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Abstract - Borehole televiewer logs were recorded over 92% of the CRF i
drillhole. Processed televiewer images detect a variety of features in the bord
wall, including bedding, lonestones, conglomerates, fractures, and breakouts. |/ 1, “‘
quality varied from poor in much of the top 350 mbsf to excellent in the loyf =) % EAST =
. . . . A ANTARCTIC
portion of the hole. Three types of stress-induced drillhole failures - breako wais (o
petal centre-line fractures, and tensile fractures - were analyzed to determin| J}‘&,%
present-day stress state. Using the elastic equations for stress concentrations i ™" #"

a borehole, we estimate stress magnitudes and conclude that the stress state \._ ____..}’
CRP-3 is strike-slip. The minimum horizontal stress direction is N75°E + 6~
(N70°E = 6° for breakouts, the most accurate stress indicators). This average direction agrees with the
N77°E direction of minimum horizontal stress determined from CRP-2A televiewer data. Both stress
directions exclude topography as a possible control on local horizontal stresses, as topographic effects would
generate a minimum horizontal stress direction of S82°E. In contrast, the modern minimum stress direction
is similar to the extension direction that caused faulting and related structural dips toward N70°E * 5°.

)

INTRODUCTION to Palaeogene palaeoclimate and the tectonic history

of the Transantarctic Mountains and West Antarctic

The World Stress Map (Zoback, 1992) is not trulyift system, by obtaining continuous cores and well
global in its coverage, because virtually no data at€9s from a site near Cape Roberts, Antarctica.
available from the interior of the Antarctic plate. Théoffshore Cape Roberts, tilting and erosion of strata

majority of World Stress Map data are focahave brought Lower Miocene to Lower Oligocene
mechanisms. but Antarctica lacks both |arg§ediments near the seafloor. The three CRP holes

earthquakes and local seismic networks capable BEnetrate successively older portions of a 1600 m

detecting smaller earthquakes. Furthermore, ma%fmposue stratigraphic sequence. The third CRP

(28%) of the stress directions shown on the Worl illhole, .CRP'S’ cored 821 m Of. Lower Oligocene
Stress Map are derived from borehole breakoutand possibly Upper Eocene sedimentary rocks and
16 m of underlying Devonian sandstone (Cape

borehole enlargements caused by compressive fail%e :
. . o . Oberts Science Team, 2000). Average core recover
of the sides of a drillhole. Within the Antarctic plate ) g y

h h h b ind drillhol n\(/Sias 97%. The mid-Tertiary section consists primarily
owever, there ave been no in ustry drillho €S ant sandstones and muddy sandstones; other lithologies
only a handful of scientific drillholes, none of which

include common thin conglomerate beds and less

has detected breakouts. This paucity of stréeg$mmon sandy mudstones and diamictites (Cape
directions hampers studies of driving forces based @fyperts Science Team, 2000).

intraplate stress data.@, Richardson, 1992), as the  \jgos et al. (2000) analyzed borehole televiewer
Antarctic plate is one of only two plates that arggHTV) logs from the second CRP drillhole, CRP-
surrounded by ridges. 2/2A, and utilized the results both to determine the

An opportunity to determine stress directionsiirection of minimum horizontal stress and to provide
within part of the Antarctic plate is provided by thebounds on the overall stress state. This paper
Cape Roberts Project (CRP). CRP is an internationahdertakes a similar analysis for CRP-3 based on its
drilling project whose aim is to reconstruct Neogen8HTV log.
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METHODS conditions were too unstable to risk losing the tool:
the upper &ult zone (255.1-271.4 mbsf), and the
DATA ACQUISITION AND PROCESSING bottom part of the hole (898.5-939 mbsf), whichsw

