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Introduction
A subsurface reservoir model is a computer based represen-
tation of petrophysical parameters such a porosity, perme-
ability, fluid saturation, etc. Given that direct measurement 
of these parameters is limited to a few wells it is necessary 
to extrapolate their distribution. As geology is a first order 
control on petrophysics, it follows that an understanding of 
facies and their distribution is central to predicting reservoir 
quality and architecture. The majority of reservoir modelling 
systems used for the subsurface are based on correlation 
of seismically-derived surfaces to define reservoir zones. 
Well data are then used to define further, sub-seismic scale 
horizons and determine the zone properties which are repre-
sented in grid cells. Understanding the distribution of both 
sub-seismic surfaces and potential heterogeneous geology 
between them remains a significant challenge. Furthermore 
as the typical grid cell size is c. 50-200 m2 it is challeng-
ing to incorporate small-scale heterogeneities. It is critical, 
therefore, to use realistic values for both key stratigraphic 
horizons and internal facies distributions. 

Depositional facies is a fundamental control on petro-
physics. However, facies scale heterogeneities are not resolv-
able using current seismic methods, and well data provide 
little or no data on 3D geometries beyond the well bore. 
Studies of modern sedimentary events can give some indica-
tion of the link between depositional processes and facies 
distribution (e.g., Kenyon et al., 1995); however preserved 
depositional architecture is also strongly controlled by 
changes in accommodation through time (Jervey, 1988). 
Laboratory-based experiments (e.g., Kneller & Buckee, 
2000) and process-based modelling (e.g. Aigner et al., 1989; 
Peakall et al., 2000) further illustrate the link between depo-
sitional mechanism and facies architecture. However, such 
models are typically on a scale that is far smaller than the 
typical field and are more applicable to upscaling studies 
(Nordhal et al., 2005; Ringrose et al., 2005). 

Outcrop studies have long been employed as a mechanism 
of studying analogues and understanding petroleum fields 

(Collinson, 1970; Glennie, 1970; Breed & Grow, 1979). 
Once the type of depositional system and the accommodation 
history of a hydrocarbon field are derived from subsurface 
data, appropriate outcrop analogue(s) can then be identified 
(e.g. Alexander, 1993). Suitable analogues are those that are 
geologically comparable to the system that is being studied 
and also have excellent 3D outcrop exposure over an area 
that is large enough to capture the scale of heterogeneity 
required (Clark & Pickering, 1996). Outcrop analogue stud-
ies are thus a key way of improving understanding of reser-
voir facies architecture, geometry, and facies distributions.

Outcrop analogue studies have been undertaken both 
qualitatively and more recently quantitatively. Traditional 
quantitative studies (e.g., Dreyer et al., 1993; Chapin et 
al., 1994; Bryant & Flint, 1993; Clark & Pickering, 1996; 
Reynolds, 1999) have been focused on the collection of 
outcrop data to populate inter-well reservoir model areas 
by stochastic, object-based methods (Floris & Peersmann, 
2002). However, it can be difficult to extract usable data 
from traditional outcrop studies, especially when it needs 
to be integrated with petroleum engineering databases or to 
be visualized in 3D. Furthermore, outcrops which represent 
a topographic cut through solid geology are 2D and while 
rare examples show multiple sections through the solid 
geology with different orientations, geological expertise 
is still required to fully understand and interpret the 3D 
nature of the bodies. Such work may also need geostatisti-
cal data manipulation to overcome outcrop orientation and 
size issues (Geehan & Underwood, 1993; Vissa & Chessa, 
2000) but ideally the data should be reconstructed in 3D. 
Accurate 3D reconstruction is the only way that parameters 
such as channel sinuosity, connectivity, and continuity of 
target sandbodies in 3D may be defined. Such parameters 
are a key control on hydrocarbon production, including 
sweep efficiency (Pringle et al., 2004a; Larue & Friedmann, 
2005). Software for representing geology in 3D is routinely 
used to model subsurface reservoirs. This paper will show 
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how recent digital data capture technique advances aids the 
interpreting reservoir geologist by obtaining accurate and 
quantitative outcrop analogue datasets to aid and perhaps 
modify his reservoir model.

Data collection methods
Techniques employed for the study of sedimentary reservoir 
analogues at outcrop have evolved from traditional geologi-
cal mapping and recording of traditional sedimentary logs 
(Barnes & Lisle, 2004), to scaled measurements obtained 
from 2D photopanels (Arnot et al., 1997) to 3D outcrop 
reconstruction. Sample and section location has moved from 
simple triangulation to the routine use of hand-held GPS 
(Bryant et al., 2000) to the integrated approaches of today 
that use an ever expanding range of digital data acquisition 
techniques. Modern techniques allow rapid acquisition of ever 
more accurate and denser digital datasets from outcrop ana-
logues (see Pringle et al., 2004b; McCaffrey et al., 2005). An 
overview of current digital data capture techniques (Table 1) 
with case study examples is now outlined.

Low/medium technology digital surface generation methods
Digital aerial photogrammetry (Pringle et al., 2004b for detail) 
generates a comparatively large-scale digital surface framework 
of a study area that other field-derived data (e.g., sedimentary 
logs, palaeocurrent data, other key stratigraphic/structural 
positions) can also be integrated into. Photogrammetric meth-
ods semi-automatically generate 3D Digital Terrain Model 
(DTM) surfaces, using overlapping aerial photograph stereo-
pairs and ground control points as input. As an example, 
an 8 km x 12 km study site in the Champsaur region in the 
French Alps, a succession of Oligocene Grés du Champsaur 
turbidite units is exposed. Fourteen 1:17,000 scale, aerial 
photographs were combined with ground control points to 
generate a 4 m resolution DTM with a draped, ortho-rectified 
image (Figure 1). The resulting digital surface model, which 
took a few days to create, was analyzed to remotely and 
rapidly trace both key stratigraphic and structural surfaces. 
Subsequent detailed fieldwork on selected localities confirmed 
surface positions. Structural and sedimentological data were 
then integrated into the digital dataset (Brunt, 2003). The dig-
ital model was created within industry standard commercial 
reservoir modelling software so can be directly compared to 
sub-surface reservoir models. Once created, the model could 
have further digital data added and/or be used as a ‘virtual 
field trip’. The main drawback of digital aerial photogram-
metry is that the resolution is usually not good enough for 
detailed outcrop studies (Table 1). Near-vertical cliff-faces are 
also poorly resolved using this technique. 

