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We investigated the accuracy of surface seismic attributes
in predicting fracture density variations within the
Nordegg Formation in west central Alberta. We know from
core, drill samples, well-log, and drilling data that the Nordegg
zone is fractured to some degree. These fractures are of interest
because the reservoir has very low permeability, and therefore
natural fractures may materially affect well performance. 3D
surface seismic techniques such as amplitude variation with
azimuth or azimuthal AVO (AVAz), variation of velocity
with azimuth (VVAz), curvature, and coherence techniques
are all tools that have been used to predict fractures in a
qualitative fashion. In this study, we wanted to understand
how well these attributes predicted the reservoir quality in a
quantitative fashion. Previous quantitative studies have used
image log orientation data or estimated ultimate recoveries
(EUR) in vertical wells as validation data. The conclusiveness
of these studies has been subject to several problems: firstly,
the limited sample statistics provided by vertical wells applied
to the validation of lateral variations, and secondly by the
potential nonuniqueness of the EUR to fracture density
relationship.

Our approach to the fracture prediction problem will add
to these earlier attempts primarily by using the larger sam-
ple statistic provided by well-log data recorded in horizontal
wells. Our validating data include fracture density data mea-
sured from a formation microimager log (image log) recorded
in two horizontal wells as well as microseismic event data re-
corded over one of the two wells. Analysis of the image log
data illustrates that the fractures are almost uniformly vertical
and aligned, which satisfies key theoretical requirements of
AVAz and VVAz. We also show that the surface seismic attri-
butes share some similarities with the image log in their sta-
tistical behavior, particularly in the image log fracture density
histogram and the histograms of AVAz anisotropic gradient,
VVAz velocity difference, and most positive curvature attri-
butes. We also demonstrate that image log fracture density
correlates with these same surface attributes. Correlations
between the surface seismic attributes and the microseismic
event moments are also shown to be statistically significant.
This statistical meaningfulness is mitigated by a concerning
amount of scatter in all fracture predictions. The error in our
predictions requires us to consider the possible breakdown in
the predictive ability of the individual attributes, and points
us to the potential advantage of using the surface seismic at-
tributes together in either multilinear solutions or crossplot-
ting procedures.

The Nordegg Formation
The Nordegg Formation in the Columbia-Harlech area is
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Figure 1. Depiction of wells A and B. (a) lllustrates a stratigraphic
cross section of the Nordegg in local wells. Log displays include gamma
ray, and density porosity curves. The horizontal well A is depicted as
if it intersects a nearby vertical well. (b) Schematic illustrating the
relative position and setting of horizontal wells A and B. (c) A most
positive curvature map of the Nordegg illustrated in a time relief map.
The strike slip zone is indicated by the yellow arrow.

typically a lower chert/carbonate rock type overlain by an
upper porous quartz-arenite sandstone reservoir which is un-
conformably overlain by the Poker Chip shale. Porosity with-
in the lower Nordegg is bio-moldic in origin and is developed
from the remnant bivalves shells, pelecypods, and pelloids
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deposited in the platform environment. The upper Nordegg
contains a porous phosphatic sublithic arenite sandstone fa-
cies, which is interpreted as having been deposited in a shal-
low marine ramp setting. The intergranular porosity, within
these meter-scale phosphatic sublithic arenite sandstone in-
terbeds, was preserved due to the presence of silica and cal-
cite cements during burial and compaction. Postburial mi-
gration of fluids partially-to-extensively removed the calcite
cement and unstable grains (e.g., phosphate pellets) from the
sandstone, establishing the reservoir-quality intergranular
porosity and enhanced secondary porosity. Reservoir param-
eters of the Nordegg interval within the Columbia-Harlech
area averages about 12 m of net pay (> 6% sandstone matrix
porosity) with an average log porosity of 7% and 14% water
saturation. The Nordegg is gas-charged. Core permeability
ranges from 0.01-0.1 mD. The majority of the deliverabil-
ity and enhanced permeability within the Nordegg is inter-
preted to come from the area’s complex system of faults and
fractures associated with regional strike-slip style faulting.
Figure 1a illustrates the Nordegg reservoir in cross section.
There is extensive 3D surface seismic coverage in the area
which enabled identification and mapping of the Nordegg’s
major structural features. Two wells (A and B) were drilled
into several of the interpreted structural archetypes in the
area. Figure 1b illustrates these structural archetypes and the
relative positions of the wells. Well A was drilled along the
strike of a folded anticlinal feature, and well B into a major
strike slip feature. Figure 1c shows the exact positions of the
wells on the seismic data with a most positive curvature attib-
ute. All wells were drilled along strikes perpendicular to the
regional tectonic interpretation of the maximum horizontal
stress (0, ). This was done so that fracture stimulations of
the wells would be oriented to apply maximum stress in the
same azimuth as o, . Image logs were acquired for wells A
and B. A microseismic experiment was also performed during
the completion of well A. Subsequent to drilling these wells,
the 3D seismic data were processed in an attempt to produce
attributes that characterize, explain, and predict the fracture
density at the wells and throughout the rest of the 3D survey.

