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Fracture characterization at Valhall: Application of P-wave
amplitude variation with offset and azimuth (AVOA) analysis
to a 3D ocean-bottom data set

Stephen A. Hall∗ and J-Michael Kendall‡

ABSTRACT

The delineation and characterization of fracturing is
important in the successful exploitation of many hydro-
carbon reservoirs. Such fracturing often occurs in pref-
erentially aligned sets; if the fractures are of subseismic
scale, this may result in seismic anisotropy. Thus, mea-
surements of anisotropy from seismic data may be used
to delineate fracture patterns and investigate their prop-
erties. Here fracture-induced anisotropy is investigated
in the Valhall field, which lies in the Norwegian sector of
the North Sea. This field is a chalk reservoir with good
porosity but variable permeability, where fractures may
significantly impact production, e.g., during waterflood-
ing. To investigate the nature of fracturing in this reser-
voir, P-wave amplitude variation with offset and azimuth
(AVOA) is analyzed in a 3D ocean-bottom cable (OBC)
data set. In general, 3D ocean-bottom seismic (OBS) ac-
quisition leads to patchy coverage in offset and azimuth,
and this must be addressed when considering such data.
To overcome this challenge and others associated with
3D OBS acquisition, a new method for processing and
analysis is presented. For example, a surface fitting ap-
proach, which involves analyzing azimuthal variations in
AVO gradients, is used to estimate the orientation and
magnitude of the fracture-induced anisotropy. This ap-
proach is also more widely applicable to offset-azimuth

analysis of other attributes (e.g., traveltimes) and any
data set where there has been true 3D data acquisi-
tion, land or marine. Using this new methodology, we
derive high-resolution maps of P-wave anisotropy from
the AVOA analysis for the top-chalk reflection at Valhall.
These anisotropy maps show coherent but laterally vary-
ing trends. Synthetic AVOA modeling, using effective
medium models, indicates that if this anisotropy is from
aligned fracturing, the fractures are likely liquid filled
with small aspect ratios and the fracture density must
be high. Furthermore, we show that the fracture-normal
direction is parallel to the direction of most positive
AVO gradient. In other situations the reverse can be
true, i.e., the fracture-normal direction can be parallel to
the direction of the most negative AVO gradient. Effec-
tive medium modeling or comparisons with anisotropy
estimates from other approaches (e.g., azimuthal vari-
ations in velocity) must therefore be used to resolve
this ambiguity. The inferred fracture orientations and
anisotropy magnitudes show a degree of correlation with
the positions and alignments of larger scale faults, which
are estimated from 3D coherency analysis. Overall, this
work demonstrates that significant insight may be gained
into the alignment and character of fracturing and the
stress field variations throughout a field using this high-
resolution AVOA method.

INTRODUCTION

The Valhall field, situated in the Norwegian North Sea, is
an Upper Cretaceous chalk reservoir discovered in 1975 and
produced since 1982. Unfortunately, the high potential of the
reservoir in the form of significant oil-filled porosity (reaching
50% in some areas) is offset by poor matrix permeabilities.
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However, permeabilities up to an order of magnitude higher
than those measured in cores have been detected in produc-
tion analysis (Ali and Alcock, 1994). This enhanced permeabil-
ity has been attributed to fractures, and it has been suggested
that such fracturing could be exploited to improve produc-
tion. Additionally, azimuthal anisotropy has been observed in
dipole sonic data from the producing chalk horizon (Mueller
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et al., 1997); it may be induced by aligned fracturing. Thus,
mapping this anisotropy throughout the reservoir could allow
characterization of fracturing and its spatial distribution plus
the identification of compartmentalization and an assessment
of directional permeability. Such information may be used to
guide directional drilling or water injection and to assess po-
tential infill targets in the reservoir.

The fracture-induced anisotropy observed in the dipole–
sonic data may be observable using surface seismic techniques,
such as observations of amplitude variation with offset and
azimuth (AVOA) (e.g., Thomsen, 1988; Lynn and Thomsen,
1990; Lynn et al., 1996; Mallick et al., 1998; Macbeth et al., 1999;
Gray et al., 2002; Holmes and Thomsen, 2002). In a marine set-
ting, 3D ocean-bottom seismic (OBS) acquisition provides the
multiazimuth data necessary for reservoir-wide AVOA studies;
such data are available at Valhall. We apply a new approach for
processing 3D OBS data for P-wave AVOA analysis at Valhall
to provide maps of azimuthal anisotropy in the reservoir. These
maps are thus interpreted to provide a spatially dependent
characterization of fracturing in the reservoir.

The basics of AVOA and fracture-induced azimuthal
anisotropy are presented first, followed by a brief description of
the geology of the area and acquisition of the data. A method-
ology for processing such 3D OBS data for AVOA analysis
is outlined, addressing some of the processing challenges en-
countered. [These issues are discussed in more detail by Hall
(2000), where the approach is formulated.] Application of the
methodology and AVOA analysis at Valhall is subsequently
presented. Effective medium modeling constrains the inter-
pretation, leading to the final fracture orientation maps and
insight into the likely fracture properties.

