thresholds ranged fra661dB to
19.56 dB, and are scene specific as they are affdny seasonal conditions and incidence angle. Rdudalow
and layover zones are also removed, as tall végetat infrastructure can block the signal fromatgiag the
ground surface due to the side-looking nature oK.T8sing lidar elevation models to estimate theogn
height and simple geometry algorithmsA86N et al, 2010), these zones in the SAR data can be rainde
water cycle is analysed through a time series ¢émextent changes to better understand the netagai loss of
surface water.

The study area is located north of Kingston, ONnpatta, at the Queen’s University Biological StafiQuUBS).

This area is mainly populated by lakes, small idlamater bodies, marshland, open field, sparse tfared dense
forest and has a history of beaver activity. Fo8XTscenes have been acquired between April and REMG.

SAR backscatter and grey-level thresholding hawegr successful at delineating surface water frirerdand

cover classes. Changes in water extent for sceitiivthe month of April are mainly due to increase
vegetation along shorelines and within vegetatiomeced lakes (Fig. 1). Localized changes in wakéerd are
analysed and correlated to precipitation, beaventloer anthropogenic activity. Terrestrial andbame lidar,

optical imagery, and in-situ field observationsistesl in the validation. The conclusions and teghes

developed in this study will be applicable to otaezas where similar conditions and data exist.
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D no change

Figure 1: Radar derived change detection map ofasig water (blue) and non-water (white) over QUBSg
TSX data from April 2, 2016 and April 24016. Red, green and white indicate net lossgait and no change
in surface water between April% 2016 and April 2%, 2016. Top, Right of Centre: Large area of netlo$
surface water due to increase in vegetation onlehalake.
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Time-lapse cameras and structure from motion algothms:
Continuous three-dimensional monitoring in geoscietes
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Time-lapse cameras enable fascinating visual itsighio earth surface processes only by compredsing
Their applications are diverse and offer intergstpportunities for scientific usage. Especiallyggosciences
they help to document and analyse processes in teigiporal resolution. Due to rapid developments in
computer vision and photogrammetry, an array oftiplel cameras allows for surface reconstructioarof area

of interest. Installing a time-lapse system witmalti-angle camera setup can thus enable repeatedlation of
digital elevation models (DEMs) of difference. Th®in benefits of such a setup lie in the continudDs
monitoring of geomorphic processes.

We present two examples of different installatiansn Alpine catchment and on an agricultural. 3itile the
Alpine setup helps to identify and quantify a varief slope shaping processes, the cameras ingtieutiural

site observe the impact of heavy rainfall eventsribrforming and sheet erosion. As well as higimporal
resolution, high spatial resolution is achieved daethe proximity of cameras to the areas of irgere
Referencing of the DEMs is realised in a local dawate system using fixed reference points. Desthige
promising results of the approach, multiple logistichallenges must be tackled in advance of ggttinthe
autonomous systems, i.e. synchronization of canteggers, energy supply under harsh conditions and
movement of the cameras.

Nevertheless, besides the continuous visual progiracesses, the study allowed for the derivatibrmass
fluxes in the research areas. Furthermore, obgensatserve as validation data for event-based @mosi
modelling, as the data is available for in-siturégse

Acknowledgements:The presented study was partially funded by then@a Research Foundation (DFG grant
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Geological studies are commonly supported by 3Detliog) techniques, but very few researchers makeadis
fully immersive 3D visualization techniques to iesp outcrops. The main objective of this reseaschoi
introduce a collaborative and immersive 3D vislwalan approach to support stratigraphic studiesguai head-
mounted display (HMD) to explore a 3D virtual moadlan outcrop in Fazenda Arrecife (Salitre Foromti
Neoproterozoic), State of Bahia, Brazil. The outci® composed of columnar stromatolite fossils eddied in
carbonate sediments, showing evidence of storroractihis outcrop is an important geological-paletdical
site that has contributed to the regional paleoggaigc reconstruction, also being in analogousissudf oil
and gas reservoirs KEE et al., 2007). For this, we have developed a nuztlogy that makes use of multiple
RGB-images to reconstruct the 3D content, and iategit into a fully immersive/interactive visuadizon
environment to support to geological and paleomfick studies.

During fieldwork, we have taken highly overlappipbotos. Then, 3D the virtual model was reconstadieied
georeferenced by known geodetic coordinates. Tham®del has been reconstructed through SfM (strectur
from motion), georeferenced, edited and partitioted@nprove interactivity (1A et al., 2012). The prototype
has been developed based on a rapid methodologgrimus system platforms, including desktop, HMBRd a
mobile. A game controller allows users moving oa tfrtual environment, while internal HMD gyroscoaed
accelerometer reacts to the user’'s head movemmotgding a correct feedback to explore virtual iemwment
around him/her. The immersive visualization of thecrop model shows the similar structure, textanel
illumination observed on the fieldwork, scaled éalrsize. This application allows the smooth visagion and
inspection of fossils and depositional structures ifully immersive and user-friendly environmeAtso the
prototype allows to store persistently the 3D mpdeld share the analysis of the entire data, thraudully
immersive computational environment with high pse, low-cost and cooperatively.
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Figure 1: The system prototype, highlighting a) rusgeracting with the application through head-nmbed
display and game controller; b) infrared view okthead Mounted Display, where red points are pérthe
HMD tracking system; c) virtual 3D outcrop moddbtained by multiple images and SfM techniques.
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Biofabric refers to the three-dimensional taphoromirangement of skeletal elements in the matriglutde
orientation, close packing, and sorting by size simape (WDWELL & HOLLAND, 1991). The biofabric depends
primarily on the hydrodynamics of hard part concatitn and sedimentation rate, but it may alsentftotation
and disarticulation of elements during compactibime taphonomic elements are perpendicular, oblangor
concordant to the bedding plane. A virtual thrematisional fossil assemblage can allow better viatidn and
interpretation of the taphonomic elements. Thug &m of this research is to employ computer vision
techniques to reconstructing 3D model of samplesour experiment, the sample used comprises a earin
bivalve mollusc-dominated fossil assemblage, angréserved in the fine-grained sandstones of thag@acu
Member (Rio Bonito Formation, Lower Permian, Par8a&in, Brazil; see SiMIDT-NETO et al, 2014). The
developed prototype has been capable to estimatgqmand orientation (poses) for every photo gstructure
from motion (SfM) by detecting and matching comnfieatures between photos. The scene containingasesp
of every photo is used to compute points, geomang texture. Afterwards undesired geometries ar@ved
and the model is ready for analysis. As seen in Fifje three-dimensional visualization allowsdoagnize that
the bivalved skeletal have different sizes, disattited, matrix-supported biofabric, a few in direontact, and
poorly sorted.

Figure 1: 3D reconstruction of our sample vieweahfrtwo angles.

These taphonomic features provided important doggnesis. The taphonomic features revealed hisafdssil
assemblage is parautochthonous, and the bioclasthadations represent shell beds formed by highueecy
storm events, being quickly buried in the shorefddee digital taphonomic model proved to be vergfuk to
stimulate knowledge, to ease the taphonomic feataegnition, and to develop a three-dimensiontdluse of
designs for geosciences.
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This paper presents a low-cost 3D scanning tecknfqu digital outcrop modelling based on multipbster
images, jointly with a 3D reconstruction algorithcapable to provide high quality results. To maie method
feasible, we have performed a comparative studyta®D reconstruction based on active and passinsoss,
mainly lidar — terrestrial laser scanner (TLS) amdter images (photography), respectively. An aour
analysis has been performed in the positioningutérop point clouds obtained by both techniquesiadisdorff
metric has been adopted to compare two point claidbhe same target using both acquisition methdds.
make the comparison feasible, datasets are compmgeubint clouds generated from multiple images in
different poses using a consumer digital cameradirettly by terrestrial laser scanner. After preqessing
stages to obtain these point clouds, both are cmrdpahrough the positional discrepancies and st@hd
deviation, and Hausdorff distance. The preliminanalysis have shown multiple digital images joinB§
reconstruction method to be an alternative 3D sogntechnique for digital outcrop modelling, conuieg with
data acquisition at low cost without significanihgs of accuracy when compared with lidar.

Figure 1: Pictures obtained with the camera (aludtration of camera’s position (b).
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Figure 2: 3D Reconstruction from photos (a) andestrial laser scanner (b).
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We investigated the potential of multispectral isdedata as a tool for detection of surfaces atatking
patterns to support sedimentary studies. To dovsoconducted a field spectral sedimentological eyirand
spectral image processing on SWIR wavelengths iNeaquén Basin outcrop, Argentina. The studied
sedimentary record presents over 600 m of exposigmgth and encompasses siliciclastic, evapokatd,
carbonate rocks. The chosen ASTER scene was atensaly and radiometrically-adjusted and processed
using Principal Component Analysis (PCA) in the ®\band 5 to 9) (Fig. 1). PC1 values present nearly
continuous values in the studied bands and ar¢etel® the brightness. PC2 values show the relsttipn
between the main absorption features of the medsspectrums. Wavelengths of 2.2 um, typical of ¢lay
minerals, in the Avilé sandstone and 2.33 um, Bjlpaf the calcite, in the limestone. PC3 valuessent a
decrease towards the longest wavelengths.
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Figure 1: The spectrums of the main rocks measurdigld and the PC1, PC2, and PC3 loadings of Adaa
processing. Abbreviation: LT (Lower Troncoso).

The first principal component (PC1) is relatedhie brightness and represents over 96% of datanearid he
second principal component (PC2) was shown to Hieieft in distinguishing between siliciclastic and
carbonate rocks, in a typical basin with mixed seditary record, with siliciclastics in the highestues and
carbonates in the lowest values. Using the PC RGRposition, it was possible to distinguish impottan
stratigraphic surfaces and four transgressive-ssgre cycles within the Agua de la Mula memberstaswn as
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Fig. 2. At the base, the sequence boundary (SBoiku€quica unconformity) between the Pilmatué arndéA
members; the first transgressive surface (TS1)ithie between the Avilé and Agua de la Mula membéosir
transgressive surfaces (TSa, TSh, TSc, and TStiating four great transgressive-regressive cyihaside the
Agua de la Mula Member. Pampatrilica regional uficonity, between the Agua de la Mula Member and the
Lower Troncoso Member (SB2); and at the profile, titye transgressive surface, between the Lowercbsm
and Upper Troncoso Member (TS2) was also possibdistinguish.

TSe

TSh

— TSa

Agua de I_a_ Mula Member

. Mudstone
B siltstone
D Sandstone
E=] Limestone

[-] Gypsum

Figure 2: Interpretation of the main surfaces idéatl in the RGB composition of PC1, 2 and 3. Oatight,
the sedimentological profile data collected indiehbbreviations: TRC (Transgressive-RegressivdeSy,cL. TM
(Lower Troncoso member), UTM (Upper Troncoso Meml#dvib (Avilé Member), PM (Pilmatué Member), SB
(Sequence Boundery), TS (Transgressive Surface).

The results show the potential of this techniqueamplement traditional sedimentary basin reseawvblereas it
was possible to distinguish between siliciclastic &arbonate rocks, to identify surfaces, and gassive-
regressive cycles in a mixed sedimentary recoré. rElSult is an inexpensive, fast and non-invasie¢hod to

support more complex and detailed stratigraphyissud
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This paper shows the application of reflectancectspscopy in the characterization of siltstones arghnic
shales in different lithostratigraphic units (efgrmation, group). Naked eye observation and chiar&zation
can be difficult when describing and comparing ¢hescks in distinct units, since sedimentary rookdine
granulometry present very similar physical progetiOther factors could also aggravate its ideatifbn in
field, especially in tropical regions that presanmore humid climate, such as the degree of weaathef the
outcrop or the contact between two formations. $pectral analysis of these lithologies is not yédely
studied, since the presence of organic matter mthkeseflectance patterns in the spectral curvetmtawwer and
with no characterizing absorption features. Thusethodology that facilitates the recognition atassification
of fine granulometry rocks represents progressiénfield of sedimentary petrology, which currentiakes use
of microscopic, geochemical and geophysical teaiesq The reflectance spectroscopy technique prswade
guantitative measure of the spectral reflectancenatierials that is obtained by the ratio betweeliarece and
irradiance. By using the spectral signature, ipassible to identify the main characteristics af #ibsorption
features of the minerals found and thus recogromstituent elements and/or classify such rocks. didjectives
of this research are: 1) to search for patternsdharacterize each sample/lithostatigraphic usiingiits spectral
behaviour, also identifying the main absorptiontdeas of the fine granulometry rocks that preseaganic
matter in their composition; 2) to test the podiibof distinguishing and grouping together eaohnfiation by
its spectral behaviour using a classifier. To do 46 samples of lithostratigraphic units were dseléc
representing part of the permo-carboniferious sssioe of the Parana Basin - Brazil, such as thedei®ul,
Palermo, and Irati Formations. All samples wereugtbto a size smaller than the silt fraction (0.682) and
the ground sample measurements were made with £ BRE. EVOLUTION field spectroradiometer, type
SR-3500, which records the spectral pattern inntheelength interval from 350 to 2500 nm. Initiasuéis show
that the samples of each formation present disspetctral responses, even when they present venlasi
physical characteristics (Fig. 1). Spectral datioled through Principal Component Analysis (PCHAQws that
the samples are classified into three distinct gso(Fig. 2). This technique has shown to be effector
lithological differentiation, as the spectral refience is directly related to the chemical propsrtf the rocks,
which are distinct for each formation and too sailbdl be perceived by naked eye analysis.