Previous studies

Most past attempts at objectively testing fracture predic-
tion such as Lynn et al. (1999), Gray et al. (2003), Roth et
al. (2009), and Khromova and Link (2010) used produc-
tion EUR data from vertical wells to validate the attributes.
The EUR of wells can be affected by other variables such
as lateral boundaries, variable pressures, matrix permeabil-
ity variations, variations in the completion of the well, and
the drilling history of the field. These other related variables
could act to limit or compromise our confidence in the EUR
to fracture relationship. A more direct measure of fracture
density and orientation, such as the fracture data produced
by image logs, would be a desirable addition to the study of
fractures. Image log orientation data have been used to tie
estimated fracture orientations in vertical wells (Mazumdar
et al., 2008; Roende et al., 2008). Boerner et al. (2004) re-
lated vertical well image log and other data with a seismic-
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based fracture density model, but the small number of wells
and validation data formed a very small sample statistic. The
image log data from a limited set of vertical wells have yet
to form a sufficient sample statistic to conclusively study the
variation in fracture density. Horizontal wells can be drilled
long distances (greater than 1000 m) within a formation,
which can enable the acquisition of a larger set of measured
fracture density variations. The image log data (from hori-
zontal wells) that we use should be a superior data element
for testing fracture prediction, as the expected relationship
to the seismic attributes is direct and measured over a large
area within the formation. A comparison of the fracture
predictors (AVAz, VVAz, curvature, coherence) against di-
rect image log fracture density measurements will provide
a clear, controlled, scientific basis for analysis. Microseismic
event moments are used as a second, although less direct, ele-
ment of validating data. The microseismic data cover an area
of about 40 hectares, which comprises a significant region
within which fracture density variations may be compared.

Theoretical background

AVAz describes the change in AVO as azimuth varies, while
VVAz describes the change in velocity as azimuth varies.
Both techniques can provide a direct estimation of relative
fracture density and orientation if the fractures meet strin-
gent physical criteria (Gray and Todorovic-Marinic, 2004).
AVAz may be characterized by the near-offset Riiger (1996)

equation:
R(0,9) =A+ B+ B, cos’ (¢ - (1)W)]sin26. (1)

The equation models the reflectivity R as a function of azi-
muth ¢ for narrow angles of incidence 6, for an isotropic half-
space over a horizontally transverse isotropic (HTT) anisotro-
pic half-space. The HTT requirement means there must be a
single dominant collection of near-vertical fractures. VVAz
has the same physical requirements, as do the most com-
monly used forms of multicomponent seismic data fracture
analysis methods. The equation is parameterized in terms of
the P-wave impedance reflectivity, A4, the isotropic gradient,
B, the anisotropic gradient, B, ., and the symmetry axis of
the horizontally transverse isotropic (HTI) anisotropic me-
dia, ¢_ . The anisotropy gradient is related to the fracture
density as discussed by Lynn et al. (1996).