FRACTURES, AZIMUTHAL ANISOTROPY AND AVOA

Aligned subseismic-scale fracturing can produce seismic
anisotropy (i.e., seismic velocity varies with direction) and leads
to measurable directional differences in traveltimes and reflec-
tivity. If the fractures are vertically aligned, they will produce
azimuthal anisotropy (the simplest case being horizontal trans-
verse isotropy, or HTI) such that reflectivity of an interface
depends on azimuth as well as offset.

Exact reflection and transmission coefficients for plane
waves at a boundary between two isotropic half-spaces are pro-
vided in Aki and Richards (1980). However, the reflectivity is
commonly approximated for purposes of data analysis, e.g., for
the P-P reflection amplitude Rpp between isotropic media:

Rpp(i ) = A+ B sin2 i + C sin2 i tan2 i (1)

for an incidence phase angle i . The terms A, B, and C are
defined by Chapman (1976).

If either of the media bounding the interface is azimuthally
anisotropic, the AVO will have an azimuthal dependence.
Rüger (1998) and Vavryc̆uk and Pšenc̆ı́k (1998) extend the
basic AVO approximation (1) to provide analytical equations
describing AVOA in media with a single fracture alignment.
Thus, for HTI media, Rpp is given as a function of the incident
and azimuthal phase angles, i and φ, respectively:

Rpp(i, φ) = A+ [B+ D cos 2φ] sin2 i + [C + E cos 2φ

+ F cos 4φ] sin2 i tan2 i, (2)

where A, B, C, D, E, and F are functions of the contrasts
in velocity and azimuthal anisotropy parameters across the
reflecting interface (see Appendix A). Equation (2) shows
that the AVO in azimuthally anisotropic media will vary az-
imuthally as functions of cos 2φ and cos 4φ. (For symmetries
more complex than HTI, there maybe additional, higher order
terms in cosφ.) For small incidence angles (i.e., short offsets)
the sin2 i tan2 i term will be small; therefore, in many cases
the cos 2φ (elliptical) azimuthal component will dominate and
the AVOA can be simplified to an elliptical form. [The trade-
off between the cos 2φ and cos 4φ terms is discussed further in
Hall and Kendall (2000).] Near-offsets are typically defined as
angles of incidence less than about 25◦–30◦, but this is situation
dependent and must be assessed through modeling or data ob-
servation. Furthermore, the assumption of a cos 2φ azimuthal
dependence should be verified in the data prior to imposing
this constraint in any analysis.

Ideally, AVOA analysis involves fitting a surface to the am-
plitude data such that the AVO trend and azimuth dependence
are solved simultaneously. However, in equation (2), φ is the
azimuth of the measurement relative to the fracture normal but
this alignment is unknown and a more general form is desired
which is not dependent on prior knowledge of this parameter.
Grechka and Tsvankin (1998) provide a general equation to
describe an elliptical variation in NMO velocity when the ori-
entations of the major axes of the ellipse are unknown. This
is adapted here to give a similar expression for an elliptical
variation in the near-offset AVO gradient [B in equation (1)].
Thus, with an elliptical variation in the near-offset AVO gradi-
ent term, the AVOA is described by

Rpp(i, φ′)near = A+ (b11 cos2 φ′ + 2b12 cosφ′ sinφ′

+ b22 sin2 φ′
)

sin2 i +O(sin2 i tan2 i ), (3)

where φ′ is the azimuth from some arbitrary coordinate system
(in this study, the data acquisition grid) and the long-offset
term is a function of higher order cosine terms. The terms bi j

are coefficients describing the general form of an ellipse whose
orientation and magnitude are given by

ϕ = tan−1
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(
(b22 − b11)2 + 4b2

12

) 1
2

2b12
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) 1
2
]

(5)

(after Grechka and Tsvankin, 1998). The angle ϕ defines the
rotation of the principal axes of the AVO gradient ellipse ζ1

and ζ2 (ζ1 >ζ2) from the arbitrary coordinate system.

GEOLOGIC CONTEXT

The reservoirs of interest at Valhall lie within a typical North
Sea sequence as indicated in Figure 1. The overall structure
forms a shallow anticline (see Figure 2) but is relatively flat
over the range imaged by a common midpoint (CMP) gather
(dips are generally <10◦ for the top chalk; over the main area
of interest in this study, they are much less and thus negli-
gible). Figure 1 also indicates the main geological units and
the primary reservoirs: the Tor Formation (Cretaceous chalk,
about 24 m average thickness) and the lower Hod (Cretaceous
chalk, about 30 m thick). The Lista Formation forms the roof
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rock (Paleocene shales about 20 m thick on average). The main
target for this study is the top of the hard chalk horizon, which
appears as a sharp jump in the P-wave and shear-wave veloc-
ities with a slight increase in density. Therefore, this event is
easily identified in seismic sections.

Large-scale faulting exists in the chalk unit, which contin-
ues into the underlying layers but does not extend far into the
relatively simple geology of the overburden. Figure 2 shows
this horizon in map view; the faulting is primarily related to
the doming of the structure (these faults were mapped from
offset reflections in the 3D streamer data). Two main orthogo-
nal fault orientations exist in the area; they are approximately
northwest–southeast and southwest–northeast. Smaller scale
fracturing is thought to be associated with these large faults
and could provide significant directional permeability within
the fault-bounded compartments. If aligned these small frac-
tures may result in seismic anisotropy.

