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ABSTRACT:

The integration of 3D modelling techniques is oftelvantageous for obtaining the most complete aeduliobject coverage for
many application areas. In this paper, terrestaaér scanning and digital photogrammetry were d¢oetbfor the purposes of
modelling a geological outcrop at Castle Creek, Brif®lumbia, Canada. The outcrop, covering approximaté knf, comprised
a smooth, scoured surface where recent glaciaattrad left the underlying sedimentary rocks e#go§he outcrop was of
geological interest as an analogue to existing dgahbon reservoirs, and detailed spatial data wegeired to be able to map
stratigraphic surfaces in 3D over the extent of@Rposure. Aerial photogrammetry was used to pead.5D digital elevation
model of the overall outcrop surface. However, hiseahe sedimentary strata were vertically orieatabcal vertical cliffs acted as
cross-sections through the geology, and these sweneyed using a terrestrial laser scanner antres#id digital camera. Digital
elevation models (DEMs) created from both methodeewegistered and merged, with the fused modetisigoa higher fidelity to
the true topographic surface than either inputriegre. The final model was texture mapped usind ltbé aerial and terrestrial
photographs, using a local triangle reassignmenerisure that the most suitable images were choseredch facet. This
photorealistic model formed the basis for digitisthe geological surfaces in 3D and building upla3D geocellular volume using
these surfaces as input constraints. Because tfigheesolution and accuracy of the input datasetd,the efficacy of the merging
method, it was possible to interpret and tracklsuhirface separations over the larger extentseobtitcrop.

1. INTRODUCTION Use of an exposed outcrop analogue increasesnbesdale
understanding of the geological processes, offering

The study of geological outcrops is an importargaaof application of higher resolution measurements tad ad
research within the earth sciences, offering theodpinity to information to the reservoir model (Enge et alQ20 Use of
enhance the understanding of subsurface rock farnsat aerial and terrestrial spatial acquisition techeiusuch as
using those exposed on land (Pringle et al., 20Mpst photogrammetry and laser scanning, offer the piateino
relevant is the use of sedimentary outcrops thamfo dramatically increase the accuracy of measurememise,
analogues to existing hydrocarbon reservoirs wharimot be and open up new research possibilities, at varistaes
directly accessed by geologists, and which arendfteited (Bellian et al., 2005; Buckley et al., 2008).
in terms of the spatial information available ahé tost of
obtaining new data. By studying an exposed outcsoph as This paper documents the integration of two datkection
a cliff section or quarry, geologists can get ihssginto the methods, terrestrial laser scanning and photogramnfer
processes that occurred at the time of depositiod, make building a high-resolution photorealistic modelasf outcrop
quantitative measurements regarding the orientatiod at Castle Creek, British Columbia, Canada. This model
thickness of layers, the material composition, ghesence of formed the input for reservoir modelling to aid enstanding
faults or fractures, and how these various faatbemnge over of geological processes exposed in the analogue.

distance. By applying such knowledge to subsurface
reservoirs where similar depositional processestructural

geology occur can aid the modelling of extractitrategies. 2. STUDY AREA

Reservoir modelling is an important stage in thelagtion The Castle Creek outcrop is situated in the Cariboo
of subsurface hydrocarbons. Available data, inclgdiock Mountains, British Columbia, Canada, a mountain rehgée
core logs and seismic interpretation, are integraitgo forms part of the western margin of Canada and wandd
software packages that allow the creation of a 8Bcgllular primarily during the Mesozoic period (Ross et é093). The
volume representing the reservoir. Layers andgazdnstrain Castle Creek outcrop is a 2 km thick succession mdstane
the physical development of the volume, while tkelggical and mudstone belonging to the geological group knew
interpretation and rock compositions dictate thpyation of the Windermere Supergroup. Although deposited imear-

the grid with properties such as porosity and pairitity. horizontal setting, in a deep-marine environmenpliftu
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during the mountain building process has resultedhie
strata being rotated by approximately 95°, so thay are
near-vertical. Consequently, a 2 km cross-sectiooutgh the
layers is now accessible for study. In additione da the
recent retreat of the Castle Creek glacier, the seréd the
outcrop has been polished and is almost free oétatign
(Figure 1). These factors make the outcrop attracfor
study, and it is interpreted to be an analoguédjairocarbon
fields being explored in similar margins, such dfshwore
Brazil and the Gulf of Mexico (Schwarz and Arno®0Z).

