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Compression directions in southern California 
(from Santa Barbara to Los Angeles Basin) 
obtained from borehole breakouts 
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Abstract. Borehole elongation in 71 drill holes was used to infer breakout orientation and direc- 
tions of maximum horizontal principal stress S. for six areas west of the San Andreas fault in 
southern California: Santa Barbara, Ojai, Central Ventura Basin, East Ventura Basin, West Los 
Angeles Basin, and East Los Angeles Basin. Breakouts were determined from analysis of oriented 
four-arm caliper data. The breakouts form at the position of the maximum compressive stress on 
the borehole wall; if the borehole is vertical and parallel to one of the principal stress directions, 
the breakouts will form parallel to the minimum horizontal principal stress Sh, orthogonal to the 
maximum horizontal principal stress S.. Observations from deviated boreholes permit some con- 
straints on the relative magnitudes of the principal stresses. In most cases the data permit either a 
thrust faulting (Sv < Sh < S•) or strike-slip faulting (Sh < $v < S•) stress regime with NE to NW 
directions of S.. These results are broadly consistent with results from focal mechanism studies 
[Hauksson, 1990; Li, 1996] and with breakout and focal mechanism data present in the world 
stress map database [Zoback, 1992]. However, we f'md systematic variations in S. directions sug- 
gestive of strong heterogeneity in the stress field at shallow depths, similar to that present in the 
Cajon Pass borehole [Shamir and Zoback, 1992]. Anomalous NW directions of S. in the San 
Fernando Valley region and near the Whittier fault may be related to structural complexities and/or 
lateral ramps in nearby fault systems. 

Introduction and Discussion of Technique 
A knowledge of the stress regime in southern California, and 

how it may vary in space and time, is important to our under- 
standing of the overall tectonic regime and to the seismic cycle 
on major fault systems (Figure 1). Recent work has focused on 
attempting to calculate how displacement on a single fault may 
locally change the stress field, and load or unload fault sys- 
tems, bringing them closer to, or farther from, failure [e.g., 
Jaumd and Sykes, 1992; Harris and Simpson, 1992; Stein et 
al., 1994]. However, such calculations would benefit from a 
knowledge of the complete stress tensor in order to evaluate 
when a fault may be near failure. Currently, the complete stress 
tensor as a function of positions and time is one of the least 
well understood aspects of southern California tectonics. 

As part of ongoing efforts to improve our knowledge of the 
stress regime in southern California, we have been reviewing 
all available data from old well logs which may contain infor- 
mation pertinent to the stress field. In particular, we are study- 
ing borehole breakouts, which are often recorded on oriented 
four-arm caliper data, a commonly collected type of well log 
data since development of the four-arm dipmeter tool in the 
mid-1960s. Many logs of this type are on file in archives of the 
California Division of Oil and Gas. 

In this study we evaluate data from both vertical boreholes 

deviated boreholes may provide further information on the 
stress tensor, including constraints on the relative magnitudes 
of the principal stresses and identification of cases in which 
the principal stress directions are n•ither vertical nor horizon- 
tal [Peska and Zoback, 1995; Zajac and Stock, 1997]. 

The interpretation of stress directions from breakouts has 
been discussed by numerous authors (see summaries by Plumb 
and Hickman [1985] and Mastin [1988]) and will only be 
briefly reviewed here. Breakouts, or well bore spalling, form at 
the position of greatest hoop stress at the borehole wall. If the 
borehole is vertical and the far-field principal stresses are hori- 
zontal and vertical, then the breakout forms at the azimuth of 
the minimum horizontal principal stress (Sh). Tensile fractures 
such as hydraulic fractures would form at a borehole position 
orthogonal to the breakouts, in an orientation perpendicular to 
the least horizontal principal stress. For a situation with ver- 
tical drill holes, and vertical and horizontal principal stress di- 
rections, it is thus straightforward to infer the direction of Sh 
from the breakout azimuth, with the azimuth of Si• 90 ø away 
from it. This technique has been used to establish global direc- 
tions of Si• and Sh, in conjunction with other data relevant to 
the stress field, including earthquake focal mechanisms, hy- 
draulic fracturing stress measurements in boreholes, overcom- 
ing, and slip directions of young faults [e.g., Zoback, 1992]. 

and nonvertical (deviated) boreholes. Most previous studies The use of borehole breakouts alone does not constrain the 
have only looked at breakouts in vertical holes, which limits type of stress regime (thrust, strike-slip, or normal)because the 
one's knowledge to only the direction of the horizontal maxi- breakouts in vertical holes do not constrain the magnitude of 
mum and minimum principal stresses. Even calculations based the vertical stress Sv relative to the two horizontal principal 
on data from vertical drill holes might be misleading, since stresses. 
they rely upon the assumption that one of the principal stress If the borehole is not vertical, or if none of the principal 
directions is vertical. Under certain circumstances, data from stress directions is vertical, the orientation of breakouts is not 

as simply related to the principal stress directions. However, 
Copyright 1997 by the American Geophysical Union. more constraints on the stress field can potentially be ob- 

tained. If enough boreholes of varying orientations are avail- 
Paper number 96JB03734. able in a small region, the breakout orientations in these holes 
0148-0227/97/96JB-03734509.00 may constrain the complete stress tensor, including the relative 
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magnitudes of the principal stresses. The details of this tech- 
nique were first suggested by Mastin [1988] and have been re- 
cently summarized by Qian and Pealersen [1991] and Zajac 
and Stock (1997). 