THE VALHALL 3D-4C OBC DATA SET

The Valhall 3D-4C ocean-bottom cable (OBC) data were
acquired by Geco-Prakla (Rosland et al., 1999) using orthog-

FIG. 1. Schematic cross-section through the region, indicating
the main geological features. The primary reservoirs are in the
Tor Formation and the Lower Hod, and the oil–water contacts
(OWC) for each are indicated. The Lista Formation forms the
roof rock. Large-scale faulting is indicated as subvertical black
lines, and this is concentrated in the chalk group. The main
horizon of interest in this study is the top of the chalk. (Figure
provided by BP.)

FIG. 2. Horizon map for the top chalk, indicating the structure
(contours, solid black lines have a 25-m interval; the crest of
the structure is highlighted) and major faulting (double dashed
lines). The area considered in the analysis is also indicated.

onal source and receiver lines with a geometry as shown in
Figure 3. The acquisition involved ocean-bottom cables de-
ployed at 600 m spacing containing receiver groups at 25-m
intervals along their 6000-m length. Each receiver group con-
sisted of seven, four-component receivers (see Figure 3c). The
patch shooting, over pairs of receiver lines (Figure 3b), used an
air-gun source at about 7.5 m depth with 25 m in-line spacing
and 600 m line spacing.

This OBC acquisition design would be expected to provide
an ideal data distribution for azimuthal analyses with a wide
sampling of both offset and azimuth. Figure 4d shows the offset-
azimuth distribution for data in a 75× 75-m CMP bin, indicat-
ing the data are grouped into discrete offset-azimuth patches.
Therefore, the offset-azimuth coverage is not ideal for sin-
gle subsurface bins. Furthermore, the data distribution varies
throughout the survey such that, for example, some CMPs have
no very short-offset data. This patchy and spatially varying data
distribution will have an impact on any azimuthal analysis. Such
issues also have a more general significance for processing such

FIG. 3. Acquisition design for this OBC data example. (a) Or-
thogonal source- and receiver-line layout with 600-m spacing
between each line. (b) Data acquired using patch shooting in-
volving twenty-three, 7.8-km lines at 600 m spacing with shots
every 25 m over pairs of receiver lines. (c) Receiver arrays po-
sitioned at 25 m along each 6-km receiver cable with seven,
four-component sensors at 1.5 m spacing in each group. The
area of interest for the anisotropy analysis is highlighted in (a).
(d) Amplitude spectra for different azimuths bins (produced by
Dave Wilson, BP, 1999); the receiver line parallel (//) direction
is approximately 350◦/170◦. Above about 35 Hz, there is sig-
nificant variation in the frequency content along the different
azimuths. This is from a previously applied summation of the
seven receivers in each array providing an azimuth-dependent
array filter that cuts out more of the higher frequencies in the
direction parallel to the array than perpendicular to it.
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data (e.g., velocity analysis and gather flattening, so even the
stacked sections may be affected). These processing challenges
are discussed in Hall (2000), where the new approach for az-
imuthal analysis of 3D OBS data is formulated.

APPROACH FOR AVOA DATA

As discussed, AVOA processing of 3D OBS data must be
able to account for patchy offset-azimuth distribution (Fig-
ure 4d). Thus, common-offset or azimuth techniques used in
previous works (e.g., Lynn et al., 1996; Mallick et al., 1998;
Macbeth et al., 1999) are inappropriate for these data, so a
surface-fitting approach is taken in this work. Based on the
observations made in Hall (2000) and insight gained in previ-
ous work (Hall and Kendall, 2000), a new processing flow for
azimuthal analysis of horizon amplitudes from 3D OBC CMP

FIG. 4. Schematic representation of the processing flow for
AVOA analysis of 3D OBS data. (a) Standard preprocessing
to improve the primary reflections. (b) Amplitudes and trav-
eltimes are picked in the CMP gathers and labelled with the
CMP geometry data. (c) These amplitude and time data are re-
grouped into overlapping 75× 75-m CMP gathers and binned
to common offset-azimuth groups with offset and azimuth po-
sitions also averaged (d). (e) A 2D, Shuey-type AVO curve
is fitted to the amplitude data to define the normal incidence
amplitude and near-offset range. (f) These values are used to
define the azimuthal variation in the near-offset AVO gradi-
ents for each of the 75× 75-m data gathers. The gradients will
have an elliptical variation with azimuth so an anisotropy el-
lipse can be determined. (g) The major axes of the near-offset
AVO gradient ellipse for each CMP are plotted in map form
to provide insight into fracture orientations and their spatial
variability. The CMP locations of the AVOA data examples of
Figure 6(i)–(iii) are also indicated. Note that a similar approach
is applied for traveltimes but using NMO velocity rather than
AVO gradient.

data has been developed (Hall, 2000). Figure 4 outlines this
processing flow, which aims to avoid the creation or loss of az-
imuthal characteristics and automate the procedure as much
as possible. This methodology could be applied to any data
set where there is 3D acquisition, land or marine—particularly
where there is a patchy offset-azimuth distribution but still suf-
ficient offset-azimuth content in CMP gathers. Note that only
the vertical components of the 4C data are utilized in this work,
although converted phases (P-S) also hold valuable informa-
tion (Hall and Kendall, 2000). The preprocessing and AVOA
analysis are discussed in more detail below.