Figure 1. Photomosaic of the Castle Creek study area,
showing extents of the aerial DEM coverage

(dashed-dotted line) and the location of cliff

sections scanned using the laser scanner (dotted

lines). Size of area approx. 2.3 km x 2.3 km.

Figure 2. Detail of near-vertical cliff in the Isasection
(height c. 90 m).
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Six major sandstone channel bodies have been iateth
within the outcrop, and one of these (called Isg@hannel 3
from the Isaac Formation at the top of the sectiwad used
as a detailed case to test the full workflow froatedcapture
to reservoir modelling (Section 6).

Although a degree of topographic undulation wassemé
over the extents of the area, the outcrop surfaosiged
essentially a 2D section through the geology. Tisnt that
layers could be easily tracked across the exposecrap
face, but to obtain the full 3D information needéut
measuring layer orientations and separations, daioer
amount of height difference was needed. The lef/¢hree-
dimensionality found in an outcrop is importantni@asure
the orientation (gradient and aspect) of layersyi#is only a
2D cross-section these values cannot be found Beickley
et al., 2008). In the case of the Castle Creek arear-
vertical cliffs, up to 100 m high, were presentoass the
outcrop (Figure 1), which provided exposure in thed
dimension (Figure 2).

3. DATA ACQUISITION

Because the Castle Creek outcrop mainly had fairlyosimo
topography, a 2.5D aerial representation was mottide to
create a DEM. However, the requirement for higrueacy in
the cliff sections, so that layer orientations cbube
determined over a relatively short distance, methat a
combination of aerial and ground-based data adepnsivas
chosen. Although airborne laser scanning would Hmen a
feasible option to obtain the aerial terrain daamajor
requirement for this project was also the abilityiniterpret
the geology directly onto a virtual reality modey, digitising
features. Therefore, high resolution imagery foktuee
mapping was essential. Additionally, stereo phaipbs had
already been captured during an earlier phasei®ptoject,
and were available for photogrammetric processing.

Aerial photogrammetry provides a relatively routared cost-
effective means of capturing a 2.5D surface (esfigaivhen
the imagery had already been acquired), and inctise was
not hampered by the existence of low texture areas
interfere with automated image matching algorithn, tall
vegetation to require much editing. Texture waslabke at
high resolution for interpreting the geology.

For the near-vertical cliff sections, however, therial
photogrammetric DEM alone would have provided ayver
poor representation of the ‘true’ topography. Dtwiss
caused by heavy interpolation by only a limited bemof
2.5D points would have been too high for the adeura
modelling required. Therefore, terrestrial lasearsgng was
chosen to complement the aerial photogrammetrys hiad
the advantage of being an active technique, meatiing
problems with image modelling of complex surfacesrav
avoided (Briese et al., 2003). The complementaryreabf
photogrammetry and laser scanning is widely diseiss
within the literature, especially with respect tdet
visualisation of modelled objects (e.g. El-Hakinagt 1998;
Axelsson, 1999; Briese et al., 2003).

The aerial photography dated from summer 2001, vaasl
captured using a calibrated Zeiss RMK Top 30 camsita
300 mm lens. A flying height of around 3300 m wasd
Combined with an average terrain height of 2000 t
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flying configuration gave an approximate photoscale
1:4000. 70% overlap and 10% sidelap existed. Akbtifcl2
photos, from three strips, covered the study arghbned in
Figure 1; these photos were scanned apri3resolution,
resulting in a ground pixel spacing of ¢. 0.1 m.

The terrestrial laser scanning survey was carrietl in
August 2006, using a Riegl LMS-Z420i scanner (Riegl,
2009). This scanner had an effective maximum raofe
around 650 m (based on the reflectance of natwek r
targets found in the Castle Creek outcrop), a quatedracy

of 0.01 m, and a point acquisition rate of up tg00P points
per second. The software RiISCAN Pro (Riegl, 2009) was
used in the data collection and post-processing.