blocked by swelling clays in an altered intrusion. Log

BHTV well logging was undertaén during three quality varied from poor to xcellent, generally
phases of the drilling of CRP-Jhe frst phase ws improving with increasing depth. Much of the top
at the conclusion of drilling with HQ drillrod (102- half of the BHTV log preided only rare returns from
mm diameter), and the xtetwo phases were miday the borehole wll, possibly because of mudaakit
and at the conclusion of NQ (80-mm diameteryvas usually possible, me@ver, to identify enough
drilling. The BHTV is an acoustic instrument thatfeatures in this upper log to orient cores (Jarrard,
provides an image of swuate reflectiity of the wall Paulsen &Wilson, this wlume).All of the raw
of a fluid-filled borehole (Zemanek et al., 197@n BHTV images zhibited \ertical striping that partially
acoustic transducer in the toatds a sound pulse, masled geologically meaningful featureBhis striping
which travels through the borehole fluid, bounce$ ofwas remoed by preprocessing, and then images were
the borehole wll, and returns to the transduc&he displayed with &lse colors to enhance subtle features.
Antare® BHTV used at CRP-3 is a digital tool The amplitude images were most useful for
which analyzes the recsd waveform from each identification of geologic features such as fractures,
transducer pulse, picks amplitude andvéléime of bedding, and clastslhe CRP-3 traeltime logs did
the reflection from the boreholealN, and transmits not provide reliable measurements of hole size,
these wlues to the suafce electronics in real time. because of a combination of poor calibration by
The transducemwhich is mounted on a rotating shaft,Antares® and g/cle skipping.They occasionally
sends and receés either 72 or 144 pulses pemrovided useful images of borehole features,
rotation.As the tool is pulled up the hole, the rotatingparticularly open fractures and clastyjtiihese
transducer obtains continuous 36@nages of both features generally were imaged as well or better by
amplitude and tneeltime. The logging speed of 1.2 the amplitude log. Hole sizeas quite uniform, based
m/min results in a ertical resolution of 3 mm. on dipmeter measurements (Cape Roberts Science
Reflection amplitude depends mainly on refleityi Team, 2000).
and roughness of the boreholallv Traveltime The CRP-3 BHTV logs, lik other CRP-3 well
depends on the diameter of the borehole. logs, &hibited up to 2.5 m of depth shift compared

The BHTV logging tool includes tw to coring depths, caused mainly by stretch of the
accelerometers and three perpendiculdpgging cable.This shift varied both between and
magnetometers, for tool orientatiomhe CRP-3 within logging runsWe corrected the BHTV data to
accelerometer logs indicated that holeviddon was minimize depth shifts, based on idemtdtion of
minor, less than 2.5from vertical (Cape Roberts depths of 337 correlaté features on the core logs
Science Team, 2000). The two horizontal (Cape Roberts SciencBeam, 2000) and BHTV
magnetometers pmdde a continuous record of images. Optimum depth shift for each of 11 in&sv
orientation of the tool with respect to magnetic northof BHTV log was calculatedThe final shifted logs
so that all images can be oawrted from tool have residual depth shifts that areegywhere less
coordinates to magnetic nortlve corverted the than 10 cm.
images from magnetic north to true north coordinates, The BHTV logs probably hae an azimuth
using measurements of localvi@ion based on an accuray of £2° for the internal magnetometers
on-ice reference magnetometdihe CRP-3 site is (calibrated byAntare®) and+2° for local deviation
actually at a higher latitude than the South Magnetigneasured by our on-ice reference magnetometer).
Pole, and it is so close to the magnetic pole that wearrard, Buckr et al. (this elume) conirm the
considered it necessary to test the °1@B32E) local reliability of the BHTV orientations by comparing
deviation based on the International Geomagnetiaverage structural dendip azimuth for the shelf
Reference Field (IGRF)An additional concern at interval 100-789 mbsf based on BHTV (N@b),
very high latitudes is that magnetic storms can causémeter (N68E), and rgional seismic reflection
sudden, lage swings in local dgation. Consequently profiles (N72E).
the reference magnetometer recorded 3-component
magnetic feld direction throughout BHTV logging. BOREHOLE INDICATORS OF STRESS
Fortunately magnetic storm aetity was minor during DIRECTION
logging, causing declinationaviations of <3. Our
measurements with the reference magnetometer were The process of drilling a borehole causes a
consistent with the IGRFalue: 147-148 All BHTV  concentration of stresses around the boreha#d w
images were oriented to true north with correctiong.g., Zoback et al., 1985) and belathe bit €.g.,
for both aerage and timearying local deiation. Lorenz et al., 1990). Because a borehole aiaplithe

