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ABSTRACT 

The earth is under constant stress in response to plate tectonics, gravitational loading, and 

other effects at a variety of length-scales.  The type of stresses an area of the earth‘s crust 

is under controls the formation, distribution, geometry and other characteristics of fractures 

in the earth.  In many locations, and especially in geothermal systems, these fractures 

control fluid flow. Thus the mechanisms of their propagation and stresses that drive them 

need to be understood. In many high temperature regions that lack natural permeability this 

is a key to developing enhanced geothermal systems (EGS).  Image log analysis has the 

ability to map the distribution and attitude of fractures, and to detect induced structures on 

the borehole walls that are indicators of the stress field in the vicinity of the borehole.  

Here, a case study is presented from the Hellisheidi geothermal field where image logs are 

used to detect the fracture network and orientation, and to map the stress states of the 

boreholes as an inference to the natural stress state.  Four boreholes within the 

Kolvidarholl reinjection field had image log data, but only HN-16 is presented here 

because other logs were lower quality and therefore not examined with this study. HN-16 

was drilled with a deviated well path complicating the relationship of induced structures 

within the wellbore to the in-situ stress state.  The procedure to obtain a crust referenced 

stress measurement is given and results show that the Borehole Televiewer (BHTV) data 

supports surface manifestations of the stress field orientation.  HN-16 is one of 7 wells in 

the Kolvidarholl reinjection area for the Hellisheidi Power Plant.  While HN-16 is 

accepting sufficient fluids, the other reinjection wells are underperforming expectations.  

Results from this study suggest that the best scenario to increase injection capabilities of 

previous wells would be to increase the depth of the wells with a primary goal to intersect 

the established fracture zone.  Some fractures appear optimally oriented for slip of normal 

faults, but the modeling suggests the reinjection area is within a strike-slip faulting regime 

with steeply dipping faults. Because of these results, a stimulation project may not be 

sufficiently successful. 
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1 BACKGROUND 

Geothermal energy is an integral part of the Icelandic energy economy providing 62 

percent of the gross energy supply; it accounts for 26 percent of electricity production and 

89 percent of space heating in Iceland.  Hydropower is 20 percent of energy, and the 

remaining is fossil fuels for transportation and the fishing industry. Geothermal space 

heating was started over 100 years ago in Iceland, but the push for major development of 

geothermal resources to reach today‘s utilization level was spurred by the oil crisis in the 

1970‘s.  Current resource estimates suggest there are 20 high-temperature fields 

(temperatures at 250
o
C at 1,000 m depth) and 250 low temperature fields (temperature 

below 150
o
C at 1,000 m depth) in Iceland (Ragnarsson, 2010).  Even with these abundant 

resources, the geothermal fields need to be monitored and managed appropriately to 

maintain sustainable utilization.  Part of this maintenance includes reinjection of fluids 

back into the ground in the vicinity of the reservoir to prevent drawdown and any impact 

on the shallow and fragile fresh water system in Iceland.  The injected fluids are most often 

effluent fluids from the power plant after the energy has been extracted, but can also come 

from a different source if this volume is insufficient.  The most notable benefits of 

reinjection are effluent water disposal, supplemental recharge to the geothermal system, 

decreased pressure draw down, and increase in thermal energy extraction.  Each of these 

increases the lifetime, and therefore value of the reservoir both in terms of the economy, in 

the rate of energy production, and in total energy production (Axelsson, 2008).  Figure 1 is 

an example from the Laradello-Valle Secolo geothermal area in Italy that shows such an 

increase in flow rate after reinjection has begun, meaning more electricity can be generated 

from the geothermal fluids (Cappetti et al., 1995). Similar behavior has been experienced 

at many other fields such as the Geysers and Coso geothermal fields in the western United 

States. In most cases, the fluid or steam pressure in the reservoir is significantly drawn 

down before only a modest amount of heat is extracted so that fluid pressure becomes a 

primarily limiting factor (Majer et al., 2007; Davatzes, 2010).  This increase in important 

parameters like flow rate and pressure occurs in both high-temperature and low-

temperature fields when reinjection is started.   
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In Enhanced Geothermal Systems (EGS), heat is present but cannot be extracted because of 

either insufficient fluid saturation or insufficient permeability to allow extraction of the 

heat via pumping of the formation fluid. In such cases, reinjection serves two roles: (1) 

injection over the long term can supply the necessary fluid saturation or (2) injection in the 

short term can be used as part of a stimulation to increase permeability either via high 

pressure flow to cause slip and dilation along fractures or by chemical stimulation to 

dissolve cements clogging pore space. Reinjection is then an integral part to the future of 

geothermal development if EGS is regarded as the most abundant geothermal resource 

worldwide as it is in the United States (MIT, 2006).  This need to introduce new porosity 

and permeability in EGS has the added difficulty of creating a fracture network for the 

induced flow that can be properly linked to injection and production wells.  Prediction of 

fracture propagation directions, the dimensions of the volume fractured, the surface area 

created, and most importantly guiding fracturing so that it remains in hot rock during 

stimulation is difficult. Critical constraints that must be anticipated are the stress state of 

the geothermal field and the existing fracture network that will inevitably interact with the 

stimulation. 

