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ABSTRACT

We report new observations of borehole breakouts at three sites
drilled during Ocean Drilling Program (ODP) Leg 204 in gas hydrate—
bearing sediments near Hydrate Ridge on the Cascadia margin. Break-
outs are stress-induced features expressed as elongations in the cross-
sectional shape of the borehole, caused by compressive failure of the
formation under differential horizontal stresses that exceed the forma-
tion’s in situ strength. Borehole breakouts were detected using an elec-
trical resistivity logging-while-drilling tool (resistivity-at-the-bit tool) in
images of the borehole wall, and they occur at two ODP sites located
close to the summit of the ridge (Sites 1244 and 1245) and at one site at
a greater distance east of the ridge (Site 1251). Based on the orientation
of the breakouts, the direction of the in situ maximum horizontal stress
(SHmax) was determined at all three sites. We observe SHmax orienta-
tions to correspond to localized stresses in the vicinity of Hydrate Ridge
(north-northwest-south-southeast at Site 1244 and northeast-south-
west at Site 1245), whereas at Site 1251 SHmax appears to roughly cor-
respond to the regional east-west component of the subduction
direction.
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INTRODUCTION

The main objective of this report is to present in situ stress orienta-
tion data from borehole breakouts observed in the holes drilled on Hy-
drate Ridge (Fig. F1) (Tréhu, Bohrmann, Rack, Torres, et al., 2003).
Determination of the in situ stress orientation facilitates better under-
standing of the tectonic regime (i.e., deviatoric stress direction and
magnitude) in the vicinity of Hydrate Ridge. Knowledge of the stress re-
gime is also important for evaluating the potential correlation between
slope stability and the presence of gas hydrates. Recently, it has been
hypothesized that gas hydrate decomposition may be a factor in gener-
ating weakness in continental margin sediments, leading to slope fail-
ures (e.g., Henriet and Mienert, 1997; Paull et al., 1996, 2000; Janik et
al., 2004; Hill et al., 2004). If that is the case, the physical conditions
controlling the in situ strength of gas hydrate-bearing formations (i.e.,
temperature and pressure) have to be fully understood. The in situ pres-
sure is closely related to the in situ stress regime, so its assessment is a
prerequisite for further studies linking gas hydrate decomposition to
slope stability. Although all observed breakouts occurred below the gas
hydrate in these holes, determining the stress directions below the gas
hydrate stability zone is particularly relevant to the overall analysis of
the stress regime (Goldberg et al., 2003, 2004; Janik et al., 2004).

BACKGROUND AND METHODS

During Ocean Drilling Program Leg 204, 10 sites were drilled and
logged on Hydrate Ridge of the Oregon continental margin (Tréhu,
Bohrmann, Rack, Torres, et al., 2003). Hydrate Ridge is a 25-km-long
and 15-km-wide ridge in the Cascadia accretionary complex, formed as
the Juan de Fuca plate subducts obliquely beneath North America at a
rate of ~4.5 cm/yr. Hydrate Ridge is bound at its northern and southern
ends by the left-lateral strike-slip Daisy Bank and Alvin Canyon faults
(Goldfinger et al., 1997). The geometry and slip direction of these faults
in conjunction with oblique subduction is likely responsible for clock-
wise rotation of Hydrate Ridge and spatial distribution of deformation
zones in the region (Goldfinger at al., 1997; Johnson et al., 2003). The
eastern edge of the block occurs at the contact with the Siletz terrain
(Fleming and Tréhu, 1999), which forms a backstop for the accretionary
prism. Figure F1 shows the general location and tectonic setting of Hy-
drate Ridge. From Leg 204 coring data, sediments on Hydrate Ridge are
known to be composed of clays and silty turbidites and to contain high
concentrations of gas hydrates (Tréhu et al., 2004).

Resistivity-at-the-Bit Tool

During Leg 204, geological features were observed in borehole images
collected using an electrical resistivity logging-while-drilling (LWD)
tool, specifically the resistivity-at-the-bit (RAB) tool (Tréhu, Bohrmann,
Rack, Torres, et al., 2003). The RAB tool makes azimuthal resistivity and
gamma ray measurements while drilling. Using an azimuthal position-
ing system, measurements are acquired around the borehole to create a
high-resolution, 360° resistivity image of the drilled hole, similar to the
wireline Formation MicroScanner (FMS) tool but with complete cover-
age of the borehole walls (Lovell et al., 1995). Besides the full coverage
of the borehole wall, an advantage of the RAB tool is that measure-

F1. Regional tectonic setting of Leg
204, p. 8.
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ments are collected by an LWD recording device only 3-5 min after
drilling and the borehole and formation have less time to deteriorate.
Consequently, features observed in the resistivity images better reflect
the in situ state of the formation at the time the measurement is taken
(Goldberg, 1997).