Irati Formation Palermo Formation Rio do Sul Formation

Figure 1: Average spectral curves of siltstones ahadles organic of the formations studied.
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Figure 2: PC1 versus PC2. It is possible to notedhata clustering of each formation, mainly in P@lues.
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The temporal and spatial partitioning of strainviestn faulting and magmatism during continental kupahas
important implications for the development of theist- and upper mantle structure at rifted marging,
remains poorly understood. Late Neoproterozoic Ilbasdyke complexes emplaced into continental basgm
and sedimentary cover units in the northern Scavitim Caledonides represent an onshore-analogas of
ocean-continent transition. The dykes and theit haxks are largely unaffected by Caledonian de&tiom and
metamorphism, and are excellently exposed in thimensions owing to a combination of glacial disisecand
glacial retreat. Many of these outcrops of potdigtinigh scientific value remain unmapped, mainkgchuse
they occur along steep, up to 300 m high, ridgeglacier cirques in rugged mountain terrain thatargely
inaccessible for traditional field mapping. Comlnerrestrial and UAV-based structure from moti&iM)
photogrammetry provides an accurate and quick ndetifcobtaining high resolution 3D information ofcéu
outcrops with minimal logistical effort. SfM-derigepoint clouds can be processed to identify strattu
discontinuities, such as faults and lithologicahtawts, and extract parameters such as strike,thigkness,
density, and relative sequence of emplacementeofiykes. Based on this information, the historprofgressive
intrusion and tilting can be reconstructed, andahmunt of tectonic extension vs. magmatic dilatstimated.
To demonstrate the effectiveness of this approaehpresent a case study from a quarry in Lusatam@any.
Here, as in northern Scandinavia, several genexatié cross-cutting basalt dikes are exposed aowertical,
rocky cliff, but with the benefit of easy acceshipj permitting direct observation and verificatiof the digital
data with field measurements. To improve accuraog, to allow the extraction of oriented and scalath as
well as draping of independently-acquired speatedd, ground control points are established irsttene using
total station surveying. Multi and hyperspectrafad@ill potentially be used as complementary infation to
accurately distinguish composite dikes lackingrveaing screens of host rock.
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The Colorado Plateau in northern Arizona, USA, fi¢etndreds of solution collapse breccia pipes (SGB¥E
sinkholes (ROWN & BILLINGSLEY, 2010). These structures formed due to the diiealwf limestone, which
formed an extensive cave system. Eventually thingedf the cave failed and the overlying rock doed into

the void. If the collapse occurred immediately betbe surface, it formed a sinkhole; if it origiadtat a deeper
stratigraphic level, followed by an upward stoppimwpcess through the overlying strata, a vertidpelike
structure was formed (SCBP), which is filled withgalar to rounded fragments of broken rockefWICH &
TITLEY, 2008). Erosional processes started forming tlen&Canyon 5 Ma ago and exposed some parts of these
structures at different stratigraphic levels, ailogvthem to be investigated. Further, sinkholesnid in the
same strata and were studied as a means of pogsitgestanding of the original surface expressica 8CBP.

The best exposures of SCBPs are in remote clig#faand thus are not accessible. To study thesetigies,
close range digital photogrammetry, a remote s@rsichnique, was used for data acquisition. Phatogretry
is based on capturing two photos of the same aoga fwo different locations. Software packageshsas
Agisoft PhotoScan, identify identical referencemsiin each photo and accordingly intersect thds®gs to
create a 3D image. This, combined with high preaisopographic measurements recorded by DiffereGis,
allows the generation of correctly scaled and geoceaced 3D models from 2D imagery (Fig. 1).

Figure 1: 3D photogrammetry model of a canyon wWadm a side branch of the Grand Canyon in central
northern Arizona, U.S.A. The blue shapes indichte dcamera positions of the other side of the carfyom
where the photos were taken. The cameras werepsiet & specific way to create as much overlap assifibe
and to cover as much of the canyon wall as possilebtain a highly detailed 3D model of the canyaal.
The white arrow indicates the location of the SCBP.
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The final 3D photogrammetry models obtained of esqub SCBPs are highly suitable for post-processing.
Additional software packages, such as Maptek |-Sitel Maptek Vulcan, assist in the structural and
geotechnical analysis (Fig. 2) to investigate andpnkey geological features of the rock mass, sukh a
discontinuities (e.g. fractures, joints, beddingngs, etc.) and properties of the broken matezigl block size,
size distribution, shape, orientation, etc.).

Figure 2: Aerial view of the three major discontityusets from the northern and southern canyon svall
extracted from the 3D photogrammetry model (FiglreThe red/white dot indicates the location of 8@BP.
The pipe boundaries exposed in the canyon walilsesiro6° to 198° degrees parallel to the N/S tragdocal
fault sets.

The study has shown that the occurrence and dawelofpof these systems is structurally controlledllagcales,
while the surrounding lithology may also influeritbe geometry of a SCBP. Regardless of the locatiothe
Colorado Plateau, every SCBP and sinkhole examidedelops parallel or perpendicular to the trendhef
local fault systems and fails along the joint satthe host rocks. The jointing and changes insiheounding
lithology influences the rheology and failure beiloav of the rock mass, resulting in different sizewl shapes

of the broken material in the ‘breccia’ column. thar, the research is revealing different zonegaoficle flow
within the pipes, indicating that the genesis ofS&BP happened over multiple stages, and not as one
catastrophic event.

Acknowledgements: The authors of this study would like to acknowledgan Wood, John Dreier, George
Billingsley, Donn Pillmore, Matthew Germansen, t&@vajo Nation and the U.S. National Park Service.
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Rock fracturing affects directly rock propertiesy fexample dissemination of metals and pollutantshie
groundwater, thermal conductivity through watemfland rock stability. The purpose of the presentgtwas
to combine statistical analysis of fracture projsrtand 3D visualization tools in analysing fractgr of
Precambrian bedrock in southern Finland and, finadl build a workflow for fracture network modeifj. Laser
scanning technology is based on laser pulses seatlaser scanner and on precise positioning. Té@ohal
Land Survey produces an elevation model in grig &zan x 2 m from the laser scanning data. The acyuof
the elevation is £0.3 m in most of the laser scdnaeeas, and +0.3-1 m in minority due to vegetatibime
elevation model covers ca. 70% of Finland. The gsslogical data and low altitude geophysical nmaesfrom
the Geological Survey of Finland databases. Theyssites included Palmottu and Kopparnas areas.fifste
example area was Palmottu which have been studigdgduranium exploration phase in the early 1980d
later during the Palmottu Natural Analogue Proje294-1998 (AIONEN et al, 2004). The second example site
was Kopparnas also studied for nuclear waste imga&ins (AMSKELANEN et al, 2005).The geology of
Kopparnds and Palmottu areas are typical for southeland. The rocks are mainly composed of gemit
granodiorites and mica gneiss and are charactaligtimigmatic. The fractures and faults could biipreted
from the detail elevation models (Palmottu exampleéhe Fig. 1). The interpreted faults and fractufeom
elevation models and geophysical maps were comkinddvalidated using direct geological observatimos
outcrops and drill core logs. Spatio-statisticadlgsis of these combined fracture data were usédiiding 3D
fracture network. So, the final workflow for fractunetwork modelling includes spatio-statisticahlgsis and
3D visualization of interpreted fractures and fawlt

Wz

Figure 1: Palmottu site and digital elevation dgté National Land Survey of Finland). The visualiaatwas
done using ISATIS 3D viewer.
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The study area of La Cornalle (Vaud, Switzerlarsdd 40 m high south-west facing cliff which is afsot of a
larger landslide. The cliff is formed by an altdfoa of marls and sandstones. The thicknesses rafssane
layers range from 0.5 to 4 meters. The rockfalivdgtof this cliff is high, with almost daily evas. The aim of
this study is to better understand the links bebmexckfall activity, cliff structures, and weathand thermal
conditions.

Figure 1. Studv area of La Cornalle. Top: Picture of the cliff. Bottom: Fallen blocks between Januarv and April 2016

Figure 1: Study area of La Cornalle. Top: Picturktioe cliff. Bottom: Fallen blocks between Januang April
2016 detected on terrestrial laser scanning datset

120 rockfalls between 01/29/2016 and 02/22/2016
43 rockfalls between 02/22/2016 and 03/18/2016
31 rockfalls between 03/18/2016 and 04/08/2016

The 3D surface evolution of the Cornalle cliff wasnitored approximately every month since Septergbég
using a terrestrial laser scanning (TLS) in ordegét a monthly inventory of rockfall events. A \heer station
located 150 meters away from the cliff collectsadstich as temperature, humidity, atmospheric pressain,
solar radiation every 15 minutes since Novembei32@i the same time a thermic probe was also fikéadm
deep in the sandstone and measures temperatuselévaninutes.

To improve the rockfall dating and their relatioittwrainfall, temperature, freeze and thaw, we @taimn March
2015 a camera 275 meters away from the cliff te thkee pictures a day. These pictures are comparexkent
locations detected by TLS to obtain the date oheaent.
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Power law parameters for rockfall volumes have bestimated from rockfall TLS inventories. The expohb
is very dependent on the considered range of vallioaever for intermediate volumes, ranging fronowthl
to 40 litres and corresponding to 50-60% of thenééor each period, the exponent b is quite stafilea value
usually close to 0.3 (Tab. 1).

. Number of Volume Volume
Period oS 3 a b R
event min (m°) max (m°)
18 (15%) 1.10-5 0.001 83.496 -0.034 0.9171
%12’ /22%/ /22%11%' 76 (63%) 0.001 0.04 9.2505 0.371 0.9882
27 (23%) 0.04 1.09 2.3514 -0.748 0.9219
12 (28%) 1.10-4 0.002 17.754 -0.102 0.9415
%%//21%//22%]:]_%- 21 (49%) 0.001 0.02 4.2057 -0.324 0.9711
14 (33%) 0.02 5.73 1.5715 -0.508 0.8476
03/18/2016- 19 (61%) 1.10-4 0.06 19.4317 -0.173 0.8515
04/08/2016 22 (71%) 0.01 9.37 2.4691 -0.512 0.942
27 (14%) 1.10-5 0.001 136.79 -0.034 0.8721
%]i/%QSI/ZZ%]i% 115 (60%) 0.001 0.04 19.772 -0.329 0.9866
83 (43%) 0.01 9.37 4.9689 -0.69 0.9735

Table 1. Power law parameters.

Cumulative frequency and power laws

1000

Number of blocks with volmue >V
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Figure 2: Variations of parameter b in power lavaog of rockfalls.

. Cumulative frequency between 01/29/2016 and 08004/2
Small volumes

= Intermediate volumes

— Large volumes

A 3D model of the cliff is developed based on TLa&adin order to identify discontinuities, unstabteuctures
and to understand their influence on rockfall eseotation and frequency. A model of thermal vavia,
including air temperature, solar radiation, rockperature and thermal imaging is in developmemtstsess the
effect of temperature on unstable blocks and ciméning as demonstrated recently bgLONS & STOCK
(2016).
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Spatial interpolation is an essential tool in gésrspes. Often a limited number of observations, éeample
elevation or temperature measurements, are cortlintd interpolation is then used to estimate vaktes
unobserved locations. Kriging is a widely used k&stic interpolation method. Kriging calculates the
dissimilarities between data pairs and uses théioaship to determine the interpolation weightssuch way
that the estimation variance is minimized. Krigegjimates are relatively accurate and yield a #mphediction
error than estimates obtained with other interpmtamethods. An additional advantage of kriging paned to
other methods is that it also gives a quality dpsar, namely the kriging variance. However, krigirequires
inversion of matrices and can therefore be a coatipmally inefficient process when dealing withdar
datasets. A way to overcome this problem is theofig interpolation neighbourhood, a selected etubkthe
input points that are close to the estimation pomther than using all input points. The intergpiola
neighbourhood is often defined by an arbitrary nendif nearest observations or by a certain regiooral the
estimation point. In this study the use of natureighbours as interpolation neighbourhood is piteskrrhe
natural (or Sibson) neighbours of a certain esionapoints are the observations points of whichirthetial
Voronoi tessellation is altered by the introductminthat point. The use of natural neighbours cdadda good
compromise between the number and spread of inpiatspfor kriging. Two case study bathymetry datsise
from the North Sea are used to examine the potenttiaatural neighbour kriging and the suitabily the
method for different datasets with distinct signaisl configurations. A comparison is made betwegular
kriging and natural neighbour kriging. The intergd@n results are presented in an insightful waying
information about the contribution of the input msi and the distribution of the estimation errdrbe most
suitable adaptive interpolation grid is proposeddobon these quality parameters as well as the ggmmetry
of the data. Natural neighbour kriging is expectece a useful method for interpolating irregulasiyaced
datasets. The selection of natural neighbours naneiects the configuration of the input data, @atting for
spatial variations.