1.1 Thesis Statement 

Analysis of Borehole Televiewer (BHTV) data in geothermal fields provides information 

both about the natural fractures system and about the stress state. These logs provide a 

means of measuring the attitude, spatial distribution, and other characteristics such as the 

thickness of natural fractures from the sinusoidal intersection of the fractures visible in the 

image of the borehole wall. In addition, the presence of the borehole can further 

concentrate earth stresses to the point that the hoop stress on the borehole surface 

overcomes the rock strength. The resulting deformation of the borehole wall is visible in 

image logs and can be used to constrain the magnitudes and directions of those earth 

stresses if the rock strength is known. Models and case studies have shown BHTV images 

can be analyzed in both vertical and deviated wells and can be used to predict likelihood of 

slip along existing fractures if fluid pressure in the wellbore and adjacent rock volume is 

increased by injection.  The goal of this research is to take BHTV and other data collected 

in the reinjection field for the Hellisheidi Geothermal area in Southwest Iceland, analyze it, 

Figure 1. Flow-rate data for the Larderello-Valle Secolo area in Italy.  This figure shows 

the increase in flow-rate a field may experience from reinjection (Modified after Cappetti 

et al., 1995). 
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correct for the deviation of the respective well, and offer stress state data for the reinjection 

field and a prediction for fracture stimulation to enhance reinjection—which natural 

fractures are most likely to slip and at which pressure (Hickman et al., 2000; Davatzes and 

Hickman, 2009; Hickman and Davatzes, 2010).  This knowledge can be used in future 

research to plan a stimulation effort knowing the increases in pore pressure necessary to 

either (1) cause existing natural fractures to slip at specific targeted depths by overcoming 

the frictional resistance to slip or (2) if the borehole fluid pressure exceeds the minimum 

compressive stress, to propagate new tensile fractures as part of a massive hydraulic 

fracture operation.  

Once the stress field is defined, the tractions resolved on mapped natural fractures can be 

assessed to calculate the proximity to frictional failure.  Thus, this fracture map is put in a 

stress model, and can be given an estimated likelihood of opening a given fracture and if 

shearing induces dilation, which will depend on other fracture characteristics such as 

mineralogy, of enhancing permeability.  This kind of assessment is ideal for planning a 

stimulation project to improve the reinjection capabilities of the wells at Hellisheidi. 

There has been one study of the stress field by Miller et al. (1998) from earthquake stress 

tensors giving a direction for the minimum horizontal stress to the NW with normal or 

Strike-Slip faulting.  This is the closest stress field model for the Hellisheidi geothermal 

field constrained by direct in situ observations.  The contributions of Miller et al.‘s model 

are not evident within the current literature on the Hellisheidi Geothermal Field. Rough 

estimates of the principal stress directions and drilling targets used for well planning are 

based on surficial fault scarps from the volcanic fissure swarms 2000 and 5000 years ago, 

and faults along the Western side of the Hengill graben (Franzson et al., 2010).  Resistivity 

surveys and drilling data from the 46 wells drilled in the Hellisheidi geothermal field have 

been used to support the current stress model.  Reinjection wells are accepting half the 

amount of fluids they were expected to, and plans for new wells to provide the rest of the 

desired reinjection are being planned.  This project has produced a subsurface structural 

model that includes stress orientation and magnitude ranges from in-situ observations and 

natural fracture locations.  This model is compared with the current model from surface 

observations and earthquake analysis and an updated interpretation is used to predict if the 

open fractures are optimally oriented to slip, increasing permeability and the injectivity. 

1.2 Hellisheidi Geothermal Area 

1.2.1 Geological Setting 

The Hellisheidi Geothermal power plant is located in Southwest Iceland in the South 

western area of the Hengill volcanic zone, shown in Figure 2.  The Hengill region is the 

largest active volcanic zone in Iceland at nearly 110 km
2
 located at the triple junction of 

two active rift zones and a transform fault.  Studies in the region have included surface 

geology, geophysical techniques (including seismic), and borehole data.  The region is 

complicated tectonically because each of the seismic zones meeting at the triple junction 

has different tectonic traits.  The dominant structure, however, is the NE-SW running 

graben structure that contains the recent fissure swarms.  Associated with the graben are 

step-faults of the same orientation commonly found along graben walls.  These NE-SW 

orientated faults are the primary target for wells and are believed to control fluid flow 

within the reservoir.  The majority of the Hengill volcano area is hyaloclastite formations 

representing the central volcano underlain with lava flows interpreted as the base of the 

Hengill volcano.  There are three lava eruptions recorded during the Holocene; nine, five, 
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and two thousand years ago.  Figure 3 displays a cross section in the Northern area of the 

Hellisheidi field, where data discussed later is located.  The two more recent eruptions are 

an important part of the geothermal fields.  These are thought to be the major fluid flow 

paths for production wells within the Nesavellir Geothermal field (Northeast of the study 

area) and the Hellisheidi Geothermal field (Franzson et al., 2010; Hardarson et al., 2010).  

Focal mechanism inversion has been conducted in the Hengill volcanic zone.  This study 

suggested that 75 percent of seismic activity is related to tensile cracking from cooling and 

the other 25 is from pure shear (Miller et al., 1998).  As of now this data with the surface 

manifestations of faults are the tectonic model for the area. 

Geophysical tests have revealed deeper anomalies that run in a WNW-ESE direction.  

These are found at 4 km depth and greater, lower than the wells being analysed in this 

study, but may also play a role in fluid flow and permeability within the reservoir (Arnason 

et al., 2009). These structures could be of interest if deepening a well is considered for 

reinjection or production purposes. 

