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Abstract
Contrary to what is often assumed, fractures such as joints are not always confined to single sedimentary beds. In contrast, they can
continue across a group of beds and/or start/end within layers. The concept of mechanical units has been developed to define a group
of layers which displays a homogeneous fracture pattern. Presently, however, there are no theoretical tools to predict which parts of a
sedimentary succession will behave as a mechanical unit. It is thus unknown which sedimentological or mechanical properties concur
in defining mechanical units. Outcropping successions provide relevant information complementary to borehole data.
A “backward” work flow is proposed which includes 1) the quantitative description of fracture patterns in vertical outcrops spread
over a reservoir-scale region, 2) the definition of mechanical units, and 3) the establishment of correlations between mechanical units
and observables. Such a work flow is made possible by a recently developed acquisition and processing protocol which produces an
accurate and assumption-free description of fracture patterns across the stratigraphy. The image of the outcrop, corrected for
distortion, is imported in a GIS environment thereby acquiring an internal scale. Fractures are traced directly on the screen of a laptop,
and attributes such as orientation and morphology are associated to them. An automated processing routine extracts from the
corresponding shape files changes across the stratigraphy of fracture characteristics at detailed scales of <2cm.
Results from three case studies are presented. In Permian deep water sandstones of the Karoo Basin, m-thick beds, typically turbiditic,
show widespread intra-bed changes in fracture density, directly proportional to grain size. Dm- and thinner-scale beds tend to form
mechanical units unless intercalated in shaly layers. In central Morocco, a gently folded, 30m thick package of Devonian carbonate
sands in a finer-grained succession behaves as a single mechanical unit with higher fracture densities at the top and at the bottom. In

the atoll-like Triassic Latemar Platform (Dolomites, Italy) fractures in the platform interior are organized in 10s of meters thick
corridors cutting the entire stratigraphy and smaller, dm-spaced fractures affecting packages of beds where spacing is influenced by
lithology. Fracture sets preserve their orientation entering the platform slope but their spacing and height increase substantially.
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Abstract
Differently from what often assumed, fractures such as joints are not always confined to single sedimentary beds. In contrast, they can continue across a group of beds and/or start/end within layers. The concept of
mechanical units has been developed to define a group of layers which displays a homogeneous fracture pattern. Presently, however, there are no theoretical tools to predict which parts of a sedimentary succession will
behave as a mechanical unit. It is thus unknown which sedimentological or mechanical properties concur in defining mechanical units. Outcropping successions provide relevant information complementary to borehole data.
ii) the definition of mechanical units, and iii) the
establishment of correlations between mechanical units and observables. Such a work flow is made possible by a recently developed acquisition and processing protocol which produces an accurate and assumption-free
description of fracture patterns across the stratigraphy. The image of the outcrop, corrected for distortion, is imported in a GIS environment thereby acquiring an internal scale. Fractures are traced directly on the screen of
a laptop and attributes such as orientation and morphology, are associated to them. An automated processing routine extracts from the corresponding shape files changes across the stratigraphy of fracture characteristics at
detailed scales of <2cm.
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Results from three case studies are presented. In Permian deep water sandstones of the Karoo Basin, m-thick beds, typically turbiditc, show widespread intra-bed changes in fracture density, directly proportional to grain
size. Dm- and thinner scale beds tend to form mechanical units unless intercalated in shaly layers. In central Morocco, a gently folded, 30m thick package of Devonian carbonate sands in a finer-grained succession behaves as
a single mechanical unit with higher fracture densities at the top and at the bottom. In the atoll-like Triassic Latemar platform (Dolomites, Italy) fractures in the platform interior are organized in 10s of meters thick
corridors cutting the entire stratigraphy and smaller, dm-spaced fractures affecting packages of beds where spacing is influenced by lithology. Fracture sets preserve their orientation entering the platform slope but their
spacing and height increase substantially.

the challenge

fractured reservoirs

Reservoirs are frequently affected by widespread fracturing and/or faulting. Distributed jointing can develop as
consequence of regional and/or local stress fields. In fault-zones, the damage zone, a body of the rock affected
by a dense network of fracturesm is crucial but poorly known part of the system. Distributed fractures, although
accommodating little displacement, are a primary factor in controlling physical properties of reservoirs

primary information from reservoir
Production rates and volumes are controlled by fracture network connectivity between wells, while the primary
sources of data on fracture properties are measured only in wells and in their vicinity
(Parney and LaPointe, 2001)
for distributed fracture fields as well
as for the damage zones of faults we
miss:
- spacing distances and their full
statistics
- the continuity of fractures across the
stratigraphy of the reservoir
- the length of the fractures

present solutions

outcrop analogs

Presently, reservoir models are fracture-populated by (stochastically)
extrapolating directions and densities obtained from borehole images and
seismic anisotropy data.