BHTV logs were obtained for 92% of CRP-3.farfield stress dference, ery high compresge and
Two intervals were not logged because holabsolute tensile stresses can occur around and beneath
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the hole. If stresses are $icient to cause the stressesThus their presence or absence\pdes
formation to &il in either tension or compression,information to constrain stress magnitudes.
analysis of the resultingaflures can determineaf When mud weights are relagly high or the
field, in situ stress directions. stress diference is lage, stress concentration belo
Where the compres& stress concentration aroundthe coring bit may be stitiently high to induce
the wall of the hole is lager than the rock strength, tensile fractures belo the bottom of the holeAt
the rock hils and &lls into the hole, forming a substantial depth, these generally form near the hole
borehole breakut (Gough & Bell, 1981; Zoback et centre and are referred to as petal centre-line fractures
al., 1985). Brea&uts form on opposite sides of a(e.g., Lorenz et al., 19904t relatively shallav depth,
borehole. Their distinctve pattern of hole these often form near the edges of the hole and are
enlagements can be detected with 4-arm caliper logslled core-edge fractures (Li & Schmitt, 1997; 1998).
if they are lage enough. Brealuts smaller than 30 Both hase characteristic feature®.¢., Moos et al.,
wide are common ui not detectableven in 20-cm or 2000; Rwlsen et al., 2000Yhey can be dierentiated
larger holes; for HQ and NQ holes, pad widthdrom natural fractures because yh@o not cross the
preclude detection unless more than half of theorehole and thus do not form complete sinusoids on
borehole vall fails. Even when thg are too small to BHTV images.The presence of these features in
be detected by caliper logs, breaits are usually cores or BHTV images is an indication of ¢gr
obvious on BHTV amplitude and tvaltime logs. In differential horizontal stressesTheir strike
vertical holes, brealuts occur at the azimuth of thecorresponds to the direction of thar-field greatest
least horizontal dr-field stressThe occurrence (or horizontal stress.
non-occurrence) of brealts and their widths can be
used to quantify stress magnitudes (Zoback et al.,
1985; Moos & Zoback, 1990). RESULTS
Drilling-induced tensile all fractures can form at
the wall of a \ertical borehole if the horizontal stressSOBSER/ED STRESS DIRECTION
difference is quite laye. These cracks are nearly
vertical and on opposite sides of a borehole; their The CRP-3 BHTV images pviae 71 estimates of
strikes parallel the direction of tharfield greatest minimum horizontal stress direction. Petal centre-line
horizontal stress. Inertical wells that are drilled with and core-edge (PCL-CE) fractures, breats, and
mud weights only slightly greater than the poréensile fractures ge generally similar results (Fig. 1).
pressure, the formation of tensile cracks requiresFagure 2 shws these data as a function of depth in
large diference in the magnitudes of the horizontathe borehole.
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Borehole Breakouts 260 . . . N
Borehole breaduts in the CRP-3 BHTV images
have characteristic signatures ofdwertical bands,
~180C° apart and 25-30in width, of very low
amplitude and layer traseltime. Vertical extent of
individual breakbuts \aries from 0.4 to 1.8 mAll of
the obsered breakbuts occur in the bottom third of
the hole, within the interals 679-693 and 791-
821 mbsf (Fig. 2).This lower intenal corresponds
closely to the 790-823 mbsf depth range of a doleritig
breccia and conglomerate (Cape Roberts Scieng
Team, 2000), and the breaks are lagely confned _
to interclast matrix, not doleritic boulders. Brealk o ‘
azimuths are xpected to parallel the direction cdrf ° =0
field, minimum horizontain situ stress. Nearly all of Fig. 2- Estimates of minimum stress directiorxdiding possible
the obsered breabkuts occur in well-déhed pairs. natural f_ractures)/s.depth. Symbols:_breaklts (solid dc_)ts), petal
Both azimuths were pieid and displayed origire 1 cen_tre-llne_and _core-edge (oper_l cm:l_es), ano_l ;ensﬂe cracks (-).
. . Horizontal lines indicate mean orientation of minimum stress$ (75
on a 0-180 scale, cowmerting azimuths of 180-360 and 255, or N75E and S73W).
by subtracting 180 The 25 brea&ut directions are
tightly clustered at a mean azimuth of NEO+ 6°
(95% conidence limits).
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Petal Centre-line and Core-edge Fractues . . .
Fractures that are described as petal centre-lir\{t\%hereas PCL-CE fractures form incomplete sinusoids
(PCL) or core-edge (CE) within CRP cores (Capt at lack tops. Heever, CRP-3 BHTV image quality