For actual field-derived measurements, recording of 
single xyz georeferenced datapoints during fieldwork can be 
carried out using a Global Positioning System (GPS) receiver. 
Until recently, hand-held systems were relatively inaccurate, 
especially in the z plane (altitude). Recent developments such 
as the WAAS (North American), EGNOS (European), and 

MSAS (Japan) augmentation systems, have led to satellite 
signal correction that has significantly improved location 
accuracy (typically to 1-5m) (see http://www.esa.int/esaNA/
egnos.html; www.tracklogs.co.uk), making simple, cheap 
hand-held systems effective. It should be noted that Z accu-
racy is still poor (typically >10 m). However, this is not a 
significant problem if co-ordinate points are positioned on 
a DTM (for example, using the 4 m resolution Champsaur 
DTM – Figure 1) or if a stratigraphic datum rather than 
altitude is used for subsequent modelling (see later). Greater 
positional accuracy is obtained with differential GPS (dGPS) 
in which a base station receiver is left in a fixed position 
throughout surveying. The apparent base station drift is sub-
tracted from the roving GPS unit position. The dGPS correc-
tion can be made during surveying via a radio link (termed 
real-time kinematic or RTK) or during post processing. 
These methods can be used to obtain very accurate positional 
measurements, typically 0.05 - 0.1 m depending on local site 
conditions and overhead satellite positions.

The new generation of dual-frequency (L1 and L2 data-
streams) RTK dGPS systems allow users to collect xyz meas-
urements with mm-accuracy (post processing), and readings 
may be taken in continuous real-time, with specified time 
or distance intervals and/or at points selected by the user. 
For example, in a 20 km x 40 km study area in the Tanqua 
Depocenter, SW Karoo Basin, South Africa, a succession of 
five sand-rich submarine fan systems within the Permian 
Skoorsteenberg Formation 400 m thick is exposed (Hodgetts 
al., 2004). A series of key stratigraphic (fan tops and bases) 
and structural (faults) surfaces were RTK dGPS surveyed 
on foot over large distances (>10 km daily). The result-
ing processed RTK dGPS points were then integrated with 
outcrop and borehole data to create highly detailed digital 
geological (stratigraphic and structural) models (Hodgetts 

Figure 1  Digital outcrop model of the Oligocene Grés du 
Champsaur turbidite sub-basin, SE France, produced by 
digital aerial photogrammetry.  An accurate Digital Terrain 
Model (DTM) and draped rectified image were created from 
aerial photograph stereo-pairs and ground control points. 
Resulting model was interrogated by mapping onto the 
DTM for key stratigraphic and structural horizons before 
being verified by subsequent fieldwork.
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et al., 2004) based on a well constrained understanding 
of the stratigraphic evolution and distribution of facies 
and sandbody architecture in 3D (Hodgson et al., 2005) 
(Figure 2). Detailed, ground based surveying was required 
as key stratigraphic boundaries were rarely represented by 
a sharp contact that could be remotely identified (e.g. from 
aerial photographs). Sedimentary architecture, e.g., channel 

erosion surfaces and sandstone/shale bed lengths, were also 
surveyed using a combination of RTK dGPS surveying and 
total station work. These geometries can then be used as 
a database for subsequent stochastic modelling within the 
stratigraphic framework.

All forms of GPS systems are dependent upon receivers 
having line of sight with overhead satellites. Typically more 

Digital data 
collection method

Typical 
accuracy

Typical applica-
tion

Advantages Disadvantages Typical Cost

Aerial digital pho-

togrammetry

~5-25m Mapping large-

scale stratigraphy 

& generate digital 

model framework

Fast, usually third-

party acquisition 

(minutes); large 

areas covered & 

fast remote map-

ping (days)

Slow time processing 

(days); relatively low res-

olution & poor on near-

vertical outcrop faces

High if survey has 

to be commissioned. 

Cheap if existing 

photos are used 

Ground-based

digital photogram-

metry

~0.1-0.5m Detailed study of 

complex outcrop 

faces

Fast acquisition 

(minutes); less 

detailed fieldwork 

needed

Medium time processing 

(days) & interpretation

Relatively cheap 

£600

Calibrated photo 

logs

~0.2m Rapid collection 

of facies thickness 

and relative surface 

positions from cliff 

sections

Fast acquisition 

(minutes), Fast 

processing (hours) 

& rapid model 

creation

Can suffer from photo-

graph distortion, no high 

resolution logging

Very cheap

£300

Hand-held GPS ~1-5m Sample point loca-

tion & regional 

mapping

Instant locational 

fix

Significant ‘Z’ positional 

error (up to 30m)

Very cheap 

£150

RTK dGPS Better than 

10mm

Attribute collection, 

surveying outcrops 

& accurate base 

stations

Instant point collec-

tion allows ‘walk-

ing out’ of key 

surfaces, medium 

time processing 

(typically a day)