The 3D survey used in this study has a 660-m source line
interval, 600-m receiver line interval and is 27 fold at the
target. The acquisition geometry is typical for the area and
target. These data will not produce adequately sampled, azi-
muthally sectored, and offset-sorted gathers, which presents
a problem since the Riiger equation requires gathers sorted
in limited offset and azimuth volumes. Gardner and Can-
ning (1994) showed that sparse sampling would create arti-
facts in prestack migrated data. Their work did not consider
the further damage that azimuthal sectoring would produce
in the image gathers. Hunt et al. (2008) showed that five-
dimensional interpolation (Sacchi and Liu 2005; Trad 2007,
2009) can infill missing offset and azimuths and reduce these
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artifacts for AVO analysis. Gray and Wang (2009) used a
physical modeling study to demonstrate that the interpola-
tion, in addition to area weighting and bin borrowing (Zheng
et al., 2001), generates AVAz estimates with greater accuracy
and fewer artifacts. We employed all these techniques in the
azimuthally sectored migration to produce AVAz results with
the best accuracy. The VVAz anisotropy attribute was pro-
duced on the same imaged gathers in a horizon-consistent
fashion. The Nordegg was one of the horizons used in the
VVAz analysis. Chosen horizons were separated by about 50
ms. The VVAz anisotropy attribute is the percentage differ-
ence between the fast and slow azimuthal velocities within the
Nordegg horizon interval.

Curvature attributes primarily describe the structural
shape of the seismic data. Anticlinal features, especially hinge
zones, may be clearly defined by most positive curvature
maps.

Nelson (2001) describes how the points of greatest curva-
ture relate to the points of greatest strain in the rock. The con-
nection between curvature and strain is key to the validity of
curvature fracture inferences. The most-positive curvature at-
tribute may identify hinge zones on folds. Other causal vari-
ables of fractures such as lithology and in-situ conditions such
as depth and pore pressure require that curvature measures
be calibrated carefully for each horizon and area. Similarity
attributes such as semblance or coherence are also commonly
used to predict stratigraphic or structural breaks (including
faults) in seismic data, and require calibration to well control
for the same reasons as the curvature attributes.

The image log is a high-resolution borehole tool that can
image fractures in the wellbore at the centimeter and millime-
ter scale. The image log tool provides its electrical image from
micro-resistivity measurements. Luthi and Souhaite (1990)
describe how these images are interpreted to reveal informa-
tion regarding structure, sedimentary features, and rock tex-
ture. Fracture orientation, aperture, porosity, and density can
also be determined from this log and were used in this study.

Microseismic experiments are sometimes used to observe
and map hydraulic fracture stimulations of reservoirs. Seis-
mic events (moments) observed around the time of stimula-
tion are presumed to be related to fracture growth. Therefore,
new fractures may be mapped and calibrated from the seis-
mic (event) moments as observed from surface or subsurface
microseismic monitoring during and after stimulation. Max-
well et al. (2009) observed that the microseismic events result
from an interaction between the stresses induced upon the
formation during stimulation, the preexisting stress regime
within the rock, and pre-existing fractures. As a result, there
should be a correlation between microseismic events and
preexisting fractures. Bayuk et al. (2009) suggested that cer-
tain microseismic events followed the orientation of known
natural fractures and signified deformation within them.
Their work suggested a sharing of microseismic events along
the direction of the hydraulic fracture treatment where new
cracks formed, and the preexisting natural fracture network,
oriented with different azimuths. The observations imply the
microseismic events are not necessarily only correlated to the
1124

THE LEADING EDGE SEPTEMBER 2010

INTERPRETATION

()

)

SO
N

fractures per foot

Figure 2. The extraction of fracture estimates from the image log and
the seismic data at well B. (a) The path of horizontal well B. (b) Well
B with the vertical wells created as image log data bins. (c) The bins
with image log fracture density values in fractures per foot. Brighter
colors represent higher values of fracture density. (d) The image log
densizy in _fractures per foor located over a gridded 3D attribute (the
attribute is a linearly weighted combination of AVAz crack density and
curvature, similar to Figure 7d).