Roberts Sciencdeam, 1999, 2000Wilson & fs often inadequate for detection of the complete

. inusoidal signature of a natural fractufe. minimize
Paulsen, this @lume) also can be detected on BHT\/tShe mispicking of natural fractures as PCL-CE

images (_M‘,)OS, et al., 2000)Their diagn_ostic fractures, we compared our listing of BHased
characteristics include an open-fracture signaturg,~ ~g depths to tw core-based lists: (1) depths of

steep dip, clearly defed lover termination (often core-based PCL or CE fractures, and (2) depths of
spalled), and limbs that become sebtical and steep (>6%) natural fractures in cores

disappear upholeThey strike perpendicular to the  paia| centre-line and core-edge fractures are

direction of minimum horizontain situ far-field common in CRP-3 HQ coresibrelatively rare in the
stress. Minimum stress direction can be pttlas the NQ cores (Cape Roberts Scieriteam, 2000Wilson
down-dip termination azimuth and theexage of the ¢ payisen, this slume). In contrast, only one third
two limb orientations. Minimum stress directionsy ghsered BHT\tbased PCL-CE fractures are in HQ
based on these PCL-CE orientations arewshon pgje. BHTV images from the HQ hole are generally
figure 1 as a histogram with an azimuth scale ®f Ogq poor that natural fractures, bedding, and clasts are
180°. The mean direction is N8E, similar to it rarely detectable, so the relatiaindance of PCL-
significantly greater than the N7& azimuth of CEg fractures in HQus. NQ intenvals cannot be
brealouts. evaluated from BHTV data. Only 8 of the PCL or CE
Ten BHTV fractures hee a distinctiely different  fractures identied in cores correspond in depth to
shape than the typical half-sinusoid of PCL-CEBHTV-based PCL-CE fractures.
fractures: the are wals, 1-2 cm in height and 3-5 cm  \jost natural fractures within oriented CRP-3 cores
in width. This shape, which is similar to that of somehave a NNE strike (Wlson & Paulsen, this glume).
core-edge fractures, may indicate drilling-induce¢onsequentlythe presence of natural fractures within
fractures so near the edge of the bit thaytharely our PCL-CE population wuld have the efect of
intersect the boreholeall. These wals hae centre- pjasing the mean azimuth of minimum stressa a
point orientations of 70and 268 (N70°E and value higher than that measured with braats. Of
S88W), 198 apart and ery similar to other PCL-CE the original 36 features piek as PCL-CE in BHTV
orientationsWe tentatiely conclude that theare CE images, 7 occur at the same depth as steep natural
fractures and include them in the PCL-CE estimate @factures in the coresthe PCL-CE serage of 86
minimum stress direction,ut we note that their for those at the same depth as natural fractures is
inclusion does not signdantly change the result. indeed intermediate between the° 7¥erage from
The PCL-CE fractures, which are drilling-inducedprealouts and the ~10laverage dip azimuth (on a O-
cannot alays be reliably distinguished from open,180° scale) of natural fractures @(Won & Paulsen,
steep, natural fractures on BHTV images. Idedlye this volume), suggesting that bias is present.
latter form planar intersections with the borehollw Excluding these data, the mean PCL-CE direction
evident as complete sinusoids on a BHTV imagechanges from N&E to N8CE.
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Tensile Fractures the hydrostatic head induced by the static mud
Tensile fractures arevielent in BHTV images as density and the pumping pressure, minus the pressure
vertical open fractures that bisect the boreholelrop across thexé points within the bit: P = p.. 4
forming two narrav, low-amplitude, high-treeltime  *g*h_, . + P, ...~ Py., Wherep_ ,is mud density
lines ~180 apart. Moos et al. (2000) shoexamples and b, is height of the mud column belothe rig
of tensile fractures from the CRP-2A BHTV log.Kelly bushing. Pore pressure is P p*g*hyg, where
Tensile fractures appear to be rare within CRP-3: only, is the formation fluid density and his the height
6 such fractures, 1.1-4.4 m long, were detectedelow sea leel. The least horizontal stress can be
Tensile fractures are often associated with drillingletermined from the shut-in pressure measured during
events such as a bit change; within CRP-3, thisn etended lea&ff test. In order to use thisalue at
generalization holds for allxeept the deepest pair of depths other than the depth where the teasw
tensile fractures.The standard deation of conducted, it is necessary to assume that the ratio
orientations is double that of bremk and PCL-CE (SamirPy)/Nyer cOmputed from the shut-in pressure and
azimuths, bit the N77E mean is similar (Fig. 1). the pore pressure at the shoe defpth is a linear
Identification of tensile fractures in CRP-3 is lesgunction of depth. Furthermore, we must assume that
useful for stress direction than as a constraint oihe shut-in test actually generated aydhaulic

