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ABSTRACT

Characterizing the tectonic stress field is an integral part of the development of hydrothermal systems and especially for enhanced
geothermal systems (EGS). With a well characterized stress field the propensity of fault slip on faults with known location and
orientation can be identified. Faults that are critically oriented for faulting with respect to the stress field are known to provide natural
fluid pathways. A high slip tendency makes a fault a likely candidate for reactivation during the creation of an EGS. Similarly, the stress
state provides insight for the potential of larger, damaging earthquakes should extensive portions of well-oriented, larger faults be
reactivated.

The analysis of stress indicators such as drilling-induced fractures and borehole breakouts is the main tool to infer information on the
stress state of a geothermal reservoir. The standard procedure is applicable to sub-vertical wellbore sections and highly deviated sections
have to be discarded. However, in order to save costs and reduce the environmental impact most recent wells are directionally drilled
with deviations that require appropriate consideration of the deviated trajectory. Here we present an analysis scheme applicable to
arbitrary well trajectories or a combination of wells to infer the stress state. Through the sampling of the stress tensor along several
directions additional information on the stress regime and even relative stress magnitudes can be obtained.

We apply this method on image logs from the pair of wells 58-10 and 58A-10 that were drilled from the same well pad. Both wells have
image logs of about 2 km of their trajectories that are separated by less than 300 m. For both wells we obtain a mean orientation of Sy,
of N23° with large standard deviations of locations of stress indicators of 24° and 26°, respectively. While the local stress direction is
highly variable along both wells with dominant wavelengths from around 50 to 500 m, the mean directions are very consistent and also
agree with previous stress estimates in the eastern part of the Coso Geothermal Field. In order to obtain a reliable estimation of the stress
orientation in this setting, it is necessary to sample the stress field on an interval long to capture several of the dominant wavelengths.

1. INTRODUCTION

The tectonic stress field has a crucial role in the performance of hydrothermal systems and the potential for reservoir engineering for
enhanced geothermal systems and hydrocarbon systems. It has been shown, that critically stress faults provide fluid pathways [Barton et
al., 1995]. These faults are the most likely to become reactivated by hydraulic stimulation, e.g. during the creation of an enhanced
geothermal system. Hence, identification of faults with a high tendency to slip can improve forecasts of the stimulated volume achieved
by hydraulic stimulation and provide insights on the flowpaths in a reservoir. Hence, characterizing the tectonic stress field is an
fundamental task for the characterization of a geothermal system.

At the Coso Geothermal Field considerable efforts have already been made to characterize the stress field. Previous studies of stress
indicators interpreted in borehole image logs [Sheridan and Hickman, 2004; Davatzes and Hickman, 2006, 2010; Blake and Davatzes,
2011] were restricted to sub-vertical sections of the wells and with the commonly made assumption of the vertical stress being a
principal stress direction. In this setting, the location of stress indicators such as borehole breakouts (BO), drilling-induced fractures
(DIF) and petal centerline fractures along the borehole wall are directly related to the orientation of principal stresses in a geographic
coordinate system. This is not true for wells inclined by more than about 12° to a principal stress, where the location of stress indicators
is a highly non-linear function of the relative magnitudes of the principal stresses and the orientation of the borehole with respect to the
local stress tensor [Mastin, 1988]. Since the majority of recently drilled wells at the Coso Geothermal Field were directionally drilled
with deviations in excess of 20° it is of great importance to be able to include these wells in the stress characterization. Furthermore,
aside from earthquake focal mechanisms, the majority of stress measurements collected in the World Stress Map [Heidbach et al., 2010]
stem from analysis of stress indicators in boreholes.