Number of natural neighbours per grid cell

Latitude
[=2]
(5]
wm

12 189 -188 -187 -186 -185 -184 -183 -182 -181 -18
Longitude

Figure 1: The number of natural neighbours per gcell that are used as interpolation neighbourhdod
kriging, generated for 100 randomly distributed qtsi(black squares).
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Recently, new developments in 3D high-resolutiocht®logy such as terrestrial laser scanning (TLS®) a
GigaPan provided precise 3D high-resolution dath@ened new prospects for structural studies. data of
outcrops can also be used to improve reservoirachartization and to integrate other field datagBLEY et al,
2010; HODGETTS 2013; AGADA et al, 2014).

The outcrop of the Ypresian carbonate at Oussedaitial Tunisia) consists of an important limestolik with
130 m thickness affected by fault systems and dracsets (GRRY et al, 2003). It represents a good marker of
tectonic deformation and the main hydrocarbon resein Central Tunisia.

In this study, we used TLS and GigaPans (high-te®w panoramas) to analyse quantitatively anditatisiely

fractures of the Ypresian fractured reservoir. \&eured the triangular mesh obtained from TLS deith a

high-resolution gigapixel panorama thereby creatinghotorealistic 3D model (Fig. 1A). This modelkes it

possible to see details the structures, and thgaltwulate the spacing between the fractures &taileld scale.
On the high-resolution panorama obtained with GaggRve observed in details the two major fault$ thald

the structures of horsts and grabens (Fig. 1B)as aiso possible to map zones with the presendeseils

traces, vuggy and dissolution figures on these (Ftp 2B).

Figure 1: (A) Photorealistic outcrop model of theis3elat CIiff. (B) gigapixel panoramic of the ctfiowing the
series of normal faults and (C) the high-resolutit#iail showing more vuggy and fossils traces.
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Coltop3D was used to identify different sets ofcdigtinuities and to measure their orientations. Jtnectural
analysis of Ypresian carbonate fractured resesioims 5 sets of fractures with different dips aipddirections.
They all strike in directions NW-SE, NNE-SSW, NE-2AWd ENE-WSW.

Using a photorealistic model, we measured appraxiypd 20 fracture spacings, ranging from 1.75 ni@om.

The distribution results show that the majorityspficing is characterized by log-normal distribuioexcept a
set which is characterized by a negative exponedtsribution. Moreover, coefficient of variatioof the

Ypresian reservoir ranges from 0.501 to 1, thisilitesshow a set fracture is distributed randomlg #re other
sets are roughly evenly distributed.

Figure 2: Analysis of fracture orientation of theus¥elat Cliff (Ypresian age). The image on thedefiws the
3D view of TLS data displays the fractures orieota detected using Coltop3D. The image on thet shbws
the stereonet obtained by the point cloud selected.

The results of virtual outcrop are also complemertg fractures observed from the 3D seismic datee T
comparison of results obtained from the virtuallagae of Ypresian carbonates reservoir and 3D seidata
shows similarities between the major structureshsas the geometry orientation of faults/fractuaed their
distributions combining digital outcrop and the seeic data makes possible to reconstruct the fractur
evolution of sedimentary basin from the Upper Gretais to the Pliocene. This kind of study is alseful for
flow simulation in fractured reservoirs.
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This paper aims to analyse dynamic processes opoond dunes based on transport directions of texbell
remnants of barchans/barchanoid migrating on bamitiadunes. This research was completed alongahst of
Ceara State in NE Brazil, just south of the Equaldre coastline of Ceara is 573 km long comprising
headland-bay-beach morphology with sandy beach wmyats that serves as a source of sand for the vast
inland coastal dunes predominantly WNW directiongmaiion. The tropical climate of Ceara state is
characterized by wet and dry seasons, stronglyénfied by the displacement of the Intertropicalv@ogence
Zone (ITCZ) that determines the dominant wind aaidfall regime for this region.

We used satellite imagery and panoramic photograplscate the studied dunes. Imaging on diffedates
allowed for the monitoring of the dune stretch pesg and morphology. Detailed photography was tged
analyse the internal structures of the dunes. Aaaliynamics were inferred by analysing the aedhi#ernal
structures of the dug trenches and their relatipnsfth the surficial morphological features. Tréaes were dug
to reveal the bevelled remnants of compound duloesaifferent directions.

The dip angles and directions of aeolian sets werasured using a Brunton compass and an iPhoneassmp
and clinometers. Dip angles were also checked bgsarements made directly from the digital photolysap
The trenches, interpreted aeolian internal strestuand morphological features were positionedgusiRS data.
Detailed photos of the sections were taken to teigibe internal structures for digital analysis.

Large welded and contiguous barchanoid dunes deasize the study area. Most of the dunes are cdveye
smaller barchanoid and barchans (Fig. 1). The weldempound barchan/barchanoid fields usually cover
individual areas exceeding 1000 hectares and megsmore than 7 km wide and 2 km long.

The complex internal structures revealed a setipfditections ranging from 230-345Az and apparepsd
ranging from sub-horizontal to over 34 degrees.(Big A combination of large barchanoid dunes veithall
barchanoids/barchans is responsible for the demaop of migration directions with more than 90°vibetn
two different dip directions, although these duaesfrom unidirectional wind pattern.

Combining photographic data with measurements efinternal structures indicate that the zigzagtoréshe

barchanoid migrate, thereby cutting and filling weces of previous layers are dipping in differdingéctions.

Portions of the dune crest can travel further devimd to produce a type of detached dull dune that$ to
migrate perpendicular to the main wind directiohisTmay be related to the partial burial of a dubering the

process, the partially buried dune will have anhstiaucted arm that suffer a vortex, influence whédeourages
the dune arm to migrate toward the centre on thgidg dune (Fig. 2). On large compound dunes il

relatively common for a dune slip face to migrateund the W direction, while simultaneously accompd by

another slip face migrating to the NNW or SSW. Ehebservations are consistent with the observesiusiaze
structures.
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Figure 1: Compound dune. Small barchanoid dunegatiigg on the large one with about 300 meters védded
230 meters long and 30 meters high. Ceara StaggiBr

Figure 2: Small barchanoid dune (in the top of phétame showing aspect of barchan) on large barcidn
Highlighting a ridge approximately perpendicular tee centre of dune slip face. This crest migraéesling
perpendicular to the main direction of the winde$doto details for migration brands with differefitections
(on the middle down) and its sections shown inttbaches (on left and right), as well as projectioof its
layers and dip directions.

Acknowledgements:The authors thank CNPg/Programa Ciéncias Seméirast(CsF) for financial support, as
well as UQAM and LABOMAR-UFC for logistical support
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Environmental pollution has a crucial impact on thlity of human life. In Italy, after the Legitile Decree
152/2006, the environmental risk assessment haseemandatory for contaminated lands such as bieldsf
and dismantled industrial activities.

In Campania, a detailed regional geochemical asssysbased on concentrations in different matefails
topsoil, vegetables, human hair) was carried ouh whe aim of assessing and ranking risks for thll
population.

For the purposes of the present study, a total5@53topsoil samples have been collected acrossviide
regional territory based on a grid of 4 kim the urban areas and 16 kim agricultural areas. The concentrations
of 52 elements has been determined at ACME Anallytiab. Ltd (Vancouver, Canada), by means of anaAqu
Regia extraction followed by a combination of ICFSNNd ICP-ES methods.

A new approach has been applied to assess/rankoemeéntal risks at regional scale by using geoapati
analysis and GIS to translate a European-wide éedapethodology for the preliminary assessmentusfidn
health risks at single contaminated sites to soregiscale.

The methodology chosen as a reference for theasskessment procedures is the PRA.MS (Preliminaky ri
assessment model for the identification of probéaas for soil contamination in Europe, 2005). ¢wihg the
PRA.MS guidelines, a conceptual model for the huimgalth risk assessment for the Campania regiothé&ais
based on four different exposure routes: 1) dispersf contaminants in groundwater, 2) in surfagges, 3) in
air, 4) direct contact with the contaminated mdgials). The source, the pathway and the receptoedch of
the exposure route are scored on the base of atimti®e or qualitative analysis of some featuring
characteristics (parameters).

Slope scores
B 44 (>8%) CH
126 (5% - 8%)
118 (2% - 5%)

B9 (<2%) 0 50 000
neters

Figure 1: Slope parameter scores map for Campaegian, obtained by the DTM 20 m.
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A total of 14 representative parameters were cholsased on the available regional data for Campaina
example is shown in Fig. 1, where the 20 m DTM afrpania region is used to create the slope mapefaihe
parameters representing the pathway for the digpesf contaminants in the surface water. The mas w
reclassified, according to the PRA.MS, in four skss of score, assigning the highest score to thleeki
gradient of the slope (>8%). Starting from thesepeeters values, the information is aggregatedgioeh levels
in several steps, adopting a mixed additive andiptigiative algorithm, up to the overall risk scoffRA.MS
Application Tier 2, 2006). The final risk map (Fig) is classified according four classes of riskisTmap is
useful to identify the problem areas, characteribgda higher risk, where more detailed analysis toabe
carried out.

The identification of the problem areas is necesdar developing an efficient monitoring system arud
produce a ranking of the risky areas to be used mference in determining the development of uaetion
plans, for better addressing the resources dedidatéhe environmental remediation of widely conitzated
regions.

Gulf of Salerno Sele River

Risk scores %
[ 30 - 65 High risk S
[ 120-30 Moderate risk
[710-20 Low risk

[ 1-10 Verylow risk |o

50 000
1meters

Figure 2: Risk map for Campania region.
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Outcrop analogues are well-documented to play aiaruole in resolving facies-scale heterogeneftst tis
unresolvable at seismic scale, and provide gre#egeometrical control than well bores (e.g.ERANDER,
1993).

Traditional geocellular models are populated byirdedi the geometry, directionality and size of &xi
proportions through manually measuring object disiems and/or variograms from outcrop analogues or
‘borrowed’ from seismic surveys (e.goARES 1993). Building geologically-realistic reservanodels is limited

by the quality of available geological data and ititgerent limitations of the modelling algorithmaibogram-
based techniques frequently fail to capture compkexmetries, while object-based modelling failadequately
integrate dense conditioning datasets.

Multiple point statistics (MPS) is a property mdidej technique based on representative traininggen@ 1)
(STREBELLE, 2002). A Tl represents a conceptual numericatmigson of the geology and should represent all
of the expected heterogeneity in the reservoir ugtlely. Geometries and spatial configurationscapgured by
the statistics of neighbouring nodes rather tharatialytical statistics of an experimental variogrdo date the
MPS methodology has been hampered by a lack aildeifTls, and Tls are often produced on a caseabg-c
basis based on the subjective criteria and expegiexi the modeller. As MPS simulation is dependamt
conceptual training data, constructing represeargafis of the reservoir under study that maintampatibility
with available seismic and core data is a key ehgk; especially in 3D. 3D Tls are vital for theaswuction of
MPS realizations demonstrating 3D connectivity.

Recent advances in digital outcrop techniques, sisclidar and photogrammetry, now permit rapid &ition

of high resolution 3D virtual outcrop (VO) model¥O models provide a hugely underused source of
quantitative and qualitative information for guidil generation, and provide a balance betweenompiaite
subsurface representation and conceptual geolagicdél.

Figure 1: From virtual outcrop to TI for Multiple dint Statistics.

A 149x220x80 metre semi-deterministic static resgrnodel of Bolea, Ebro Basin, northern Spain wasated
to assess a new workflow for deriving Tls from wat outcrops. The construction of the reservoir ehadas
based on the architectural building blocks of obsdrsedimentological and structural component feoMO
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(sensu BLLIAN et al, 2005; ENGE et al, 2007, BICKLEY et al, 2008). The final facies model was composed of
c.1.2 million cells (c. 2.4 million metr@s With the modelling focus at outcrop and resarsoiale, uncertainty
between data densities is minimal and the concegptatic geological model can be transferred diyeato a Tl

for MPS. The Tl was used to generate 25 unconaitioMPS realizations to characterise uncertaintylenvhi
keeping ergodic fluctuations between realizatiana tminimum. Realizations were checked visually asitg
connected bodies and drainable volume to test thadidity in comparison to the original Tl. Realigas from

the TI sufficiently capture and reflect the facgmometries and statistics observed in the origit@land TI
respectively. VOs have been shown to have sigmifipatential to guide TI creation.
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so so il
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ElcConnected volumes for Realization 18 [Elconnected volumes for TI Bolea Reservoir Model

Figure 2: Above: Analysis of connected volumefa realization. Below: Comparison with TI.
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We trial software for automated mapping of strugkwtiscontinuities in well-jointed Early Cretacecdslerite
sills which intrude the Triassic succession of @arpitsbergen in the arctic archipelago of Sualb&he sills
are emplaced within an interval currently beingeistigated as a storage unit for potential, G&questration
(SENGER et al, 2014). The study focuses on augmenting or ré@gjaexisting manual field based mapping
techniques e.g. the line intersection methadg8AL & GUPTA, 2010).