stress magnitude, as discussed in tha section. fracture which vas shut in at the pressure
corresponding to the least principarfield stress,
STRESS MASNITUDE which — if less than theertical stress as in this case
The presence (or absence) of wellboadlfres - Must be by defition S, ... _
(tensile vall fractures, borehole brealts, and coring- In the case of compres® failure of a ertical

induced tensile fractures) prides information on the Well, the width of breaguts (p) can be related to
magnitudes ofn situ stresses (Moos & Zoback, 1990;Simax Shmin Py and P, as follows:
Peska and Zoback, 1993). Moos et al. (2000)
determined constraints on stresses in the irderv ((:eff +2P, +AP+0“)—Shmin(1+2coszeh)
penetrated by CRP-2A, based on the presence Sma = 1-2c0s20 @)
tensile fractures and absence of breats. The ’
information aailable in CRP-3 is more complete, as 1he efective strength (¢;) increases as the mud
both breakuts and tensile cracks were obsmhin Pressure increases, afgl= 90 - ¢/2. The thermally
some interals and not in others. Furthermore, dnduced stressof'T) is assumed to be zero when the
leakoff test was conducted at the HQ Casing Shoé:,)realouts form, based on theadt that borehole
during the change from HQ to NQ drilling, piding temperatures after cessation of drilling were not much
a measure of least principa| stregde genera| different from equilibrium (Buckr et al., this
approach used both here and in thevimes study is volume).AP= PR -P.
to constrain the dr-field stresses based on In the case of no compressifailure, breakut
obsenrations of wellbore dilure using the elastic width ¢=0 and therefore the term 2cdg2 -2. In
equations for stress concentrations aroundeical —addition, B =P, and therefore ééctive strength is
well. To apply this approach we use thacf that equal to unconfied compressie strength (UCS).
failure at the wall of a well occurs when the Consequently equation 2 in the case where no
circumferential stressg,, exceeds the rock strength. brealouts occurred reduces to the simpler equation
For tensile &ilure, o,,™" < -T, whereT is tensile used in the CRP-2A analysis (Moos et al., 2000):
strength; for compress: failure (breakuts), g, ">
C.s Where G, is efective strength. UCS< 33, — Simin— 2R, — AP (3)