Initial data preparation

Prior to AVOA analysis, preprocessing should be minimized
to reduce the risk of destroying or creating azimuthal varia-
tions in the data. However, to identify primary events, some
preprocessing is inevitable. For these data P-Z summation, for
multiple removal, and a spherical divergence correction are
applied by Petroleum Geo-Services (PGS). In addition, the
data are sorted into 25× 25-m CMP bins; early, direct and re-
fracted, arrivals are muted, NMO corrections are made, and
a band-pass filter is applied (corner frequencies= 7, 14, 30,
and 50 Hz). A relatively narrow band-pass filter cuts out az-
imuthal variations that exist at higher frequencies because of a
previously applied summation of the seven-receiver arrays at
each station that acts as an azimuth-dependent array filter (see
Figure 3d). Three horizons are picked at about 1640 ms (base
Miocene with maximum negative amplitude picked), at about
2630 ms (top chalk with maximum positive amplitude picked),
and at another consistent event near 2130 ms (maximum
positive amplitude picked) (see Figure 5).

AVOA analysis

After the amplitude, traveltime and geometry data of each
event are extracted from the CMP gathers, the data are re-
sorted, and the AVOA analysis is applied to the individual hori-
zons using overlapping 75× 75-m bins with a 25-m step. This

FIG. 5. An example of a flattened 75× 75-m CMP gather. The
offset ranges of the gather are indicated above the data; note
the large, irregular gaps (see also the offset-azimuth distribu-
tion shown in Figure 4d). The three events picked in the later
analysis plus the Balder are highlighted for reference. No static
corrections have been applied, which may account for some of
the jitter in the events (see Hall, 2000).
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provides a measure of the azimuthal anisotropy at the center of
each bin to yield a 25× 25-m grid of anisotropy estimates with
some spatial smoothing. An improved S/N ratio and averag-
ing out of random shot–shot variations (e.g., in source magni-
tude and noise), without loss of the offset-azimuth quality, are
achieved by exploiting the inherent redundancy of data. The
data are naturally grouped into offset-azimuth patches (Fig-
ure 4d), because of the acquisition design, so each of these
offset-azimuth groups in the 75× 75-m gathers is binned to a
single point where all attributes are averaged (including the
offset and azimuth positions). This offset-azimuth binning also
quantifies the scatter in the data, which is used to define the
uncertainty bounds in the AVOA analysis (Figures 4e,f and 6).
Furthermore, by mapping all of the data into the 0◦–180◦ az-
imuth range, reciprocal source and receiver pairs are com-
bined, which should remove some of the influence of source
directivity.

Following the preprocessing and binning described above,
AVOA analysis is applied using a surface fitting approach to
the near-offset data only. It is assumed that the azimuthal trend
in AVO for these data is elliptical. Thus, it is straightforward to
solve for the AVO and azimuth dependence simultaneously by
fitting an AVOA surface [equation (3)]. Inspection of the data
(Figure 6b) shows that this is a valid assumption and the az-
imuthal variation in the near-offset AVO follows such a cos 2φ
trend [although the longer offsets may show more complicated
trends; see equation (2)]. The axes of this near-offset elliptic
trend will be aligned with the principal axes of the anisotropy
and can thus provide insight into fracture orientations. Un-
fortunately, for these data the near-offset AVOA surface was
poorly defined because of the irregular offset-azimuth sam-
pling. Therefore, in this approach the AVOA analysis is applied
in two stages to stabilize the result.

FIG. 6. (a) Examples of the amplitude data with error bars
(quantified from the scatter in the data for each offset-azimuth
bin and the best-fit 2D, Shuey-type AVO curves). (b) The corre-
sponding near-offset AVO gradients for each of the data points
[determined from the normal incidence amplitude derived us-
ing (a)] with the fitted azimuth ellipse plotted as a function
of azimuth. The three examples are from CMPs at different
positions in the acquisition grid, as indicated in Figure 4.

The first stage in the analysis uses all data points in each
overlapping bin of CMPs to define a three-term AVO curve
as described by equation (1) (see Figures 4e and 6a). This de-
fines the normal incidence amplitude and the range over which
the near-offset approximation is valid [i.e., where the azimuth-
independent AVO can be described by just the terms A and B,
in equation (1), and the azimuthal variation is thought to be ap-
proximately elliptical]. Utilizing the longer offset data at this
stage stabilizes the estimation of the normal incidence term.
The second step utilizes this normal incidence amplitude A as
a priori information for the inversion of equation (3) to deter-
mine bi j based on the assumption that the azimuthal variation
in the near-offset AVO gradient is elliptical. The orientation
and magnitude of any anisotropy can therefore be determined
using equations (4) and (5) (see Figures 4f and 6b). Any in-
fluence from the sin2 i tan2 i term can be accounted for by in-
cluding the derived value for C [equation (1)] to provide a
long-offset (azimuthally isotropic) weighting that reduces the
error in the resultant anisotropy orientation estimates.

Following the approach outlined above, a measurement of
the direction and magnitude of ζ1, the most positive AVO gra-
dient, is determined for the center of each of the overlapping
75× 75-m CMP bins. These values can be plotted as vectors
on a map, as in Figure 7. The magnitudes of these vectors are
determined by the difference between the major and minor
axes of the AVO gradient ellipse divided by the rms average
of the two axes. The rms average is used to avoid division by
zero or near-zero values. This nonzero scaling allows a direct
comparison of different CMPs and different events (although
the vectors shown are scaled to the maximum amplitude in the
respective plot). For the remainder of this work, this scaled
difference of the lengths of the ellipse axes is referred to as the
magnitude of the near-offset AVO gradient anisotropy. This is
not the same as the percentage velocity anisotropy, which is
commonly used to define percentage anisotropy.