natural fracture system, but may also be affected by the par-
ticular stress field created by the hydraulic fracture stimula-
tion. This stress field may or may not be in the same direc-
tion as the natural fracture system, and suggests a complex
interplay between paleo-fractures, present-day stresses and
the stress imparted to the formation under fracture stimula-
tion. The multiple causes of microseismic events require some
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caution and interpretation in their use as a validation tool
for surface seismic fracture attributes. In this study, the wells
were drilled so the fracture stimulations would be oriented to
apply maximum stress in the same azimuth as 6, . This may
reduce the complexity in the microseismic event behavior,
and increase the expected correlation between microseismic
events and the natural fracture system. Despite the complexi-
ties and potential nonuniqueness of the microseismic events
to the natural fracture relationship, the use of microseismic
data has advantages over other validation data. The microseis-
mic event data generally form a large spatial sample statistic.
There are commonly hundreds of microseismic events, and
instead of following a well path, they are distributed spatially
about the well. The support size and location accuracy of the
microseismic is also much closer to typical seismic bin sizes.
This is in stark contrast to any borehole logging information,
which is recorded with subseismic support and investigates
only a few inches or a few feet into the formation.

Data and methodology

The 3D surface seismic data (3D) used to produce the seismic
attributes is the same 3D discussed in Hunt et al.’s (2008) in-
terpolation and AVO case study. The same interpolated data
were migrated in azimuthal sectors to produce data for AVAz
and VVAz attribute estimation. Volumetric curvature and
coherence attributes were produced from specially processed
and conditioned migrated stacks at high and low resolutions
by methods described by Chopra and Marfurt (2007). Attri-
bute values were extracted from each of these processed vol-
umes at the Nordegg level and were gridded in a consistent
manner for each volume. The VVAz anisotropy attribute was
determined by extracting an interval anisotropy value from
the data volume just below the top of the Nordegg pick. The
most-positive curvature attribute and coherence attributes
were extracted in the same fashion. The AVAz attribute was
calculated using a larger window of the Nordegg and calcu-
lating the rms average of the anisotropic gradient within the
window. The AVAz attribute was not sensitive to the window
size, provided an rms average was used. This insensitivity
may suggest the average fracture densities in the sandstone
and limestone facies of the Nordegg were not significantly
different.

In order to test whether the seismic attributes predict frac-
tures in the Nordegg, we need to extract the image log data
with the 3D data at the same locations. This presents chal-
lenges regarding scale and support. The image log data are
recorded with resolution on the centimeter and millimeter
scale, and are sampled with average values at a fraction of a
meter. The bins from which the 3D attributes are extracted
are 30 x 60 m. In order to bring these data together, we cre-
ated a new binning scheme for the image log data, where we
created image log data bins every 10 m along the horizontal
wellbore paths. Image log data were averaged within the bins.
This averaging brings the support size of the image log data
closer to that of the seismic, although we kept the bin size
small enough to allow us to consider further averaging later.
Each image log data bin was dubbed as a pseudo-vertical well
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Figure 3. The microseismic and the surface seismic at well A. (a)

The microseismic cumulative event moments. (b) The contoured event
moment data overlain upon AVAz crack density data. (c) The same
comparison for low-resolution most-positive curvature data and the
microseismic moment data contours. (d) The same comparison for
coberence. In all cases, brighter (yellow) colors represent higher values.
The image log data are fracture density in fractures per foot.