Here, we present a framework for the analysis of deviated sections of well using a grid search over all stress magnitude states permitted
by Mohr-Coulomb faulting [Zoback et al., 2003] and all stress orientations in a frictionally limited Andersonian stress model. The best-
fitting stress state is given by the minimal misfit between the observed orientation of borehole failures and their predicted orientation
according to the assumed stress field. We apply our framework to two pairs of wells that were directionally drilled from the same well
pads. Borehole stress indicators were interpreted from electrical and acoustic wellbore logs. We test whether wells sharing the same
well pad sample the same stress field and discuss the requirements to representatively sample a tectonic stress state using wellbore
failure.
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2. INTERPRETATION OF INCLINED WELLS

The elastic solutions for the stress field around a cylindrical opening [Kirsch, 1898] predicts compressive stress along the circumference
of wellbores to be largest at azimuths aligned with the minimum stress direction, leading to the formation of borehole breakouts. These
were first observed and used for analysis of the direction of the stress field in the Earth’s crust by Bell and Gough [1979]. Similarly,
tensile stress is observed along the borehole wall at azimuths aligned with the maximum compressive stress that lead to tensile failure of
the borehole wall. Today, the analysis of breakouts and drilling-induced tensile features are a standard procedure in well log analysis
[Zoback et al., 2003; Schmitt et al., 2012]. The standard analysis of borehole failure implicitly assumes that the wellbore axis coincides
with one principal stress direction. In practice, the vertical stress component S, is assumed to coincide with one principal stress
component. Assuming one principal stress direction is vertical, the effect of wellbore inclination can be neglected for wells that do not
deviate more than about 12° from the vertical [Mastin, 1988]. If the well is inclined with respect to the principal axes of the stress field,
the axis of wellbore failure does not coincide with the wellbore axis anymore. Instead, the location of BOs and DIFs along the borehole
wall is dependent on the magnitudes of the principal stresses and the angle of the wellbore to the principal stress axes. Thus,
interpretation of the direction of horizontal stresses becomes non-unique and dependent on the principal stress magnitudes.

This forward problem was solved by Mastin [1988] and Peska and Zoback [1995]) and various complex inversion schemes for the non-
linear inverse problem have been developed [Qian and Pedersen, 1991; Zajac and Stock, 1997; Thorsen, 2011]. Since deviated
boreholes typically sample the stress tensor at a variety of relative orientations, the onset and relative position of borehole failure as a
function of deviation could potentially provide constraints on stress magnitudes. The underlying assumption of such an approach is that
the remote directions and ratios among the principal stresses are constant throughout the sampled volumes [Wiprut et al., 1997].
Similarly, information from several nearby inclined wells can be combined to constrain stress magnitudes, assuming that all wells
considered are subject to the same stress field [Aadnoy, 1990]. Inversion schemes find the best-fitting stress tensor, but generally the
resolution for general stress states is poor due to noise introduced by heterogeneity of the rock mass. These schemes typically do not
provide feedback on how well the best-fitting solution is constrained by the data either. Therefore, it is difficult to assess the robustness
of the stress states inferred from these schemes. We use a manual grid search approach to stress analysis of inclined wells to gain better
insight into relative fit of stress states to the borehole data and thus a basis for the robustness of the resulting stress model.

2.1 Stress in inclined wellbores

Stresses around a wellbore oriented orthogonally to principal stresses were derived by Kirsch [1898] for plain strain conditions. At the
wellbore wall, they can be simplified to:

099 = Shmin T Stmax — 2(SHmax — Shmin) €05 20 — 2py — Ap
Orr = AP (1)
022 = Sy = 2V(Shmax — Shmin) €08 260 — pg

with the maximum and minimum horizontal stresses Sypmax and Symin, respectively, the vertical stress S,,, Poisson’s ratio v and Ap is
the effective mud (fluid) pressure acting on the wellbore wall, i.e. the difference between the mud pressure and the pore pressure in the
formation py. The angle 6 is measured clockwise from the direction of Sypmax. The hoop stress ggg reaches a maximum in the direction
of Spmin, leading to the formation of breakouts if a failure criterion is met. The minimum of agyg is reached in the direction of Sy a4y
and tensile cracks may form at the wellbore wall if the tensile strength of the rock is overcome. The solutions for a more general case,
valid for wellbores inclined with respect to the stress tensor, have been derived by Hiramatsu and Oka [1968].