(I

Discontuity surfaces

1% Area Contouring N =882

Figure 1: A) Photogrammetric outcrop model off ae@rceous dolerite Sill intruding the Triassic Swgsten at
Elveneset, Central Spitsbergen, Arctic Norway. Bjo&hened 3D surface model (mesh). C) Discontinuity
mapped mesh. D) (i) Poles to 882 discontinuityame$ with 1% area contouring and (ii) Discontinugigts
identified.
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Geo-referenced photogrammetric outcrop models eremted (using Agisoft PhotoScan) from a series of
overlapping images acquired with a ffrthme DSLR camera with built in GPS unit. The thdémensional
surface model (mesh) is imported into PlaneDet&GE et al, 2013) for automated extraction of discontinuity
information. The software, (which was originallyvééoped for engineering geology applications) agpla
workflow including; surface smoothing, edge detmttiand masking, discontinuity identification, and
discontinuity set clustering. The software alsow# a stereonet of discontinuity orientations codoluby joint

set family to be exported, an image of the thigrensional model with each mapped discontinuitpaed by

the set family, and a text file of discontinuityiertations for use in external stereoplot applarati

The automated discontinuity mapping of the Cretasedolerite threglimensional outcrop is summarised in
Fig. 1. The study compares the automated methold tivi¢ traditional 1D line intersection methods sean
lines. Benefits of the automated process includeenstatistically reliable measurements with siguaifitly
reduced directional bias, reduction in time reqiliisequiring data and the ability to remotely cdlldata from
inaccessible areas, especially with the aid of U#Wne cameras. Disadvantages may arise when applleds
well-jointed outcrops, where higher resolution nmede smaller areas are required. In addition,-n@athered
out discontinues are not measured.

The automated discontinuity mapping method will dhdnuge time saving potential for outcrop basedtdirac
modelling and allow for far greater sample sizagtlier trialling is required in order to determiwhere the
method will fit into future studies, i.e. as a cdimpent to existing techniques or as a replacement.
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Many minerals contain water either as part of tegincture (-OH bound to cations) or as unboundmatesent
between the clay sheets or adsorbed onto the egrfaic mineral grains. The wavelength and depthQH -
absorption features provides diagnostic informatidrout mineral chemistry, enabling many mineralséo
mapped and quantified on geological outcrops usiyierspectral imagery. Geological outcrops can bahi
variable amounts of moisture caused by sustainegage of groundwater or the channelling of runédhg
certain topographic gradients. The complex intgrpteetween mineralogy and moisture has important
implications for the stability of geological outp®m

Hyperspectral imagery (900-2490 nm) and lidar degae acquired from a road cutting in the Pilbaras@rn
Australia. The road cutting was characterised bsaltaand shale units that had become weatherethaeq
Hyperspectral imagery was calibrated to reflectamgeéhe empirical line method using calibrationnstards of
different brightness (15% and 60 % Spectralon).hHigsolution field reflectance spectrometry (35@@%5m)
identified diagnostic absorptions of kaolinite (218m and 2206 nm), nontronite (2288 nm), Mg-Fe ritdo
(2258 nm and 2352 nm) and gypsum (1750 nm and A&1)0 After the hyperspectral and lidar data were
spatially registered, the wavelength position aegtld of mineral absorption features were identifiedn the
former using Automated Feature ExtractionUf®Hy et al, 2014). Gypsum was quantified using ratio of
reflectances (1675 / 1750 nm) to quantify the isiigrof the absorption caused by sulphate at 1#B@Fig. 1).
Absorption by water at ~1910-1970 nm was approx@ahdty using a ratio of reflectances (2017 / 1967 aim
wavelengths on the long-wave slope of this featiiae were less impacted by atmospheric absorpisreHY,
2015). To minimise effects of noise, the ratio wakulated from a™ order polynomial fitted to the reflectance
curve between 1961 and 2134 nm. Two maps describaigr absorption were created. The first descrihed
total amount of water absorption (i.e. absorptiae tb water bound in minerals and free water orsthiéace of
the outcrop). The second map described absorptionaber for areas of the mine face dominated byenails
that do not contain water as part of their struetiwe. kaolinite and chlorite). Thus, this secomap quantified
water absorption caused by increased moistureeautface of the outcrop.

Nontronite

Sulphate (gypsum)
\;Q,i‘ h:;

Chlorite

Kaolinite

Figure 1: Quantitative mineral maps constructednirdhe depth (intensity) of the deepest featureaiche
spectrum.

Absorption features associated with sulphate (gypswnontronite, kaolinite and chlorite were suctabs
identified in the imagery (Fig. 1). Kaolinite wagetmost abundant mineral and was widely distribaidss the
outcrop. Mixtures of kaolinite and gypsum were gisesent. Absorption by water on the outcrop wamdoto
be highly variable (total water absorption is shawfig. 2).

Results from this study open up the possibilityusing hyperspectral imagery to estimate amounteaier
absorption on geological outcrops and partitioritrigto maps describing, respectively, free waterrélated to
the mineral structure) and bound water which is@n¢ as part of mineral structure.
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Figure 2: Map of the total absorption by water deapover a lidar point cloud.
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In order to systematically map and to assess thartiaand risk induced by unstable rock slopes imdg,
several remote sensing methods are routinely umezh as airborne and ground-based lidar and sataltid
ground-based InSAR. Traditional photogrammetry frainborne pictures taken with calibrated cameraase
sometimes used, but is limited in terms of resoluind acquisition frequency.

To complement these methods, which all have thieengths and limitations, new photogrammetric téghes
using consumer-grade cameras seem to be promlsishged, numerous pictures can easily be acquiredgiu
field study from the ground, from a UAV or from elicopter. In addition, historic sources might lsed, such
as old field pictures taken by geologists or publavailable touristic pictures.

Photogrammetric models can be used in the conferdal-slope failures to support the mapping otabdity
by looking at the geometry in 3D, for the structurharacterisation of the rock slope, to build @metrical
model or to measure displacements by comparingotwoore models acquired at different time. Whesoihes
to a UAV, apart from the photogrammetric modelsdssed above, the pictures can help by showingfapec
features of the instability that are not visiblerfr the ground. In this study, examples taken fraffergnt site
are presented, looking especially at the site dmmdi required to build a relevant photogrammetradel and at
the model quality.

In the specific context of rock-slope failures, fgyrammetry is challenging due to particular caods. For
example, the large dimensions of the featurestef@st complicate the acquisition. Indeed, picttiagen from
the other side of a valley would need to combinagifocal pictures (taken for example using an aition
panoramic head) with short-focal pictures to caistthe blocs. However, the lighting conditions expected
to change during this long procedure, which congpéis the construction of a model. In addition, uke of a
UAV in such a context is also challenging in thegard. Indeed, multicopter UAVs, which permit piesito be
captured from a relatively stable platform with @madir angle, are limited in horizontal and \eatirange,
both by their performance and when local laws negai constant visual contact with the UAV. For thes
reasons, better results have been obtained usotgres taken from helicopter, which is possibldghat case
since many unstable rock slopes in Norway neeca teehched by helicopter anyway.

Figure 1: Distance of a point cloud obtained witisalSFM (B) to a mesh obtained with Agisoft Phosos
(A). Both models use the same pictures. The mesiden roughly scaled and oriented using measuresmen
taken in Google Earth, and the point cloud has bakgned to the mesh and scaled using the ICP #lyor
implemented in CloudCompare. The relatively larggtashces from the point cloud to the mesh illustrite
difficulty of measuring millimetric to centimetriisplacements.
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When it comes to monitoring deformations, the aralke is to detect small changes (millimetric totioegtric)

that may occur over large areas (Fig. 1). This iregwa particular attention to the model qualitd @an only be
assessed in case of strong local gradients (efgrndation localised on a fault plane rather thaffude

deformation). In addition, the presence of vegetatften complicates the analysis and the corefémgnof

different point clouds.

The use of old pictures not specifically takengbotogrammetric purposes has proven to be ineffidie most
cases. Indeed, the large dimensions of the featdrieserest needs a systematic approach and @uspittures
are hardly ever covering the whole area. Furthegemibre combination of field pictures taken on thetability
with pictures taken from a distance is generalffialilt due to a large baseline. In addition, titeswith a large
coverage of publically available touristic pictuisgjuite uncommon, and, unlike for architectunadjects (e.g.
SNAVELY et al, 2008), the date of the picture is important whemmes to monitoring.

For all these reasons, photogrammetry brings samepossibilities to rock slope instabilities mappisince a
3D model can easily be obtained and support thepmgpbut is still challenging to apply for the nikmning.

However, due to the fast developments both in iglds of photogrammetric modelling and UAVs, thésels

will certainly bring new possibilities.
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Accurate models of fracture surface roughness &eyanput in modelling of transport in shale gasarvoir. To
achieve an expected spatial accuracy ofih) we have developed our own micro-photogrammeirstem and
a tailored workflow. Important issues that ariseiny measurements are:

1) Sampling resolution: dense enough sampling is &elidy using a Canon 5DS R 50Mpixel camera
with removed effect from the lower pass filter. Tdwound pixel size is 4.1 um on objects of a sikze o
36x24 mm, with magnification 1:1 (real object simbject size on sensor).

2) Depth of field (DOF): due to a very narrow DOF iaeno photography (in our case we estimate it to be
less than 1 mm), which is mostly related to foealgth and distance from photographed objects,go th
best of our knowledge, there is no hardware methatlallows to take photos with magnification 1:1
and DOF of 2-3 cm. To resolve this difficulty, wseuthe focus stacking approach, which builds on
stitching a set of photos with a moving DOF. We higghly accurate displaceable rail (Cognisys Macro
Rail) that allows photos with DOF at different pdgnto be acquired while the camera is moved with a
minimal step of 2um.

3) Image distortion: image distortion poses a chakeiby photogrammetric reconstruction. We use a
Canon EF 100 mm f/2.8L Macro IS USM lens, whichnatively characterized by low distortion.
Furthermore, we calibrate our system by measurimg) then removing distortion from a series of
experiments based on imaging regular patterns.

4) Texture features: to increase poor textures ofeshatks we use laser-based Osela Random Pattern
Projector to project a pseudorandom dot patterrBgIBdots) on measured surfaces. Our intention is
not only to increase textural features, but alseremte stable marker points that are used to Itdd
characteristic point cloud (sparse reconstruction).

The objective of this study is to present microtplgoammetric hardware system based on a cameratetban

a displaceable rail coupled to a pattern projedt.will show how specific routines based on fostasking are
needed to build models with required accuracy agales The roughness of reconstructed fracture ceirfa
models will be analysed using our own Matlab seript
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Understanding heterogeneity in aeolian reservoir amogues using
virtual outcrop models

Colm Piercé’, John Howefl & Holger Reiké
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Key words: lidar, reservoir model, UAV, dune, interpretation.

Geological outcrops have long been used as anadguederstand the geometry and architecturelsfistace
hydrocarbon reservoirs. Aeolian (wind-blown sarehervoirs are understudied in this respect becteseare
typically considered to be relatively homogenouswever, at deeper burial depths (~5 km) these %awtk
sand” become extremely heterogeneous at a rangeatds from the laminae (mm) up to the bedset gsigis
scale (metres to kilometres). Such heterogeneityoistrolled by primary facies distributions and hding
surfaces (both related to parent sand dune morghaad migration). This complexity becomes impattahn
depth where relatively subtle facies contrasts esenpounded by environment-related and burial-rdlate
diagenetic processes which often accentuate rétheroverprint primary facies heterogeneitiesL(§ 1982).
Virtual Outcrop (VO) Models have been used in tlearsh for more predictive rules on aeolian facies
distribution. VOs have been gathered from fouriditive aeolian systems (spanning a wet to dry afin
continuum) across the Colorado Plateau, USA (RigThe studied outcrops range from Permian to dicas

A C
e <1 Virtual Outcrops
Salt [
# Lake

| City

NEVADA

Figure 1: A) Location Map showing virtual outcropudy sites (numbered 1-4) on the Colorado Platéighe
VOs shown are; 1) The Early-Mid Jurassic Navajo mation (a dry erg system), 2) Mid-Jurassic Page
Sandstone Formation (a mixed dry-damp coastal ettng), 3) The Mid-Jurassic Entrada Formation (dam
wet coastal erg) and 4) The Permian undivided Cu@mwup (mixed fluvial and wet ephemeral dune sy3te
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Each locality has been selected to provide the maxi degree of 3D exposure (i.e. avoiding simpleigiit
vertical cliff acquisitions) making them ideal farvestigating large scale aeolian bedform architect The
digital outcrop models were gathered using teriadtdar combined with ground based and in somrsesdJAV
(drone) acquired images. The models range in $aatec. 0.3 to 1.2 kfin area.

In each case the VO is supplemented by traditibelal data including graphic logs, petrophysicahgéing and
laminae scale measurements. The synthesis (Figf ®)is multiscale investigative approach has afidwhe
rapid assembly of a large volume of quantitativéadspanning foreset to system scale. The abundaihce
guantitative data allows for more accurate recowfibn of parent dune geometries and hence revised
depositional models. These models in turn allowaanore detailed reconstruction of facies distiduin 3D
away from the outcrop control points.

Rubin and Carter 2005

Virtual outcrop + outcrop data

e
N
Qs

Mediumand
large scale
models

.....

......