A thermal evolution study of the Hengill area has been completed by Franzson et al. (2010) 

and summarized here.  Hengill was believed to have reached peak thermal output during 

the last glacial period of Iceland around ten to fifteen thousand years ago.   While the entire 

volcanic system is now in a cooling stage, there was a local heating episode that follows 

the fissures from the lava eruptions five and two thousand years ago.  There is also a faster 

rate of cooling on the eastern side of the volcanic zone believed to be associated with 

faulting and increased permeability from the South Iceland Seismic Zone.  Hverahlid to the 

south has a separate high temperature anomaly, not associated with the Holocene fissure 

swarms but indicates some recent heating episode beyond the cooling Hengill volcanic 

system (Franzson et al., 2010). 
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Figure 2. The Hengill Volcanic zone.  The precise study area is the Kolvidarholl 

reinjection area.  The area defined by the blue box is where there is active research for 

future geothermal projects that may benefit from this study.  To the South is the area under 

investigation for carbon sequestration and to the East are exploration sites for new 

geothermal projects.  The faint white lines are fault scarps from the Hengill graben, red 

lines are cross sections presented in Hardarson et al. (2010), yellow lines are production 

wells, and blue lines are reinjection wells.  Well HN-16 is located in the reinjection area 

Kolvidarholl in the cross section BB‘.  The SHmax direction modeled in this study is posted 

on a similar image in Figure 27 in the conclusions (modified after Hardarson et al., 2010). 



6 

 

  

Figure 3. BB‘ Cross section shown in Figure 2.  The western side (B) intersects the 

reinjection area where data in this study is located.  Striped blue indicates the base of the 

Hengill central volcano, dark blue are interglacial lava flows, brown is hyaloclastite 

subglacial formations and the red are post glacial lava flows (reproduced from Hardarson 

et al., 2010). 
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1.2.2 Hellisheidi Geothermal Power Plant 

The Hellisheidi Power Plant is a combined heat and power plant with a single flash power 

cycle.  Current capacity is 213 MWe and planned capacity of the plant will be 303 MWe 

and 400 MWt.  The first stage of thermal energy production was put online 6 December, 

2010 and is presumed to be 130 MWt.  Research in the area began in 1985.  In 2002 there 

was enough information to justify building a power plant.  There have been three stages of 

electricity production with the first in 2006 and the first stage of the thermal plant went 

online in December of 2010 (―Hellisheidi Geothermal Plant‖, 2010).  At present there are 

46 production wells at depths of 1,300-3,300 m and 16 reinjection wells with other 

exploration or cold water wells that are not mentioned (Hardarson et al., 2010, 

Asmundsson, pers. comm. 2010-11).  Effluent water production is anticipated near 500 l/s 

once full production capacity is reached, and the current reinjection wells would ideally 

accept this much fluid, but that is not the case.  

1.2.3 Reinjection Fields 

A reinjection project has begun to drill wells in an effort to dispose of all the waste water 

through reinjection.  Sixteen wells have been drilled in two separate reinjection fields as of 

April 2010 with one additional well planned in the near future.  There have been at least 

four wells drilled that are included in the drilling report for HN-16 (Gudfinnsson et al., 

2010).  The two reinjection areas include Kolvidarholl in the Northern part of the field, and 

Grauhnukar to the South (see Figure 2).  The number of operational wells is evenly 

dispersed with six at Grauhnukar, and Kolvidarholl with 7; however, the well accepting the 

most fluids, HN-16, is at Kolvidarholl with an additional three wells that are also accepting 

some fluids.  Wells HN-9 and HN-11 through HN-16 are located at Kolvidarholl where the 

additional well is in the planning stage.  Three of the six wells in the Grauhnukar area are 

not in operation, but they may be used in the carbon sequestration project in the near 

future.  There are wells to the NW of Grauhnukar being used in the pilot study 

(Asmundsson, pers. comm., 2010-11; Gislason et al., 2010; Sigurdardottir et al., 2010). 

The major drilling targets are shown in Figure 4.  These faults are believed to represent the 

western margin of the Hengill fissure zone.  The majority of the orientation data is known 

from surface fault scarps.  No new faults have been found through drilling, so these are 

believed to be the only large fault features.  Figure 5 shows the trajectory of the open-hole 

sections all the reinjection wells in the Kolvidarholl area.  One of the major faults is shown 

in this figure, also from surface manifestations and from drilling data.  It can be seen that 

HN-16 is in the same proximity as HN-12 and HN-13; likewise, the stress field may be 

large enough to relate to all wells in the reinjection field.  Any knowledge of the stress 

state in HN-16 can be applied to HN-12, HN-13, and possibly the other reinjection wells to 

troubleshoot a way to increase injectivity.   

In late 2010 well HN-16 was completed and tested.  It accepts on the order of 200 l/s. This 

is less than the desired 500 l/s total, but closer than all the previous reinjection wells 

combined.  Total reinjection now should be near 400 l/s if all operational reinjection wells 

were utilized.  The current conceptual model used is the NE-SW fracture dominated system 

that follows the graben structure. There are three to four main fault zones that have been 

encountered in the wells at Kolvidarholl shown in greater detail in Figures 4 and 5.  These 

are believed to be the main flow paths.  Several tests are being conducted by Reykjavik 

Energy, including varying reinjection temperature and rate of injection, to attempt to 



8 

 

increase the injectivity of under-performing wells (Hardarson et al., 2010; Franzson et al., 

2010).  Several new wells have been drilled since this previous publication (including HN-

16) and included acoustic Bore Hole Tele Viewer (BHTV) data collection as an attempt to 

find a way to increase the reinjection capabilities.  All of the wells within the Kolvidarholl 

reinjection field (except HN-15) are displayed in Figure 5.  