Outcropping analogs of reservoirs can provide data and geological lessons to be used to guide extrapolation.
In particular:

assumed geological relations between bedding and spacing is sometimes
adopted.
curvature analysis is sometimes used to define the areas experiencing
fractures but it neglects the complexity of folding processes (Salvini &
Storti, 2004)

a new approach is required

traditional methods
The generally adopted scan line method is unsatisfactory

shortcomings

assumed to be representative of
a given (group of) layer. This assumption is merely not quantitatively
tested and might be substantially wrong in the, not rare, case that a
significant number of fractures is not bed constrained.

information on changes in fracture distributions across the stratigraphy and on fracture lengths are not
geologically constrained
vs. spacing and curvature are geologically not robust and neglect the existence of mechanical units

acquiring information at the outcrop level

Building a fracture model

By introducing the orientation and length of a reference line, the picture acquires
and internal scale. The dimensions and positions of all features drawn on the screen
are stored then automatically in shape files

step2: guided by a 2nd person, the operator at the tabletPC traces fractures or oher
relevant features on the screen. The operator at the outcrop observes the precise
position of the fracture and communicates it to the operator at the TabletPC who,
zooming in an out, can replicate the same precision.
Attributes, such as the direction of the fracture, its morphology, presence of infill
etc can be associated with each fracture

Step 3: The boundaries of the part of the outcrop containing significant data are
drawn.
Other relevant geological features such as the stratigraphy, sedimentology of the
outcropping succession are drawn/attributed and stored as shape files.
DigiFract becomes thereby a georeferenced platform for the integration of
different data sets

case studies

Fracture directions from boreholes and
outcrops are comparable (Taal-van Koppen,
2008)

We have assemble a He balloon with a camera the movements of which are steered by a
remote control on the ground equipped with a screen which sees what the camera sees. To contain costs and improve flexibility of mobilization, the balloon is kept in position by strings hold
by operators.

Using a Python script developed for DigiFract the data are processed and
queried in different ways searching for relevant correlations

The scale and position of the images is guaranteed by gridding points accurately placed on the
ground before flying

In the simple processing approach, a digital scan line passes through the
outcrop remaining parallel to bedding at a distance interval decided by
the operator, typically 1-2cm.
At each step, the position of each fracture encountered in determined.

Fracture densities (number of fractures divided by the length of the useful part of the
outcrop) are plotted across the stratigraphy. Full and assumption-free statistics (e.g.
standard deviation of spacing distances) are available.
As the position of bedding surfaces is also digitally available, the operator can query the
data on the relative position of fractures with respect to bedding surfaces.
The analysis can be obviously also applied to subsets of the data as, for instance,
fractures with one specific direction

The Tata Anticline (central Morocco)

structural stations were measured with
DigiFract in all sedimentological and tectonic
domains of the region

The acquisition of fracture data from pavements has been challenging because of the difficulty
of imaging surfaces large enough to cover the entire outcrop within a reasonable amount of
time with a resolution high enough to allow the definition of single fractures.

Data are stored in a Data Base Management System. Each fracture is
characterized by its own identifier and is, therefore, a fully defined
digital object. Information on bedding, their sedimentology etc is also
stored in the same data base
digital scan line

Deep water turbidites of the Permian Karoo Basin (South Africa)

pavement data

Files produced by the ArcPad routine during acquisition are read in the
open source software QGis.

step 1 A digital picture of the outcrop is downloaded on a Tablet PC and opened
within an ArcPad application written for the purpose.
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learning geological lessons applicable to the target reservoir

processing and reporting

The outcrop analysis is performed at different localities covering an area comparable to that of the target
reservoir. Beside geographic coverage, structural stations (data points) are chosen in order to cover
different tectonic features (for instance close and far from faults or different fracture sets) as well as
sedimentary settings (for instance a sand-rich or a shaley part of the succession).

A 40m thick succession of Devonian quartz-arenites forming an anticline exposed for
0.5km across strike and >3km along strike
Joints are ubiquitous and organized in two main sets parallel and perpendicular to the
fold axis
Fractures on the anticline pavement have been imaged with the He balloon (see
above) and are being processed

Outcrops with steep beds (1km away
from the anticline) show higher density
values

Digifract represents an efficient and powerful tool to improve predictions of fracture patterns in buried reservoirs on the basis of outcropping
analogs

The Latemar is a carbonate platform
system characterized by a thick, very
well bedded interior passing laterally
to slope facies with 10s to 100s m
large collapsed blocks of platform
interior (Emmerich et al., 2005).
Fractures are ubiquitous and trend
NNW-SSE and WSW-ENE. Directions do
not change from the interior to the
slope

tions between bed thickness and spacings distances are very weak
ference among them is variable. Mechanical units display somewhat better thickness vs. spacing correlations
fractures in the platform interior have densities of
2-4m-1. They are generally confined to mechanical
units rather than to single beds

The NNW-SSE set is coeval with
Middle Triassic sub-parallel neptunian
and volcanic dykes

grainstones have higher spacing than in wackestones
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test with field data!

conclusions

fractures in the slope have lower densities <1m-1,
and have random vertical distribution.

boreholes (NOMAD project) drilled near cliffs for
comparison between outcrops and subsurface

stochastic extrapolation
guided by geological lessons
learnt during previous steps

Having identified the mechanical units in the different structural and sedimentological domains, queries
can be performed searching for factors controlling the mechanical units and the spacing distances of the
included fractures

The Triassic Latemar carbonate platform (Dolomites, N Italy)

In the exposed part of the anticline, we
observe no significant lateral changes of
fracture densities of the set parallel to
the fold axis.

turbidite fans separated by
interfan shaley successions (Hodgson et al., 2006).
Generally undeformed, with the exception of localized
thrust faults and folds
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