In the general case, the wellbore axis is not parallel to a principal stress direction and the principal stresses acting on the borehole wall
prescribe an angle with the wellbore axis. To obtain the stress tensor S}, in the coordinate system parallel to the wellbore axis the first
step is to obtain the stress components S, in a geographic coordinate system from the principal components of the stress tensor S
[Peska and Zoback, 1995]. This is found using a tensor rotation:

Sp = R,RIS,R,RY, (2

where R; is the rotation matrix from the coordinate system defined by the principal stresses to the geographic coordinate system and Ry,
is the rotation matrix from the geographic the coordinate system to the borehole coordinate system with reference frame defined by the
borehole axis and high side [Peska and Zoback, 1995]. Then, the effective principal stresses acting on the borehole wall are given by

1
Otmax = E(Jzz + 0gg + \/(Gzz — 0gg)* + 41—52)

! 2 4 402 3
Otmin = E Ozz t+ Ogg — (O-zz - 099) + 4ng

Opr = Ap

where g,,, 0gg and Ty, are the effective stresses in the cylindrical coordinate system of S}, along an arbitrarily oriented wellbore [Peska
and Zoback, 1995]. The hoop stress ggg and the shear stress along the borehole wall 74, vary along the azimuth of the well and are not
simple functions of the principal stress azimuths anymore. Borehole breakouts occur where 4, 1S above the strength of the rock
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formation and tensile failure occurring where 0y, is below the tensile strength of the rock. The locations of the extrema represented by
Otmax and O, are dependent on the relative magnitudes of the principal stresses and vary strongly between stress regimes if the
wellbore deviation is larger than about 12° [Mastin, 1988]. The dependence of the location of extrema of the hoop stress on the relative
stress magnitudes is highly non-linear. Specifically, the locations of stress indicators in a geographic reference frame are not directly
related to the orientation of the stress tensor. For the subsequent analysis, we reference stress indicators to the high side of the well (i.e.
the highest point along a circumference) as opposed to north, which is usually used as reference for the analysis of vertical wells.

2.2 Grid search for best-fitting stress state

Assuming that compressive failure in the Earth’s crust is described by the Mohr-Coulomb criterion and tensile failure occurs when the
pore fluid pressure is above the least principal stress, all equilibrium stress states are bounded by a polygon given by [Zoback et al.,
2003]:

Sv_p
ShminZ —2+p
(\/u2+1+u)
T 2 “
SHmaxS( H2+1+H) (SV_P)‘FP

2
Stmax < (V#2+1+I—l) Sp—p)+p

with the coefficient of friction u. Here, cohesion is assumed to be negligible. The Andersonian stress regimes [Anderson, 1951], with
the vertical stress being one principal stress, as part of the polygon of stress states are then defined by triangles with normal faulting
(NF) for S, > Sgmax = Shmin, strike-slip faulting (SS) for Sgur = S, > Sjin and thrust faulting (TF) for Syee = Shmin = S,

SS

Hmax

NF

0 1 2 3 s
hmin
Figure 1: Polygon of stress states allowed by the Mohr-Coulomb criterion and hydraulic fracturing. Stress states marked by a
gray dot are sampled in our grid search.

In our grid search, we sample all stress states that fall within the polygon on a regular grid (Figure 1). We chose a high value of 1 for u
to account for all possible stress states. Values higher than that are typically not observed. Similarly, for pore pressure p we assume a
very low value of 0.37 S,, corresponding to a fluid density of 1000 kg/m’ and an overburden density of 2700 kg/m®. All stress states are
normalized by the vertical stress magnitude S, which defines the natural scale for stress states that we use throughout this paper. We
implicitly assume constant stress gradients for all principal stresses and pore pressure along the vertical direction. This assumption
might not be permitted in areas with strata that act as fluid barrier or show pronounced rheology. For example, inter-bedding of
argillaceous formations that exhibits a pronounced rheology contrast evidenced by differential creep and stress relaxation can lead to
variable stress gradients [Wileveau et al., 2007]. Hydraulic compartments created by cap rock layers may create over- and
underpressured zones encountered in hydrocarbon systems. However, in the crystalline rock formation that we deal with here a stress
decoupling that leads to variable stress gradients is not expected. Similarly, anomalous pore pressure gradients have not been reported in
the Coso Geothermal Field [Davatzes and Hickman, 2006]. For our analysis we need to infer the location along the borehole wall of the
maximum and minimum of 0,45 and gy, respectively.