Small scale models

based

upon petrophysical
properties
combinedwith
geometrical data

Improved geomodels as training images for MPS

Figure 2: Workflow diagram showing the initial datallection combining outcrop samples, graphic |l@gsl
virtual outcrop moving towards modelling of theeirgreted parent dune morphology and finally repréatve
geomodels at various scales conditioned from tlaél@we outcrop sections.

Geocellular models have been built at the micrai¢fs), meso (bedform) and macro (system) scales @i
These were conditioned in each case from the figlth and a revised depositional model. The mede-sca
models were produced using a combined methodoldgghree-dimensional quantitative, bedform forward
modelling software (after BBIN & CARTER, 2005) to produce training images for multi-poatatistics. The
models were then be populated with the petrophlysiata and used to determine Representative Elainent
Volumes for the different scales of heterogeneiithiw the system.
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Observing ground deformation phenomena: High resoltion
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We present the activities of the INGV High ResdaluntiTopography Lab, focussed on the use of highlugsa
topography (HRT) from different sources (airborrdat scanning; ALS, terrestrial laser scanning; ;Th8d
structure from motion photogrammetry; SfM) to supifibe study of landscape evolution and naturahlids

As a first case study, we present the preliminasults of a workflow consisting of SfM photogrammgefrom
low-altitude (Fig. 1), low-cost aerial platformse(tkite, motor paraglider and unmanned aerial MekicUAVs)
coupled with TLS, aimed at obtaining multi-temposabl high-resolution digital topography datasetsedécted
active faults in the Central Apennines (Italy). $badata are of critical importance to: 1) enabfine-scale
identification and mapping of fault geometry andpdaced geologic/geomorphic markers, supportingvect
tectonic and paleoseismic research; 2) monitor segpdedrock fault planes for the quantitative ssedyof
near-fault shaping due to surface processes, ukefuhe validation of techniques that estimatég-iste and
paleoseismological record on active faults on thsebof cosmogenic exposure dating methodsil(S8GENHAUF
et al, 2011); 3) obtain pre-earthquake imagery necgsgadetermine near-fault ground deformation after
future surface-rupturing earthquake; and 4) allestgearthquake documentation of surface ruptures.

Figure 1: SfM-derived dense cloud acquired fromedildite: a portion of the Roccapreturo bedrock taplane
(Central Italy).

Furthermore, the use of ALS-derived bare earth DEM®sw~ved an improved identification and characistion
of geomorphic markers. As a second case study,resept a revised mapping and classification ofntlagine
terraces in the Capo Vaticano area (Calabria -Ifeontltaly), on the basis of the work ol€C1& TERTULLIANI
(2006).

In addition, ALS data are critical to produce aatarinundation maps for different sea-level risenatios. Here
we present a preliminary assessment of the imgdasgalevel rise for a densely populated and higinbanized
area SW of Rome (Fig. 2), where important infrattriees and lifelines are located.
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(b)
(a)

(c)

Figure 2: Sea level rise model on low — gradienastal area: (a) the Fiumicino coastal area (the lded red
line defines the maximum flooding distance for a-lesel rise of 2 meters); (b) and (c) representriicino
town (Black box in (a)) before and after the floag)i
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The Mediterranean coasts of Provence-Alpes-Coteudl Asouthern France) are bounded by several hdsdrie
kilometres of cliffs. Yet, despite urban expansa@ang cliff edges, cliff collapses hazard have aoréceived
very little attention from scientists. Even locaksage recession rates are currently unconstraimedjuantify
cliff collapse hazard, laser scanning has estaddistself as a reference tool in the last decade .t vertical
face of the cliffs precludes quantification fronarstiard airborne lidar scanning, and the absenaxmpdsed
coastal platform, because the micro-tidal regimesdaot expose platforms at low tide, precludes eotiwnal
terrestrial laser scanning. Instead, the emergehceobile laser scanners aboard a boat appearacatential
option to quantify relief changes. This presentatious describes (i) the use of a boat-borne mditde system
over a stretch of coastline a few kilometres lo; explicit quantification of point cloud changgetection
thresholds; (iii) the projection technique usedflaiten a sinuous cliff face with a set of matheoadly

developable surfaces; and (iv) geomorphologicaliigance of detected changes.

Three surveys were performed by two different sobt@ctors, in February 2011, December 2011 ang Jul
2012 along the 3.5 km-long cliff of Carry-le-Roy&éb km west of Marseille) (Fig. 1). Laser point sipg was
improved over time: 1 pt/10 cm, 1 pt/9 cm and B pth. A high point cloud density was achieved bgsiagy
multiple times in front of the cliff and navigatirag closely to the cliff as safety allowed.

To quantify geometric precision, five static homogeus areas, 9 m2 to 22.5 m?, were used, i.e. plaaks
located above the cliff face. These walls, georoellsi modelled as best-fitting planes, served tarabterize the
internal point cloud precision on a statisticalyewvant point samples n>1000 pts. It revealedrbernal multi-
pass registration quality, survey positional accyrand the inter-epoch topographic change detedhicshold.
Change detection was quantified as the, very ofiste] 99.9% percentile of points-to-best-fittinigpes. Rock
scars were thus considered detected when cloutbtntdistances were larger than 17.9 cm (epochs D).t
13.4 cm (epochs 3 to 1), 13.2 cm (epoch 3 to 2) @atches of 10 cm x 10 cm in sizelyGANO et al,
submitted).

The planform geometry of Carry-le-Rouet cliffs teasinuosity of ca. 1.6 (4.51 km coastal length &/82 km

in straight line (Fig. 1a). Sinuosity voided theuaassumption of cliff planarity and complicateattars for
interpreting point clouds and results. A projectioras designed to transform the 3D cliff face into
mathematically developable 2D figures made of guutus vertical planes and cylinder arcs (Giuligbal,
submitted).

The average erosion rate of the Carry-le-Rouefsctibmes as 8 mm Vr In detail, a rock fall scar inventory
counted 14900 erosion patches with volumes sparfoimgorders of magnitude, from 2.8x1@° up to 65 m.
Eroded blocks are mainly thick, 21 cm on averagbjclv we interpret to reflect cliff fracturing. When
normalized for surface area, “marl and sand” lay®&tiocene) (Fig. 1b) are three time more sensitoverosion
than conglomerates or limestone layers. Erosionmastly focused in the lower part of the cliff (Fitg), with

a maximum of erosion exceeding 15 mrt wt 3-4 m above NGF-69 datum. This maximum of emsit low
elevation suggests perhaps that erosion reflectigggr marine processes than subaerial ones dthniag
investigated time span.

From the rock fall scar inventory, an empirical atxge power law was adjusted to relate rock fadirsmlume
to annual frequency: F = a V-b, with F being theaepted annual frequency per kilometre of cliff,hé tvolume
of a block The empirical exponent b fitting the moviaw function came out to be somewhat superiot,to
which is highly unusual for rock fall hazards knoetsewhere. Such high b value means that far moadl s
events occurred during that time span than largek falls. For now, we attribute this observatiorthe short
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span of the study which may have sampled too litt falls with volumes larger than 1G.n®verall, rock fall
hazard is quite low with only one event bigger tH&nn? expected per year and per cliff kilometres. This i
nevertheless compatible with field observations nehihe largest known event on the commune occurred
2008 and had a volume of the order of 560 m

Finally, because boat-borne laser scanning is qerestve survey solution that requires the convergesf
narrow navigation conditions on top of bringingetiger many different technologies, each proneitoréain its
own way, we computed the empirical surface-volunedationship enabling to convert the probability
distribution function of rock fall scar areas iragrobability distribution function of volumes. Thelationship
also takes the form of a power law: V ="av@th V being the volume of the eroded block anisSurface area.
a =-0.64; b = 1.06. In this way, sets of scaledtpgraphs can be used to measure the area ofathccérs at a
given time and infer the volume distribution. Thisa means to easily access coastal hazard inflermatthout
expensive full-3D lidar survey
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Figure 1: Case study of Carry le Rouet where repédioat-borne laser scanning surveys took placevdst
February 2010 and July 2012. a. Localisation ofdstsite, note the sinuosity of the coastline; bff Gection
orthophoto interpreted for lithology; c. Erosionteaprofile for cliff elevation with the proportiofor each
lithology. Erosion is focused on the lower halftleé cliff with a maximum at 3-4m above NGF69 dativiatls
and sands layers are most prone to erosion.
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From photorealistic outcrop models to synthetic semic images
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Digital modelling of geological outcrops has becomidely used over the last decade, due in partit@iaces in
data collection hardware and processing softwahigiwhave resulted in greater accessibility to dewrange of
geoscientists. Digital outcrop models provide tpat@l framework for linking the topographic repgatation
with other application data, such as field phofzemels and logs, and serve as the basis for ietetjpn and
guantitative analysis. However, an important areangoing research is how 3D spatial can be integravith
other imaging sources, such as multispectral amebdspectral imaging, thermal imaging and terrdstedar
interferometry. Furthermore, incorporating geopbgbkdata with high resolution spatial data allotws bridge
between 2.5D (topographic surface modelling) tol fBD (internal structures) to be realised, aiding
understanding of the subsurface and the resolgépnbetween digital spatial mapping data and loesolution
seismic methods.

In this contribution, we present a workflow for geating synthetic seismic images from seismic-sdajéal
outcrop models, as well as novel visualisationallimv geoscientists to appreciate how outcropsgaulogical
features can appear in real-world subsurface gsttifihe base digital outcrop model is used asrdmagwork
for interpreting geological structures and facisig polylines and polygons to define zones. Thasethen
projected as a texture to an orthorectified plaame used as input to ray traced seismic modellirBpOMTE

et al, 2015). Interpreted zones are given seismic aokl properties based on analogous facies in theusfaze
(e.g. HODGETTS& HOWELL, 2000), which can be easily varied to allow difer seismic imaging scenarios to be
assessed. The generated synthetic imagery is iathdrack onto the projection plane in the digitalcoap
interpretation environment for comparison purpos$eésally, the synthetic seismic image is overlanaanew
texture layer onto the digital outcrop model, wsghatial position matching the original interpretati Graphical
blending of the modelled seismic texture layeu€BLEY et al, 2013) permits geoscientists to easily appreciate
how geological features are represented as paresrgteh as velocities, model depth and ray angkesaxied.

A case study is presented from Edgegya, Svalbard.

Acknowledgements: The authors acknowledge an internal grant awaainfrUni Research CIPR for
developments made to the LIME software during tbgearch project. Aspects of this work have beaddd by
the Research Council of Norway and Tullow Oil Nargendin Norway, Statoil Petroleum, Edison Norgel an
Dea Norge through the Petromaks 2 programme (Naath, project number 234152).
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High resolution glacier monitoring over Nigardsbrea, Norway,
using a GoPro camera and an acrobatic plane
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High resolution digital elevation models (DEMs) ameeded for many applications within glaciologyctsias
change detection, modelling and the estimation atewresources. Current methods used for datareafsuch

as lidar) are however in most cases prohibitivelgemsive. Given the rapid rates of glacier meltivgr the
previous decades, data can quickly become out @& dedvances in computer power and image processing
techniques have allowed structure from motion (Stthniques to be used to generate DEMs from queirig
imagery. Here, we show the workflow and prelimineggults from a flight over Nigardsbreen in Norwalyere

a GoPro camera was used to collect many hundredsesfapping photos and generate a high resolsah-
metre resolution DEM). The results are compared wit2013 lidar campaign. Over exposed ice, sufficie
contrast was available for a high level of imageahiag; however on snow covered terrain it waspussible

to match images. We therefore recommend such mgpsna relatively low-cost method of glacier volume
change monitoring for the ablation area of ice mass
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Photogrammetry with DJI Phantom 2 drone: 3D model 6an area
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This presentation describes an experience of mgppigeological feature in the Venezuelan Andes withJl
Phantom 2 Vision Plus drone.

The Venezuelan Andes are characterized by the mressf a major lineament, the Boconé strike-slipitféhat
intersects geomorphic features modelled by thetafiaciation. This fault is oriented SW-NE andegxts more
than 300 km. Its motion has displaced various leags features that cross the fault, in particulély “Los
Zerpa” moraine system, located a few km NE of duality “Apartaderos”. This moraine formed durirng tlast
glaciation that ended 16,000 years ago; its nantkiprcrosses the Bocono fault and is displacedrh@0wards
NE; this corresponds to a rate of movement of 6 year, which is consistent with GPS measurements.

An area of 400 by 600 m was covered over the mersyistem, acquiring a total of about 300 imagehl wiDJI
Phantom 2 Vision Plus drone, with two flights of 2finutes each. The images were processed with
Pix4Dmapper software, generating a merged georefecemap and a 3D digital model.

The analysis of the 3D digital model has permittedlearly identify various geomorphic featuresatet! to the
interaction between the Bocon6 fault and the merdieposits:

e Tectonic scarps identifying the fault trace;

e A 90° sharp bend of the stream running down theigjlaalley, where it gets deviated along the fault
strike;

e The 100 m dextral displacement of the lateral nm@siand glacial valley as they cross the fault;

* Two terraces witnessing past periods of fluvialllinfithin the glacial valley, later eroded wheneth
fault activity opened a fluvial escape through tilgét lateral moraine;

« The abandoned fluvial valley that used to draintifzgaine system before it was breached by the.fault

The 3D model has allowed representing geologicakepts that were described in literature in the,pas
particular:

« The geometry of the fault trace, marked by therdrgé pattern and tectonic scarps, and its strige sl
movement;

e The drainage evolution, through phases when theiajlaalley was filled with sediments and later
breached by the fault activity, with subsequensieno of the previous deposits.