Calculating the Breakout Azimuth From Dipmeter Data 

There are two aspects of deriving breakout orientations from 
oriented dipmeter data in a noncylindrical well bore: determin- 
ing the direction of well bore elongation, and evaluating 
whether this well bore elongation is caused by the presence of 
a breakout or by something else. Dipmeter tools determine ori- 
entations using a three-axis magnetometer and thus determine 
orientations reliably regardless of the borehole deviation. 
Data needed to calculate the borehole elongation as a function 
of depth in a well include (1) oriented four-arm caliper data, (2) 
borehole azimuth, and (3) borehole deviation. 

Before assuming that the azimuth of borehole elongation 
represents a breakout, the quality of the dipmeter data must be 
carefully examined. Only if the dipmeter data meet our specifi- 
cations will a breakout azimuth be calculated. The data must 

satisfy a series of criteria (modified after Plumb and Hickman 
[1985]) to eliminate elongations due to washouts, pinch-ins of 
the hole, and tool malfunction (Zajac and Stock, 1997): (1) The 
tool rotation stops in the zone of elongation. (2) The caliper 
arm difference is greater than 0.5 inches (1.3 cm). (3) The 
smaller of the caliper readings is close to bit size (within 5% of 
bit size). (4) The length of the elongation zone is greater than 
10 feet (3.05 m). (5) The directions of elongation should not 
consistently coincide with the azimuth of the high and low 
sides of the borehole when the hole deviates from vertical. 

The first criterion locates sections of the well where the tool 

was prevented from rotating, presumably due to the friction of 
contact with the wall of the borehole in the zone of elongation. 
The second criterion utilizes the fact that the breakout must ex- 
ceed a certain size in order to halt tool rotation. The third cri- 
terion excludes data recorded in sections of well where the tool 
was off center or the hole was washed out. The fourth criterion 

accounts for the inability of the tool to detect breakouts 
smaller than the pad length. The fifth criterion eliminates data 
where the tool may have scraped along the low side of an in- 
clined borehole, digging its own elliptical channel (a "key 
seat"). We applied this criterion on a case-by-case basis, as 
discussed below, because in thrust faulting and some strike- 
slip faulting stress regimes, breakouts would be expected to 
form on the high and low sides of the hole, particularly at 
higher borehole deviations. In some other studies [e.g., Qian 
and Pedersen, 1991], breakouts in these orientations have 
been retained and used to constrain the stress state. 

Calculation of the breakout direction for a four-arm dipmeter 
is relatively straightforward. Plumb and Hickman [1985] 
showed that the larger caliper diameter generally tracks the 
axis of the breakout (the borehole elongation direction). 
Breakouts are assumed to form symmetrically in the borehole, 
so their directions are defined between 0 ø and 180 ø azimuth 

(Zajac and Stock, 1997). They form at the position of maximum 
hoop stress on the borehole wall. This position is a function 
of the complete stress tensor affecting the region of the bore- 
hole and of the borehole orientation. In the most general case, 
both the borehole and the principal stress directions lie at ar- 
bitrary angles with respect to the vertical. In this situation, as 
the borehole orientation changes in a constant stress field, the 
position of maximum hoop stress on the borehole wall varies, 
and hence the expected breakout orientation also varies. A 
sufficient number of observations would allow one to invert for 

the complete stress tensor in the region (Zajac and Stock, 
1997). In a more common case, if the borehole is near vertical 
and if the principal stresses are horizontal and vertical, then 
one can recover the direction of maximum horizontal principal 

stress (Si0 since this is perpendicular to the direction of elon- 
gation of the borehole breakouts. The direction of least hori- 
zontal principal stress, S h, will be orthogonal to this. Note 
that in this case, information on stress magnitudes cannot be 
recovered unless other assumptions are made [e.g., Moos and 
Zoback, 1990; Vernik and Zoback, 1992]. 

Representation of Data and Results 

In order to evaluate the possibilities of determining the 
complete stress tensor from our data, we plot the breakout ori- 
entations on a lower hemisphere stereographic projection and 
then we compare them to theoretical breakout patterns for vari- 
ous stress states (Figures 2 and 3). Data from vertical bore- 
holes would be plotted at the center of each circular plot, and 
data from more horizontal holes would plot at the periphery. 
Nonvertical holes are shown as a function of their inclination 

with respect to vertical (radial distance from the center) and 
trend (azimuth measured clockwise from north). Each tick mark 
on this plot represents an inferred breakout orientation. Solid 
circles on the theoretical plots represent points where the 
stress anisotropy is zero [Peska and Zoback, 1995; Zajac and 
Stock, 1997]; at these borehole orientations, breakouts might 
be absent, or they will change orientation rapidly as borehole 