For each observed wellbore feature, we compute the angular difference between the observed location and the expected location of that
feature according to equation (3) for all Andersonian stress states and for all orientations of Sy, between NO°E and N179°E. We sum
the absolute misfits for all stress indicators. To account for the different lengths of stress indicators, we weighted the individual misfit of
each indicator according to feature length. Note that we assume S, to be one principal stress component. This is the same assumption
that is implicitly made during the standard interpretation of vertical wells. We can then draw maps of the stress polygon of (1) the
minimal misfit for each stress state for any stress orientation and of (2) the orientation of Sy, for which that minimal misfit is obtained.

Depending on the well trajectories and the occurrence of stress indicators, we sample the stress tensor along multiple directions along a
single well or by combining picks along several wells with complementary trajectories. For single wells the implicit assumption is that
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the entire well is in the same stress state. Consequently, for combinations of several wells it is implicitly assumed that the same stress
state is valid for all these wells.

2.3 Data

For our analysis we use two pairs of wells that each share a well pad. The wells 58-10 and 58 A-10 (wellheads at 35.999°N, 117.740°W)
are located east of the Coso Wash fault that bounds the currently produced Coso Geothermal Field to the east (Figure 2). They were
drilled in 1997 and 2001, respectively, to potentially extend the producing field to the east. At the writing of this manuscript, the
immediate vicinity has not shown significant levels of seismicity and we assume that the wells sampled an unperturbed natural stress
state. The well 58-10 was drilled sub-vertical to about 1200 m and then deviated by up to 42° towards the NNE direction (Figure 2 and
Figure 3b-c). Well 58A-10 was drilled from the same well pad in a sub-vertical trajectory to 3100 m measured depth (MD). The
deviation does not exceed 10° with exception of the last ~100 m (Figure 2a and Figure 4b-c). Both wells were logged with
Schlumberger’s FMI tool in the upper 12.25 inch sections and with the FMS tool in the lower 8.5 inch sections during drilling breaks.
Additionally, well S8A-10 was logged with an acoustic ALT ABI8S tool in the deep section (Table 1). Despite the strong deviation of
58-10, the well trajectories sample a much larger vertical extent (~2 km) than the lateral extent of the well trajectories (~0.3 km). It is
thus reasonable to expect that both wells sample similar stress fields and both are subjected to similar changes in the stress field at
greater depth. Both wells show an abundance of DIFs along most sections of the well. Specifically, the highly deviated sections of 58-10
exhibit a very large number of DIFs. These contain valuable information that had to be discarded in earlier analyses, which were limited
to sub-vertical sections [Blake and Davatzes, 2011]. Since BOs are very difficult to interpret from electrical logs, we only observe clear
breakouts in the deep section of the 58A-10 well which was logged with the acoustic ABI85 tool. We plot the interpreted stress
indicators with respect to the high side of the well along its circumference, since for deviated wells the inferred direction of the stress
tensor is not directly related with the occurrence of borehole failure in a geographical reference frame. Instead, the high side of the
wellbore wall is used to define the reference frame.

The other pair of wells is 52A-7 drilled in 1991 and 52B-7 drilled in 1992 to expand the produced geothermal field to the west. Their
wellheads are located at 36.040°N, 117.807°W; 7.1 km NW of well pad 58-10. While several other wells were in production near the
well pad, only minor amounts of seismicity were recorded prior to the drilling of these wells [Hauksson et al., 2012]. They were drilled
with a southward trajectory for well 52A-7 and a northward trajectory for well 52B-7 (Figure 2b). Of well 52A-7 only a 155 m long
interval with a 12.5 inch diameter and a deviation on the order of 32° was logged with a FMS tool. The resulting angular coverage is
poor and the tool did not rotate but was probably locked in a borehole enlargement. Well 52B-7 was logged for a 169 m interval using
an FMI tool providing about 70% angular coverage of the 8.75 inch diameter well. Both wells have abundant DIFs with some breakouts
in 52B-7 (Figure 5).
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Figure 2: Trajectories of wells (a) 58-10 and 58A-10 and (b) 52A-7 and 52B-7 with colored sections corresponding to the
acquired image logs analyzed here.
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Figure 3: Distribution of stress indicators interpreted in well 58-10. (a) Location of DIFs (red) along the borehole wall
referenced to the high side of the well. (b) Deviation and (c) hole azimuth of the well. (d) Local (along the wellbore) misfit
between the expected location of borehole failure (based on the overall mean stress orientation of N23°E and using the
best-fitting stress magnitude state, see description below) and the actual location of observed failure (red is DIFs). The

gray line is a median-filtered local stress orientation.
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Figure 4: Distribution of stress indicators interpreted in well S8A-10, same as Figure 3. Green features are breakouts with the
line representing the angular extent along the borehole wall.
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Figure 5: Distribution of stress indicators interpreted in wells 52A-7 (top half) and 52B-7 (bottom half), same as Figure 4. The
best-fitting stress state is found for both wells simultaneously as described in Section 3.2.