Not possible on near-

vertical cliff-faces

Expensive

£20ks+

Reflectorless Total 

Station

3mm at 

200m

range

Attribute collection, 

surveying outcrops, 

good for vertical 

faces

Instant point collec-

tion, data capture 

on near-vertical 

cliff faces

Slow to acquire, dGPS 

data needed to convert 

to UTM co-ordinates

Moderately expensive 

£2k

Ground-based

LIDAR (laser scan-

ner)

5mm at 

200m

range

Very rapid collec-

tion of outcrop sur-

face topography

Relatively rapid 

acquisition (min-

utes);

Significant post process-

ing (days)

Expensive

£100k

Bore-hole data 1mm (from 

core)

Drilled behind 

outcrop to extend 

horizons into 3D

Very high resolu-

tion data, compa-

rable to outcrop 

information & 

reservoir logs

Very slow acquisition 

(weeks), processing and 

interpretation (weeks)

Very Expensive 

£200k +

Near-surface geo-

physics (GPR in 

this case)

~0.1-0.5m Acquired behind 

outcrop to extend 

correlated horizons 

into 3D

Allows 3D infor-

mation behind out-

crop to be acquired

Slow acquisition (days) 

and processing (days), 

only works in specific 

site conditions

Moderately expensive

£30k

Table 1 Summary of discussed outcrop analogue digital data collection methods (adapted from McCaffrey et al., 2005).



© 2006 EAGE36

technical article first break volume 24, March 2006

than five satellites are required to reduce positional errors. 
Some current RTK dGPS systems incorporate radio signal 
‘repeaters’ that further increase range by boosting the base 
station signal, thus reducing the need to move reference 
receiver stations. In the near future measurement accuracy 
and area coverage will further improve as the next-genera-
tion L2C and L5 data stream frequencies from the US-based 
GPS and proposed European GALILEO satellite systems 
come into service. 

Despite the detailed advances, GPS datapoint positional 
accuracy is still greatly reduced in areas such as deep can-

yons, close to large cliffs or in thick vegetation where there 
is a limited view of the sky. Modern dGPS systems refuse 
to obtain datapoints where location errors are too large 
(typically over +/- 0.2 m) although this information can be 
downloaded and discarded if necessary during processing. 
Difficult areas can be conventionally surveyed (such as the 
use of laser range finders and total stations). These tech-
niques are also useful in acquiring quantitative data from 
inaccessible outcrops, especially if a reflectorless laser system 
is used. Conventional surveys are slow to acquire, requiring 
GPS surveying if resulting datasets need to be converted to 
real-world UTM co-ordinates. Some RTK dGPS systems 
have survey laser extensions that can acquire co-ordinates 
from locations that do not have satellite coverage.

Emerging ground-based terrestrial photogrammetric soft-
ware can be utilised where accuracy and precision are less 
important than speed and collection of large volumes of 
surveyed data (Table 1). This method uses high-resolution 
digital camera images of an outcrop taken from various 
locations calibrated with a number of surveyed outcrop 
measurements. The images are combined to create accurate 
(typically 0.1 m spaced), coloured, digital surface models. 
For example, a 100 m x 40 m outcrop face in the Gulf of 
Suez had exposed a Tertiary Nukhul formation sedimentary 
succession of tidal-channel and tidal-flat alternate dominated 
intervals. Quantitative data on thickness variations and chan-
nel geometries help to define width/thickness relationships 
for the alternate intervals. ~200 digital photographs were 
taken ~10-50 m from the outcrop; software then combined 
20 selected images to create a digital surface model (Figure 3). 
Once converted to real-world (UTM) co-ordinates, the digital 
surface model was used both to extract quantitative data and 
as a stratigraphic framework to place field data (digital 

Figure 2  Digital outcrop model dataset of Permian subma-
rine fans from the Tanqua depocentre, SW Karoo Basin,, 
South Africa.  Accurate 3D geological models were construct-
ed for 3 basin floor fan systems.  Input data included; Digital 
Terrain Model, RTK dGPS surveyed key horizons/faults and 
pseudo-well logs (see Hodgetts et al., 2004 for details).

Figure 3  Digital surface model of Tertiary tidal-flat and channel sediment succession, Nukhul Formation, Gulf of Suez, 
Egypt.  20 photographs taken 10-50 m from the cliff-face at different locations have been integrated within software using 
coincident points (marked) to create a Digital Terrain Model and lens-corrected, draped image.  The resulting model was 
used as a stratigraphic framework to integrate other field datasets.
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sedimentary logs, palaeocurrent data, bed attitudes, etc.). The 
resulting integrated dataset was used to condition an outcrop 
based reservoir model employing an object based modelling 
approach.

High technology digital surface generation methods
Of the emerging survey hardware for close-range outcrop 
digital data capture, ground-based LIDAR (LIght Detection 
and Ranging) or laser scanning, is becoming the preferred 
technology. Very rapid xyz co-ordinate data point clouds are 
acquired from a scan position up to 1 km from the outcrop. 
Data volumes are large (up to 12,000 points per second), 
and data accuracy is high (kleiner dan5 mm under optimal 
data collection conditions) (Table 1). Multiple scans from 
different orientations are typically acquired for an outcrop 
to obtain full coverage of rugose surfaces. Resulting data 
point clouds can comprise over 10 million points (~1 cm 
spaced) on a 50 m x 100 m outcrop. Data point clouds are 
post-processed into real-world co-ordinates if scan tie points 
and/or LIDAR scan positions are accurately surveyed. Each 
datapoint has an associated reflection intensity value (a func-
tion of distance and target reflection) with newer LIDAR 
instruments having integrated high-specification digital cam-
eras. Acquired images have known positions in relation to 
the point cloud and are used to colour code data points with 
RGB (Red, Green, Blue) values to give almost photographic 
quality scans. In cases where the camera-mounted digital 
images are at a higher resolution than the point cloud, the 
point cloud is re-sampled into a vertex-based, triangular 
mesh surface that has the lens-corrected image texture 
mapped onto it. The pixels in the draped image effectively 
fill any point cloud gaps. The completed digital mesh surface 
is still accurate and very flexible and has the bonus of having 
a much reduced digital file size (typically more than 20 times 
less than input point clouds). 