Figure 2. Lower hemisphere stereographic projections show- 
ing theoretical patterns of borehole breakouts, projected onto 
the horizontal plane, for a variety of borehole orientations and 
stress regimes (see Zajac and Stock, 1997). The top left plot 
shows a pure degenerate thrust stress faulting stress regime. 
The top middle and top right plots show a combination of 
thrust and strike-slip faulting where q•=0.5, and q•=0. The mid- 
dle row of plots shows two strike-slip stress regimes on the 
left, q•=0.5, and the middle q•=0.8, to a combination of normal 
and strike-slip regimes on the right where q•=l. The bottom 
row shows various cases of a normal stress regime where q•=0.5 
on the left and q•=0.2 in the middle, ending at a degenerate nor- 
mal stress regime on the right where q•=0. Large dots are points 
where the stress anisotropy is zero, corresponding to borehole 
orientations with no preferred breakout direction. The low 
maximum compressive stress at the borehole wall at these posi- 
tions indicates that breakouts might be absent. If breakouts are 
present near the nodal points, however, they will change ori- 
entation rapidly as borehole orientations vary. 
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Figure 3a. Lower hemisphere stereographic projection of borehole elongation directions from boreholes 
studied for the Santa Barbara region. Plotting conventions: analyzed breakout directions are plotted as 
graduate shaded lines parallel to the breakout trend in map view, at the position corresponding to the appro- 
priate borehole trend and plunge. Shading of breakout lines is used to distinguish data from different wells. 
There is a dominant ENE trend of breakout azimuths at low borehole deviations, suggesting a N13øE_+9 ø (lo) 
direction of compression. The stress ratio, ,, may be equal to about 0.5. 

orientations vary. Various authors have used this approach to 
present borehole breakout and stress tensor data. Mastin 
[1988] introduced the method as the most useful for illustrat- 
ing the pattern of breakout directions; Zajac and Stock (1997) 
used same methodology to show patterns of breakout orienta- 
tions that would be predicted for arbitrarily oriented drill 
holes subjected to certain characteristic stress fields. Peska 
and Zoback [1995] used this methodology to study inclined 
boreholes and plotted projections "looking down the hole" to 
ease the presentation and visualization of orientation of fail- 
ures in holes of all orientations, even in nearly horizontal 
holes. 

Figure 2 shows theoretical stereographic projections of 
breakout orientations, projected onto a horizontal plane, for a 
variety of borehole orientations in the thrust faulting, strike- 
slip faulting and normal faulting regimes, as well as combina- 
tions of stress regimes [after Mastin, 1988; Peska and Zoback, 
1995; Zajac and Stock, 1997]. The characteristic stress fields 
are defined by the orientations of S1, S2, and S 3 and the stress 
ratio ,= (S2-S3)/(S1-S3) , where S] is the maximum stress, S 2 is 
the intermediate stress, and S 3 is the minimum stress. If ana- 

lyzed breakout data show enough variation in borehole orien- 
tations, the stress state can be reasonably constrained, since 
the patterns vary continuously from radial breakout azimuths 
(for thrust faulting, S.=Sh>Sv) to a circumferential distribution 
of breakout azimuths (for normal faulting, Sv>Sn=Sh). 

Using these stereographic projections, the observations 
were compared to theoretical plots for different stress states. A 
rough estimate of the best fitting stress state was made by eye. 
As the borehole orientation changes, so does the breakout ori- 
entation, resulting in a unique breakout pattern for each stress 
state. For pure normal faulting and pure thrust faulting, the 
breakouts change azimuth most rapidly for near-vertical (low 
deviation) holes. However, in the strike-slip regime, breakout 
orientations are expected to be fairly constant for holes close to 
vertical and should only change rapidly at higher borehole 
deviations. 

Caliper-derived borehole elongations aligned with the high 
and low sides of the hole (radial on a stereographic plot) usu- 
ally have been considered unreliable indicators of the com- 
pressive stress direction. This is because they could represent 
tool drag (a "key seat") on the bottom of the hole, a common 
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Figure 3b. Same as Figure 3a, except for Upper Ojai Valley. Breakouts considered most reliable for 
constraining the stress direction are those trending WNW. The stress ratio, ½, is approximately 0.5, and the 
direction of maximum horizontal compression (Si•) is N20øE+4 ø. 

problem in boreholes that are highly deviated. Key seats can 
be easily distinguished from breakouts on borehole televiewer 
logs, but the borehole televiewer is not a routinely used well 
logging device, and televiewer logs were not available in any 
of the wells we studied. Nevertheless, there are some borehole 
orientations for which the breakouts are expected to be radial 
[Mastin, 1988; Zajac and Stock, 1997]. Various authors have 
theoretically and experimentally investigated results of in- 
clined boreholes and have found that highly deviated holes do 
not give reliable results [Daneshy, 1973; Richardson, 1981; 
Baumgartner, 1989]. However, in some cases, caliper-derived 
elongation data from highly deviated drill holes have been re- 
tained and used in stress field determinations [e.g., Qian and 
Pedersen, 1991]. Thus we do not disregard radial borehole 
elongations without more careful evaluation. In the discus- 
sions below we individually evaluate the extent of key seats 
likely to be present in the data. 