3. RESULTS

Well Log Logged Typical Typical Total length Total Standard Sy pax WSM
type interval deviation  deviation DIFs length BOs deviation  orientation  Quality

[m MD] direction [m] [m] [°]
* o o NO°E -

52A-7 FMS 759-914 N200°E 32 35 0 6 N25°E C

52B-7 FMI” 2552-2721  N340°E 11° 53 5 17 N178°E B

52A-7 & o

57B-7 88 5 21 N2°E C
FMI" 145-1584 o o o

58-10 FMS™ 15842142 N30°E 0-30 139 0 26 N23°E D
FMI" 583-1975

58A-10 FMS” 1982-3055  N320°E <10° 151 24 24° N23°E C
ABI85"  2070-3118

Table 1: Overview of analyzed logs, logged well trajectories and picked stress indicators and inferred orientation of Sy.y.
Image log types are: ~electric and " acoustic. The number of feature picks refers to single-sided picks.

3.1 Wells 58-10 and 58A-10

We present the results of our grid search as maps drawn on the stress polygon of sampled stress states. The obtained distribution of the
misfit between observed and modeled positions of failure structures in the borehole wall and the best-fitting Sy, orientation over the
sampled stress states are shown in Figure 6. Being a near-vertical well, 58 A-10 does not show any strong indication or preference for a
particular stress state. The minimal misfit along all Andersonian stress states is fairly constant (Figure 6b). This is an expected result,
since the standard analysis of vertical wells cannot distinguish between stress regimes from the position of BO and DIFs alone.
However, the best-fitting Sy, orientation varies only minimally between N21°E and N23°E across the tested stress states (Figure 6e).
This variation is much smaller than the standard deviation of the location of stress indicators around the mean orientation, which is 24°.

Well 58-10 has a considerable number of stress indicators in strongly deviated sections. It therefore samples the stress tensor in different
directions — along the vertical direction in the shallow section and along a NNW trajectory deviated by about ~30°. This added
information provides an opportunity to constrain the stress state. The minimal misfit map strongly rejects a thrust faulting regime and
favors all SS stress states and NF stress states with Sy, close to S, (Figure 6a). The inferred stress orientations for these stress states
agree well with that inferred from well 58A-10 (Figure 6d-e). The variation in best-fitting stress orientations between the two wells for
the preferred stress states is within 5° (Figure 7).
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If we assume that both wells sample the same stress tensor, we can combine the stress indicator picks for both wells and search for a
single best-fitting stress state valid for both wells. Since the trajectory of 58A-10 does not add directions to the sample that is not
already contained in the sampling along well 58-10 the misfit and orientation maps for both wells do not differ significantly from that of
well 58-10 alone. Only the best-fitting stress orientation for TF stress states takes a value intermediate between that of the two wells
when analyzed separately. Since TF stress states are rejected by their relatively large misfit, this difference of the Sy, orientation has
no physical meaning.
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Figure 6: Maps of (a-¢) Minimum angular misfit summed up and normalized for all stress indicators along Andersonian stress
states, (d-f) Best-fitting orientation of Sy, along all Andersonian stress states. Stress state in wells 58-10 and 58A-10 and
in a combined analysis.
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Figure 7: Angular misfit between observed stress indicators and the best-fitting stress orientations for wells 58-10 and 58A-10 as
shown in Figure 6.