In conclusion this experience has proven the bepéfusing this technology in geological fieldwoitdaving
represented the area of interest as a digital mbdslallowed testing geological concepts in tldiegensions in
a much more effective way than with the classicesgntations of two dimensional maps and sections.
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Figure 1: Reconstruction of the fault movement Wigning the topographic elements (moraine crests,
abandoned drainage system) on either side of thié fa

Figure 2: Reconstruction of the original drainaggstem, before it was disrupted by the fault agtjwitith the
glacial valley filled with sediments and the rifkawing out through the frontal moraine.
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Considerations and limitations
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Advancements in geophysical equipment have providedurvey community with lighter and more depldga
technologies. Among other advantages, UnmannedalA¥¢ehicles (UAVS) benefit from the lack of necégsi
for an on-board pilot. UAVs can be purchased wijitianal accessories, such as a global positionéwicd, and
with the advent of automation technology, thesdaheatevices can fly a survey autonomously basedaon
programmed flight path.

Prior to combining new lightweight geophysical emuent with autonomous flying devices to undertake
surveys, considerations on multiple levels mustriaele. The cost of UAVs varies by several effectactors;
however, payload capacity is possibly the most i@t one when considering the purchase of a UANckv
can result in thousands of dollars per pound ofqaay With an ever increasing focus on field sagfatyd cost
efficiency, alongside the development of smalled Aghter weight geophysical equipment, it is agprate to
use UAVs in airborne surveys.

Airborne geophysical surveys are traditionally desid as orthogonal grids, flown at low altitudegpi@x. 80-
200 meters above ground), using on-board sensaoneésure various physical properties relevant tongiand
oil exploration, as well as Governmental reseafdte sensors vary in size and are being developégdome
more lightweight and smaller to account for easdagfloyment. This developing ease of deploymeneély in
tandem with easy of flight with ever excelling UA®chnology.

Geophysical sensors can be fitted to UAVs to coltta at high rates and stored on board a smatiane
module on the UAV itself. In addition to sensotifit, UAV array setups can also be an option, wimeuéiple
UAV systems can be flying in formation to collecttd, each sensor bearing its own respective cortitxinaf
geophysical equipment.

Currently, radiometric, mini-gravimetric, and matjaesystems can be carried by higher end fixed-vang
rotor-craft drones, and given the increasing emiteaa moderately sized (50 x 50%nsurvey block on
relatively flat terrain can be conducted withineasonable timeline.

The elimination of human collateral, and the dowimgj of survey aircraft, theoretically allows forone daring
investigation at potentially lower altitudes, andhahigher vertical tolerances. For example, theent average
vertical tolerance for fixed-wing aircraft is 5%agtient, and for rotor-wing is 30%. Modern UAV systeare
able to go beyond these tolerances in tougher tapés, such as the Norwegian fjords, and gathee mor
accurate data.

The future holds much potential for unmanned aimbogeophysical surveys, and sensor technology is
progressing at an impressive rate. The marriagg”df technology and sensor technology within thelmeaf
geophysics can be very valuable to service prosided clients, providing those involved with easibtained,
robust data.

Acknowledgements:| would like to sincerely thank the coordinatorslahose responsible for the VGC 2016
Conference for giving me the opportunity to presagptwork and to share my experience with otheending.
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A case study of the Cornberg Sandstone
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The abandoned sandstone-quarry Cornberg is arandisgy geotope in the Federal State of Hessen, &grm
as it is for geoscientific experts as well as foteiested laymen of international importance siReemian
sandstone deposits host footprints of Permianlespéind amphibians which worldwide are known framya
few more spots. Furthermore, the local marine sedtmof copper shale contain a variety of marissifs. Due
to the great view into the palaeozoic Earth’s histthe Hessian Agency for Nature Conservation,imment
and Geology (HLNUG) chose this outcrop as Hessaotape of the year 2016.

Exposed are sediments of the Permian Rotliegend Zawthstein. The Rotliegend terrestrial sediments ar
composed of conglomerates at the base and a qoaapitl versatile natural sandstone, the speciaédac
“Cornberg Sandstone Formation”, on top. The fossé+ing Copper shale “Kupferschiefer” marks theitnégg

of the Zechstein transgression. It is the distirctinarker horizon indicating the marine transgmssind the
shift between terrestrial Rotliegend deposits talsamarine Zechstein deposits, respectively. Theinmar
limestone “Zechsteinkalk” of the Werra Formatiorihie youngest Permian deposit of the geologicalesece in
this section.

To adopt new approaches in promoting and presemsiich a geotope and to get people interested iloggo
the HLNUG decided to start a pilot project in coimn with the working group Geoinformation of the
Technische Universitat Darmstadt and the City off@erg, which is the owner of the geotope. Withtibp of

a small unmanned aerial system (sUAS) and a DShR,area is completely photographed, followed by
photogrammetric processing to develop a three-déineal model. The model consists of three leveldetdils.
One similar to a bird’s eye perspective for a gaheverview of the whole area. Another zooming itfite three
outcrops of this geotope (Fig. 1) and the thirdrgiimpressions of selected sections in high deltaithe next
step, the model will be imported into a 3D-datababéch also supports web-based visualization witthimg
but a conventional browser. In addition it is irded to add descriptive annotations in order toarphe main
features that can be seen. Due to such a datajssepes like this will be preserved in its curremdition and
can still be presented after erosion has takeremathe owner cannot afford the upkeep any longer.

Figure 1: Photorealistic model of one of the threetcrops acquired by aerial imaging using a sUASI an
photogrammetric processes.
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Making the Arctic accessible: The use of digital oterops in
research and education at 78°N
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The University Centre in Svalbard (UNIS) is Norwayfield university”, offering BSc, MSc and PhD-lglv
courses to students in natural sciences since lestaplished in 1993. Located at 78°N in Longyeanhyhe
administrative centre of the Arctic archipelagdSefilbard, UNIS is strategically placed in a geatagparadise
comprising exceptional outcrops of the post-Devonisgdimentary succession. Approximately 60% of the
archipelago is covered by glaciers, with the reingitand area exposing spectacular outcrops lamgpid of
vegetation. The stratigraphic and tectonic histofySvalbard shares many similarities with the Btgeshelf,
thus outcrops on Svalbard are often studied a®gnas to offshore petroleum systems. In additios outcrops
serve as direct analogues to local subsurfaceetklattivities, including coal exploration and proiion,
hydrocarbon exploration GQtorage (e.g., BAATHEN et al, 2012). These outcrops form the backbone of field
based education at UNIS, both in the snow mobiketaspring season and the boat/walking-based summer
season. While the high-quality outcrops provideutdstic link between other subsurface data (eigeline or
core data from boreholes, geophysical data segs;1fyi working on Arctic outcrops poses some spebiigh-
latitude challenges, including a 4-month long dsglson, extensive snow cover for large parts oj¢le, steep
and often inaccessible cliffs, high logistical dithncial cost, and harsh Arctic conditions. To rmagne some

of these challenges, we have been active usersodém virtual geology techniques since 2008 andthise
opportunity to share some of our experiences ih bducation and research.
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Figure 1: Outcrops at different scales. Left: TyiSvalbard outcrops during spring (above) and s@mm
(below). The upper image illustrates good exposira dolerite sill exposed for ca 10 km at Wallengffjellet.
The lower image is of the Longyearbyen CO2 lab @amgservoir near Deltaneset, where outcrop studies
complement borehole data. Right: Summary of dats ically used in subsurface characterization, &
function of the vertical and lateral resolution. ©rop studies on Svalbard are designed to complémmasting
subsurface data within the indicated spatial rangégure modified from Matt Hill (Agile Geoscience)
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Figure 2: Overview of the digitized outcrops acguirby UNIS and partners in Spitsbergen since 200&.
outcrops cover a range of geological units, teatosettings and outcrop scales. Base geological prapided
by the Norwegian Polar Institute.

Initial applications of virtual outcrop methodsWiNIS involved the acquisition of costly helicoptesrne lidar
scans which were used as a basis for studyinggbmetries of sedimentary and structural features\mariety
of geological settings (Fig. 2;U8KLEY et al, 2008). The Botneheia 3D model (Fig. 2), foramste, was used to
map and quantify the nature of the igneous intnssieithin the Longyearbyen G@ab reservoir (BNGERet al,
2013). The same data set was also used to quainéifgedimentary heterogeneity of the target aquifet tie
sedimentary logs together. In addition, the datheeame an integral part of numerous UNIS BSc faoyects
as well as MSc theses. An additional lidar-based@farop model of Mediumfjellet (Fig. 2) was useadarily

to visualize and quantify the structural featuregdent in the West Spitsbergen fold-and-thrust .bilore
recently, 3D outcrop models have been construcsatyyphotogrammetry, acquired both onshore (haxdbel
using drones) and offshore in Svalbard’s fjordorffrsmall boats). Typically these models are used fo
guantifying the large-scale geometry (i.e. “seisstale outcrops”), to plan the field activity antbsequently to
tie detailed field observations (e.g., sedimentags, structural measurements, photographs, salopdgions
etc.) directly to the outcrop. Such outcrops ase alf key importance for onshore-offshore correfaithrough,
for instance, forward modelling of seismic data(eLEcomTE et al, 2015). In addition, detailed high-resolution
and georeferenced photogrammetric models of smalitarops are used for both automatic and manuaraia
fracture mapping, such as at intrusion-host rotérfaces. Current work at UNIS is focussing on mjting the
integration of the virtual outcrops with other su# (e.g., geological and topographical maps, |gatehages,
sedimentological) and subsurface (e.g., seismighmes) data sets. To conclude, we have a broaeriexce
of using modern virtual geology tools at numergpatisl scales to make full use of the opportunitifered by
Svalbard’s unique geological exposures.
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Terrestrial laser scanning (TLS) technology hasetigped significantly in recent years and is inciregly used

in fields such as geomorphology, city managemedt structural monitoring. For many applications, ridpes

are detected between, say, two scans obtainedtreresame scene at two different times. Traditigndliese

two scans are aligned into a common coordinatesysising a so-called registration method. A disathge of
such an approach is that this registration stepdnoices additional errors in the processing flomother
problem is that any registration method requiremescstable targets or features, while in practicesit
unfortunately often not guaranteed that even targgaced by surveyors remain untouched between two
different scans.

To overcome these issues we propose instead toazengorresponding baselines extracted independently
each of the two scans. Here a baseline is definetl 3D line segment connecting two points in o stwo
baselines from different scans are corresponditiiely connect the same features. As features wepeoto use
two type of points. First, target points identifibg spherical or planar targets as placed by tineegor in the
scene and, second, so-called virtual points, whiea the 3D location of a feature that is well-rgoizable from
the 3D scan data. What virtual points are suitdelgends on the particular scene that is considered.

This proposed methodology is illustrated to detdanges on a masonry building during seismic tgstimainly
for monitoring purposes but also to be able to ®xhange information for further structural as@y In this
case, as in most cases, target points are easifyified in the scan data. The extraction of virfp@ints requires
more work. In this case we choose as virtual pdihés centres of bricks. In the building scan, ordl is
available that is expected to be stable, whilelzgrovall is actually cracked during the seismidites

The extraction of virtual points starts with sepiama of mortar and bricks in the scan data usingndans
clustering of the TLS intensity attribute. Next,imtoclouds are segmented and 3D virtual point locet are
estimated at the brick centres. Given both theltiaguarget points and virtual points, baselines eonstructed
as indicated in Fig. 1. Finally, by comparing cepending baselines from the two epochs, chang¥s ¥hand

Z direction of a suitable structural coordinatetsgsare extracted.

—

Fixed wall

Figure 1: baselines between feature points in glsirscan, here illustrated by a photo of the scanseene. On
the left a brick wall that gets damaged by seisisting, on the right a brick wall that is assuntede stable.
Baselines are constructed in a single scan andataequire registration.
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As a validation, results are compared to resutimftraditional methods. That is, for a traditioapproach, scan
data is first registered in a common coordinatetesys Next, cloud-to-cloud distances and cloud-tsime
distances between the aligned points clouds arastztl. As a mix between traditional and proposethod,
also baselines connecting feature points from idiffeepochs after registration are added to thepeoison. As

a first benefit of the proposed method we were #bidentify a target that was apparently movedhbyexternal
agent early in the processing workflow. A detaitathlysis of the change results will be presenteithénfinal
presentation. To summarize, the proposed methaal new, alternative approach for change detectian th
eliminates an often unnecessary registration stégta associated errors.