Data 

We studied data from 71 boreholes in the southern 

California area in the region 117ø-120øW, 33.5ø-34.5øN (T1S- 
5N; R9W-29W). In most cases, microfilm prints of the raw 
dipmeter logs were obtained from the California Department of 
Conservation, Division of Oil and Gas archives, and then digi- 
tized. Some digital data were also obtained from Mobil Oil 

Company. Digitized values were analyzed for borehole elon- 
gation directions subject to the criteria described above, fol- 
lowing Zajac and Stock (1997). A value of 15øE was used for 
the magnetic declination to correct the observations to geo- 
graphic north. We give weighted average values of breakout 
orientations, with weights corresponding to the length of each 
breakout. 

The wells were divided into six geographic regions (Tables 
1 and 2): Santa Barbara area, Upper Ojai Valley, Central 
Ventura Basin, East Ventura Basin, West Los Angeles Basin, 
and East Los Angeles Basin, in order to separate data from 
possibly different stress regimes. Individual breakout orienta- 
tions were plotted on lower hemisphere stereographic projec- 
tions (Figure 3) and compared to corresponding theoretical 
plots (Figure 2) to evaluate the stress regime separately for 
each region. A sample well log showing the details of data, 
and the resultant locations of breakouts identified, is shown in 
Figure 4. 

Santa Barbara Region 

All of the wells except one (Dreyfus #84) are highly devi- 
ated offshore wells from two platforms: 3120 and 3242 (see 
Figure 1 for locations). The depth range of the data varied from 
275 m to 2927 m below sea level. 

Dreyfus #84 is a nearly vertical borehole whose results are 
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Figure 3c. Same as Figure 3a, except for Central Ventura Basin. The few breakouts present trend dominantly 
NW suggesting a compression direction of N47øE+22 ø. 

very helpful to constrain the direction of the horizontal princi- 
pal stress (Figures 3a and 4). This hole shows an E-W trend of 
the breakout azimuth, corresponding to an average direction of 
N88øW, which implies a maximum compressive stress direction 
of N2øE. 

This result agrees with breakouts from inclined offshore 
boreholes from the platforms 3120 and 3242. Most of the bore- 
holes from platform 3120 plunge NW; boreholes from platform 
3242 plunge toward the east quadrant. Borehole deviations at 
the locations of the observed borehole elongations are as high 
as 60 ø . 

The lower hemisphere stereographic projection of these data 
(Figure 3a) best fits a theoretical stress state with NNE hori- 
zontal maximum compressive stress (Figure 2, top middle). A 
rough estimate of the best fitting stress state was made by eye. 
The q• value is not well constrained because many of the bore- 
hole elongations observed for higher borehole deviations are 
in the radial direction. Hence there is some doubt as to 
whether these can be considered true breakouts and included 

in the analysis. 

Upper Ojai Valley 

We analyzed data from 15 wells in the Ojai oil field, at ap- 
proximately 34ø25'N; 119ø6'W (Figure 5). These wells lie in 

region T4N; R21W-22W. The observation depths ranged from 
+376 m to -2307 m relative to sea level. 

The data were plotted on a lower hemisphere stereographic 
projection, according to the conventions described above 
(Figure 3b). Borehole deviations ranged from 0 ø to 50 ø. The 
non-radial elongation directions are dominated by NW trend- 
ing azimuths, with an average breakout direction of N70øW. 
This result is dominated by the data from BF2, DN2, H3, A1, 
and 404 boreholes. These are the data which we trust the most. 

These data correspond to nonradial borehole elongation direc- 
tions and/or low borehole deviations and are therefore likely 
to be more reliable. In map view (Figure 5) these holes show a 
generally consistent pattern of NNW trending S. directions. 
We interpret these data to indicate a minimum compressive 
stress direction S h of N70øW and a maximum compressive 
stress direction S H of N20øE. However, the data for near-verti- 
cal sections of boreholes are unusually scattered (Figure 3b) 
which may indicate local variations in the directions of the 
principal horizontal stresses. In general, these show a more E- 
W to ENE-WSW direction of compression, compared to the 
NNE-WSW direction visible in the deeper data. 

Other data, from BF3, 88, 101, 105, 13, and 53 boreholes, are 
dominantly radial; that is, they are along the high and low 
sides of the borehole and may result from key seats in the hole. 
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Figure 3d. Same as Figure 3a, except for East Ventura Basin/Central Transverse Ranges. 
dominantly NW with a direction of maximum horizontal compression (SH) of N46øE_+16 ø. 

Breakouts trend 

As can be seen from Figure 5, these data show more scatter. We 
feel that they must be treated more carefully before being in- 
cluded in any analysis. Because radial breakouts are theoreti- 
cally expected in a thrust faulting stress regime (Figure 2, top 
middle), it is possible that these are true breakouts. If so, the 
pattern of breakout orientations would suggest a thrust fault- 
ing stress regime with a value of { of 0.5 (Figure 2, top middle). 
If we discount the radial elongation directions, the stress 
regime could be a combination of thrust and strike-slip faulting 
(Figure 2, top right), and the { value is very poorly con- 
strained. In any case, the directions of breakouts in these holes 
do not directly represent the directions of Sh. 

The Upper Ojai Valley is a tectonic depression between op- 
posing reverse faults. Its northern border is formed by the 
active north dipping San Cayetano fault. This fault dies out 
farther west in Ojai Valley, where its displacement is trans- 
ferred to a blind thrust [Hufiile, 1991]. The southern border of 
the Upper Ojai Valley is formed by the Lion fault set which 
dips south. To the east, the San Cayetano fault overrides and 
folds the Lion fault set near the surface. 