with the image log fracture density given as a formation top
value. Image log and gridded 3D attribute data could then be
extracted together at each of the dummy well locations and
exported as ASCII data for analysis. Figure 2 illustrates this
element of the procedure. Both wells A and B were drilled
along the same azimuth, which is perpendicular to o, . This
orientation could introduce a bias towards encountering frac-
tures oriented in the direction of 0, .
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The microseismic events must be extracted with the sur-
face seismic attributes so they can be correlated. Events from
four different completion stages were summed into one mi-
croseismic event moment horizon that we could locate and
bin within the 3D volume. Microseismic events were detect-
ed further than 400 m away from the horizontal well bore.
Bins with no events were given a moment value of zero. These
events could also have been given small values correspond-
ing to the limits of detection of the experiment. Either ap-
proach has a degree of arbitrariness and has a similar effect on
the comparisons carried out later. Correlations with surface
seismic attributes were carried out by extracting the micro-
seismic horizon data and the 3D attribute data at the same
bin locations. This extraction was limited to an area that rep-
resented an envelope of the observed microseismic events, in
order to maintain the meaningfulness of the no-event data.
There were 196 surface seismic bins within the extraction
area, and 124 of those bins had microseismic event moments
within the range of detection. Figure 3 illustrates this element
of the procedure. The microseismic cumulative moment is
displayed in Figure 3a. Figures 3b and 3c illustrate the AVAz
and most positive curvature attributes with the microseismic
cumulative moments displayed as a contour overlay. These
displays show a possible relationship between the microseis-
mic data and both surface seismic attributes. In a qualitative
sense, both attributes appear to have regions of similarity and
dissimilarity to the microseismic data. Figure 3d makes the
same comparison for the coherence attribute, but does not
illustrate an obvious qualitative relationship between coher-
ence and the microseismic data.

Image log data: Do we have an HTT media?

The image log data from wells A and B represent combined
log information from 1800 m of Nordegg reservoir. Figure
4 describes the statistical behavior of the image log fracture
density data. These data very clearly show that the fractures
are overwhelmingly vertical, have a common azimuth, and
obey a power law distribution. The two sets of azimuths with
respect to north shown in Figure 4b are actually the same
azimuth; i.e., they are 180° apart. The image log data suggest
that the fractures might induce HTT anisotropy, which is as-
sumed by both our AVAz and VVAz methods.

Attribute data: similar to the image log data?

The distributions of the surface seismic attributes should
have similar characteristics to the image log data if they are
to estimate fracture density. Figure 5 illustrates the distribu-
tions of our key surface seismic attributes. The estimated azi-
muth data shown in Figure 5b are remarkably similar to the
image log data. The AVAz anisotropy, VVAz anisotropy, and
curvature attribute histograms are not as well matched to the
image log fracture density. Although these histograms are
asymmetric in the same sense as the image log data, they less
clearly follow power law behavior. These attributes may also
illustrate a second population in the data as shown in Figures
5a, 5¢, and 5d. This second population could be a result of
the difference in the scale of observation of the surface seismic
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Figure 4. The statistical behavior of the fractures observed by the
image log. (a) The angle from the horizontal. 85% of the fractures had
an angle of 80 °or more. (b) The azimuth from north. (c) The density
distribution in fractures per foot.
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attributes and the image log
data. The second popula-
tion might also be telling us
something important about
the fractures. Nelson (2001)
describes type I and type 11
fractures on fold systems.
The type I fractures should
be oriented in the direc-
tion of o, , and should
be widely distributed, while
the type II fractures will
follow the strike of the fold
and be most dense in the
hinge zone. The points of
maximum curvature will
represent the hinge zone,
and could be a location
where both fracture types
exist in abundance. The
highest curvature values all
occur on the hinge of the
fold along which well A is drilled.

