20 Zajac and Stock

If the regional stress state is either normal or thrust faulting, then the breakout pattern nodal points are likely to be found at low borehole deviations, resulting in a good determination of the principal stress directions and the stress state Œ ratio. If the regional stress state is strike-slip or has a large amount of strike-slip faulting in it, then highly deviated boreholes are required to constrain the stress tensor.

We applied our technique to the Qian and Pedersen [1991] breakout data, where we showed that removing the constraint of a vertical principal stress direction lowered the total misfit between the best fitting model and the data. The Qian and Pedersen [1991] inversion falls outside the 95% confidence limits found on our solution. However, our determination of the horizontal maximum principal stress direction agreed with Qian and Pedersen’s [1991] result to within 1.6ffi. The data also showed an unconstrained Œ ratio, since the borehole orientations did not vary sufficiently to locate a nodal point in the breakout pattern.

Finally, we inverted a breakout data set from the offshore Santa Maria Basin, California, and determined that the maximum principal stress direction is oriented N148.5^ffiE and plunges 31.5^ffi. The 95% confidence limits on the S_1 azimuth are N143.0^ffiE to N198.1^ffiE. The inversion also yielded a stress state in which none of the principal stresses are vertical. The S_3 direction is the principal stress closest to vertical, making a 31.9^ffi angle away from vertical. This is a highly nonvertical stress for being within 1.2 km of the surface.

Because of the highly variable borehole azimuths and deviations of wells drilled from offshore platforms and because oriented caliper data are generally recorded for such wells, a large quantity of data probably exist that can be inverted by using our technique. If more detailed borehole imaging is available to constrain breakout orientations (e.g., formation microimaging, borehole televiewer), this technique can also be applied with a higher degree of confidence regarding the quality of breakouts used in the analysis.

Acknowledgments. The authors thank Julie Shemeta for providing a lot of help with this work, Jerry Lohr for releasing the Santa Maria data to us, and Torch Operating Company for allowing us to publish the data. We acknowledge Leonid Germanovich, Bezalel Haimson, and Pavel Peška for their constructive reviews of this paper. We also thank Wessel and Smith [1995] for creating the GMT plotting tools. This work was supported by the National Earthquake Hazards Reduction Program of the U.S. Geological Survey (USGS) and by NSF grant EAR-9296102 for

J. M. Stock. Research was supported by the USGS, Department of the Interior, under USGS award 1434-93-G-2297. The views and conclusions contained in this document are those of the authors and should not be interpreted as necessarily representing the official policies, either expressed or implied, of the U.S. government. Caltech Seismological Laboratory Contribution Number 5729.

References

Aadnoy, B. S., Inversion technique to determine the in-situ stress field from fracturing data, J. Pet. Sci. Eng., 4 , 127–141, 1990a.

Aadnoy, B. S., In-situ stress direction from borehole fracture traces, J. Pet. Sci. Eng., 4 , 143–153, 1990b.

Bell, J. S., and D. I. Gough, Northeast-southwest compressive stress in Alberta: Evidence from oil wells, Earth Planet. Sci. Lett., 45 (2), 475–482, 1979.

Bell, J. S., and D. I. Gough, The use of borehole breakouts in the study of crustal stress, in Hydraulic Fracturing Stress Measurements, edited by M. D. Zoback and B. C. Haimson, pp. 201–209, Nat. Acad. Press, Washington, D. C., 1983.

Brent, R. P., Algorithms for Minimization Without Derivatives, Prentice-Hall, Englewood Cliffs, N. J., 1973.

Clark, D. H., N. T. Hall, D. H. Hamilton, and R. G.

Heck, Structural analysis of late Neogene deformation in the Central Offshore Santa Maria Basin, California, J. Geophys. Res., 96 (B4), 6435–6457, 1991.

Crouch, J. K., S. B. Bachman, and J. T. Shay, Post Miocene compressional tectonics along the Central California Margin, in Tectonics and Sedimentation Along the California Margin: Pacific Section S.E.P.M., vol. 38, edited by J. K. Crouch and S. B. Bachman, pp. 37–54, Soc. of Econ. Paleontol. and Mineral., Tulsa, Okla., 1984.

Daneshy, A. A., A study of inclined hydraulic fractures, J. Soc. Pet. Eng., 13 , 61–68, 1973.

Davis, L. (Ed.), Genetic Algorithms and Simulated Annealing, Morgan Kaufmann, San Francisco, Calif., 1987.

Fairhurst, C., Methods of determining in situ rock stresses at great depths, Tech. Rep. TRI-68, Mo. River Div. Corps of Eng., Omaha, Neb., 1968.

Gephart, J. W., and D. W. Forsyth, An improved method for determining the regional stress tensor using earthquake focal mechanism data: Application to the San Fernando Earthquake sequence, J. Geophys. Res., 89 (B11), 9305–9320, 1984.