Figure 4. Current Tectonic Model used at Kolvidarholl for planning new reinjection 

wells.  Shown here are four faults striking NNE-SSW with near vertical dips to the East.  

Faults have been modelled from surface manifestations and any drilling data.  The circles 

containing the cross indicate where the borehole intersects the surface.  Topographic data 

is superimposed onto the map and the modelled faults are extended to presumed locations, 

to surface.  Wells pictured here include HN-14, HN-11, and HN-9.  Pink blocks are the 

modelled position of the respective fault.  The green arrow points North (reproduced from 

Hardarson et al., 2010). 
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1.3 Basic Stress Field Explanation 

Gravitational forces and heating cause a constant redistribution of mass that is evident as 

Plate Tectonics and isostatic adjustments of elevations.  Concepts needed for this study are 

explained briefly here.  For more in depth description, see Turcotte and Schubert (2002), 

Jaeger, et al. (2007), Zoback (2007) and other Structural Geology and Rock Mechanics 

books.  On the regional scale, plate tectonics are the first order control on driving forces 

behind all crustal movement on the surface of the earth.  The quasistatic equilibrium of 

forces associated with the slowly moving plates and Earth‘s gravity induce variations in the 

concentration of force to define the state of stress which ultimately causes the failure of 

rock such as faulting and fracturing.  Locally, these regional far field stresses are modified 

by variations in fluid pressure, temperature gradients, surface loading such as caused by the 

impoundment of water, or the slip on faults of varying scales among other mechanisms. 

Because faults can constitute extended zones of connected porosity, or possibly porosity 

destruction, (e.g., model of Caine et al., 1996) that cut across geologic formations and tap 

high temperatures at great depth they are critical to understanding geothermal systems and 

extracting their heat via water extraction. Thus, it is important to understand the stress state 

HN-16 

Figure 5. Location of reinjection wells within the Kolvidarholl reinjection area.  Only the 

open hole section of the wells is displayed.  HN-16 is yellow and all other wells are blue -- 

HN-15 is not pictured.  The single fault displayed is known from surface scarps and 

drilling data where available.  The green arrow points north.  Proximity to HN-16 is 

necessary for understanding the applicability of the stress state model to each respective 

well (reproduced from Gudfinnsson et al., 2010). 
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and existing fracture zones because they play a critical role in controlling fluid flow paths, 

wellbore stability, seismic risk (both natural and induced), and overall financial risk within 

a specific field (Eberhart-Phillips and Oppenheimer, 1984; Zoback et al., 2003; Davatzes 

and Hickman, 2009).  The state of stress state at a point, or within a representative volume, 

is in general defined by the six stress components in a second order symmetric matrix. 

However, the three eigenvalues and eigenvectors define the principal stresses and their 

directions, which completely characterize the stress state. Anderson (1951) postulated that 

the shear traction free surface of the earth caused two of these principal stresses to be 

approximately horizontal and the third to be vertical in the brittle crust. Subsequent 

research based on the orientation of faults and rock strength, focal mechanism inversions, 

and the study of deformation in wells supports this idealized model. Thus following the 

summary of Zoback et al (2003), it is reasonable to represent the stress state in the brittle 

crust in terms of this reference frame: a vertical stress (SV), maximum horizontal stress 

(SHmax), and minimum horizontal stress (Shmin). In addition to these solid stresses, the fluid 

pressure in the pore spaces exerts a normal stress in opposition to the compressive solid 

stress in the earth. The relative magnitudes of these four stresses within a geothermal field 

and rock strength typically characterized in terms of the Mohr-Coulomb failure criterion 

and the static coefficient of friction (Jaeger, et al., 2007, and references therein).  This 

quasistatic model determines how rocks will break or be distorted in response to these 

stress or changes in these stresses. Such permanent deformation limits the magnitudes of 

the principal stresses with respect to continuation of the current stresses, a stimulation 

project, or a borehole drilling.   

1.3.1 Frictional Faulting Theory 

Zoback et al. (2003) includes a review of Anderson‘s theory of faulting (Anderson, 1951). 

There are three faulting regimes that result from this model of solid stress, Normal (NF), 

Reverse, (RF), and Strike-slip (SSF).  They are distinguished by which of the three 

principal stresses, least, intermediate, or most compressive, is vertical.  The three principal 

stresses in geologic analyses are defined as σ1 (most compressive), σ2 (intermediate), and 

σ3 (least compressive), each of which is a normal force and can be acted upon by fluid 

pressure, Pf. In the Anderson model these principal stress must be distributed among 

vertical stress, Sv, the maximum horizontal stress, SHmax, and the minimum horizontal 

stress, Shmin.  In all faulting stress regimes, slip occurs when either the strength of the intact 

rock is exceeded due to large differences between the two extreme principal stress 

magnitudes or when the shear traction resolved on existing fault surfaces overcomes the 

friction resistance to slip. In the NF stress regime, Sv= σ1 (Figure 6a).  In this regime, 

Shmin= σ3 and SHmax= σ2.  In a RF regime, the most compressive stress is horizontal and the 

least compressive stress is vertical, resulting in faults that accommodate one section of the 

crust being pushed on top of another (Figure 6b).  This is typically associated with active 

plate margins and often during mountain building.  Here Sv= σ3, SHmax= σ1, and Shmin= σ2.  