Two cliff sections were scanned, the Kaza and Isaations
marked on Figure 1. The Isaac section (includirg I8aac
Channel 3 detailed study area) was 900 m long, 20@ep,
and up to 90 m high. The smaller Kaza section weasaral
450 m long, 170 m deep and 50 m high. Six scantiposi
were needed to cover the length of the Isaac séfftion,
while the shorter Kaza section required just fdewr both
areas, at least 20% of overlap between adjacent sca
positions was collected. The scans were collectecra
average range of ¢. 350 m from the Isaac cliff and00 m
from the Kaza cliff. The point densities at thearges were
around 0.12 m (Isaac) and 0.08 m (Kaza).

Digital imagery of the cliff sections was also aaed from
the ground to provide additional high resolutionttee for
integration into the virtual reality model of theitorop. A
Nikon D100 camera was utilised, with 85 mm and %0 m
lenses mounted for the Isaac and Kaza sectionsatggly.
The focal lengths of both lenses were fixed for deation
of the project, and calibrated both before andrafie data
collection campaign to ensure a stable calibratidre main
advantage of the photography was the increaseswiuton
over the aerial data (especially in the verticaltisas): the
Nikon D100, with the 85 mm and 50 mm lenses andkal p
size of 7.8um, gave a ground pixel size of better than 0.04 m
for the Isaac images and better than 0.02 m forkaea
images. Imagery was captured so that, where pessibage
rays were as close to normal as possible to tffdadie. This
was to ensure the best results for the later textoapping
phase of processing (Debevec et al., 1996). Thgemaere
later registered to the laser scanner data usin@AiSPro,
by manually measuring tie points on correspondiagural
features between the image and laser data.

A GPS system was mounted to the laser scannenseaito
register the scan positions to the project cootdirsgstem.
Data were post-processed relative to a base stafierating
within the extents of the study area. Precise podsitioning
from three days of observation determined the Istaon
coordinates, and baselines to the scanner centese w
calculated with a few centimetres precision in UZdhe 10.

4. MODELLING AND REGISTRATION

A limited number of natural ground control poin&QP) had
been collected previously using real-time kinemadPsS,
though because of the difficulties with accesdipifind the
rugged terrain, the distribution was not ideal darrying out
an accurate aerial triangulation of the 12-photackl(Wolf
and Dewitt, 2000). Instead, the GCPs were usedve g
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approximate orientation, and surface matching wasleyed
to refine the orientation. Aerial triangulation withe GCPs
resulted in a correct relative orientation, butwthe absolute
block position being affected by an offset corresting to
the poor ground point configuration (>1 m in theads
section that was farthest from the GCPs). A triaagul
irregular network DEM was extracted from the triataged
block for the area defined in Figure 1, with bréadd
defined along sharp changes in slope. This DEMistets of
around 460,000 triangles (average point spacigne).

The laser scan point clouds were registered wighitdrative
closest point (ICP) algorithm implemented in PolyWéor
(InnovMetric, 2009), using overlap between the scam
recover the orientations relative to a single duald fixed in
the centre of each cliff section. Although this aggeh may
not be as accurate as using conventional contraitpo
benefits could be found in reducing the costs qfeasive
field time, an increase in redundancy, especiallyens
almost no vegetation was present, and the abdityuantify
the mismatch between overlapping surfaces (Buckley a
Mitchell, 2004). The method is still applicable aneas with
high vegetation cover, but registration results tmbe
carefully checked as the vegetation points can shpwas
outliers and affect the solution. For both the tsaad Kaza
cliff point clouds registration results were goadth mean
errors very close to 0.0 m, and standard deviatietter than
0.1 m. Once the point clouds had been matched diogie
coordinate system, they were transformed to the YyMem
using the positions of the scanner centres (with RMS
0.060 m). The transformed point clouds were merged
decimated by c. 60% to reduce the point density in
overlapping areas, as well as to reduce the oveuatiber of
points. This made data handling more comfortablighout
significantly reducing accuracy. Meshing of thergailouds
was performed, resulting in 1.1 million triangles the Isaac
cliff section and 500,000 triangles for the Kazetiom.