In the case of tensilailure, we sole the elastic
equation for the circumferential stress at the point Compressie and tensiledilures within CRP-3 are
where it is most tensile andxeeeds the tensile assumed to occur at défrent stages of the drilling
strength. In the case where one princiipasitu stress process: compress failure occurs when the mud
axis is \ertical the equation, veitten to sole for the pressure is smallest and equal only to the static mud

maximum horizontal stress (S ), is: pressure, and tensilaifure occurs when the mud
pressure is greatest, during aetipumping, when it is
Stmax 2 3* Sypin ¥ T — B = Byg — 0%7 (1) augmented by thexeess pumping pressure. In this

well it is also important when calculating the stresses
The obseration that tensile fractures both in thisthat the presence of tensile cracks correspondsan tw
well and in CRP-2A were nearly axial to thertical of the three cases to the depths of bit changes. Bit
borehole supports our assumption that one principghanges ivolve excess pumping, pump start-up and
stress is egrtical. In order to sok this equation for stopping pressures, and modest cooling which may
Simax It Is necessary to measure or calculate the muyffercome theifite tensile strength of the rock; all
pressure (p,), pore pressure ([, and least three processes enhance theelikood of tensile
horizontal stress (5;). Mud pressure is the sum of cracks deeloping at these depths. One other tensile
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fracture location is at the casing shoe, supporting the No brealouts occurred at this depth. In order for
inference that the leakf test actually did break den  no brealouts to occurrock compressie strength
the formation and induceyldraulic fracturing.The Wwould need to be alve approximately 6000 psi
obsenation that fev tensile cracks occurred yamhere (41.4 MPa), which is consistent with laboratory-

else supports the contention that the stress statedglermined compressionaehocities and densities
generally not condueé to tensile dilure. (Jarrard, this @lume).A short distance from this

- - g depth, brea&uts did initiate within a sandstone at
Rather than gon5|der equations 1-3 idiially, a 979-993 mbsl. In order for these breaks to occur
better method is to present a plot of SHmMax

. . ) . . with widths ranging from 20 to 40 deees, the rock
Shmin with superimposed lines that indicate thgtrength only needs to be slightly less than\aho

cqmbination of SHmax and Shmin tha_t is cons_,ister%ithin the range 5500 to 6000 psi (37.9-41.4 &)lP
with the obsered failures.We apply this graphical 55 shen on fgure 3B. Measurements of uncardd
approach inigure 3, to calculate stresses at a trugompressie strength could pxide a conifmation of
vertical depth of ~1030 m behosea leel (mbsl), the Shmin stress magnitudeteapolated from the
where tensile cracks deloped at the point where aleakoff test (for kample, if Shmin were a bit \eer,

bit change vas madeThe laver blue line indicates as indicated by the red triangle, the rock strengths
the values of SHmax ab which such dilures consistent with the breakit obserations would be
would occur during pumpingThe upper blue line lower).

indicates the conditions in the absence of pumping, A similar analysis can be conducted for the deeper
which provides an upper bound on SHmaWe interval 791-811 mbs_f, a dolerlt_lc breccia in WhICh
constrain the minimum stress using the initial shut-ifréatouts deeloped within weak interclast matrixut

: he | he H ; h nqt i_n str.on.ger clastsThe absence of tensile cracks

E);S;lgs ?Er::fgggj rﬁzzl;es\’:/r?itc:\; bgtviiselggé?%ewnhm this intenal bounds the SHmax stress from

q 140p5 i (9.5.9 7 ' Th di above, resulting in werall stress estimates for this
gﬂmin gragiseln(t I.e(';ld's tcl\)/azétueeatciggcs)pmogslmo% depth that are similar to those for the shaéo zone.

) i If rock strengths were kmon, the presence of
approximately 2400 psi (16.6 M. The stress state prealouts in the weak rocks and absence in the

consistent with these obsations is indicated by the stronger rocks could pvide additional constraints on
green triangle in ifure 3, shwing Shmin = stress magnitudes at this depth as well.