We have compared our results to data from Hufiile [1991], 
who suggests a thrust faulting stress regime, in very good 
agreement with our results. 

Central Ventura Basin 

The next area examined was the Central Ventura Basin, south 
of the Ojai area (Figure 1). Only three wells could be analyzed 

because most of the archived logs available from this area were 
not of sufficient quality to be interpreted with any degree of 
confidence. The three wells are located in the Central Ventura 

Basin, between the south dipping Oak Ridge thrust fault and 
the north dipping Simi thrust fault. The depth ranges analyzed 
varied from 1220 to 4130 m below sea level. 

The results (Figure 3c and Table 1) show a mixture of radial 
and nonradial borehole elongation directions. Borehole devi- 
ations were all less than 20 ø , low enough that key seats and 
tool drag should not be much of a problem. Thus, for this area, 
radial directions of elongation were included in the analysis. 

Well Friedrich Unit 3-3 shows an average azimuth of elon- 
gation (interpreted to be breakout azimuth) of N42øW. This 
implies a maximum compressive stress direction S H of N48øE. 
Well Ballard Kramer 1 shows NW trending breakout azimuths, 
with an average direction of N43øW. This implies a maximum 
compressive stress direction SH of N47øE. The third well, 
Lloyd Tiger 1, did not show any breakouts. The two wells 
with breakouts are in fairly good agreement. In combination, 
these data show an average trend of N43øW for the breakout 
azimuth. This implies a maximum compressive stress direction 
SH of N47øE. Because of the low values of borehole deviations 
in these wells, no constraints could be placed on the value of q• 
in this area (Figure 2, top middle). 

We compared these results with data from Mount and Suppe 
[1992]. Their wells V1, V2, and V14 show NW trending 
breakout azimuths at N77øW, N68øW, and N66øW, respec- 
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Figure 3e. Same as Figure 3a, except for West Los Angeles Basin. Dominant E-W strike of the breakout 
azimuths gives a direction of maximum horizontal compression (Si•) of N0øE+14 ø. 

tively (Figure 1). These results are in reasonably good corre- 
spondence with our results, although they are about 20 ø coun- 
terclockwise of our results and would thus suggest a more 
northerly (NNE) orientation of maximum compressive stress 
direction Si•. 

East Ventura Basin/Central Transverse Ranges 

We analyzed 14 wells in the East Ventura Basin/Central 
Transverse Ranges at approximately 34ø18'N-28'N and 
118ø35'W-55'W (Figure 1). These wells lie in the region T3N- 
4N and RI7W-19W, east of the Ojai and Central Ventura Basin 
areas discussed above. Borehole deviations ranged from 0 ø to 
36 ø and depths ranged from +165 m to -2866 m, relative to sea 
level. 

The borehole elongation directions show a mixture of orien- 
tations at low borehole deviations, with predominantly radial 
directions of borehole elongation at borehole deviations ex- 
ceeding about 15 ø (Figure 3d). Consequently, only the data 
from the less deviated holes (SH8, TF260, G24, NLF, RT, Hol, 
Stl, and HI3 boreholes) were used in the analysis. These ob- 
servations are dominated by holes G24, RT, and TF260, which 
have NW trending breakout azimuths with an average direc- 
tion of N44øW, implying a minimum compressive stress direc- 
tion Sh of N44øW and a maximum compressive stress direction 
SI• of N46øE. 

We obtained very interesting results for Orcutt Trust 1 
borehole, the easternmost well analyzed in this region. The 
OT1 borehole shows NE trending breakout azimuths, with an 
average direction of N62øE. So, S h is N62øE, and SI• is 
N28øW (Figure 1). This well may be under a different stress 
regime than the other wells we had analyzed in this region. 
Kerkela and Stock [1996] analyzed breakouts in near-vertical 
wells near the San Fernando Valley and found that the direc- 
tion of Si• is N49øW. This is counterclockwise of the direction 
we see in the OT1 borehole, but nevertheless, both data show a 
NE breakout azimuth direction and a NW orientation of the 

maximum horizontal principal stress. Kerkela and Stock 
[1996] attributed the NW direction of compression to the 
structural transition between the Santa Susana fault system and 
the San Fernando fault system, where a lateral ramp occurs. The 
OT1 borehole lies west of the lateral ramp and therefore its 
breakout orientations suggest that NW directed compression 
may be a more regional feature in this area. 