It is possible the HTT media description of
the rock will fail where both fracture sets exist,
depending whether one fracture type is domi-
nant over the other and how that dominance
may change laterally, and at what lateral scale
that change occurs. This could represent a lo-
cal breakdown in AVAz and VVAz. The AVAz
estimated azimuth distribution of Figure 5b is
very similar to the image log fracture azimuth
distribution of Figure 4b, with dominant frac- L AR R
ture strike azimuths of about 50° east of north, 11
and is the orientation we expect the type I & _I _—r I_.
fractures to have. This is the expected orienta- R . O, R T
tion for 0, _, and is perpendicular to the well
path. This orientation information shows little
evidence of type II fractures. This could mean:

VVAz
Velocity

anisotropy

Curvature Coherence

Correlation coefficient .
Maximum Low resolu-

tion most
positive

(B ani)
RMS

Energy ratio

Raw image log

Averaged image log

Averaged image log, low
curvature population

Table 1. Correlation coefficient summary for the 3D attributes regressed against the image log fracture
density dara.

VVAz
Velocity

anisotropy

Curvature Coherence

P Values (61 points) (B ani)

RMS

Maximum Low resolution
most positive

Energy ratio

Averaged image log

Averaged image log, low
curvature population

Table 2. summary of P-values calculated for the regressions summarized in Table I. Lower P-values imply
higher confidence that the correlation is not caused by chance. P-values higher than 0.01 = brown.
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Figure 5. The frequency distributions of the surface seismic fracture predicting

3D attributes were extracted at the image log attributes. (a) AVAz crack density. (b) AVAz azimuth. (c) VVAz anisotropy. (d) Low-

data bins along the horizontal trajectories of
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Microseismic cumulative moment (# of data points)

No null events, 1
cull (123)

No null events

(195) (124)

VVAz anisotrophy

Maximum curvature

Low resolution most positive curvature

Coherence

Table 3. Correlation coefficient summary of the 3D attributes regressed against microseismic event moments.

Microseismic cumulative moment (# of data points)

P-values

AVAz (B ani) RMS

All data, 1 cull

No null events, 1
cull (123)

No null events

(124)

(195)

VVAz anisotrophy

Maximum curvature

Low resolution most positive curvature

Coherence

Table 4. Summary of P-values calculated for the regressions summarized in Table 3. Lower P-values imply higher confidence that the correlation
is not caused by chance. P-values higher than 0.01 = brown. Only the AVAz attribute passes the 1% significance level test for all populations.

well A and well B. These data were correlated with the image
log fracture density values in several ways, including a simple
regression of seismic bins to image log bins and a regression
where the image log bins were smoothed by a seven-point
smoother to more closely approximate the seismic bin size.
Different smoothing schemes and smoother lengths were
tested, all of which produced similar results. Another regres-
sion was produced where a potential second population with-
in the attribute data was excluded. The second population
was identified in Figure 5, and was thought to potentially
be the result of a difference in the scale of observation, or
even a breakdown in the attributes themselves at or near a
hinge zone and area of multiple fracture sets. The anomalous
population was separated in the same way for each attribute
through a resorting of the data by curvature values. Only the
AVAz attribute benefited from the separation of the high cur-
vature population. Table 1 summarizes the correlation coef-
ficients for these regressions. This table includes regressions
from the original sampling of the image log data as well as the
smoothed data and the population restricted data so that the
entire analysis can be compared. The statistical significance of
these correlation coefficients was also considered by calculat-
ing the P-values for each regression. Only the averaged im-
age log data correlations were evaluated to ensure the correct
number of samples were considered in the calculations. Table
2 summarizes the P-values, and identifies the 1% confidence
level with brown highlighting. Only the coherence attribute
failed the 1% test. This test suggests that the correlations of
the AVAz, VVAz, and curvature attributes with the image log
fracture density were statistically significant. Figure 6 illus-
trates several of the crossplots from which the correlation co-
efficients were calculated. The AVAz and curvature attributes

had strong correlations, while the VVAz attribute had a cor-
relation that was not as strong, but still statistically convinc-
ing. The coherence attributes did not show a meaningful data
correlation; in fact, these correlations were either low in the
comparison to image log average, or nonphysical in the low
curvature population.