Outcrop analogue LIDAR survey examples range from 
relatively large-scale stratigraphy studies (Bellian et al., 2005) 
to small-scale outcrop fault and fracture distribution studies 
(Clegg et al., 2005). At Mam Tor, Derbyshire, UK, a 500 m 
x 100 m exposure of sheet turbidite sandstones from the 
Carboniferous Shale Grit Formation was surveyed from one 
scan position ~150 m from the outcrop. This acquired 1.4 
million datapoints over a seven minute survey period (Figure 
4). The resulting data point cloud was rotated to view along 
depositional strata, 3D polylines representing sedimentary 
geometries and bed width/thickness measurements were then 
extracted.

At present, interpreted 3D poly-lines are generated 
directly from point cloud data. The intervening, texture-
mapped surface segments are then interpreted for lithology 
and ground-truthed in the field. The sheer size of resulting 
datasets is hard to visualize and manipulate, even using high-
specification computer hardware. Several days of processing 
is typically needed to convert point clouds to surface meshes 
which are easier to analyze and convert to user friendly data 

formats (Bellian et al., 2005). Emerging airborne LIDAR 
systems are capable of logging the complete waveform of 
the return laser pulse including intensity. Until recently only 
a few (first and last) of the returns from an output pulse 
were logged. This extra information has proved helpful in 
the remote classification of targets such as tree type and, with 
research, may be utilized in the remote, semi-automated detec-
tion of rock boundaries and lithologies from LIDAR point 
clouds. 

All of the detailed methods create digital surface models 
of outcrop analogue study sites which then have important 
geostatistics extracted. However, truly three dimensional 
detailed outcrop analogue data can only be extracted if sub-
surface data can also be acquired.

High technology near-surface methods
Shallow near-surface wells have been drilled behind outcrops 
in a few studies in order to constrain 3D changes of the geol-
ogy behind cliff-faces (Browne & Slatt, 2002; Pickering & 
Corregidor, 2005; Hodgson et al., 2005). Such data are com-
monly used to both improve the link between outcrop and 
subsurface data and to provide a direct comparison between 
typical oil field data (such as cores and well logs) and the 
outcrop. As an example, seven research boreholes totalling 
1274 m of core and a full suite of well log data (including 
FMI) were collected from the Tanqua Depocentre and inte-
grated with detailed outcrop studies (Hodgson et al., 2005) 
However, whilst very high-resolution, these studies do not 
provide direct data on 3D sedimentary architectures. 

High-resolution, near-surface geophysical data has the 
advantage of sampling a comparative large area behind 
outcrop cliff-faces given the right site and ground condi-
tions (Table 1) which can be integrated into digital surface 
models. Shallow seismic data have been acquired behind 
outcrop cliff-faces, but usually with little success, chiefly due 

Figure 4  LIDAR survey RGB coloured point cloud of the 
Carboniferous Shale Grit Formation at Mam Tor, Derbyshire, 
UK.  Scan position is shown. Inset shows individual XYZ 
data point detail with an associated colour value (see text). 
Sedimentary geometries were extracted from the dataset.
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to the cemented nature of the sediments providing little or no 
acoustic impedance contrast between different sedimentary 
intervals (Coleman et al., 2000). Typically relatively thin 
target zones are still below near-surface seismic resolution. 
Ground Penetrating Radar (GPR), however, uses frequencies 
that are an order of magnitude higher than shallow seismic 
(100-1000 MHz compared to 1-200 Hz ranges respectively). 
This increase in frequency results in increased resolution 
(resolving ~0.1-0.5 m beds depending on specific GPR 
frequency). GPR reflection amplitudes are controlled by 
electro-magnetic property changes at lithological boundaries 
rather than by acoustic impedance. GPR is being increas-
ingly used to acquire high-resolution, near-surface datasets 
on outcrop analogues (Young et al., 2003; Jol et al., 2003; 
Staggs et al., 2003; Pringle et al., 2003). Modern GPR stud-
ies use cut-away sections to compare sedimentary horizons 
with sub-surface reflection events (Bristow et al., 2000). In 
a similar fashion, Vertical Radar Profiles (VRPs) acquired 
down outcrop cliff faces allow GPR reflection events to be 
definitively correlated with observed cliff-face sedimentary 
horizons (Pringle et al., 2004a). VRPs also provide velocity 
calibration and identify multiple reflection events, much as 
VSPs do for seismic surveys.

Coastal cliff sections of the Carboniferous Ross Formation 
in Western Ireland, expose sheet-like turbidite sandstones 
and small-scale channels (typically 50-300 m wide) with het-
erogeneous fills (Figure 5). Study sites prove ideal for GPR 
data acquisition due to a lack of overburden, relatively shal-
low (kleiner dan 10 m) target and good dielectric contrast 
between target channel-fill intervals and sheet sandstones 
(Pringle et al., 2003). A high-resolution 3D GPR dataset was 

acquired across the Bridges of Ross study site between two 
outcrop cliff-faces (Figure 5) exposing heterogeneous intra-
channel fill. Resulting horizon interpretations traced both 
discontinuous shale and inclined mudstone-clast conglom-
erate horizons in 3D that created small-scale deterministic 
models of channel-fills that were used to populate reservoir-
scale turbidite reservoir models.