Acknowledgements:We would like to thank the China Scholarship Cauf@€SC) for enabling Yuegian Shen
to study for one-year at the Department of Geoseiemd Remote Sensing, TU Delft.
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lidar data in reservoir modelling software
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This study is located in a half-graben on the seurthmargin of the active Corinth rift in Greece wha thick
unit of alluvial/fluvial sedimentary rocks outcroprevious studies suggest that this thick sedimgniait is
related to syn-rift deposition during the early gets of rifting (FORD et al, 2013). However, outcrop
characteristics such as growth strata and syn-dépad unconformities that would support this imgestation
are not clearly visible. Therefore, the main ohjecfor this project was to utilize light detectiamd ranging
(lidar) data combined with field data to build ansistent 3D model that allows better understandintie thick
unit of alluvial/fluvial sediments filling the hatjraben.

The lidar data utilized in this project (Fig. 1)vers an area of approximately &z and provides full 360°
coverage of the alluvial/fluvial sediment outcréetrel E&P was used as a platform to trace indadidayers,
interpret faults, measure thickness variations@lodividual layers, estimate dip and dip directafrindividual

layers, determine angular relationships betwecfergift parts of the outcrop and to correlate lagaress the
mountain. Fault interpretations, unconformities ambter observations derived from field mapping vedso

integrated as a part of the Petrel E&P dataset.

Surface
Elevation depth [m]
o 1400.00
1200.00
-
~1000.00

Figure 1: Left image overview of coloured LiDAR mocloud, right image represents DEM surface o#itlid
point cloud with elevation contours. Green and agw points towards the north.

Interpretation and analysis of the dataset indidhtd both faulting and complex internal layerinfy tbe
alluvial/fluvial sediments dominate the outcroptdral thickness variations occur both in the n@adlith and
east-west directions, this further complicatesealation over any significant distance. 3D strudtanadels were
created to analyse different interpretations andpare with the actual outcrop; Fig. 2 is an exangblene of
the models created. The level of detail captureithén3D model because of the lidar dataset maplessible to
group different layers in the outcrop and relatemho distinct phases. As a final result, geoldgicastraints
are established for better understanding the halben infill and structural evolution of the infill
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Figure 2: Top image displays structural model réshibttom picture with index filter to display imtal skeleton
of model.

Acknowledgements: Utmost gratitude to the University of Stavangerfimding this project through the
“Petroleum Student Fund”. In addition, a huge ttgatk Heidelberg University in Germany for the licdkata
supplied for this project and for helpful adviceaiighout processing of the lidar data.
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An array of ten sedimentary basins of Upper Traagie outcrop along the steep cliff section ofKkalpynten
peninsula (Edgegya, Svalbard, Fig. 1A), formingaale+class locality for studying the sedimentaty df half-

graben and graben basinssf@NDSENet al, 2014). A series of 5000 geo-tagged photograpliseo® km long
cliff section were taken and used to create a 3dsional photogrammetric model (Fig. 1C). The primam

of the study is to investigate the gross geometith® syn-kinematic packages with emphasis on #tara and
style of the sedimentary fill and growth faults.

(A) o (B)
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Figure 1: (A, B) Location of the study area on Edge Svalbard. (C) Kvalpynten photogrammetric model
(upper, vertical exaggeration 1,7x) and interprétat (lower) produced in the LIME software, showitem
sedimentary basins exposed in the lower part ottife Two potential basin correlations across theninsula
are marked with blue and purple in (B).

Integrated field studies (sedimentary logging atrdcsural measurements) along with remote measureme
from the photogrammetric model allowed the creatidna three-dimensional model of sedimentary facies
distribution. Based on photogrammetric model intet@tion, two potential correlations of a singlesiba
(Fig. 1B) across two orthogonal cliff sections wareestigated. Field-based sedimentological anectiral data
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analysis helped to establish a unique interpratatibere the individual basin is identified in bathtcrops based
on similarities in faults activity with respect iaterpreted flooding surfaces (blue, orange and liees
(Fig. 1C). The three-dimensional model of faciesoamation distribution illustrates variation alotige fault
strike formed in response to the differential disglment along the basin-bounding faults.

Analysis of the large-scale geometry provided tg photogrammetric model in combination with fielaskd
observations results in better understanding oflihee-dimensional syntectonic sedimentary architecwithin

an extensional basin. The position of Kvalpyntesits at the edge of the Svalbard archipelago mikas
perfect location for offshore correlations with Bats Shelf Triassic deposits.

Acknowledgements:| would like to acknowledge all participants ottEdgegya 2012 and 2014 field parties,
and to thank Simon Buckley for providing the Kvafpgn photogrammetric model. This study is parthaf t
Trias North Project hosted by University of Oslaldonded by the Research Council of Norway, Tulloi
Statoil, Lundin Norway, Edison Oil and RWE Dea.
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A newly discovered succession of Paleoproterozatamolcanic rocks from a remotely located pariMest
Greenland (71°-72°20°'N) was investigated using @ip@mmetry. Stereo-images were collected during
fieldwork using hand-held cameras deployed fronpatbhelicopter and on foot walking along outcropse
presented data is part of a larger dataset (appedgly 25,000 oblique stereo-images) collected ndui
regional assessment of the zinc mineral potenfith® Karrat region. We used a structure from no{(sfM)
approach for tie point generation using the comimékersion of Agisoft PhotoScan. The raw image ahas
were imported into the 3D StereoBlend photogramimetftware for triangulation and subsequent sterepic
feature extraction and geological interpretatioR.SGdata collected together with the images durieighviork
were used as a first approximation to the absqgbatsitioning while subsequent refinement of the aliso
positioning during the bundle adjustment were ot@di by pass points collection in monochrome aerial
photographs. The meta-volcanic succession is exlpiosa steep cliff side of the Kangilleq Fjord aisdoartly
inaccessible (Fig. 1).

Metavolcanic rock

o Fig. 2

Figure 1: Image (point cloud) showing the Kangigpleormation meta-volcanic rocks at QangatarssuagsiV
Greenland. The meta-volcanic rocks are found inmals synformal structure as highlighted by the wHihe.
Inset box indicates the approximately position iof. 2. Field of view is approximately 3000 m and ttiff rises
from sea-level to approximately 1100 m above sed.le

Images collected from helicopter and boat were tsedap the overall structure of the area whilemlgination

of images taken with a small low-cost digital camand a tablet camera was used to document clodetajis

of selected outcrops in the more accessible parthefarea. This is illustrated in Fig. 2, which wBoa

reconstruction of some of the primary pillow sturets that are found preserved in the area. Theptes data
illustrate how digital imagery can be utilized ti@ently map an area that would have been othsewvdifficult

to investigate. It also illustrates how the digifaka can be used in efficient planning of subsegfieldwork to

be conducted during 2016.
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Figure 2: Image (point cloud) showing a close-uprasentation of a succession of relatively wellsgreed
pillow-lava found in the steep cliffs of Kanigill&gprd.
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Regional geological 3D-mapping in Alpine terrain: A example of
a large obligue image-block from West Greenland
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The geology of the Karrat region (71°-72°20°N) We&stenland was investigated in terms of its zinnaral
potential. The studied area is remotely-locatediardharacterized by steep alpine terrain withaw@d00 m of
relief that in many places is completely inaccdssilbhis makes fieldwork an extremely difficult kawhere a
successful outcome is highly dependent on remaehsed observations in combination with reconnacesa
observations.

The logistical platform during fieldwork consistetla boat, which served as a base camp, and hidicsgpport
for day excursion and putting out field camps. #swlecided, in an early stage of the planning phasmllect
stereo-images whenever possible and with the maipose of geological interpretation. This resuliedhe
collection of a unique dataset with around 25,0@ligoe stereo-images (Fig. 1) acquired during tiedd f
campaign that lasted one month.

Figure 1: Image showing the image stations (blastsfof the large regional oblique image-block.

The images were collected from helicopter and lisatg a handheld calibrated Nikon D800OE (36 megapix
digital SLR camera equipped with a fixed Carl Zdigstagon 35 mm lens. The images were typicallyectéd
in a linear fashion parallel to the cliffs at vargi distance when travelling between locations. Télative
connectivity between the images was establisheagusistructure from motion (SfM) approach using &
PhotoScan. Although not originally planned for,réhés sufficient connectivity between individua¢isto-lines
to combine individual lines (up to around 100 kmleéngth) into an interconnected framework of stdiees.
GPS data collected with the images were used teflee models in absolute space and the largeusbiigage-
block covers around 13,000 knThe images were subsequently imported into 3BeS&iend from Anchor Lab
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for refinements of the bundle adjustment and sulbseigstereoscopic feature extraction of key hoszand
correlation between fiords. The area is structyratimplex and deformed. An example of this is giireRig. 2.
Once key horizons have been mapped, the area wdtitdately have to be structurally-restored usifngy 3
modelling software.

Figure 2: Photorealistic representation of the Katrrisland, West Greenland. Field of view is appneaiely
10 km and the peaks in the central part have avatiien of 1100 m above sea level.
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Mapping mountain-scale thrust zones using photogrametry:
Examples from the French Alps
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Recent advances in photogrammetric technology Heamatically facilitated acquisitions of high residn 3D
geospatial data for geoscience and geoengineetidies at multiple scales, from rock specimen talszape.
Modern photogrammetry techniques only require Behitinfrastructure, while offering high portabilignd
acquisition of high quantity data in a short tifBeological field surveys are one area expecteciefit from
the technique. High-resolution 3D scenes recontdicby photogrammetry techniques can provide
visualisations for better understanding of the 3ure of targets of interest, whilst also provididgnsely
distributed data that, together with directly olveer additional field data, can be used for buildgsplogical
interpretations and models. Incorporation of mod#ratogrammetry techniques with field surveys igegaasy
and has great potential to enhance performandeedurveys particularly in inaccessible terrains.

Here we report a case study of mountain-scale fiedghping executed in the Western Champsaur bagn, S
France, using ground-based photogrammetry. Tha bdsveloped as an early Alpine fore-deep basilocated

c. 20 km northeast of Gap, and extends approximdlkm from east to west and 6 km from north tateo

The basin is filled by Eocene-Oligocene turbiditeccessions, the Champsaur Sandstone that overlies
transgressive Nummulitic limestones and hemipelagarls. The Champsaur Sandstone displays complex
structural styles of faulting and folding througlelixlayered sandstone-shale sequences that aremfialg to

map by conventional field survey. During two weekgieldwork across the basin, over 9,400 photohsapere
taken by a handheld digital camera from 133 grooedtion points, georeferenced with a handheld G#®.
photographic images were processed within the sp#wPhotoScan Pro to build 3D landscape scenes. The
constructed photogrammetric models were then inepomto Move software to map faults and sedimentary
layers. Georeferenced field data was integratemtimt model (Fig. 1), so that geological crossigastand 3D
geological surfaces could be produced.

The photogrammetric models built provided morphglagd texture of the landscape at metre resolutitwch

is sufficiently higher than free digital elevatiomodel data and detailed enough for understandiagtituctural
style of the thrust zone at a scale of over 100Pwlylines of sediment beds and faults traced on the
photogrammetry models allowed interpretation ofseymlo-3D geometry of the deformation structures, an
enabled prediction of dips and strikes from inasitie field areas, to map the complex geometrigh@fthrust
faults and deformed strata in detail. Although|lmliate planning for data acquisition is mandaiargrder to
achieve a good coverage and resolution of photbgrép create a complete model, the use of photagetm
techniques can add great value to geological faldeys.
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Figure 1: Structural mapping of landscape model omstructed using ground-based photogrammetry
techniques. Disc symbols (green and yellow) shouctsiral data collected during the field surveyuéllines

are the traces of sedimentary layers and red lnegsesent fault traces.

Acknowledgements: This study is based on PhD research project fudmedNPEX CORPORATION at
University of Aberdeen.
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Across spatial scales: Snow depth from combined
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Direct snow depth measurements are sparse, edpeciaémote areas. We present a method to retobispdy
derive snow depths from ICESat satellite lasensdtry for its operational period (2003-2009) by gamng the
data with high-resolution digital elevation mod€BEMs). The study site is the Hardangervidda platea
southern Norway. Hardangervidda is the largest n@nnplateau in northern Europe. Globally consisten
ICESat surface elevation measurements with cirdadlatprints of 70 m in diameter are compared t@nmefice
elevations from DEMs with different cell sizes &reive elevation differences (dh). Three DEMs aeduThe
SRTM DEM (90 m spatial resolution), the Norwegiaational DEM (10 m), and a high-resolution lidar DEM
(2 m). dh are expected to be zero for ICESat's sfreer campaigns. Snow cover during ICESat's winter
campaigns typically results in positive dh whiclirespond to snow depth.

We find that snow-free dh are distinctly smalleraithigh resolution lidar DEM is used than in casdhe
Norwegian National DEM or the SRTM DEM. High residm DEMs for small areas do not have the spatial
inconsistencies of lower resolution reference DEMsresult of the typical spatio-temporal mergifigliéferent
datasets to cover larger areas. The DEM biasedefational and global DEMs exceed ICESat elevation
uncertainty by an order of magnitude, and are {fmaiging the accuracy of the method, rather thac8at
uncertainty.