SSF stress regimes occur when there is a strong compressive force, but sufficient vertical 

stress to not allow RF faulting (Figure 6c).  In this intermediate SSF stress state, SHmax= σ1, 

Sv= σ2, and Shmin= σ3. 
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The frictional strength of rock surfaces, μ, is the determining factor of the magnitude of 

stress required for faulting to occur; the required stress is affected by the pore pressure, Pp 

within the rocks in the case where fractures already exist throughout the crust volume in a 

variety of orientations that ensure the ratio of shear traction to effective normal tractions 

are maximized.  Townend and Zoback (2000) summarize results that demonstrate that 

differential stress in a variety of environments never exceed the limits imposed by this 

assumption and friction coefficients of 0.6 to 1 consistent with Byerlee friction. Thus, it is 

possible for the stresses to be in equilibrium with the frictional strength of the rocks, 

however, it is easier to consider this the maximum bound for stress magnitudes.  A ratio 

has been derived using this assumption that quantifies the limits of the effective maximum 

principle stress, σ
‘
1, and the minimum principle stress, σ

‘
3.  Equation 1 shows this 

relationship in terms of the stresses and in terms of the frictional strength coefficient.  This 

equation shows the maximum stress that can be reached before faulting occurs within a 

rock unit (see Jaeger, et al., 2007 and Zoback, 2007 for a discussion of these equations in 

reference to reservoir and crustal stress states). 

  

A 

B 

C 

Figure 6. Diagrams showing the three faulting regimes with the three primary stresses in 

place.  (A) is the Normal faulting regime, (B) is the Reverse Faulting regime, and (C) is 

the Strike-Slip Faulting regime (reproduced from Anderson, 1951; CWU Department of 

Geological Sciences, 2010). 
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maximum and minimum compressive principal stresses and the frictional failure criterion.  
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a SSF environment. 
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Each of these equations by definition must be less than or equal to the frictional strength of 

the rock unit relationship shown in Equation 1 or else faulting will occur.  The magnitudes 

of the three principle stresses can be modeled for a given μ as depth into the earth 

increases.  What is seen is that all principle stresses diverge with increasing depths.  The 

rate of divergence decreases with increasing pore pressure because the effective stresses 

are lowered (Zoback et al., 2003).  When the stress state is fully known, the likelihood of 

slip on a fracture can be calculated using the Coulomb failure criteria seen in Equation 5 

(Jaeger et al. 2007).  This equation gives the critical minimum shear stress needed to 

initiate slip given a specific normal stress and pore pressure acting on a plane and can be 

manipulated to fit a plane in any orientation.  Planes are often assumed as cohensionless 

(S0=0) based on in situ stress measurement data (Townend and Zoback, 2000; Hickman 

and Davatzes, 2010 and references therein).  This is a prediction of the minimum stress 

required to cause slip on a fault of a given orientation.  Recently this method has been used 

to assess the potential for stimulation at the Desert Peak Geothermal Field in Nevada 

(Hickman and Davatzes, 2010).  All of this information factors into pressure related 

decisions in developing and producing a geothermal field.  This is an integral part in proper 

planning of a stimulation project. 

    (     )              (5) 

Where: 

σs= the shear stress on the plane 

σn= the normal stress on the plane 

S0= the cohesion.   

1.4 Stress Magnitudes 

The vertical stress is measured as the pressure of the overlying burden which is the 

conglomerate of rock, porosity, and the fluid in the pores.  SHmax and Shmin stress 

magnitudes are harder to calculate and require an independent test to measure.  If two 
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stresses are measured or estimated, relationships between the three principle stresses will 

make it possible to determine the third (Zoback, 2007, and references therein). A method 

has been developed that can measure the Shmin magnitude through mini-hydraulic 

fracturing (minifrac) tests of the rock.  If minifrac tests are not available, there are other 

methods that can estimate the stress magnitude to a lesser degree of accuracy.  One 

involves monitoring drilling fluid injection losses while drilling.  Similar to the minifrac 

tests, the amount of fluids being lost can be correlated to the pressure required to open a 

fracture in the Shmin direction.  One method to determine SHmax involves examining 

borehole breakouts based on the size of the breakout and correlating that to the strength of 

the rock.  These processes are what can be used to completely define stress field and the 

different techniques will be explained in the methodology section (Zoback et al., 2003). 

1.5 Borehole Televiewer 

BHTV is an acoustic imaging tool that sends high frequency, ultrasonic pulses through the 

borehole fluid and detects their echo from the borehole wall.  The same transducer that 

generates the acoustic pulse also records the arrival of its echo.  This returned pulse will 

have an associated signal strength that changes based on borehole environment.  The 

environment of the borehole is affected by the contained fluid, borehole wall reflectivity, 

rock strength, permeability, rugosity of the borehole wall and possibly other factors that are 

not commonly dealt with.  The time between data sending and receiving (two-way ―travel-

time‖) is also recorded, and corresponds to a high resolution caliper log if the acoustic 

velocity of the fluid is known (Davatzes and Hickman, 2010).  Figure 7 is a schematic 

cartoon showing how a televiewer device works.  Both data types provide an image of the 

borehole wall that can be used to map structures intersecting the borehole and changes in 

diameter at all points within the borehole. 