3.2 Wells 52A-7 and 52B-7

From the interpreted stress indicators of well S2A-7 most TF and low stress NF regimes can be rejected (Figure 8a). The orientation of
the best-fitting Sy, shows a complex pattern ranging from N15°E for NF stress states to NO°E for SS stress states close to Sy, = S,-
Additionally, there is a second mode of the best stress orientation for stress states around Sj,,,,;, = 0.8 S,, Sguue = 1.8 S,, corresponding to
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a Sy orientation of N25°E (Figure 8d). In this well, a lack of tool rotation resulting in only partial imaging of the borehole
circumference and thus incomplete sampling of the positional variation of the failure structures along the borehole circumference as
well as relatively sparse sampling along the well. For that reason the sampling of the orientation of stress indicators is biased, leading
e.g. to a very narrow distribution of features with an unusually small standard deviation of only 6° (Figure 10c). Without additional
information we cannot further constrain the orientation of the stress tensor. The logged section of well 52B-7 has a relative small
deviation of around 11° and consequently the interpreted BOs and DIFs do not strongly require a particular stress regime. However, the
least misfit is obtained for SS stress states (Figure 8b) and the orientation of Sy, is N178°E.

In the next step we combine the picks of stress indicators for both wells to search for a single stress state fitting stress indicators
interpreted in both wells taking advantage of their distinct trajectories. We find that a relatively narrow band of SS stress states is
preferred (Figure 8c) where Syyee = 4.67 Sppin — 2.09 S, and 0.74 S, < Sjin < 0.92 S, (black contour in Figure 8c). These are also the
stress states where the difference of Sy, directions inferred from the wells individually is minimal (Figure 9). The best-fitting
orientation of Sy, for both wells is N2°E (Figure 8f).

While the variation of stress indicators around the obtained mean orientation (Figure 5d) is much larger than for the individual logs, it is
of similar degree as expected when sampling the stress state along wells 58-10 or 58A-10 along 150 m long intervals that are about
1.5 km apart (Figure 10). The obtained standard deviation of 21° is even smaller than the standard deviation of stress indicators found in
the 58-10 wells (Table 1).
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Figure 8: (a-c) Minimum angular misfit for all stress indicators along Andersonian stress states; the contour in (c) highlights the
best-fitting stress state. (d-f) Best-fitting orientation of Sy,,,, along all Andersonian stress states. Stress state in wells 52A-
7 and 52B-7 and in a combined analysis.
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Figure 9: Angular misfit between the best-fitting stress orientations for wells 52A-7 and 52B-7 as shown in Figure 8.

4. DISCUSSION

In the approach presented above we use the location of axial tensile failure and borehole breakouts to infer the best-fitting stress state for
inclined well trajectories. A feature we did not integrate in our analysis are en-echelon DIFs. Here, the angle between the DIF and the
wellbore axis provides further information on the orientation of the stress tensor relative to the wellbore axis. In clear image logs of
more homogeneous media, such as sediments, these features provide direct evidence for stress states at an angle with the wellbore axis.
In our case, most of the wellbore failure occurs in highly fractured crystalline rock. Because of the discontinuities in the rock mass the
fracture pattern often is significantly disturbed resulting in a zig-zag pattern of DIFs. On a scale of several meters this is also
underpinned by the large standard deviation of failure picks, which is much larger than the accuracy with which stress indicators can be
picked from the image logs.

4.1 Variation of the local stress orientation

To quantify the heterogeneity of the stress state in the reservoir we analyze the local deviation of stress indicators from their expected
location given the best-fitting stress state. For that, we computed the local deviation from the expected location (Figures 3d, 4d, 5d). To
smooth the signal, we applied a median filter with a length of 21 samples to the relative locations of stress indicators. Compared to a
moving average, the median preserves discontinuities of the local stress state as they are expected e.g. near faults [Shamir and Zoback,
1992]. Furthermore, these features are better conserved by the median filter over intervals where the density of picked features varies.