ICESat-derived snow depths from winter dh agreg vegll with measured and modelled snow depths @ th
Hardangervidda area, but only if samples are grdugmatially and into elevation bands. Using thehhig
resolution lidar DEM, even single footprints shoery good agreement with measured snow depths fn@m t
same year. The lower uncertainty allows for fingatgal resolution of ICESat-derived snow depths. By
combining elevation data across spatial scalesertainties in snow depth estimates or other ICE®aitred
parameters can thus be greatly reduced. Good yjuaférence DEMs may still be acquired in futuremin
areas where no such data exists today.
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Figure 1: Snow depth from ICESat laser satellitetei surface elevations compared to reference éleva
from high-resolution airborne lidar.
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Mapping geological structure on mountain-scale
photogrammetric models generated from national surgy vertical
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Mountainous regions such as the Alps offer excelilesight into 3D geological structure due to thextreme
topographic relief and good bedrock exposure. Sithee steep and rugged mountain landscape is often
inaccessible to fieldwork, structural interpretatiof detailed photogrammetric 3D terrain models peovide a
good alternative to conventional mapping methodga(@ing imagery for photogrammetric reconstruci®not
easy, however. Complex flight paths and large eakftand horizontal distances involved in coverihg t
mountainous terrain, in addition to strong windsl amstable weather greatly complicate image adiprisby
UAVs, whereas renting commercial aircraft is oftea costly for academic research projects.

For our structural analysis of the central KamnipsAof northern Slovenia we used vertical aeriatpfraphs
originally acquired by the Surveying and Mappingtarity of the Republic of Slovenia for surveyingrposes.
Image resolution is 17310 x 11310 pixels and cpwading ground coverage is approx. 3.7 x 2.5 knh wit
~25 cm ground resolution. Our 7.5 km x 4.3 km stadsa is covered by 27 images acquired in 2 flgtips,
ensuring a high degree of overlap between the ima@ée processed the images with Agisoft PhotoScan
structure from motion photogrammetric software enerate textured surface models of the terrain. @ue
predominance of steep cliffs reaching 300-400 rhdight and high terrain ruggedness we generatetethan
model in arbitrary 3D surface mode rather than EMDmode. The resulting model was generally verydyoo
Gaps in the surface mesh occur only at isolatdfisgdctions which are near-vertical to vertical,emas for the
rest of the steep cliffs both the 3D mesh andélktute are completely satisfactory.

L it | fmf.ﬁg_r ;: ]
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Figure 1: Photogrammetric model of the central Kakn&lps with aerial photo positions (view from tRerth).

We exported the textured 3D surface to MVE Moveiddtiral interpretation software, which in versioblg
added support of arbitrarily shaped textured mqdelgreat improvement over previous versions forking
with photogrammetric models. Move software offersaage of digital mapping and interpretation tofus
mapping of traces and surfaces of faults and gteggthic boundaries and determining dips of strattplanes.
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Photogrammetric model analysis was complementedjdnreferenced geological field data acquired along
mountain trail transects, mainly using the MVE EiMbve software application.

Figure 2: Small-scale pre-tilt conjugate normal Rsuinterpreted from the photogrammetric model VB
Move software. Cliff height is ~150 m.

Our work demonstrates that vertical aerial photplgsaroutinely acquired by national survey authesittan be
successfully used to generate textured surface Imofidarren rugged mountainous terrain, which lsarcost-
and time-effectively used for rapid structural mpietation and mapping, particularly when they are
complemented by field measurements and observations

Acknowledgements: We thank Midland Valley Exploration Ltd. for suppig us free licenses of Move
software through their academic licensing progréerial photographs used in the study were kindigvjmted
by the Surveying and Mapping Authority of the Relubf Slovenia. Academic license of PhotoScansaft
is made available at significantly reduced priceNgysoft LLC.
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Suitability of terrestrial lidar and digital photog rammetry for
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Quantitative fold structure analyses at differecdlass are essential for deducing deformation meéshenand

the reconstruction of the deformation history obgens. However, not only the field surveying ofdfol
structures, especially in view of their quantifioatin three dimensions with the classical toolsrasasuring

tape, grid mapping with measuring tapes, geologioatpass, field book and camera is a time-consuraimy

laborious job, but also the construction of a glwe:ced 3D model of fold structures based on iclakdata.

Another crucial aspect of the classical field sying of folds is the limitation by poor outcrop abtions.
Reasons might be restricted or no accessibility tdubigh outcrop walls, water or fences, limitedibility
because of vegetation, difficult measurability daevery smooth walls or complexity as a result roégular
outcrop walls or distant outcrops. Furthermorepprapriate oriented outcrop surfaces in respedhé¢ofold
geometry can make a survey even worse.

Over the past years, modern 3D surveying technitjkegerrestrial lidar and digital photogrammebgcame
progressively affordable for geological fieldworkdanow start to complement or replace traditionathuds.
We started to utilize these techniques on foldcstime surveying and to apply quantitative fold stuwe analysis
on different outcrop settings in Central Germaniffdbent workflows were developed and tested tarjzie

data conversion, handling and representation.

We applied a laser scanner and a single lens reflmera, complemented by a differential GPS deaticklaser
tachymeter. Data conversion, correction and arglysre done by means of different free as wellbasroercial
software packages. To test different outcrop siinat different quarries, salt mines and steegs¢léxposing
from single fold to complex folds in limestone, gneacke, cherts, rock salt or potassium salt, welected.

As a result, exact 3D point clouds of all exposeldd could be generated by the use of both tecksiquhe
resultant point clouds are suited as excellentalisation objects as well as base for accurate gtaral
measurements in the range of mm or cm of singlecanaplex folds. In addition, the point clouds seageinput
dataset for the construction of detailed geologi8Bl models comprising punctual, linear and plankl fo
elements.

In summary, terrestrial lidar and digital photograetry are excellent field techniques to survey dadument
exposed folds in the range of few meters to tensetiers, especially under poor outcrop conditi@ifferent
fold sections can now easily be correlated in 3Bcepto construct complete fold structures withrt3& fold
geometry. Certain fold elements, e.g. axial plages, be reconstructed much faster and much mongratec
compared to the classical approach. The only limitiactors are the very large datasets and theepsot
power.

As next steps, we seek (1) to involve drones fanmleting datasets from inaccessible areas and geieps
and (2) to incorporate 3D microfabric analysis datéhe fold models as e.g. grain shape and ciggtaphic
preferred orientations to better understand spaths and deformation mechanisms.
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Use of terrestrial laser scanning data in monitorig
anthropogenic objects and landscape elements
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Laser scanning has become one of the basic toafsgs movement researchgdYEDOFF et al, 2012). Data
from laser scanning is applicable in geomorpholddpnsoYEDOFF et al, 2012), hydrology (MAN, 2009),
forestry (ALBERTI et al, 2013), archaeology, hydraulic engineering anddgéc engineering (CZEK-
PEPLINSKA et al, 2014). It is worth noting that when surveyingfaoes, glacier movement, landslides or
engineering objects both terrestrial laser scanfiihg) and airborne laser scanning (ALS) are used.

Geometric comparison of TLS point clouds registeiredlifferent time periods is a multifaceted taskieh

requires bringing the data to a common coordinggdéesn and proper selection of the input point céouehctors
such as point distribution, dependent on the digtdmetween the scanner and the surveyed surfagk ah
incidence, required scan density and intensity ejahave to be taken into consideration. Quality accuracy
assessment of analysed data from periodic measntgmbtained through TLS in the form of point cleus a
prerequisite for running a correct analysis. Unifomeasurement precision on the whole analysed obhjet
uniform (or close to uniform) distribution of poinbn the surveyed surface are necessary in ord@atotain
high reliability of the results. Due to complexidfthe mentioned factors, as well as the charatiesiof carried
out measurements and properties of scanning institiinis impossible to obtain a reproducible, amf cloud.

Results of surface deformation analyses of two aibjare presented below: anthropogenic — a conerater

dam — and natural — the front of a glacier. Despitmpletely different characteristics of the two both cases
similar methods of statistical and geometric arialgsd intensity image classification methods wesed. This
underlines universality and broad range of possiblgication of the used solutions.

Fig. 1 presents a superimposition of an image fleced laser beam's intensity value colour rarfggncarea of
a concrete dam's downstream wall (impounded watezl labove 40 m), map of point distances from tadit
plane presented in colour range and a photographiieoanalysed test area. The presented superitigrosi
shows that when assessing the condition of a sudae should make use of information from variougees.
Using interdisciplinary source data analysis asseht is possible to classify what type of treaththe surface
should be subjected to. By analysing the intensitgge one obtains information of surface stainibtyd
colour) and the existing seepage (red colour). A peesenting point distances from a fitted planevioles
surface information on possible deformations (dasjt protrusions), whereas photography allows fisual
verification of the results.

Intensity , -,

Distance
from the
surface

Photography

Figure 1. Superimposition of intensity image, mdppoint distances from a fitted average plane pnése in
colour range and a photography of the analysed aedh.

A selected area of the intensity image and defaomanap is highlighted in Fig. 1, in black. By aygihg a
smaller area and by selecting an individual colamge for it a better, more detailed informatioliained on
the area in question. When analysing the wholecglearea, it is not possible to detect a craclclvig clearly
visible when a proper scale is chosen for the fergmThrough detailed analysis of the distance ihap
possible to notice that in the central part of¢heck a concavity exists that is not visible orirgity image.
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As previously mentioned, terrestrial laser scanmsngso applicable in glaciology, such as in maniitg glacier
cliff changes, ranges or movement. Glacier monitpis particularly important when they are predantlose
vicinity of settlements or locations for which galesding to ice calving pose a great threabfGNE et al,
2012).

Study of glacier range changes is also importarg thu global warming. On the basis of glacier cliff
measurements, it is possible to determine warmymguhic and its main areas. Data from scanning tsnlese
used in a number of exposed ice analyses, exaropigsich are presented below.
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Figure 2: Picture components present in order: @insity] — image of the analysed fragment of Ekalogi
glacier's front surface on King George Island (Awtaa) presented in reflected the laser beam'snsity
colour range. The image presents the state of theiay after calving, which took place before thecend
control measurement. [Distances between point dpadColour map presenting distances between staen
at an interval of two weeks, the most widespreaahnghs (red colour). [Unsupervised classification]the
results of unsupervised classification using an D&@A method with parameters: 6 classes, threshold
coefficient 0.99, 25 iterations. [Raster to poirtlpresents raster visualisation of a scan fragmeitl raster
size 0.25 x 0.25 m.

Point to raster

The superimposition presented in Fig. 2, similadythe previous example, presents how data prodemse
visualised in different ways is complementary. Byalgsing the intensity image one obtains informatan
areas of dirty, old snow (yellow and red colougtthemained unchanged. A map of point distancesdmsat the
scans provides surface information on possibldsshifthe glacier's front and glacier cliff defortioa (cavities,
protrusions, gaps) between consecutive measurgraents.

In summary, terrestrial laser scanning techniglmnal for fast registration of geometry and spegralperties
of various objects and surfaces. It can be usedadwitor processes occurring in space and time mitlimetre
accuracy. Specialised, modern software makes gilplesto filter, transform and merge registerednpaiouds,
generate spatial models and then process the ebtdiia — creating cross sections, layers andgti@js. This
provides a wide range of research possibilitiesidadtifying dynamic of changes occurring in time.

Acknowledgments: The authors thank Dr Marcin Rajner, Stawomir k& and Mariusz Pasik for granting
access to the data from scanning of Ekologia glagid Prof. Katarzyna Gsska-Skotak for help in performing
classification of intensity images (Warsaw Universif Technology, Faculty of Geodesy and Cartogyaph
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Geological carbon sequestration is one of the mpamhising strategies to significantly reduce theeleof CGO,
concentration in the atmosphere. Planning for, G&questration requires modelling flow of injecté®. in a
geological formation. It is important to precisdlyild a geocellular model of the storage formatiStructure
from motion (SfM) photogrammetry allows the colieat of three-dimensional (3D) topographic dataslkest
can be used to create 3D digital models of an optddnmanned aerial vehicles (UAVs) allows bet@rerage
of outcrop exposure at locations inaccessible byrmon photogrammetry techniques. Integrating UAVellas
photogrammetry in a digital outcrop model consinrctenhances data acquisition and processing, thus
improving the model quality. A digital study, basmala photogrammetric SfM dataset acquired usirty b&\V
and handheld camera, was carried out to investigaterops of the Lamotte Sandstone Formation, Misso
which is an analogue for part of the lower Mt. Simeormation, the main COstorage reservoir in Decatur,
lllinois.

The aim of this study was to improve the qualitydddital outcrop models, thus generating bettercgtolar
models. Examples of outcrops from Hickory Canyogeawere used to highlight its geology features tauritdi

the geocellular model. This study primarily inclsdé) considerations of the major factors affectimg quality
of the photogrammetric datasets, and the optintratiethods needed to obtain good digital elevatiodels,
and (2) quantifying the length and thickness ofgghacipal sedimentary structures (cross-sets)rawd they are
stacked within the outcrop. Heterogeneity at vagisoales can be determined for target reservoinsuibgrop
analogues. The cross-set thickness of fluvial dands can be used to infer the dimensions of lasgele
geological features, such as unit bars, compours] bad channel belt width and depth.

From these high-resolution and high accuracy optonodels, geological features were extracted, wbarhbe
used to build geocellular models comparable todhmglt using subsurface data, allowing direct carigon
between the Lamotte outcrop and the lower Mt. Simon

Figure 1: Photorealistic image texture outcrop mbaequired using drone.
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