As shown in Figure 7, an initial pulse in the two-way travel time recording is the initiation 

of the acoustic pulse, there is an early echo from the acoustic window which protects the 

transducer from the borehole environment and a third pulse associated with the borehole 

wall. All three pulses are used in real-time processing conducted within the logging tool to 

determine the transit time outside the tool and amplitude of the reflection returned from the 

borehole wall, which are the only geologically significant parameters.  These pulses are 

distinguished by selective data recording through dynamic adjustment of the time window 

by the programming in the logging tool and signal processing or by direct manipulation of 

the logging engineer.  A time window may be set so that data is recorded starting at a 

specific time after sending the pulse and acquires data for a specific length of time.  Data is 

recorded the entire way around the borehole wall, meaning there is a full 360 degree image 

at every depth location.  The signal resolution can be set to record every 1.25 degrees at the 

highest resolution setting (288 recordings per rotation of the acoustic mirror controlled by a 

step motor).  The acoustic beam size covers approximately 3-5 mm diameter at each 

reflection point.  The final quality of the image is dependent on borehole environment and 

data density which can be set before collection and adjusted during logging (Advanced 

Logic Technology, 2007; Davatzes and Hickman, 2010).  The tool used in this study is the 

ABI43.which can operate at 125-135°C without heat shielding.  ALT has previously built 

state-of-the art heat shielded televiewers that have been in development for a decade or 

more and successfully applied in Coso, California and Krafla, Northeast Iceland.  ALT‘s 

newest heat-shielded design has now been tested successfully at 285
o
 C in a geothermal 

well in Iceland.  A comparison between the ABI43 and the two other models with 

advertised specifications is made in Table 1. 



14 

 

 

Figure 7. Schematic drawing showing how a Borehole Televiewer device sends and 

records acoustic data.  The first two pulses are used to define data collection parameters 

and the third pulse is the signal from the borehole wall (reproduced from Davatzes and 

Hickman, 2010). 

3-5 mm  
spot width 
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Image logs have primarily been used to this date for fracture mapping and stress field 

orientation within a borehole.  This is where the tool thrives because fractures can be 

imaged clearly when cutting the borehole at any angle, and the full wall imaging decreases 

ambiguity of drilling induced structures that indicate stress direction (Moos and Barton, 

1990; Huber et al., 1997; Barton et al., 1998; Williams et al., 2004; Davatzes and Hickman, 

2010). However, large temperature gradients relative to pressure gradients in geothermal 

systems can cause the detection of window and formation echoes to fail due to 

correspondingly large changes in the acoustic velocity of the borehole fluid and the oil bath 

within the acoustic head of the tool, leading to poor data quality (Davatzes, pers. Comm., 

2010-11).  In well HN-16, logs were collected during excessive cooling and no significant 

temperature gradients between well fluid and acoustic head oil occurred. 

Most geothermal systems have permeability dominated by fractures because the high 

temperatures and high concentration of dissolved solids in fluids moving across large 

temperature and pressure gradients promotes healing of pore space (Barton et al., 1995; 

Axelsson, 2008; Davatzes and Hickman, 2010; Hardarson et al., 2010).  Fractures 

generally have large in plane dimensions with relatively little relief in orthogonal direction. 

Thus they can be idealized as a plane in three dimensions. The intersection of such a plane 

and a cylindrical borehole forms a sinusoid when seen in an unwrapped image log as 

shown in Figure 8 (Advanced Logic Technology, 2007).  The orientation and inclination of 

a fracture in the borehole reference frame can be determined from the characteristics of the 

sinusoid in the image log.  The lowest point is the apparent dip direction and the dip is 

derived from the amplitude of the sinusoid via trigonometry from the inverse tangent of the 

amplitude divided by the borehole radius.  These measurements are in relation to the 

borehole trajectory not the geographic reference frame; if the well is highly deviated, 

structural data will need to be corrected to a geographic reference frame in order to 

correlate to different wells and across the geothermal field or other independent data sets. 

To relate images in the borehole reference frame to geographic, a three orthogonal-

component magnetometer and accelerometer are incorporated into the tool and indexed to 

the image allowing adjustment of measured orientations to borehole high side or magnetic 

north. 

Figure 8. Drawing displaying a plane cutting a figurative borehole and the unwrapped 

representation of the plane as it would be displayed in an image log (reproduced from 

Advanced Logic Technology, 2007). 
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Image logs also show stress markers in the borehole that can be used to determine the 

direction of the maximum horizontal stress, SHmax, and the minimum horizontal stress, Shmin 

and to constrain their magnitudes at the depths of these markers.  These methods are 

discussed in detail within the Methodology (below), but the stress markers are introduced 

here.  The drilling of the borehole introduces a liquid-filled void in the crust where there 

used to be rock.  This change has two critical effects: (1) it changes the balance of normal 

forces acting across the borehole surface and (2) the lack of shear strength in the borehole 

fluid makes this surface a principal plane (Kirsch, 1898; see summary in Zoback et al., 

2003; Zoback, 2007).  In the elastic rock volume, equilibrium then requires a 

corresponding change in the force density resulting in an amplification of the earth 

stresses. One of the most common stress markers is elongation of the borehole.  The stress 

field pushes the borehole away from the circular structure into an oval with the shortened 

axis as the SHmax orientation.  This can be seen in both the image log and the caliper log.  

Other structures that can be used to map the stress orientation are borehole wall breakouts, 

tensile fractures, and petal-centerline fractures.  These structures are all considered to be 

drilling induced that are formed if the strength of the rock in the borehole is exceeded.  