Elongations from wells CVT1 and HR8 are dominantly ra- 
dial and may be the result of key seats or may indicate a differ- 
ent state of stress from that present in the other holes. Since 
CVT1 and HR8 are deviated > 15 ø, they are not included in the 
calculation of the SI• direction. However, hole CVT1 was very 
close to B13, which was nearly vertical and also showed break- 
out directions at odds with the NE compression seen in this 
area. B13 had two breakout zones which suggest a NNW 
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Figure 3f. Same as Figure 3a, except for East Los Angeles Basin. Breakout azimuths are highly variable but 
taken together they yield an Si• direction of N59øW+23 ø. Probably, there are large variations in the stress 
directions at shallow depths in this region. 

trending (-N15øW) azimuth of Si+ We note that this is consis- West Los Angeles Basin. Of the 11 boreholes analyzed in 
tent with the orientations of elongations from the nearby hole this area, four have breakouts in sections of hole with <11 o 
CVT1. Thus the data from CVT1 may represent true breakouts deviation: ACH1, VR258, T1, and T2. These showed breakout 
rather than key seats and may indicate another zone of stress orientations that were relatively consistent for a given well 
rotations at shallow depths along a reentrant in a thrust fault, but different among the various wells (Table 2): ACH1 had 
this time along the San Cayetano fault (Figure 1). More data breakout directions of 106 ø, implying that Si• is oriented 
from other drill holes would be required to confirm this by- N16øE; VR258 had breakouts oriented along N8øE, suggest- 
pothesis. ing that Si• there is oriented N82øW; and T1 and T2 had inter- 

The observations of the other low-deviation holes (except mediate orientations (with Si• values N41øW and N9øW, 
for OT1 and B13) (Figure 3d) would reasonably fit a theoretical respectively). The deeper breakouts from near-vertical holes, in 
plot for a thrust faulting stress regime with a maximum horizon- 
tal principal stress direction of NE-SW (Figure 2, top middle). 
This is roughly consistent with the tectonic setting of the East 
Ventura Basin. This is an active area with north dipping thrust 
faults, the San Cayetano, Santa Susana, San Fernando, and Simi 
faults, and with south dipping thrust faults, the Oak Ridge 
fault and the Holser Fault [Hufiile, 1991 ]. 

Table 1. Average Directions of Maximum Horizontal Principal 
Stress Si• Determined From Breakout Orientations in 
Subregions of the Study Area 

Region Average Si-I Direction 

Los Angeles Basin 
The southwesternmost area of our analysis comprises the 

Los Angeles Basin at approximately 33ø54'N-34ø4'N, 
117ø48'W-118ø23'W. We analyzed 25 wells in the region 
T3S-1S, R9W-14W. Deviations of the wells ranged up to 64 ø 
from vertical. The depth range analyzed was from +16 m to 
-5076 m relative to sea level (Figures 3e and 3f). 

Santa Barbara region 
Upper Ojai Valley 
Central Ventura Basin 

East Ventura Basin/Central Transverse Ranges 
West Los Angeles Basin 
East Los Angeles Basin 

N13øE_9 ø (l(•) 
N20øF_•.4 ø 

N47øE.•2 ø 

N46øF_•.16 ø 

N0øE_+14 o 

N59øW+_23 ø 

The standard deviation of the result for each subregion is given by 
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Figure 5. Map of the Upper Ojai Valley area, in the region T4N, R21W-R22W. Circles show the locations of 
the 15 drill holes analyzed here. Thick lines are the direction of maximum horizontal compressive stress indi- 
cated by borehole elongations: Solid lines indicate holes for which we consider the elongation data to be 
reliable (breakouts); open lines are those holes for which the elongation data are probably the result of key 
seats in the hole and do not reliably indicate the stress direction. The reliable data provide a very consistent 
direction of Si• of N20øE+4 ø. Grey thick lines show data from other studies of borehole breakouts [Zoback, 
1992]. The fault lines are plotted after Rockwell [1988] and Hufiile [1991]. 

ACH1 and T2, would imply Si• orientations of north to NNE, 
which are more in accord with other regional data discussed 
later. Although holes T1 and VR258 are also near vertical, 
their breakout observations come from shallower depths and 
thus may be less representative of the regional stress field (see 
Discussion section below). 

For sections of borehole at higher deviation values, wells S- 
92 and T1 showed radial breakout patterns, and V2 showed 
nearly radial breakout patterns. Wells S-80, F2-1, and S-79 
showed nonradial breakout patterns. The presence of conflic- 
ting data points (e.g., V2 data points and S-80 data points for 
holes trending ESE and with deviations > 44 ø, Figure 3e) in- 
dicates that there is not a single stress field operating over the 
entire volume represented by the borehole data. However, the 
relevant V2 data are from shallower depths than the relevant 
conflicting S-80 data, so perhaps in the determination of a re- 
gional stress field more weight might be given to the data from 
hole S-80. 

If we eliminate the radial data from hole S-92, the overall 
data set is consistent with E-W trending breakouts and a 
N0øE+14 ø direction of Si•.. 

A possible theoretical stress state corresponding to these 
data would be a thrust faulting stress regime with a N-S orien- 
tation of the maximum horizontal principal stress (Figure 2, top 
middle). The { value cannot be well constrained, because of the 

limited variability in borehole deviations. The disagreement 
in breakout orientations between the S-80 data and the V2 data 

suggests that there may be a nodal point to the stress field, lo- 
cated at approximately SE trend, 45 ø deviation, but the data are 
too scattered to constrain this well. A combination strike-slip 
and thrust faulting stress regime is another interpretation con- 
sistent with the available data (Figure 2, top right). 

East Los Angeles Basin. In the East Los Angeles Basin, 
along and south of the Whittier fault (Figure 1), the 14 bore- 
holes analyzed show a very different pattern of borehole break- 
outs than that seen in the data from the West Los Angeles 
Basin. The breakout azimuths are ve•: variable, with an aver- 
age direction of N31 øE+23 ø (lo) implying an Si• direction of 
N59øW+23 ø. 

