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1. Introduction

Interest in naturally fractured reservoirs has increased significantly after the discovery of petroleum reserves in the North Sea and Central Texas. In most of these reservoirs, the fractures are predominantly vertical and have a preferred direction of alignment. Before the development of the horizontal drilling technique, production from these reservoirs depended on the discovery of zones of high fracture porosities and connectivities. Horizontal drilling provided a feasible method of draining the vertical fractures. Hence, production from naturally fractured reservoirs has proliferated dramatically after the advent of horizontal drilling. An important requirement for a successful horizontal drilling project is knowledge of the fracture orientation. 

The properties of seismic waves are affected by the presence of anisotropy in the medium. The dominant alignment of vertical fractures in a reservoir induces azimuthal anisotropy. A simple representation of azimuthal anisotropy is given by horizontal transverse isotropy (HTI), where the medium has a single horizontal axis of symmetry. Amplitudes at the top and bottom of the reservoir vary as a function of azimuth as a result of the fractures. Ruger and Tsvankin (1997) presented expressions for the amplitude variation with offset AVO gradient of multiazimuthal P-wave seismic data using Thomsen's (1986) anisotropic parameters in HTI media. They used Shuey's (1985) approximation of Zoeppritz equations for the reflection coefficient and Hudson's (1981) fracture model. They found that at least three azimuths are needed to compute a fracture principal axis, isotropic AVO gradient, and anisotropic AVO gradient. In order to distinguish the fracture strike (parallel to fracture faces) from symmetry axis (perpendicular to fracture faces), extra seismic or non-seismic data are required. This ambiguity in the solutions is due to the fact that the signs and magnitudes of the isotropic and anisotropic AVO gradients, which control the extrema of the azimuthal dependence, are usually unknown. If these anisotropies are known, the fracture strike will be determined unambiguously. Extra seismic data that can be used to distinguish the ambiguity in the principal axes include the azimuthal variation in the interval transit time and Dix interval velocities of P- or S-waves within the fractured layer. The minimum interval transit time and the maximum interval velocity usually indicate the direction parallel to the fractures. It should be noted, however, that other reasons can cause these azimuthal variations such as dipping layers; and therefore, should be examined. Extra non-seismic data include well-log, core, and outcrop data. 

Mallick et al. (1998) developed a quantitative method for computing the fracture principal orientations in a fractured reservoir from P-wave seismic data. In their method, they studied the amplitude variation with azimuth and found that it was periodic in 2φ, where φ was the angle between the shooting line azimuth and fracture strike. Their method is similar to the method of Ruger and Tsvankin (1997). They applied their method on a real 3D P-wave dataset shot over a naturally fractured gas field in central Wyoming. Furthermore, they used S-wave data to distinguish the fracture strike from the symmetry axis. Lynn et al. (1999) studied the P- and S-waves azimuthal anisotropy at a naturally fractured gas reservoir in Utah. They used multicomponent surface and vertical seismic profile (VSP) data to define the fracture strike and fracture-filling fluid. They observed significant differences in the P-wave AVO gradient measured parallel and perpendicular to the orientation of fractures. Furthermore, they observed that the magnitude of the AVO gradient perpendicular to the fractures depended largely on the fracture-filling fluid (gas versus water). 

Al-Shuhail (1998) and Al-Shuhail and Watkins (2000) developed the approach of Ruger and Tsvankin (1997) and applied it to estimate the fracture strike in the Austin Chalk in Southeast Texas using seismic and non-seismic data. The seismic data were processed using a processing sequence that preserved the relative change in amplitudes with offset. The AVO gradients of the lines and their corresponding azimuths were used to calculate the fracture strike repeatedly using different combinations of three lines at a time. The result was a set of solutions that clustered about two principal directions, N60°E and S30°E. One of these directions was the fracture azimuth and the other was the fracture symmetry axis. Since the isotropic and anisotropic AVO gradients were unknown, extra information was needed to distinguish the fracture strike from the fracture symmetry axis. Using other data that indicated the presence of NE–SW trending fractures in the subsurface, they concluded that the N60°E direction was the approximate fracture strike in the study area. 

A FORTRAN program is developed to determine the fracture principal axes of a fractured reservoir using the azimuths and AVO gradients along multiazimuthal seismic lines. The formulas used in the program are based on those of MacBeth (2000). The results of applying this program to synthetic and real datasets are illustrated.