Current GPR hardware uses set dominant frequency anten-
nae to acquire data, lowering frequencies typically increases 
penetration depth but at the cost of resolution. The 450 MHz 
dominant frequency antennae used in the detailed Ross study 
typically resolved reflectors 0.1 m apart down to 5 m below 
ground level. Emerging multi-frequency GPR equipment 
with automated integration of RTK dGPS positioning hard-
ware should greatly speed up data acquisition. However, 
fieldwork time is significant; the Ross detailed study taking 
eight full field days to just acquire the GPR data.

Data integration, analysis and model building
It is necessary to process, integrate, and analyze the vari-
ous digital data that have been collected. Data may include 
georeferenced 1D outcrop and well logs, 2D photo-panels 
and sedimentary horizon interpretations; 3D data includ-
ing GPS or RTK dGPS surveyed xyz datapoint clouds; dig-
ital aerial and/or terrestrial photogrammetric output; and 
ground-based LIDAR survey data point clouds and texture 
mapped surfaces and near-surface data which may include 
well logs and/or geophysical datasets with interpreted hori-
zons. Software designed for modelling subsurface reservoirs 
is currently the most suitable for integrating 1D, 2D, and 
3D outcrop and subsurface data. This also provides a direct 
link to the subsurface geologist and reservoir engineer. 
Once processed, digital data can be imported into specialist 
software as pseudo-well logs (sedimentary logs), point sets 
(surfaces and faults), polygons (faults), or draped images 
onto surfaces. GPR data, for example, can be treated in the 
same way as seismic data (being SEG-Y format). Pringle et 
al., (2004a) details one such study integrating a variety of 
surface and near-surface datasets on a study site at Alport 
Castles, Derbyshire, UK. Carboniferous sheet turbidites and 
sandstone-filled channels are exposed on a ~400 m x 50 m 
outcrop. A detailed sedimentary, survey and photogram-
metric study was completed. A near-surface GPR dataset 
was also acquired behind the outcrop, all digital data were 
then integrated into a single digital model using commer-
cial reservoir modelling software (Figure 6). Sedimentary 
architectures, facies proportions, and bed geostatistics were 
extracted, reservoir uncertainty studies then showed connec-
tivity under-estimated and channel sinuosity over-estimated 
only using 2D datasets (Pringle et al., 2004a).

Virtual outcrop models can also be populated with facies 
based petrophysics and flow simulated to improve under-
standing of the effects of sedimentary architecture on fluid 
flow with reservoirs as they are built within reservoir model-
ling software. For example, in an outcrop modelling study of 

Figure 5  High-resolution, pseudo-3D GPR dataset screen-
grab from the Carboniferous Ross Formation at the Bridges of 
Ross study site, County Clare Western Ireland.  Heterogeneous 
turbidite channel-fill were traced in 3D between outcrop cliff-
faces (see Pringle et al., 2003 for details).
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two Cretaceous deltaic systems from Utah, USA, the effects of 
dipping clinoforms on simulated fluid flow was investigated 
(Figure 7). Data were collected as scaled photo panels which 
were used to create pseudo-well logs which were then loaded 
into the modelling system. These logs were used to create a 
series of close to deterministic geo-models in which petro-
physical properties were assigned to the different facies. These 
models were then flow simulated to investigate a number 
of parameters such as the effects of clinoforms on flow, the 
different strategies for modelling clinoforms, the production 
from highstand and lowstand delta systems, and the preferred 
water flood direction vs. clinoform orientation (Howell et al., 
in press). In all cases the engineering, fluid and petrophysical 
properties were kept constant between the models and the 
flow simulation becomes a direct measure of comparative 
heterogeneity.

Once the sedimentary outcrop analogue digital model 
has been completed, post-depositional structural deformation 
may need to be removed from collected data so that original 
sedimentary architectures can be extracted for input into res-
ervoir models or compared and combined with other outcrop 
analogue datasets. Alternatively, sedimentary systems can 
be modelled with reference to a datum surface, thus remov-
ing much of the need for structural restoration. The Middle 
Eocene Ainsa turbidite basin in the Southern Pyrenees, Spain 
has been digitally mapped with key stratigraphic horizons cre-
ated in 3D (Figure 8) before being structurally restored to their 
original sedimentary position using commercially available 
software (Fernandez et al., 2004). Detailed reservoir models 
were then built using the structurally restored horizons to cre-
ate high resolution zones, facies distributions extracted from 
the model were then used to populate the model (Figure 9).

Digital data capture techniques and virtual model 
problems and pitfalls
The digital data capture techniques and related examples 
all have differing advantages and disadvantages (Table 1) 
depending on aim, outcrop size, fieldwork time, etc. The 
important aim is to integrate the data from the different 
techniques. Digital aerial photogrammetry, for example, 
generates local to regional-scale DTMs that can be analyzed 
remotely to map key stratigraphic horizons or structural 
data but is relatively low resolution and cannot resolve near-

Figure 6  Digital model of the Carboniferous Shale Grit 
Formation at Alport Castles, Derbyshire, UK.  A turbidite 
sedimentary succession of sheet-like and channel-fill sand-
stone geometries were traced in 3D.  Model input data 
included aerial (grid) and terrestrial photogrammetric out-
put, 3D GPR dataset and interpreted horizons, sedimentary 
logs, photopanel interpretations and conventional surveying 
coordinates.  Adapted from Pringle et al., (2004b).