2400t100 psi (16.6 MB), and SHmax = 395150 Based on these analyses, stress magnitudes are
psi (27.2 MR). strike-slip within CRP-3 (Figs. 3 & 4).
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Fig. 3 - Constraints on stress magnitudes at a depth of approximately 1030Timbdtictional strength polygon is black, red contours are
conditions for breaduts (in psi), and blue contours are conditions fail iractures (in psi)A: conditions that wuld cause breakits to
begin to form (wBO=0) while no circulation is occurrinhe blue lines indicate bounding conditions to generate tensile cracks while
pumping (ecess pressure of 343 psi, or 2.4 & Rnd to woid tensile cracks while not pumping (Qcess pressure).oF a least stress of
2400100 psi (16.6 MR), the shaded zone sh® the range of liély stresses if tensile cracks could form only during pumping, assuming
that finite tensile strength is ffet by modest cooling while pumpin@he red lines indicate that no breaks would form for these
conditions if rock strengths are ~6500 psb@0 psi to accommodate the uncertainty in SHmax) or ~44.8. BPthe same shaded zone
bounded by the same blue lines illustrates that hmemsk30-dgrees wide could form for a rock strength of ~6000 g&0Q psi to
accommodate the SHmax uncertainty) or ~41.4aMme green triangles are for a minimum stress consistent with theffléast, and the

red triangles are for a somkat laver minimum stress at this depth; both are within the estslip (SS) portion of the frictional strength

polygon.
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INTERPRETATION OF STRESS RATTERN ScienceTeam, 2000).The resulting decrease in

hydraulic head is less Iy to induce PCL-CE

Stress magnitudes are steHslip within CRP-3 fractures. Breaduts are detected at CRP-Bthot at
(Figs. 3 & 4), in contrast to the normal to s&iklip CRP-2A, probably because of the shako depth of
stress state at CRP-2A (Moos et al., 2000). It ithe CRP-2A BHTV log.The CRP-2A BHTV log
possible hwever that both results are correct, anended at 444 mbsf, whereas all breats at CRP-3
that CRP-2A is indct characterized by Wer stresses occurred belar 679 mbsf. Dipmeter logging, which
than CRP-3. One possiblexglanation for the extended to 623 mbsf at CRP-2A and 902 mbsf at
apparent diierence is that the high stresses at bot@RP-3, detected no brealts at either siteThe
sites at these relately shallov depths are a combination of relatiely large dipmeter pads and
consequence of uplift and erosion whiceasvmuch small-diameter hole permits detection only @&ty
more pronounced at CRP-3 (~750 m) than at CRP#Zide breakuts.

(=250 m). Uplift relizes the ertical stress it not The combined orientations of breaks, PCL-CE
the horizontal stresses, leading to high horizontdtactures (&cluding possible natural fractures), and
stresses at shallodepth relatie to those at greater tensile fractures at CRP-3 pides an werall average
depth, with no change in stress orientation. Moos &etermination of N75.% + 5.5° (95% confdence
Zoback (1993) documented this phenomenon usidgnits) for minimum horizontal stress direction.
hydraulic fracturing measurements in wells in therealouts, which we consider to be the most accurate
eastern United States. Higher stress relief at CRPH3dicators of stress direction for CRP-3,vieaan
than at CRP-2A is also suggested by coetowity average azimuth of N69°& + 5.7°. These estimates
measurements:ealocity sensitvity to pressure is are compatible with the N?E minimum stress
significantly higher at CRP-3 than at CRP-1 andlirection determined by Moos et al. (2000) from
CRP-2A, attrilitable to either rebound or microcrackSCRP-2A BHTV images, based mainly on PCL-CE
at CRP-3 (Jarrard, thisolume). orientations.

The occurrence of stress-direction indicators in Local topograpk can dominate the horizontal
CRP-3 BHTV images shws both similarities and stress pattern of shallowells, because of lack of
differences to those reported by Moos et al. (2000ateral coninhing pressure from the topographioMo
for CRP-2A, 2 km way. Tensile fractures were in an &treme case, slumping result$he net
detected bt rare at both sites. PCL-CE fractures aréopographic €ect is to generate a minimum stress
common at both sitesulb much more abndant at direction perpendicular to topographic contours. CRP-
CRP-2A (Ruwulsen et al., 2000; Cape Roberts ScienceA and CRP-3 penetrate seafloor with a local
Team, 2000). In an &frt to improve hole conditions, topographic slope of ~“2to the westThe minimum
drillers used consistently Weer mud weights at CRP-3 horizontal stress directions for both sites are
than those emphed for CRP-2A (Cape Robertssignificantly different from the S8E prediction for a
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