The stress state in the 58-10 wells is well sampled along more than 2 km and by more than 600 individual features for each well. This
dense sampling reveals as strong variation around the tectonic mean stress orientation that can be attributed to the highly fractured
nature of the reservoir and the general strong tectonic activity in the region [Shamir and Zoback, 1992; Davatzes and Hickman, 2010;
Blake and Davatzes, 2011]. We observe variations of the local stress orientation with typical amplitudes of around 20° and wavelengths
from 50 to 500 m. The unfiltered data show similar variations of the local stress orientation on the scale of meters and abrupt,
discontinuous rotations near faults. The deviation of the local stress state along the trajectories (Figure 3d and Figure 4d) does not show
any trend with depth. Additionally, the stress states inferred from both wells 58-10 and 58 A-10 match to the limit of the resolution of
the method as does the pattern of the local stress variation and the standard deviation of feature picks. We therefore conclude that the
tectonic stress field given by the orientation of the tectonic stress tensor and the heterogeneity at the location of the 58-10 well pad is
very well characterized. If we quantify the quality of the stress measurement using the scheme used for the World Stress Map (Table 2)
the stress measurement in well 58-10 is of D quality and that of well 58A-10 is of C quality because of the rather large scatter of stress
indicators around the Sp,,, direction (Figure 10a-b). This scatter appears to be an intrinsic property of the stress field in the highly
fractured crystalline rock of the site and it might be impossible to obtain an A quality stress measurement at the Coso Geothermal Field
altogether.

The wells of the 52-7 well pad represent another end member with very short logged intervals and a relatively narrow scatter of stress
indicators around a mean orientation. Biased by the non-rotational tool in the 52A-7 log, the standard deviation of stress indicators is
very low at 6° (Figure 10c). However, since the total length of interpreted features is only 35 m, this stress measurement is of C quality.
The log of 52B-7 has a much better angular coverage but a similar short logged interval and only 58 m of interpreted features. Along the
logged interval, the stress indicators rotate to smaller angles at greater depth with no clear average orientation about which stress
indicators scatter (Figure 5d). However, the amplitude and wavelength of this feature along depth is comparable to the local stress
rotations observed in wells 58-10 and 58 A-10. Hence, we interpret the rotation of stress indicators along well 52B-7 as a local variation
of the stress orientation as we observe them several times along the length of the logged interval of the 58-10 wells. The standard
deviation of stress indicators in 52B-7 is 17° (Figure 10d), thus smaller than for the 58-10 wells. Similar to 52A-7, we interpret this
relatively small standard deviation as a result of the short logged interval. If sampled over a longer interval, we expect the standard
deviation to increase to values around 25°, similar to what is observed in the 58-10 wells. Indeed, if we combine the stress indicators of
both 52-7 wells, the standard deviation increases to 21° (Figure 10e). Considering that the variation of the local stress states in the 58-10
wells is much larger along the length of the wells than overall between the wells, it appears plausible that the wells 52A-7 and 52B-7
sample the same stress state but catch opposing undulations of the local stress orientation along their logged intervals. The observed
lengths of these distributions are of the same order as the wavelength of similar distributions in wells 58-10 and 58 A-10.
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We therefore suggest considering alternative criteria to assess the quality of stress measurements. Besides the number and cumulative
length of stress indicators and their standard deviation, other critical parameters for the quality of stress measurements are the length of
the interval that is sampled using stress indicators and the absence of a trend over that length, i.e. an absence of a stress rotation with
depth. With the current quality ranking used by the World Stress Map, the stress determination we trust the least (52B-7) yields a B-
quality flag, whereas the stress measurements with the best characterization yields D-quality due to the large intrinsic scatter of stress in
the fractured reservoir.

0 0
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300 60 300 60
20 30
s 10 15 10 2
270 90 270 90
240 120 240 120
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180 180
(a) 58-10 (b) 58A-10
0 0 0
330 30 330 30 330 30
300 60 300 60 300 60
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5 10 5 10 B 10 15
270 90 270 90 270 90
240 120 240 120 240 120
210 150 210 150 210 150
180 180 180
(c) 52A-7 (d) 52B-7 (e) 52A-7 and 52B-7

Figure 10: Rose diagram of stress indicators (BOs and DIFs) transformed to a geographic coordinate system as they would
occur in vertical wells. The light shaded area marks one standard deviation to both sides of the best-fitting mean stress
orientation.

4.2 Integration in a stress model for the Coso Geothermal Field

The orientation of stress indicators and well trajectories of the 58-10 wells constrain the stress regime to SS or high-stress NF regimes,
rejecting NF regimes with low values for Sy, and Sj,,;, and also all TF stress states. The combination of stress indicators of both 52-7
wells prefers a SS stress state around Sy, = 1.8 S, and ), = 0.8 S,.