Figure 7  Outcrop and flow-simulated reservoir model from the Panther Tongue, Book Cliffs, Utah, USA. (A) View of a 
25m thick deltaic sandbody with southward-dipping clinoforms. Pseudo-well logs are used as input for reservoir model. (B) 
Cross section through flow simulated, 3D reservoir model showing water saturation after 10 years of injection and produc-
tion. Note how clinoforms control the reservoir flow. Models such as this provide an important link between the reservoir 
engineer and the geologist and allow the investigation of effects of deterministically mapped sandbody architecture on fluid 
flow (Howell et al., in press).
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vertical cliff-faces. Digital ground-based photogrammetry 
can quickly acquire field data but requires significant data 
processing and may suffer from edge distortion effects. Field 
RTK dGPS surveying of key surfaces can be very useful in 
both ground-truthing photogrammetric surfaces and detailed 
outcrop study, but requires significant processing time and can-
not be obtained from near-vertical cliff-faces or where there is 
poor overhead satellite coverage. Conventional surveying can 
obtain accurate cliff-face data but is slow to manually acquire. 
Ground-based LIDAR surveys very rapidly acquire accurate 
and dense site datapoint clouds, but the sizes of resulting 
datasets cause difficulty in processing, visualisation and data 
extraction.

Significant time can be spent creating virtual models from 
field or remotely acquired data, but this effort is redundant if 
the resulting models are not at the required resolution for the 
project objectives. Virtual models are only as accurate as input 
data, often significant fieldwork time is needed to generate a 
realistic model. If mm resolution is required, then perhaps a 
close-range, ground-based LIDAR survey should be embarked 
upon. Alternatively if only metre-scale geometric information 
is required, then perhaps a photopanel interpretation method 
would suffice. Virtual models should be used as an aid to 
improve the reservoir geologists interpretation, not replace it. 
Also, certain data integration software can only visualise data-
sets, not extract data.

Future advances and challenges
Further developments of computer and field equipment, com-
puting hardware and software will have a tremendous impact 
on both reservoir scale and outcrop scale data capture. As 
technology progresses, 3D field-acquired data will become rou-
tinely acquired. RTK dGPS surveying systems will become ever 
more accurate, robust and allow direct downloads to remote 
PCs for real-time data processing. LIDAR rapid-scan surveying 

equipment will also become lighter and adapted for fieldwork, 
with development of semi-automated lithology classification 
software. Software development will simplify direct digital 
data import and analysis. GPR equipment development should 
greatly speed up outcrop data acquisition and data processing, 
allowing routine near-surface data integration to create fully 
3D datasets (Figure 10). Once multiple outcrop datasets are 
merged to basin-scale models, these can be directly compared 
to reservoir datasets to provide more valid data to be used for 
reservoir modelling uncertainty studies (Figure 10). Outcrop 

Figure 8  Aerial photogrammetric output from the Eocene 
Ainsa turbidite system in Northern Spain has been inte-
grated with conventional geological information, then inter-
preted for key stratigraphic horizons and structural data (see 
Fernandez et al., 2004 for more details).

Figure 9  Digital model shown in Figure 8 has been struc-
turally restored and a high-resolution, 3D reservoir model 
created using Ainsa outcrop-derived sedimentary geosta-
tistics.

Figure 10 Generalised workflows showing (A) steps taken to 
create and interrogate virtual outcrop models with (B) pro-
jected workflow to compare multiple outcrop analogue mod-
els with seismic data to reduce reservoir model uncertainty.



© 2006 EAGE 41

technical articlefirst break volume 24, March 2006

analogue multipoint geostatistics will become required, chang-
ing current analogue study approaches. 3D seismic data will 
become increasingly able to resolve both intervals that may 
approach coarse outcrop-scale resolution and to define object 
shapes – ultimately this will aid future outcrop studies and 
refine the suitability of outcrops as analogues. As the petroleum 
industry becomes better able to forward model and design at 
basin-scale, onshore outcrop analogues or laterally-equivalent 
facies and offshore reservoir models should become ever more 
closely integrated. As with all analogue studies, the importance 
is of both acquiring optimal resolution of data necessary for the 
resulting model and using the correct analogue.

Acknowledgements
The petroleum company sponsors of the SLOPE2 project at 
Liverpool University, the Genetic Units and GEOTipe Projects 
at Heriot-Watt University and academic research grant awards 
from ExxonMobil and Shell are all thanked for financial sup-
port. Schlumberger and Roxar are thanked for Petrel and 
RMS software donation and support respectively to University 
institutions. Midland Valley are acknowledged for supplying 
their 3Dmove structural restoration software. Kate Strange 
and Graham Hunter of RIEGL systems are thanked for 
hardware and software support. Rufus Brunt of the STRAT 
Group is thanked for generation of Figure 1. The use of 
Figure 2 was kindly permitted by the NOMAD project group 
(Schlumberger Research, Statoil, and Universities of Delft, 
Liverpool, and Stellenbosch). The Basin and Stratigraphic 
Studies and North Africa Research Groups (University of 
Manchester) are thanked for Figures 5 and 6. Tanja Aune and 
Åsmund Vassel of Bergen University collected field data and 
modelled Figure 7. The geodynamics group at the University 
of Barcelona, especially Pau Arbues and Oriol Falivane, are 
acknowledged for discussion and data forming Figures 8 and 
9 from the Ainsa system. Ken McCaffrey and an anonymous 
reviewer are acknowledged for constructive comments that 
improved an earlier version of the paper.