RESULTS AND INTERPRETATION

The three horizons defined earlier are analyzed over the
small area of the survey indicated in Figures 2 and 3a. This
area is about 975× 450 m and contains 481 (25× 25 m) CMP
bins. This region was selected for analysis because it covers two
intersections of source and receiver lines, allowing comparisons
to be made between data which are imaged by equivalent parts
of the acquisition grid (see Figure 3). Furthermore, this loca-
tion avoids known data-quality problems related to shallow gas
in the crestal area, and structural dips are minor.

The initial aim was to assess the success of the azimuthal
analysis of AVO and traveltimes by looking for the following:

1) no evidence of the acquisition geometry in the anisotropy
maps (the presence of this would indicate that the vari-
ations in AVO and velocities were caused by acquisition
artifacts and not fracture-induced anisotropy);

2) different patterns of anisotropy in the different horizons
(since the larger faulting does not extend far above the
chalk, the upper horizons are expected to show different
fracture patterns);

3) smooth spatial variations since a completely random vari-
ation in the orientation of the anisotropy vectors could
indicate the suggested patterns in AVOA or velocities are
not related to fracturing or anisotropy.
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Once these constraints are satisfied, the results may be inter-
preted in terms of fracture characteristics, which may be com-
pared with the known geology (e.g., large-scale fault patterns).

Figure 7 shows that the AVO anisotropy variations are not
random, do not mirror the acquisition geometry, and show dif-
ferent trends for each horizon. Therefore, the initial goals have
been satisfied; the next step is to interpret the observed trends.
Since production is from the chalk horizon, the remainder of
this section concentrates on the top-chalk reflection.

Top-chalk AVOA interpretation

Figure 7c is a map of the magnitude of the AVOA and the
orientation of the major axes of the AVO gradient ellipses for
a small area of the top-chalk reflector. Smooth spatial trends

FIG. 7. Maps of the AVO anisotropy results for the three hori-
zons of interest, indicated in Figure 5, over the area indicated in
Figures 2 and 3. The vectors indicate the direction of the most
positive AVO gradient; the length is the relative magnitude of
the azimuthal variation in the AVO gradient scaled with re-
spect to the maximum value at each horizon. The anisotropy
magnitudes indicated by the colors are directly comparable be-
tween the different horizons. The positions of the source and
receiver lines relative to these maps are indicated in Figure 3a.
The CMP locations indicated in Figure 4 for the AVOA data
examples of Figure 6 are highlighted by circles.

are observed in the anisotropy, varying over the entire area of
interest. From these trends we can define discrete regions with
different orientations and magnitudes of anisotropy. These may
relate to areas of different fracture characteristics and corre-
spond to fault-bounded compartments. For example, the north-
east corner of the map shows a smooth rotation of the vectors
from roughly southwest–northeast around to about northwest–
southeast, flanked by distinct boundaries suggesting possible
fault positions. Figure 7c also shows the magnitude of the near-
offset AVO gradient anisotropy for the top chalk, highlighting
the presence of northwest–southeast-trending structures.

Unfortunately, the interpretation of AVOA is highly depen-
dent on the fracture properties. Even the determination of
fracture orientation may be ambiguous since the coefficient of
cos 2φ in equation (2) may be positive or negative (see Hall and
Kendall, 2000). Therefore, additional constraints are needed to
determine the true orientation of the fracturing with respect
to the AVOA trends. To gain increased insight into the po-
tential ambiguity in the interpretation, the following section
presents a series of forward models and provides comparisons
of synthetic and observed AVOA to help constrain some of the
unknown fracture properties.

Constraints on the interpretation of AVOA
from effective medium modeling

To constrain the interpretation of the AVOA data in terms
of fracture properties (particularly orientation), an effective
medium approach is used to model the expected azimuthal
variation in AVO. A single alignment of fracturing is mod-
elled with velocity and density data from local wells, using the
so-called EFFECT approach [see Appendix B and Hall and
Kendall (2000)]. Saturated brine-filled fractures and a gas-fill
model indicate the end members. If the fractures contain oil,
the results are assumed to lie between these two models. Ex-
amples are first provided for the AVO along different azimuths
to the fracturing for brine- and gas-filled fractures (Figure 8).
This is followed by examples of modelled amplitude versus az-
imuth for different incidence angles and varying aspect ratio
(Figure 9). These two figures highlight some of the ambiguities
that can exist in AVOA interpretation. [For a more detailed
study, see Hall and Kendall (2000).] Subsequently, the same
forward modeling approach is used to create a series of fracture
scenarios and expected AVOA signatures that are compared
to the AVOA data and thus provide constraints on the fracture
interpretation.