If we look only at the breakouts in near-vertical sections of 
the drill holes (deviation less than 11 ø, Figure 3f), we can di- 
vide the observations into several groups. Wells 46, MC374, 
MC375, SFSU494, SFSU374, AB21, and 41 all have data at 
borehole deviations less than 11 ø. MC374 and MC375 show 

similar breakout orientations (79 ø and 84 ø, respectively), sug- 
gesting that they are in a zone in which Si• trends N11øW to 
N6øW. The sparse breakouts in the Brea Olinda 46 hole show 
a similar orientation, suggesting that Si• trends nearly N-S 
there. However, Brea Olinda 41, which is near Brea Olinda 46, 
has breakouts trending NE, suggesting an $i•direction of 

Figure 4 (opposite). Plot showing details of data for Dreyfus 84 borehole located in the Santa Barbara region. 
Similar data for different wells are available from the authors. (a) Caliper measurements as a function of depth, 
with bit size shown as dotted line and positions of identified breakouts shown with open squares. Caliper 
scale is in inches. Depth scale is in distance along the borehole and does not correspond to true vertical 
dept h. (b) Breakout azimuth as a function of depth. Note that the technique of breakout identification from 
four-arm caliper data, used here, assumes that the breakouts are symmetric; thus only azimuths from 0 ø to 180 ø 
are shown. (c) Borehole azimuth (solid line) and bearing of pad 1 relative to high side of hole (dotted line). 
Zones where the relative bearing changes rapidly, e.g., between 1450 feet and 1800 feet (442-550 m), indicate 
that the tool is rotating. These are regions where the caliper measurements are equal to bit size, as often 
expected in zones lacking breakouts. (d) Borehole deviation from vertical as a function of depth. 
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N52øW. And the two SFSU holes appear to be in a region 
with yet another direction of Si•. Breakout directions of 
N177øE and N163øE in these two holes suggest that they are 
affected by Si• trending roughly north to NNE. 

Some of the deeper breakouts from this region come from the 
AB21 drill hole. These show two populations of breakouts: 
from 5100-6200 feet (1555-1890 m) depth, a very consistent 
breakout direction of N34øE+5ø; and from 7500-8300 feet 
(2286-2530 m) depth, scattered breakouts at a variety of orien- 
tations. We consider the first population to be the most reli- 
able, suggesting that Si• is oriented N56øW at this hole. 

At higher borehole deviations, radial or nearly radial break- 
outs are observed in holes Mitchell Energy 5 (ME5), Home 
Newlin 23 (HN23), Central Fee 136 (CF136), and Brea Olinda 
144 (Figure 3f). Some of the breakouts in holes Shepherd 
Machinery 1 (SM1) and Mitchell Energy 4 (ME4) are radial, 
but there are a significant number of nonradial breakouts also. 
The nonradial breakouts at higher hole deviations are gener- 
ally consistent with a north to NNW direction of compression. 

In this region, there is clearly considerable variability in the 
direction of compression. Northwest to NNW directions of Si• 
appear to be localized in the region nearest to the Whittier 
fault (Figure 1); Si• directions derived from holes more distant 
from the Whittier fault, such as the two SFSU holes or the 
Murphy Coyote holes, are north trending to NNE trending, 
more in accordance with other regional stress indicators, dis- 
cussed below. This may be due to lateral variations in the 
stress directions, possibly controlled by active structures such 
as the Whittier fault. However, there is also a possible change 
in the stress field with depth. The breakouts seen in the two 
SFSU holes are dominantly from depths <2500 feet (<762 m). 
Deeper breakouts in both of these holes trend ENE, in agree- 
ment with the data from the MC374 and MC375 holes, which 
are from depths > 3000 feet (>914 m). Thus the Si• direction at 
depth may be more consistent and may be oriented N10øW to 
N15øW. 

Discussion: Overall Patterns of Stress 
in Southern California 

A variety of studies indicate that southern California, west 
of the San Andreas fault, is characterized by variable stress 
regimes including both thrust faulting and strike-slip faulting, 
with the direction of maximum horizontal compression oriented 
NE to NNW [e.g., Zoback and Zoback, 1980; Zoback, 1992; 
Hauksson, 1990; Jones, 1988]. Some large-scale structural 
control on variations in this overall stress field has been pro- 
posed; for example, a low-strength San Andreas fault may result 
in rotation of the principal compression direction into perpen- 
dicularity with the fault, so that the Si• direction very close to 
the fault may differ from that some distance away [e.g., Zoback et 
al., 1987]. This line of reasoning is consistent with many of 
the stress indicators from the central California section of the 

San Andreas fault [Mount and Suppe, 1992; Zoback et al., 
1987] and was also used to explain the average N59øE+17 ø di- 
rection of Si• seen in the Cajon Pass borehole [Shamir and 
Zoback, 1992]. This borehole is located 4 km from the San 
Andreas fault and -15 km east of the center right edge of Figure 
1. The region of our study appears to be generally too far from 
the San Andreas fault to be demonstrating fault-normal com- 
pression related to it. 