The RAB tool is connected directly above the drill bit. The lower por-
tion of the tool and the bit itself take a variety of resistivity measure-
ments (Fig. F2). Button electrodes provide shallow-, medium-, and
deep-focused resistivity measurements acquired with ~6° (1.4 cm) azi-
muthal resolution. The RAB tool rotates during drilling to produce azi-
muthally oriented images with 360° coverage of the borehole wall. The
button electrodes are ~1 in (2.5 c¢m) in diameter, and they provide
depths of investigation of ~1, 3, and 5 in (2.5, 7.6, and 12.7 cm), respec-
tively. The vertical sampling resolution of the image is typically 3-4 cm.
The tool’s orientation system uses Earth’s magnetic field as a reference
to determine its position with respect to the borehole. RAB resistivity
images can reveal information about formation structure, lithologic
contacts, natural fractures, and borehole breakouts. In this paper, we
analyze RAB resistivity images to quantify the orientation of borehole
breakouts observed at the Leg 204 sites.

Borehole Breakouts and Estimation
of Stress Orientation

Borehole breakouts are stress-induced features expressed as elonga-
tions in the cross-sectional shape of the borehole (Bell and Gough,
1979, 1983). When a borehole is drilled, the material removed from the
subsurface no longer supports the surrounding rock. As a result, the
hoop stresses become concentrated around the borehole wall (Kirsch,
1898; Jaeger and Cook, 1979). If the concentration of the hoop stress
exceeds the formation’s in situ compressive strength, tangential shear
failures ensue and generate spalling along the interior of the borehole
(Fig. F3A) on opposite sides of a borehole, centered at the azimuth of
the horizontal minimum principal stress, and at the locus of the maxi-
mum concentration of hoop stress around the borehole (Zoback et al.,
1985; Moos and Zoback, 1990; Barton et al., 1997; Ask, 1997; Brudy and
Kjorholt, 2001). Spalling occurs at diametrically opposed points on the
borehole wall, aligned with the direction of the minimum principal
stress, SHmin, and perpendicular to the maximum principal stress,
SHmax. Knowing this antipodal relationship, we can use the breakout
orientation as a reliable indicator of the local maximum principal hori-
zontal compressive stress direction in the vertical boreholes.

The RAB resistivity tool can be utilized to detect breakouts even
though it does not directly measure the borehole diameter/elongation
(McNeill et al., 2004). The enlarged cross-section of the borehole due to
spalling introduces more fluid between the RAB sensors and the forma-
tion, which appear as zones of lower resistivity and higher apparent po-
rosity in the RAB resistivity image (Fig. F3B). In addition, sediments in
the vicinity of the breakouts may have higher porosity, and thus lower
resistivity, due to small-scale fracturing and seawater invasion in the
formation.

F2. LWD tool string and RAB tool,
p- 9.
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F3. Borehole cross section and
breakouts, p. 10.
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RESULTS

During Leg 204, breakouts were observed in RAB images at two sites
located close to the summit of Hydrate Ridge (Sites 1244 and 1245) and
at one site east of the ridge (Site 1251). The breakouts are generally
fairly continuous with some intermittent intervals related perhaps to
lithologic controls. Sites 1244 and 1245 have breakout occurrences
starting at depths of 249 and 217 meters below seafloor (mbsf), respec-
tively, extending to the total hole depths. At Site 1251, breakouts occur
at 161 mbsf to its total depth. Figure F4 illustrates the depth extent of
breakouts and gas hydrate stability at these three sites. Azimuths of the
measured breakouts are statistically averaged over the entire depth in-
terval where they occur. These analyses were computed with GMImager
software using Mardia statistics for the directional data (Mardia, 1972).
GMImager results are shown in Figure F5. Average azimuths of the brea-
kouts are presented in Table T1.

The measured azimuths at each site are considered statistically con-
stant, yielding the orientation of the minimum horizontal stress direc-
tion (SHmin) in each hole. SHmax can then be determined by
computing the azimuth at perpendicular orientations. These azimuths
are also shown in Table T1. Given the shallow penetration depths of
these sites, we infer that SHmax direction measured below the gas hy-
drates most probably can be extrapolated up to the shallower part of
the borehole to the gas hydrate stability zone.