Using hydrofrac tests performed in well 38C-9 (wellhead at 36.031°N, 117.776°W, roughly midway between 52-7 and 58-10 well pads
and in a distinct production compartment) Sheridan and Hickman [2004] obtained Sj,;, = 0.62 S,, assuming a rock density of
2630 kg/m?. They estimate an upper bound of Spy,. from the absence of BOs and assuming a strike-slip stress regime. Then, for a
coefficient of friction of 0.6 to 1.0, they obtain Sy, = 1.2 S, to 1.9 S, respectively. This estimation ignores the thermal effect of the
drilling process, where the well is cooled through circulation of drilling mud, inhibiting compressive failure. Hence, Sy, could still be
above that estimation, which is underpinned by the presence of BOs in the lower section of well 58A-10. Another hydrofrac test
performed in well 34-9RD2 confirmed the low value for S, [Davatzes and Hickman, 2006].

The method presented here yields a slightly higher estimate of S},,,;, than obtained by much more reliable hydrofrac tests. Our estimation
of Sk 18 in agreement with the higher end of the range proposed by Sheridan and Hickman [2004] and Davatzes and Hickman [2006].
Both their estimates ignore the thermal effect of the drilling process which could inhibit breakout formation as long as the wellbore is
significantly cooled compared to the unperturbed state. During the logging operations, which occur before a section is cased off, this is
typically the case.
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Table 2: Excerpt of the World Stress Map quality ranking system version 2008 for the contemporary orientation of maximum
horizontal compressional stress [Heidbach et al., 2010].

5. CONCLUSIONS

The analysis of stress indicators in deviated well sections is a highly non-linear problem. Depending on the well trajectory, the solution
is dependent on an unknown stress magnitude state often requiring additional assumptions or a priori information to find a unique
solution for the best-fitting stress orientation. Because typical wells with a build and hold trajectory sample the stress tensor in different
directions (along the vertical in the shallow parts and along a deviated direction in the bottom part), such wells might actually yield
additional information providing the orientation of the stress tensor and limiting the stress magnitude state to a particular stress regime.
The workflow proposed here provides insight on the way the inferred stress state depends on the relative stress magnitudes.

The interpretation of more than 4 km of image logs of wells 58-10 and 58A-10 provides confidence that inversion of stress indicators in
deviated wells can be successfully applied. The variation of the local stress state along the trajectory of each well is much larger than the
differences of the mean stress directions between the wells that are separated by typically less than 300 m. While the mean stress
direction is N23°E for both wells, the location of stress indicators around a mean direction expected for the mean stress orientation and
the respective trajectory varies with a standard deviation on the order of 25°. This is much larger than the uncertainty of the method,
with picking accuracy on the order of 5° and represents a feature of the local stress state.

We apply these results to the pair of wells 52A-7 and 52B-7 that are logged for short intervals and with a separation of 1.8 km.
Interpreted individually, we would obtain a Sy, orientations of NO°E-N25°E and NO°E for 52A-7 and 52B-7, respectively. However,
if we combine the failure picks of both wells it is reasonable to assume that both wells experience the same stress tensor with an
orientation of Sy, of N2°E. For all wells, a strike-slip stress regime is preferred by the data and the simultaneous interpretation of the
52-7 wells prefers stress states around Sy = 4.67 Sppin — 2.09 S, and 0.74 S, < Sj,i, < 0.92 S, Overall, the direction of Sy, varies
from N23°E at the 58-10 well pad to N2°E at the 52-7 well pad which is 7 km further to the northwest. These well pads are separated by
several geological structures such as the Coso Wash Fault limiting the Coso East Flank to the east and the cold spine separating the East
Flank from the Main Field.

We propose to consider the observed standard deviation of stress indicators a feature of the local stress field. Consequently, they have to
be adequately acknowledged when assigning quality flags to stress measurements. Currently, the number of distinct zones, the
combined length of stress indicators and their standard deviation are used to quantify the quality of stress measurements (Table 2).
However, the length over which these features are sampled is very important to decide if a representative section of the stress field has
been sampled (e.g. the 58-10 logs) or if the logged section only sampled a local undulation of the stress field.
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