Tensile fractures form parallel to the SHmax direction where the tensile strength of the rock 

fails.  In vertical wells these appear as hairline cracks running up and down the borehole; in 

deviated wells, they become en echelon shaped in relation to the stress field.  Borehole 

wall breakouts are the opposite of the tensile fractures in that they form parallel to the Shmin 

direction when the compressive strength of the rock is exceeded.  For both borehole wall 

failures, if the principal no principal stress axis is more than 12-15 degree of the borehole 

axis (Peska and Zoback, 1995), the apparent azimuth of the induced structures in the 

borehole reference frame depends on the relative magnitudes of all three principal stresses 

as well as their directions and must be modelled for reliable interpretation of principal 

stress directions. Petal-centerline fractures are another type of tensile fracture.  They form 

from the stress state induced concentration below the drill bit during drilling.  Initial 

modelling results (Garza-Cruz and Davatzes, 2010) and field comparisons between 

borehole wall tensile fractures and petal-centerline fractures (Davatzes and Hickman, 

2010) suggest that in vertical wells they indicate the direction of SHmax in normal to strike-

slip faulting environments. In inclined boreholes the correlation to stress direction requires 

modelling of the elastic stress concentration below the borehole floor (Garza-Cruz, 2010; 

Garza-Cruz and Davatzes, 2010).  Less is known about these fractures in inclined 

boreholes, but they are modelled to still form.  Proper recognition is vital for reliably 

determining the directions of principal stresses.  Figure 9 shows an example of these four 

major indicators of stress orientation as they would be expected to appear in an image log 

within deviated wells.  Figure 11 will give a picture of what tensile fractures and borehole 

breakouts would look like looking down a wellbore (Lofts and Bourke, 1999; Zoback et 

al., 2003; Davatzes and Hickman, 2010).  
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Figure 9.  Examples of stress field indicators from HN-16 and one from the literature.  For the 

centralized Travel Time log dark colors indicate a fast travel time and light colors are longer 

travel time.  For the amplitude images, dark color indicates a lower amplitude signal is returned 

to the tool and the lighter color indicates a higher amplitude signal.   (A) Possible borehole 

elongation at 1,700 m can be seen by the systematic increase in travel time on the outside edge 

of the image indicating the tool is not an equal distance from every part of the borehole wall. 

(B) En echelon tensile fractures from a resistivity image log presenented by Barton and Zoback 

(2002).  These are axisymmetric up the well with the axis of the fractures 180
o
 apart.  

Resistivity logs show a contrast in conductivity of the rocks instead of amplitude, but the 

concept is the same in that an image is produced that shows fractures, both natural and induced.  

Tensile Fractures similar to these are hoped to be found within well HN-16 but preliminary 

analsysis has not detected any (reproduced from Barton and Zoback, 2002). (C) Petal-

Centerline fracture at 2,122 m,  These look similar to tensile fractures but often connect through 

a petal structure seen at the top of the image. (D) Borehole Breakout at 1,687 m.  These form 

180
o
 apart and will have a width associated with them.  Lower amplitude often indicates signal 

loss or longer travel distance that can be due to an open fracture or broken rock in that spot.   
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1.6 Data within the Study 

The primary source of data that is used in this study is well logs from HN-16, located 

within the Kolvidarholl reinjection area in the Hellisheidi geothermal field.  This was 

logged in October 18 of 2010 by ISOR to a measured depth of 2,191 m.  Other well logs 

used in this study include the temperature and pressure logs after the well was shut in and 

allowed time to come to equilibrium (both in temperature and pressure) with the country 

rock after drilling, cuttings logs, and gyroscope data that provide detailed deviation logs 

and independent confirmation of borehole log quality.  Other values used within the 

modelling of the stress field have been taken as average values from literature sources and 

are cited when presented. 

Other wells that have BHTV data were initially analysed for the ability to correlate 

between several wells within the reinjection area.  These wells include HN-11, HN-12, and 

HN-14.  HN-14 was believed to have data that may be useful for future research, but 

requires more scrutinous analysis and preferably an improved log involving the better 

centralizers and tool extension retrofitted to the ABI43 since HN-14 was logged.  

However, that log could not be obtained within the time frame of this study.  The other two 

wells did not have sufficient data quality to pick induced structures for interpretation of the 

stress field. 
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2 METHODOLOGY 

Understanding of the theories that govern both induced and natural fractures within a 

borehole is necessary in order to properly interpret the image logs from well HN-16.  Since 

HN-16 is deviated, the common practices for stress marker identification are slightly 

different.  Identification of markers in both vertical and deviated wells is discussed to 

exemplify the difference as well as several techniques for stress magnitude calculation 

which is required for modelling of the stress field.   

The stress field in the vicinity of a borehole can be characterized by the borehole induced 

deformation of the borehole wall visible in a BHTV image.  Stress orientations are defined 

using the positions of the stress markers. Although these can be misidentified and discredit 

any orientation measurement, certain criteria have been developed to insure proper 

identification and orientation determination. To accomplish this, a quality control 

mechanism must be employed to decrease error.  The deviation of the data eliminates the 

possibility for direct stress orientation measurements.  The conversion of the stress 

orientations within the borehole to a geographic coordinate system that can be related to 

other wells, fields, etc. requires a matrix rotation and is discussed below.  Stress magnitude 

measurements may also be conducted if proper data is collected to constrain the stress 

model.  

Similar to stress field, natural fractures can be picked from image logs and take on specific 

characteristics.  These characteristics, however, can be skewed in certain circumstances 

and give a false azimuth and inclination that need to be corrected to fit an earth surface 

reference frame. 