Laser scans

Aerial DEM

Registration
& Meshing

L Registration4
Terrestrial & Merging Aerial

imagery Imagery

\» Texturing <|—/

1

A\
Reservoir Modelling

Figure 3. Workflow for data registration method.

Once triangle models had been created for the tawkaerial
data, both datasets were in approximately the cotsdM
position. However, the discrepancy introduced keyltmited
GCP coverage was present that meant that the tviacssr
could not be satisfactorily merged. Surface matghivas
again utilised, using the Isaac and Kaza 3D modelarge
control patches to recover the orientation of tteah DEM


markus
Notiz
None festgelegt von markus

markus
Notiz
MigrationNone festgelegt von markus

markus
Notiz
Unmarked festgelegt von markus

markus
Notiz
None festgelegt von markus

markus
Notiz
MigrationNone festgelegt von markus

markus
Notiz
Unmarked festgelegt von markus


In: Bretar F, Pierrot-Deseilligny M, Vosselman G (Eds) Laser scanning 2009, IAPRS, Vol. XXXVIII, Part 3/W8 — Paris, France, September 1-2, 2009

(Figure 3). Because of the ill-posed nature of thest
squares solution (Besl and McKay, 1992), a goodainit
approximation was necessary; however, this wasigedvby
the aerial triangulation using GCPs. Surface gradiéen all
primary directions were essential but, again, weesent in
the general ruggedness of the terrain and the stéfp
slopes. Close surface representations were expbetecen
the two data collection methods because of thealmount of
vegetation, the smooth, glacier-polished outcrafase, and
the lack of anticipated change over the five-yeariqu
between data acquisition periods (minimal erosrotks).

PolyWorks was again used to match the datasetdtingsin
a mean error between the aerial DEM and the laseming
DEMs of -0.002 m, with a standard deviation of @38.
The errors assumed a normal distribution. Becausthef
sparser point spacing in the aerial DEM, largerpa&ation
errors were more apparent where relatively smathilde
(such as surface boulders and other debris) were
represented, as well as in sharp changes in skigaré 4).
The remaining errors were acceptable when consigiéhie
two quite different surface modelling methods, &dlas the
distribution of the control patches. Despite thésults were
within the tolerances allowed by the geology agian. As
the final stage of the modelling and registratisngess, the

no

laser scan models and the transformed aerial DENE we

merged into a single mesh. The laser scan triangl@aced
the aerial DEM in areas of overlap to account Far higher
accuracy of this data collection method.

-1.000

Figure 4. Top: Differences (in metres) between aheaind

terrestrial models after surface matching, with
colour scale ranging from blue (aerial under laser)
to red (aerial above laser). Bottom and inset:
Aerial DEM showing large and sparse triangles in

cliff section.
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5. TEXTURE MAPPING AND VISUALISATION

The final stage in the preparation of the virtuatobop model
was to map the aerial and terrestrial imagery dght 3D
mesh, important for carrying out geological intetation.
Because of the smooth outcrop surfaces and the aregul
weathering of the cliff sections, much geologicafail could
be present where little or no topographic detas peesent.
Using the known image orientations and positionangle
vertices could be projected into the imagery usihg
collinearity condition (Wolf and Dewitt, 2000) teetérmine
image coordinates of the texture patches. The imagere
undistorted using the camera and lens parametessoften
the case that for each triangle in the surface madeumber
of images are available to choose from to defireetéxture
patch. In this eventuality, the most suitable images chosen
using the angle between the triangle normal andirtiege
ray, the area of the triangle in image space, hedlistance
between the camera position and the triangle (Dabet al.,
1996; El-Hakim et al., 1998). The ideal case waalslilt in
the aerial imagery being chosen for those triangiest
horizontal, i.e. on the top and bottom of the sliffivhile the
terrestrial imagery would be chosen for the clificé
triangles. In reality, a readjustment of the textunap was
required to ensure that individual or small patclafs
triangles were not isolated, as imperfect regismator
radiometric correction lead to disturbance whemyiag out
geological interpretation. The readjustment wasi@arout
by ensuring that triangles sharing an edge weregrevh
possible and appropriate, assigned to the sameeir(talg
Hakim et al., 1998). Further work on increasing taalism
of the texture-mapped model, such as radiometricection,
would facilitate the geological interpretation.