These regressions can be used to predict fracture density
from the seismic attributes. Figure 7 illustrates four such maps
near well B. The coherence map of Figure 7¢ does not have an
obvious relationship to the image log data in the well. There
is litcle range in the coherence-based fracture density estimate
at well B, due to the lack of coherence anomalies in the area of
the well. The best map is found in Figure 7d, which employed
a multilinear regression of AVAz and curvature attributes.
This map uses the attributes in a complementary fashion. The
scatter plot resulting from the multilinear regression is shown
in Figure 8. Other combinations of attributes were tested in
multilinear solutions, but the AVAz and most positive curva-
ture attributes had the best correlation coefficient, which was
0.74. The addition of VVAz or coherence attributes did not

improve the regression.

Microseismic event correlations with surface seismic
attributes

The microseismic event moment data were regressed with
the 3D attribute data binned at the same locations. This was
done in four different ways: a simple regression utilizing all
the data, a regression with a single outlier point culled, a
regression with the null or nonevents culled, and a regres-
sion where both the null events and the outlier were culled.
Each case had more than 120 sample points to be compared.
Two crossplots from the regression work are shown in Figure
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Figure 6. The crossplots of image log fracture density and seismic
attributes. (a) AVAz versus image log fracture density. (b) The same,
except the high curvature population is not included. (c) VVAz versus
image log fracture density. (d) The most-positive curvature versus image
log fracture density. (¢) Coberence image log fracture density.
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fractures / foot

Figure 7. Fracture density predictions from seismic data ar well B.
(a) The fracture density predicted from AVAz data. (b) The fracture
density predicted from low-resolution most-positive curvature data. (c)
The fracture density predicted from coberence. (d) The fracture density
predicted from AVAz and curvature data. The image log data are
[fracture density in fractures per foot.

9, on which the null or nonevents and the data outlier are
identified. We present these observations cautiously since the
absence of a microseismic event is clearly important informa-
tion, but our handling of that information is less sure. Simi-
lar results would also be reached by alternatively making the
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Figure 8. Crossplot of image log fracture density versus a multilinear regression estimate of fracture density. The multilinear regression uses AVAz
rms and most-positive curvature values. The correlation coefficient for this regression is 0.74 . All data were used in this scatter plot.

nonevent data a small value corresponding to the limits of
detection in the microseismic experiment. Either method
has a degree of arbitrariness, so we opted to simply assign
nonevents the value of zero. Figure 9b shows a strong correla-
tion, which may fit better to an exponential curve. The high
correlation between the microseismic and the AVAz attribute
is consistent with the map displays of Figure 3. Table 3 sum-
marizes the correlation coefficient values of those regressions.
The AVAz attributes were clearly the best, followed by curva-
ture and V'VAz attributes. The statistical significance of these
correlation coefficients was also considered by calculating the
p-values for each regression. Table 4 summarizes the P-values
for the regressions. Only the AVAz attribute passed the 1%
test for significance for every variation in our population.
Note that most high P-values occurred when we excluded
the nonevent data. The coherence attribute was positively
correlated to the event moment, which is counter to our ex-
pectation. Higher coherence is normally interpreted to mean
fewer fractures or faulting, the opposite of this correlation.
This likely means that the coherence correlation is spurious.

AVAz and most positive curvature: An advantageous
combination

The multilinear regression of the AVAz and curvature attri-
butes yielded a superior predictor of fractures. The notion of
a potential breakdown in AVAz at or near hinge zones may
suggest a reason why. All attributes suggested the possibility
of a second population within the data, but only the AVAz
attribute regression benefited from excluding data sampled at
the very highest curvature values. Further validation data are
required to better understand the significance of this poten-
tial second population. These high curvature values are likely
1134
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Figure 9. Microseismic event moments crossplotred against an AVAz
crack density attribute. (a) All data. (b) The null events and an outlier
event culled.
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to be in the hinge zone, which is also where Nelson (2001)
has suggested the greatest density of type II fractures may be
present. As mentioned earlier, this may be where the HTI
description of the rock loses validity. If the hinge zones may
be an area of greatest uncertainty in some AVAz estimates,
the addition of the robust curvature data may be comple-
mentary. Another method of combining AVAz and curva-
ture is through crossplotting and facies mapping. Figure 10
illustrates such an effort. Figure 10a illustrates the crossplot
of the most positive curvature and AVAz attribute. Strong
values of curvature are given specific colors (light blue), while
strong values of AVAz are given other colors (purple). Strong
values of both are yellow. Figure 10b illustrates the facies
map produced at well A from this color assignment. This
map bears a startling resemblance to the microseismic cumu-
lative moment map of Figure 3a.