Figure F6 illustrates SHmax in the context of the regional tectonics
(Johnson et al., 2003). At Site 1245, SHmax is observed to be oriented
northeast-southwest (ridge subparallel, with an east trend), and at Site
1244, SHmax is north-northwest-south—-southeast (also ridge subparal-
lel, with a west trend). The ridge-subparallel direction of SHmax can be
related to the tectonic alignment and localized stresses near Hydrate
Ridge, which involve a central uplift of the ridge and consequent nor-
mal faulting on its flanks (Figs. F4A, F6A). Those stress directions also
correspond with the orientation of fractures identified in the RAB im-
ages and core recovered during Leg 204 (J.L. Weinberger, pers. comm.,
2004). It has to be noted, though, that breakouts at Sites 1245 and 1244
occur in two different lithologic units (Fig. F4A), so lithologic controls
cannot be entirely excluded. At Site 1251, located east and more distant
from the ridge summit, SHmax is oriented east-southeast-west-north-
west. This orientation appears to be roughly perpendicular (within er-
ror) to the edge of the north-south oriented Siletz terrain to the east
(Fleming and Tréhu, 1999), supporting the suggestion of strain parti-
tioning into margin-normal compression and margin-parallel strike-slip
component, west of the backstop (McNeill et al., 2000). The localized
ridge-aligned stress associated with the central uplift and normal fault-
ing near the summit is less significant at this location.
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Figure F1. Regional tectonic setting of Leg 204 in the accretionary prism of the Cascadia subduction zone
(Tréhu, Bohrmann, Rack, Torres, et al., 2003).
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Figure F2. Schematic of the logging-while-drilling (LWD) tool string with details of the resistivity-at-the-
bit (RAB) tool. VDN = Vision Neutron Density tool, NMR-MRP = Nuclear Magnetic Resonance tool, MWD
= measurement-while-drilling tool, GVR = GeoVision Resistivity tool.
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Figure F3. A. Plan view of borehole cross section from laboratory tests performed on the hollow cylinder
of rock, showing borehole breakout caused by intersection of conjugate shear failure planes that result in
an enlargement of the cross-sectional shape of the cylinder (Reinecker et al., 2003). SHmax (S,;) and Shmin
(Sy) refer to the orientations of maximum and minimum horizontal stress, respectively. B. RAB resistivity
image showing borehole breakouts manifested as dark vertical bands of lower electrical resistivity.
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Figure F4. Seismic reflection profiles crossing near (A) Holes 1245A and 1244D, and (B) Hole 1251A. Ap-
proximate intervals of breakouts and gas hydrates occurrences (gas hydrate stability zone) are indicated.
Dashed line indicates the boundary between the accretionary complex and overlying sediments. Uncer-
tainties in depth-time conversion of these seismic sections are approximately £5-10 m. BSR = bottom-sim-
ulating reflector.
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Figure F5. Histograms computed using GMImager software of the azimuth of borehole breakouts occurring
in (A) Hole 1245A, (B) Hole 1244D, and (C) Hole 1251A. RAB images over 20-m intervals illustrate typical
borehole breakouts observed in each of these sedimentary sections.
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Figure F6. A. Maximum horizontal stress direction in Holes 1245A, 1244D, and 1251A plotted on a ba-
thymetry map of near Hydrate Ridge (after Clague et al., 2001). B. Detailed structural map of the Hydrate
Ridge region interpreted from multichannel seismic reflection profiles and overlain on 100-m shaded relief
bathymetry (Goldfinger et al., 1997; Johnson et al., 2003). Deep-seated left-lateral strike-slip faults (Daisy
Bank and Alvin Canyon faults) dominate the deformation north and south of Hydrate Ridge, and thrusts
and folds are common in the region between the strike-slip faults. Inset shows a structural interpretation
of the Hydrate Ridge region, with apparent clockwise rotation relative to the deformation front, and sug-
gests that deformation is dominated by oblique subduction-driven shear. SHR = southern Hydrate Ridge.
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Table T1. Azimuth of breakout orientations.

Breakout Standard SHmax
azimuth deviation azimuth

Site ©) ) ©)

1244 89 13 179
1245 138 9 48
1251 16 6 106
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