The outlined approach ensured that most of thegdhes on

the cliff sections were textured with images frdre ground,

whilst the remainder were textured using the aenelges.

The result was a single photorealistic model, caonigi the

techniques of photogrammetry and terrestrial |&sanning

(Figure 5). From Figure 5 it is apparent that #eel data and
terrestrial imagery add higher resolution to th#f skections,

enabling more detailed measurements to be made.

Figure 5. Textured model of Isaac cliff section. pigx.
100 m lateral extent.

6. RESULTS: GEOLOGICAL MODELLING

The Castle Creek model was used as the basis fovgieall
interpretation and modelling. Other project datalldobe
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visualised simultaneously within a stereo 3D envinent,
allowing new angles of view. The value of such mgdor
teaching purposes is readily apparent, as studantsee the
area before and after field trips to become famiié&h the
geology and perform analysis.

Figure 6. Top: Lines interpreted onto the textuB&imodel
(plan view; approx. 600 m x 100 m).

The Isaac Channel 3 area was studied as a detafedase
for the methodology. This area was cropped from the
complete model, to save on computing resourcesngdluri
processing and visualisation. Then, 3D lines cpoading to
key stratigraphic layers were digitised directlytenthe
outcrop model (Figure 6). Such lines form the spati
constraints for defining a geological volume. Conjnthe
lines with the geologists’ interpretation allowedb grid

surfaces to be reconstructed by interpolation and
extrapolation, using IRAP Reservoir Modeling System
(RMS; Roxar, 2009). Such a procedure is prone to

uncertainty, as the extension of surfaces intodimerop is

reliant on extrapolation. However, using trendsmfrehe

survey data, as well as geological knowledge, uhizertainty
can be evaluated. Prior to creation of such susfate lines
were transformed 95° around an axis parallel toakering,

so that the near-vertical layers could be restoreda

horizontal (depositional) setting. For quality cwmht the

surfaces were transformed back to their originaitpms and
visualised with the textured model. The intersetdibetween
the surfaces and the 3D model were used to checkutcess
of the surface gridding (Figure 7).

Figure 7. Two digital surfaces (yellow and greeisualised
simultaneously with the textured outcrop model
and geological logs recording the rock
composition (vertical bars). The view is rotated so
that the outcrop layers are close to their
depositional orientation.
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The generated surfaces defined the geological wlofrthe
channel and levee units within the model, which Mchave
been difficult to model without the accurate spgadi@ta. The
space between any two surfaces represented zomésh w
were gridded in 3D and voxels populated with a lshstic
representation of the outcrop rock types (FigureS8jch a
model may be examined statistically to analyse eotivity
between the various packages, as well as by runfhing
simulation experiments.

7. CONCLUSIONS

Terrestrial laser scanning and digital aerial pgmmmetry
were combined to create a digital elevation modethe
Castle Creek outcrop, British Columbia, Canada. The
integration of the two techniques proved to be msmeto
capture both the large outcrop surface and the-vezéical
cliff sections which were essential for being atulerecreate
the 3D orientation of geological surfaces. Use offace
matching allowed the aerial photogrammetric DEM bi®
accurately registered, without the problems of emilhg a
conventional photocontrol point arrangement inggad and
remote area. Texture mapping with aerial and teia¢s
images resulted in a photorealistic model that a¢dnd used
by geologists for interpretation, education and rijitative
analysis. This model demonstrated the applicatidn o
geomatics for geological outcrop analogue modelling
allowing the spatial accuracy and resolution toebkanced.

A geocellular volume was created from digitisedtdeas,
which will be used by geologists to improve the Iggizal
understanding of the Castle Creek outcrop.
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