Even with the multilinear regression or the crossplotting
methods, the relationship between the image log fracture
density and the predicting variables must be described as sta-
tistical. We do not dispute that this work shows a relationship
between the attributes and fracture densities; however, the de-
gree of scatter is concerning and should be considered further.
The reasons for this scatter may include:

1) All the data we used, including image log, microseismic,
and surface seismic, are soft data. Consequently, they have
an element of interpretability; they each have measure-
ment errors; and they measure at different scales.

2) The failure in validity of the attributes. AVAz could fail
where there are multiple fracture sets. Curvature, an infer-
ence method, fails to account for other causes of fracture
density variation such as changes in rigidity of the rock or
bed thickness. Curvature may fail if stress in the rock is not
observable as a measurable change in shape on the seismic
(no prediction of strain).

3) Noise or other limitations in the seismic data. Migration
noise may still be present in the AVAz and VVAz data.
The data may not be sufficiently well sampled to properly
represent the azimuthal variation even with interpolation.

4) The amount of scatter that each attribute might be expect-
ed to have is difficult to generalize because the reasons for
the error are different for each predictor. Careful consid-
eration of the potential causes for error should be made
in every case. These limitations in our method must be
recognized in forming realistic and practical strategies rela-
tive to fracture prediction. The use of multiple variables
with overlapping or complementary areas of validity is one
approach to consider in the early stages of fracture assess-
ment. Future drilling in the Nordegg is being considered
only along well paths where both the AVAz and curvature
attributes predict fractures, such as was seen in most of
well A’s path.

Conclusions

These experiments illustrate that the AVAZ, VVAz, and
curvature attributes correlate strongly with image log frac-
ture density, and should be valid predictors of fractures in
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Figure 10. Crossplot of AVAz rms and low-resolution most-positive
curvature values at well A. The crossplot is divided so we can identify
areas with high AVAz, high curvature, or both by color. (a) The
crossplot. (b) The map that comes from it.

the Nordegg of this area. Similar observations were made
using the microseismic data, a less direct validator of frac-
ture prediction, also exhibited strong correlations. The large,
spatially distributed sample size and similar support make
microseismic events an intriguing data element to compare
and cross-validate with surface seismic fracture predictors.
The comparison of microseismic to surface seismic should be
carried out with other data to determine if the results are re-
peatable. Further experiments may reveal how important the
wellbore orientation and hydraulic fracture orientation were
with reference to 0, and the orientation of the preexist-
ing natural fractures. This work indicated that AVAz was the
best single predictor of fracture density, although curvature
attributes were almost as good. We also observed that de-
spite the predictive correlations, significant scatter remained
in the data comparisons. That scatter likely has implications
to our data quality as well as the theoretical limitations of our
methods. In consideration of this, we attempted to use com-
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binations of the attributes in multilinear and crossplotting
approaches. These results were most accurate when AVAz and
curvature were used together. The advantage of using these
attributes together may lie in the areas of validity for each
attribute: AVAz can directly detect fractures, but may fail in
hinge zones where multiple fracture sets are most likely to
exist, while the curvature attribute identifies the hinge zones,
but may not infer the fractures that exist in less obviously
deformed areas.

A surprising conclusion from this work was that the co-
herence attribute did not predict fracture density or micro-
seismic event moments for the Nordegg in this area. For the
kinds of fractures that exist in the Nordegg of this area, AVAz
and curvature are a more useful combination than coherence
and curvature, which have been used to advantage in other
areas. TeE
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