One of the notable results of stress studies in the Cajon Pass 
borehole was a thorough documentation of depth-dependent 
variations in the stress field over very short distances. At hole 
deviations everywhere < 6 ø, in the depth range 1750 m to 3450 
m, borehole televiewer logs showed that the breakout orienta- 
tions had both continuous and discontinuous changes in ori- 
entation, as well as gaps. These features were attributed to 

stress perturbations along active faults [Shamir and Zoback, 
1992]. Changes in breakout orientation of 10ø-25 ø were com- 
mon, but larger changes were observed, particularly at ex- 
tremely fractured intervals [Sharnir and Zoback, 1992]. 
Because a borehole televiewer was used to identify the break- 
outs, there is no possibility that other types of borehole elon- 
gations were mistaken for breakouts. It is also noteworthy that 
the stress state inferred from the Cajon Pass drill hole is not 
identified from inversion of focal mechanisms in the same re- 

gion [Jones, 1988], suggesting that the stress state seen in this 
drill hole may not be regionally representative. 

Sharnir and Zoback [1992] suggested that the heterogene- 
ity in the stress field at the Cajon Pass drill hole might charac- 
terize substantial distances along and across the San Andreas 
fault system. Such heterogeneity has not been recognized in 
regional stress field studies based on seismic data from south- 
ern California west of the San Andreas fault. These studies 

yield overall Si• directions ranging from N IøW to N32øE, from 
inversions of focal mechanisms [Hauksson, 1990] and an Si• di- 
rection of N-S +15 ø based on shear wave splitting [Li et al., 
1994; Li, 1996]. However, both of these techniques are more 
sensitive to deformation and/or crack orientations at depths > 
5 km, within the basement, and might plausibly yield results 
different from those seen in drill holes at shallower levels. It is 

possible that throughout most of southern California, the scale 
of stress variation in the upper 5 km is similar to that inferred 
for the region of the Cajon Pass drill hole but is not detectable 
by using earthquake-based methods. 

Our data show substantial variation in the direction of 
stress in the shallow crust in southern California. This is con- 

sistent with previous studies; for example, Mount and Suppe 
[1992] report elongation directions ranging from 88 ø to 159 ø 
from wells in the region of our study, which would correspond 
to a range of Si• directions from N2øW to N49øE. We have 
studied a more dense network of holes than were examined by 
Mount and Suppe [1992], enabling us to better determine the 
amount of lateral variability in the stress field and to see pos- 
sible causes. 

Conclusions 

We can infer some details of the regional pattern of the stress 
field from our analysis of 71 well logs from Santa Barbara to the 
Los Angeles Basin, using the orientations of maximum hori- 
zontal principal stresses determined for each borehole. 

The boreholes were divided into six geographic areas (Santa 
Barbara area, Upper Ojai Valley, Central Ventura Basin, East 
Ventura Basin/Central Transverse Ranges, West Los Angeles 
Basin, and East Los Angeles Basin) due to the possibility of 
different states of stress corresponding to different fault sys- 
tems. The analysis suggests a thrust faulting or strike-slip 
faulting stress regime in all six areas, with different orienta- 
tions of the maximum horizontal principal stresses for each area 
(Table 1 and Figure 1). These directions of maximum horizontal 
compression are Santa Barbara, N13øE+9 ø (lo); Ojai, 
N20øE+4ø; Central Ventura Basin, N47øE+22ø; Eastern 
Ventura Basin, N46øE+16 ø, excluding data in the extreme east- 
em zone, which suggest a local NW direction of compression; 
west Los Angeles Basin, N0øE+14ø; east Los Angeles Basin, 
N59øW+23 ø (the high scatter here suggesting that this is 
probably not a uniform stress regime). 

Within some areas (such as the East Ventura Basin and East 
Los Angeles Basin study areas), considerable variations in 
horizontal stress directions are visible. The change to NW di- 
rections of compression in the easternmost Ventura Basin re- 
gion is believed to reflect a structural change in the fault pat- 
terns of the shallow crust, analogous to that noted previously 
by Kerkela and Stock [1996] from drill holes in the San 
Fernando Valley region (data point labeled K-S on Figure 1). 
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Similar NW directions of compression are found in wells near 
the Whittier Fault and may reflect a similar local perturbation 
in the stress regime there. Some shallow wells more distant 
from the Whittier fault also show this NW direction of Su, but 
deeper wells at the same distance from the fault show a north to 
NNW direction of S,. 

It is clear that on the whole, there appear to be systematic 
variations in the directions of maximum horizontal stress in the 

shallow crust in this region. This study supports heterogene- 
ity in the regional stress field (similar to that shown for the 
Cajon Pass borehole by Sharnir and Zoback [1992]) and re- 
flects the complexity of faulting in this area. In this region, 
where shallow thrust faults appear to play a significant role in 
seismic activity, detailed mapping of in situ stresses is re- 
quired if we are to understand the mechanics of these faults and 
their potential for seismic failure. The use of recently devel- 
oped techniques to determine the full stress tensor in deviated 
boreholes (e.g., Zajac and Stock, 1997) would lead to more 
complete information. The need for acquisition and analysis of 
more data utilizing current technologies is obvious from our 
results. 
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