Figure 8 shows synthetic AVO at different azimuths for
the top-chalk reflection using a model with vp= 2141 m/s,
vs= 500 m/s, and ρ= 2240 kg/m3 in the overburden and
vp= 3134 m/s, vs= 1534 m/s, and ρ= 2300 kg/m3 in the chalk.
These values are determined from log data, and we see that
the modelled AVO is similar to the observed trends in the data
(Figure 6). These figures also show that, for the offset range
used in the AVOA analysis (around 0◦–30◦) with a brine frac-
ture fill, the most positive near-offset AVO gradient is in the
fracture normal direction. However, for gas-filled fractures (all
other parameters the same) the most positive near-offset AVO
gradient is along the fracture strike. These two examples clearly
indicate that ambiguity can exist in the AVOA interpretation
such that the fracture orientation inferred from the AVOA, and
thus whether the vectors plotted in Figure 7c are the fracture
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strike or fracture normal directions, can depend on the fracture
fill. Extending this modeling to produce expected AVOA sig-
natures for a range of fracture aspect ratios highlights another
key parameter that defines the shape of the AVOA surface. Fig-
ure 9 shows that if the fractures are brine filled, the anisotropy
orientations determined from the data (the direction of most
positive near-offset AVO gradient) are likely to be the fracture
normal direction for low aspect-ratio fractures (<0.05). How-
ever, if the fractures are gas filled, only at very low aspect ratio
(<0.00025) will the orientations observed in the data be the
fracture-normal direction. Furthermore, at longer offsets the
cos 4φ term becomes important and is also highly dependent
on aspect ratio and fracture fill.

To provide constraints on the interpretation of the AVOA
data, the expected AVOA anisotropy magnitude and polar-
ity are calculated for a range of fracture scenarios using the
modeling approach outlined above. Figure 10 presents these
quantified AVOA magnitudes for the different fracture scenar-
ios: gas or brine saturation, varying aspect ratio, varying crack
density, and varying degree of equant porosity φp. This last
parameter accounts for communication of fluid from the frac-
tures to matrix porosity as described, for example, in Thomsen
(1995). Figure 10 also shows a comparison of the synthetic and
observed anisotropies to provide constraints on the model.

FIG. 8. (a) Modelled P-P AVO for the top-chalk reflection for
15◦ azimuth increments from the fracture strike direction to the
fracture normal direction, as indicated by the arrows (ampli-
tudes are given as the displacement ratio, which is the ratio of
the incident to reflected wave displacements). (a) Brine-filled
fractures and (b) gas-filled fractures with a crack density of 0.1
and a fracture aspect ratio of 0.001. (i) AVO for 0◦–60◦ angles of
incidence, showing the P-P critical reflection as a large ampli-
tude peak from 40◦–50◦. (ii) Enlarged view of the AVO for the
range 0◦–30◦, showing the change in AVO with azimuth over
the near-offset range considered in the data analysis. For this
model with a brine fracture fill, the most positive near-offset
AVO gradient is in the fracture normal direction. For gas-filled
fractures, the most positive near-offset AVO gradient is along
the fracture strike. Also, the long-offset azimuthal variation in
AVO is greater for gas-filled fractures; at shorter offsets, the
opposite is observed.

This comparison indicates that to achieve the higher levels of
anisotropy seen in the data (Figure 7c) it would be necessary
to have a large crack density (around 0.1) of very thin fractures
and a fracture fill that is more likely liquid than gas. Gas-filled
fractures would have to be very thin (aspect ratio¿ 0.001)
to provide the observed levels of anisotropy. This modeling
also indicates that any communication of fluid to the matrix
pore space will be minimal (i.e., φp¿ 0.1). The most impor-
tant observation from Figure 10 is that the observed levels of
anisotropy are only possible if the maximum near-offset AVO
gradient is perpendicular to the fracturing. Therefore, the maps
of anisotropy shown previously for the top-chalk horizon ac-
tually indicate the fracture-normal directions. Based on this
modeling, the revised predicted fracture map for the area of
interest is shown in Figure 11.

Determining fault patterns from 3D coherency analysis

The fracturing inferred from the AVOA analysis may be re-
lated to the larger scale faulting. Therefore, the patterns seen
in the AVOA maps may correlate with the positions and ori-
entations of large-scale faults. Figure 2 provides some insight
into the large-scale faulting, but a more detailed map of fault
patterns may be derived from 3D coherency analysis of the
stacked data.

Coherency analysis with 3D data is described by Bahorich
and Farmer (1995) as a method for calculating the localized
waveform similarity in both in-line and cross-line directions.
Segments of seismic traces that intersect fault planes show
different seismic character to adjacent segments, leading to
distinct loss of trace-to-trace coherence. Therefore, faults ap-
pear as lines of low coherence that can be used to create fault
maps.

Coherency analysis along a time slice through the stacked
data at about 2670 ms (close to the level of the top-chalk re-
flection) is interpreted to provide a map of faulting in the chalk
over the area of interest in the AVOA analysis. Figure 11 com-
pares the AVOA results with the interpreted faults from the
coherency analysis. Some correlation between spatial varia-
tion in fracture alignment, interpreted from the AVOA, and
fault trace is observed. In addition, comparison of the mag-
nitude of the anisotropy (Figure 7c) and the fault positions
indicates that the northwest–southeast-trending faults appear
to have more influence on the fracture pattern with a greater
degree of fracturing associated with these faults. This sug-
gests that the direction of maximum extension is southwest–
northeast. In many places the AVOA-defined fracture pat-
tern also appears to follow the time contours such that the
fracturing is perpendicular to the maximum curvature of the
horizon.