References
Aigner, T., Doyle, M., & Lawrence, D.T. [1989] Quantitative 
Modelling of Carbonate Platforms: Some Examples. In Read, 
J. (Ed) Controls on carbonate platform and basin develop-
ment. Society of Economic Paleontologists and Mineralogists 
Special Publication, 44, 27-37.
Alexander, J. [1993] A discussion on the use of analogues for 
reservoir geology. In Ashton, M. (ed) Advances in Reservoir 
Geology. Geological Society of London Special Publication,
69. 175-194.
Arnot, M.J., Lewis, J.M., & Good, T.R. [1997] Photogeological 
and image-analysis techniques for collection of large-scale out-
crop data. Journal of Sedimentary Research, 67, 984-987.
Barnes, J.W., & Lisle, R.J. [2004] Basic Geological Mapping. 
Geological Society of London Handbook Series. Open 
University Press, Milton Keynes, UK.
Bellian, J.A., Kerans, C., & Jennette, D.C. [2005] Digital 

outcrop models: applications of terrestrial scanning LIDAR 
technology in stratigraphic modelling. Journal of Sedimentary 
Research, 72, 2, 166-176.
Breed, C.T. & Grow, T. [1979] Morphology and distribution 
of dunes in sand seas using LANDSAT (ERTS) Imagery. In 
McKee, E.D. (Ed) A study of global sand seas. United States 
Geological Survey (USGS) Professional Paper, 253-303.
Bristow, C.S., Bailey, S.D., & Lancaster, N. [2000] Sedimentary 
structure of linear sand dunes. Nature 406, 1, 56-59.
Browne, G.H. & Slatt, R.M. [2002] Outcrop and behind-out-
crop characterization of a late Miocene slope fan system, Mount 
Messenger Formation, New Zealand. American Association of 
Petroleum Geologists (AAPG) Bulletin, 86, 5, 841-862.
Bryant, I.D. & Flint, S.S. [1993] Quantitative clastic reservoir 
geological modelling: problems and perspectives In Flint, S. & 
Bryant, I.D. (Eds) The geological modelling of hydrocarbon 
reservoirs and outcrop analogues. International Association of 
Sedimentologists Special Publication, 15, 3-20.
Bryant, I., Carr, D., Cirilli, P., Drinkwater, N., McCormick, D., 
Tilke, P., & Thurmond, J. [2000] Use of 3D digital analogues 
as templates in reservoir modelling. Petroleum Geoscience, 6,
3, 195-201.
Brunt, R.L. [2003] Vertical transitions in turbidite facies and 
sedimentary architecture: insights from the Grés du Champsaur, 
SE France and from laboratory experiments. Unpublished PhD 
thesis, Leeds University, UK.
Burns, C. [2004] Benefits of rapid data assessment and visu-
alization prove themselves in exploration scenarios. First Break 
22, 2, 69-72.
Chapin, M.A., Davies, S., Gibson, J.L., & Pettingill, H.S. 
[1994] Reservoir architecture of turbidite sheet sandstones in 
laterally extensive outcrops, Ross Formation, Western Ireland. 
In GCSSEPM 15th Annual Research Conference Proceedings, 
Submarine Fans and Turbidite Systems. 53-68.
Clark, J.D. & Pickering, K.T. [1996] Submarine channels, proc-
esses and architecture. Vallis Press.
Clegg, P., Trinks, I., McCaffrey, K., Holdsworth, B., Jones, R., 
Hobbs, R., & Waggott, S. [2005] Towards the virtual outcrop. 
Geoscientist, 15, 1, 8-9.
Coleman, J.L., Browne, G.H., King, P.R., et al. [2000] The 
inter-relationships of scales of heterogeneity in subsurface, 
deep water E & P Projects – Lessons learned from the 
Mount Messenger Formation (Miocene), Taranaki Basin, New 
Zealand. In Weimar, P., Bouma, A.H., & Perkins, B.F. (Eds) 
Gulf Coast Section Society of Economic Palaeontologists & 
Mineralogists Foundation, 20th Annual Research Conference 
Proceedings, Deep-Water Reservoirs of the World, Houston, 
USA. December 3–6, 263–283.
Collinson, J.D. [1970] Deep channels, massive beds and tur-
bidite current genesis in the central Pennine Basin. Proceedings 
of the Yorkshire Geological Society. 37, 495-520.
Dreyer, T., Falt, L., Høy, T., Knarud, R., Steel, R., & Cuevas, 
J-L. [1993] Sedimentary Architecture of Field Analogues for 
Reservoir Information (SAFARI): a case study of the flu-
vial Escanilla Formation, Spanish Pyrenees. In Flint, S.S. & 