CONCLUSIONS

An approach for analyzing the azimuthal variations in
P-wave AVO with a high spatial resolution has been applied to
a 3D OBC data set. This approach could be applied to any data
set, land or marine, where there is true 3D multiazimuth acqui-
sition. Challenges involved in processing sparsely distributed
OBC data have also been highlighted, indicating the difficul-
ties caused by large spacings between source and receiver lines;
this is discussed further by Hall (2000). In particular, a patchy
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offset-azimuth distribution exists which must be considered
in AVOA analysis of such data, so a surface-fitting approach
is used instead of common-offset or-azimuth approaches de-
scribed in earlier work. The approach used here is also ap-
plicable to offset-azimuth analysis of other attributes such as
traveltimes.

The results from the AVOA analysis have been used to in-
fer fracture orientations and compartmentalization in a small
area of the data set. Insight into the nature of the anisotropy
and fracturing has been gained through synthetic AVOA mod-
eling using effective medium models to constrain the high-
lighted ambiguities in the AVOA interpretation. This mod-
eling indicates that if the anisotropy is induced by aligned
fractures, there must be a high density of fractures with low
aspect ratios which are likely liquid filled and the fracture-
normal direction is parallel to the direction of most posi-
tive AVO gradient. Thus, a map of the orientation and mag-
nitude of fracturing derived from the AVOA data shows
compartmentalization into areas of different fracture char-
acteristics. Comparison of the inferred fracturing with an
interpretation of faulting from 3D coherency analysis indi-
cates a degree of correlation with larger scale faulting. Fur-
thermore, the main north–northwest fracture orientation and
secondary east–northeast trend are similar to those observed
by Caley et al. (2001) in shear-wave splitting of microseismic
data. Additionally, Granger et al. (2000) have consider horizon-
tal component amplitude ratios of converted waves in the same
OBC data and have found an orientation consistent with our
results.

FIG. 9. Modelled P-P AVA for different incidence angles and varying aspect ratio d (amplitudes are given as the displacement ratio,
which is the ratio of the incident to reflected-wave displacements). Crack density is 0.1 with (a) a brine fill and aspect ratio increasing
linearly from 0.0001 to 0.1, as indicated by the arrows, and (b) a gas fill with aspect ratio increasing linearly from 0.00001 to 0.001,
as indicated by the arrows. Although the amplitude data being considered in the azimuthal analysis only extends to about 30◦
incidence angle, the longer offset data (which is acquired but not used for the AVOA analysis) may contain significant information
that could be used to further characterize the fracturing. Furthermore, for low aspect ratio fractures and at near-offsets, the reflection
amplitude will have a positive cos 2φ variation with azimuth from the fracture normal. However, for gas-filled fractures this only
occurs with very low aspect ratio (around 0.00025 compared to about 0.05 for brine-filled fractures).

Future work in this area and with this data set must primarily
involve refining the processing and inversion procedures with
greater constraints from known rock and fracture properties
to increase confidence in the results. In particular, the inter-
pretation is highly sensitive to the fracture fill, so this param-
eter should be constrained first. Furthermore, refined forward
modeling and improved fault determination are also necessary
in addition to gaining a better understanding of the interrela-
tionship of fractures and faulting. The long-offset P-P AVOA
may provide additional information about the fracturing (see
Figure 9). The P-S AVOA could also be used for this type of
analysis (Hall and Kendall, 2000) and should provide indepen-
dent, but complementary, data that will further constrain the
fracture characterization.
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FIG. 10. Magnitude of modelled near-offset AVO-gradient
anisotropy for different fracture models. Dashed lines are for
gas-filled fractures; solid lines are for brine-filled fractures. The
anisotropy magnitude is plotted against (a) increasing crack
density, with an aspect ratio of 0.001, and (b) increasing as-
pect ratio, with a crack density of 0.1, for different values of
equant porosity; φp= 0.0, 0.0001, 0.001, 0.01, 0.1, with the ar-
row indicating the direction of increase. The alignment of most
positive AVO gradient is in the fracture-normal direction for
a positive anisotropy and in the fracture strike direction for a
negative anisotropy. The observed anisotropies in the data (the
minimum and average values are indicated and the maximum
observed anisotropy is about 2.0) may be positive or nega-
tive since the orientation of the fracturing is undefined. How-
ever, since it is only possible to achieve the levels of anisotropy
observed in the data when there is a positive anisotropy, this
figure suggests that the anisotropy vectors in Figure 7c indicate
the fracture normal directions.

FIG. 11. Fracture pattern map for top-chalk horizon compared to interpreted fault traces from coherency analysis. The fracture
orientations are derived from the near-offset AVO gradient anisotropy analysis. Based on the synthetic modeling summarized in
Figure 10, the vectors shown are rotated by 90◦ from those in Figure 7c. Some correlation of the inferred fracture patterns and
the large-scale faulting can be seen with a greater alignment of the fractures near the northwest–southeast-trending faults. In the
southeast corner, the fracturing also appears to be perpendicular to the surface curvature defined by the time contours. The time
contours are at 20-ms intervals, with red indicating deeper areas and dark blue shallower areas. The CMP locations highlighted by
circles are those indicated in Figure 4 for the AVOA data examples of Figure 6.
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APPENDIX A

AVOA COEFFICIENTS FOR HTI MEDIA

The coefficients in equation (2), adapted from Rüger (1998),
are

A = 1
2
1Z

Z̄
,

B = 1
2

[
1α

ᾱ
−
(

2β̄
ᾱ

)2
1G

Ḡ
+1δ(v) + 2

(
2β̄
ᾱ

)2

1γ

]
,

C = 1
2
1α

ᾱ
+ 1

8

(
31ε(v) + 21δ(v)),

(A-1)

D = 1
2

[
1δ(v) + 2

(
2β̄
ᾱ

)2

1γ

]
,

E = 1
2
1ε(v),

F = 1
8

[
1ε(v) − 21δ(v)

]
.