© 2006 EAGE42

technical article first break volume 24, March 2006

Bryant, I.D. (Eds), The Geological Modelling of Hydrocarbon 
Reservoirs and Outcrop Analogues International Association of 
Sedimentologists Special Publication. London, 15, 57-79.
Fernández, O., Muñoz, J.A., Arbués, P., Falivene, O., & Marzo, 
M. [2004] Three-dimensional reconstruction of geological sur-
faces: an example of growth strata and turbidite systems from 
the Ainsa basin (Pyrenees, Spain). American Association of 
Petroleum Geologists (AAPG) Bulletin, 88, 8, 1049-1068.
Floris, F.J.T. & Peersmann, M.R.H.E. [2002] Integrated sce-
nario and probabilistic analysis for asset decision support. 
Petroleum Geoscience, 8, 1–6.
Geehan, G. & Underwood, J. [1993] The use of length distri-
butions in geological modelling. International Association of 
Sedimentologists Special Publication. 15, 205-212.
Glennie, K.W. [1970] Desert sedimentary environments.
Elsevier Co., Amsterdam.
Hodgetts, D., Drinkwater, N.J., Hodgson, D.M., Kavanagh, 
J., Flint, S., Keogh K.J., & Howell, J. [2004] Three dimen-
sional geological models from outcrop data using digital data 
collection techniques: an example from the Tanqua Karoo 
depocentre, South Africa. In Curtis, A. & Wood, R. (Eds) 
Geological Prior Knowledge. Geological Society of London 
Special Publications, 239, 457-75.
Hodgson, D.M., S.S. Flint, D. Hodgetts, N.J. Drinkwater, E.P. 
Johannessen, & Luthi, S.M. [2006] Stratigraphic evolution 
of fine-grained submarine fan systems, Tanqua depocentre, 
Karoo Basin, South Africa. Journal of Sedimentary Research.
Howell, J.A., Vassel A. & Aune, T. [in press] Modelling 
of dipping clinoform barriers within deltaic outcrop ana-
logues from the Cretaceous Western Interior Basin USA. In 
Griffiths et al., (Eds) The Future of Geological Modelling in 
Hydrocarbon Development. Geological Society of London 
Special Publication.
Jervey, M.T. [1988] Quantitative geological modelling of silici-
clastic rock sequences and their seismic expression. In Wilgus, 
C.K., Hastings, B.S., Kendall, C.G., Posamentier, H.W., Ross, 
C.A., & Van Wagoner, J.C. (Eds), Sea-Level Changes: An 
Integrated Approach: SEPM Special Publication, 42, 47-69.
Jol, H.M., Bristow, C.S., Smith, D.G., Junck, M.B., & Putnam, 
P. [2003] Stratigraphic imaging of the Navajo Sandstone using 
ground-penetrating radar. The Leading Edge, 22, 9, 882-7.
Kenyon, N.H., Amir, A., & Cramp, A. [1995] Geometry of 
the younger sediment bodies of the Indus Fan. In Pickering, 
K.T. & Hiscott, R.N. (Eds) Atlas of deep water environments: 
architectural style in turbidite systems, 2, 89-93.
Kneller, B.C. & Buckee, C. [2000] The structure and fluid 
mechanics of turbidity currents: a review of some recent studies 
and their geological implications. Sedimentology, 47, 62-94.
Larue, D.K. & Friedmann, F. [2005] The controversy concerning 
stratigraphic architecture of channelized reservoirs and recovery 
by waterflooding. Petroleum Geoscience 11, 2, 131-146.
McCaffrey, W.D., Gupta, S., & Brunt, R.L. [2002] Repeated 
cycles of submarine channel incision, infill and transition to 
sheet sandstone development in the Alpine Foreland Basin, SE 
France. Sedimentology 49, 623-635.

McCaffrey, K.J.W., Jobnes, R.R., Holdsworth, R.E., Wilson, 
R.W., Clegg, P., Imber, J., Holliman, N., & Trinks, I. [2005] 
Unlocking the spatial dimension: digital technologies and 
the future of geoscience fieldwork. Journal of the Geological 
Society of London 162, 1-12.
McKay, S. [2004] Autostereoscopic 3D displays: bringing 
Imax to the desktop? First Break 23, 2, 59-62.
Nordhal, K., Ringrose, P.S., & Wen, R. [2005] Petrophysical 
characterization of a heterolithic tidal reservoir interval 
using a process-based modelling tool. Petroleum Geoscience,
11, 17-28.
Peakall, J., McCaffrey, W.D., & Kneller, B.C. [2000] A process 
model for the evolution of submarine fan channels: implica-
tions for sedimentary architecture. In Bouma, A.H. & Stone, 
C.G. (eds) Fine-grained turbidite systems. AAPG Memoir 72
/ SEPM 68, 73-88.
In Hodgson, D.M. & Flint, S.S. [2005] Mass transport com-
plexes and tectonic control on confined basin-floor submarine 
fans, Middle Eocene, south Spanish Pyrenees. In Flint, S.S. & 
Hodgson, D.M. (Eds) Geological Society Special Publication, 
Submarine Slope Systems, Processes & Products, 244, 51-74.
Pringle, J.K., Westerman, A.R., Clark, J.D., Drinkwater, 
N.J., & Gardiner, A.R. [2004a] 3D high resolution digital 
models of outcrop analogue study sites to constrain reservoir 
model uncertainty - Alport Castles, Derbyshire, UK example. 
Petroleum Geoscience. 10, 4, 343-352.
Pringle, J.K., Westerman, A.R., & Gardiner, A.R. [2004b] 
Virtual Geological Outcrops – Fieldwork and analysis made 
less exhausting? Geology Today. 20, 2, 67-72.
Pringle, J.K., Clark, J.D., Westerman, A.R., & Gardiner, 
A.R. [2003] Using GPR to extract 3-D turbidite chan-
nel architecture from the Carboniferous Ross Formation, 
County Clare, Western Ireland. In Bristow, C.S. and Jol, 
H. (Eds) Geological Society Special Publication. GPR in 
Sediments, 211, 309-320.
Reynolds, A.D. [1999] Dimensions of Paralic Sandstone 
Bodies. American Association of Petroleum Geologists 
(AAPG) Bulletin, 83, 2, 211-229.
Ringrose, P.S., Nordahl, K., & Wen, R. [2005] Vertical per-
meability in heterolithic tidal deltaic sandstones. Petroleum 
Geoscience, 11, 29-36.
Staggs, J.G., Young, A., & Slatt, R.M. [2003] Ground-pen-
etrating radar facies characterization of deepwater turbidite 
outcrops. The Leading Edge, 22, 9, 888-891.
Vissa, C.A. & Chessa, A.G. [2000] Estimation of length dis-
tributions from outcrop datasets – application to the Upper 
Permian Cutler Formation, Utah. Petroleum Geoscience, 6,
29-36.
Young, R.A., Slatt, R.M., & Staggs, J.G. [2003] Application 
of ground penetrating radar imaging to deepwater (turbidite) 
outcrops. Marine & Petroleum Geology, 20, 809-821.
Zehner, B., Alteköster & Kümpel, H.-J. [2001] Visualisation of 
3D GPR surveys: Application of Virtual Reality in Geosciences. 
European Journal of Environmental & Engineering Geophysics,
6, 141-152.