Here, Z= ρα is the vertical P-wave impedance and G= ρβ2

is the vertical shear modulus where α, β, and ρ are, respec-
tively, the vertical P-wave velocity, the vertical shear-wave ve-

locity, polarized parallel to the fracture plane, and the den-
sity. The symbol 1 indicates differential values, for example,
1α=α2−α1, and the overscored terms are the average val-
ues, e.g., ᾱ= 1

2 (α2 + α1), where the subscripts 1 and 2 indicate
the properties of the upper and lower bounding media, respec-
tively. The parameters ε(v) and δ(v) are the alternative Thomsen
parameters used by Rüger (1998) to study HTI media. These
terms are defined by Rüger (1998) as

ε(v) = C11 − C33

2C33
≡ − εr

1+ 2εr
,

δ(v) = (C13 + C66)2 − (C33 − C66)2

2C33(C33 − C66)
(A-2)

≡ δr − 2εr (1+ εr / f )
(1+ 2εr )(1+ 2εr / f )

where εr and δr are the Thomsen parameters defined in
Thomsen (1995) rotated for an HTI coordinate system. The
function f is defined as f = 1− vs0/vp0 , where vs0 and vp0 are
the velocities perpendicular to fracturing. Rüger (1998) uses
the same definition of γ as Thomsen (1995).

APPENDIX B

EFFEC MODELING

This appendix briefly outlines the effective flat fracture
elastic compliance (EFFEC) approach used in the fractured
medium modeling of the main text. This approach (from
Hall, 2000) is based on the generalized theory described by
Schoenberg and Sayers (1995), extended to allow quantifica-
tion of the additional fracture compliance terms.

In general, a fracture can be considered as a poorly bonded
interface that may have points of contact along its length and
contains material that is different and, for the fractures of inter-
est here, weaker in comparison to the surrounding media. Such
fractures provide an additional compliance to a rock, which
may be described by the excess fracture compliance tensor of
Schoenberg and Sayers (1995), denoted Zi j . Using this rep-
resentation, Schoenberg and Sayers (1995) provide a general
framework for determining the effective elastic compliance of
a medium containing a number of aligned sets of low aspect-
ratio fractures with arbitrary orientation. If the fractures are
rotationally invariant about their normal axis and have no sig-
nificant preferential slip direction, Zi j may be simplified to in-
clude three nonzero elements given by just two independent
terms, ZN and ZT , the normal and tangential fracture compli-
ances:

Zi j = ZNni n j + ZT (δi j − ni n j ), (B-1)

where δi j is the Kronecker delta and n is the fracture-normal
vector. Thus, for such fractures ZN and ZT fully describe the
additional compliance resulting from each fracture set and also
represent the minimum amount of information that can be de-
termined uniquely from seismic data.

One of the strengths of the Schoenberg and Sayers (1995)
approach is its generality such that few assumptions need be
made about the nature of aligned fracturing. However, this
can also be a drawback. Thus, this general approach is ex-
tended (Hall, 2000) by drawing parallels with other fracture
theories to create a hybrid scheme for describing the elasticity
of fractures and fractured media. One of these extensions, and
that used in this work, is the the so-called EFFECT approach,
where the suffix “T” refers to the use of the work of Thomsen
(1995) to define the additional fracture compliance terms. This
approach includes hydraulic connectivity of fractures and pore
space and is relevant for moderately high frequencies such that
squirt flow has an influence on the fracture response but not so
high that the timescale of the passage of a seismic wave is too
short for fluid movement. In this model the excess compliances
for penny-shaped cracks in a permeable matrix can be given
as (Hall, 2000)

ZN = 2εr (1− νb)2

1− 2νb

1
λb + 2µb

, ZT = 2γ r

µb
, (B-2)
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where, for an HTI fractured medium,

εr = C33 − C11

2C11
=
(

8
3

)(
1− K f

Kb

)
Dcpηc,

(B-3)

γ r = C44 − C66

2C66
=
(

8
3

)(
1− νb

2− νb

)
ηc

and νb is the Poisson’s ratio of the solid matrix, while Kb and
K f are the bulk moduli of the solid matrix and the fracture
material, respectively. With small amounts of equant porosity

(<10%), the fluid influence parameter Dcp is (Thomsen, 1995)

Dcp =
[

1− K f

Kb
+ K f

Kb(φp + φc)
(Ap(νb)φp+Ac(νb)ηc)

]−1

,

(B-4)
where φc= (4/3)ηcπd is the fracture porosity (for crack den-
sity ηc and aspect ratio d), φp is the (equant) matrix poros-
ity, Ac(νb)= [16(1− ν2

b)]/[9(1− 2νb)] and Ap(νb)= [3(1− νb)]/
[2(1− 2νb)].