2.1 Stress Field Orientation 

2.1.1 Elongation of Borehole 

Boreholes are drilled and expected to be circular.  If there is enough stress on a borehole it 

is possible that the well will compress under the pressure in one direction and stretch in the 

other and become elongated.  This elongation will make the borehole more of an oval as 

opposed to the circular shape it should be.  This elongation is presumed to be a marker that 

is evident before rock strength is exceeded and borehole wall failure occurs, creating 

tensile fractures and breakouts (Huber et al., 1997; Zoback et al., 2003; Davatzes and 

Hickman, 2010).  When no stress markers are located within a well, this is the only way to 

estimate stress orientation.  Borehole deformation, however, can be caused by more than 

just stress state.  If a rock is particularly weak or fragmented, the drill bit may stick and 

cause widening of the borehole while attempting to continue drilling.  If the well is in a 

deviated hole, borehole deformation may also occur that is associated with the key seat and 

the primary stress in the field, Sv, not one of the major horizontal stresses.  A key seat is a 

horizontal line contained within an image log that is formed by drill string wear rubbing 

against the borehole wall.  In a deviated well, this will often form on the low side of the 

well.  Figure 10 gives an example of the cross section within a well containing a key seat 

artifact.  Accurate elongation measurements require the tool to be perfectly centralized.  If 

the tool is not centralized, travel time will not represent true diameter of the borehole and 

the cross sectional area will not be accurate.  In deviated boreholes, as HN-16 is, 

centralizing the tool is more difficult.  Processing techniques have shown HN-16 to be well 

centralized for a deviated well.  
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2.1.2 Tensile Fractures (TF) 

Tensile fractures occur along the short axis of the borehole and mark the orientation of the 

SHmax direction.  These occur when the tensile stress exceeds the tensile strength of the rock 

(Moos and Zoback, 1990; Davatzes and Hickman, 2010).  Fractures have a systematic way 

of forming that gives a natural criterion for fracture picking.  Tensile fractures have to meet 

the following criteria in order to be included in the data set for stress field orientation: 

1) Identical pair 180
o
 apart 

2) Must be en echelon and axisymmetric given the deviation of the well 

3) Both fractures visible 

4) (optional) Either fracture does not come in contact with drilling artifacts (key seat) 

or natural fractures  

(Davatzes, pers. comm., 2010-11). 

Since well HN-16 is deviated, en echelon pairs are anticipated to be the dominant tensile 

fracture, meaning anything that is not en echelon will be considered a Petal Center-Line 

fracture that will be explained shortly.  As seen in Figure 10 from HN-16, there is a strong 

key seat within these logs.  Any tensile fractures located within drilling artifacts will be 

discarded to reduce ambiguity and certainty of markers.  Figure 11 is a schematic drawing 

Figure 10. Travel time and Amplitude image logs and the correlating borehole cross 

section at 1,790 m.  The rectangular cut out of the borehole cross section is the key seat 

artifact.  This represents the dark stripe down the middle of the amplitude image and the 

area of signal loss (the area that looks like static) in the travel time image.  Any data within 

this area become hard to interpret because of the presence of the key seat. 
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showing the orientation of principle stresses and consequential stress markers in reference 

to a vertical borehole.  This can and often does vary within a deviated well. 

2.1.3  Breakouts (BO) 

Breakouts are areas of the borehole where the rock has failed and broken into the well.  

These occur on the borehole wall where the compressive stress on the borehole wall 

exceeds the compressive strength of the rock.  In a vertical borehole, this would correlate 

to the Shmin direction (Zoback et al., 2003; Davatzes and Hickman, 2010).  These, like 

tensile fractures, follow physical laws and form in a systematic way to give certain criteria 

for identification.  Below are the criteria used to pick borehole wall breakouts for this 

study: 

1) Symmetric and 180
o
 apart 

2) Both breakouts in the pair are visible 

3) Breakouts have the ―dog-ear‖ geometry in cross section and deepest in center 

4) Any structures interacting with natural fractures are avoided 

5) Minimal interaction with drilling artifacts is attempted 

(Davatzes, pers. comm., 2010-11). 

The deviated nature of the well complicates breakout picking.  Breakouts will tend to form 

in a more NNE-SSW direction in wells deviated with an azimuth in a North direction 

(Zoback et al., 2003).  This happens to fall in the same position that the key seat forms 

because south is the general direction of the bottom of the well, where the tool sits while 

resting and takes some of the weight of the tool.  This makes picking breakouts without 

interaction of drilling artifacts near impossible.  Drilling artifacts cannot be removed from 

the data; instead, a weighting of data based on quality can be employed to increase 

confidence in the data. 

Shmin 

SHmax 

Breakouts 

Tensile Fractures 

Vertical 

Borehole 

Figure 11. Schematic drawing where borehole breakouts and tensile fractures would form 

within a vertical borehole in relation to principle horizontal stresses (modified from Huber 

et. al, 1997). 
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2.1.4 Petal-Centerline Fractures (PCF) 

Petal-centerline fractures are another type of tensile fractures that are formed below the 

drill bit where there is a concentration of stress.  PCFs are named so because they resemble 

petals of a flower when formed.  Although few studies have focused on PCFs, studies have 

shown that their formation runs parallel to SHmax.  Figure 12 is a schematic drawing 

showing the orientation of formation of PCFs within a vertical borehole.  These are 

significant fractures because studies interpret these extending into the formation, 

increasing porosity (Li and Schmidt, 1998; Davatzes and Hickman, 2010, Garza-Cruz, 

2010).  A criteria has been developed for picking PCFs similar to that for TFs and BOs: 

1) Parallel fractures that a sinusoid will not fit to  

2) Connected by a complete or partial chevron (petal) 

a. If connected by a chevron, should point up the wellbore if at the top of the 

centerlines, and should point down the wellbore if at the bottom of the 

centerlines 

3) Centerlines are not 180
o
 apart to keep from confusing with TFs 

(Davatzes, pers. comm., 2010-11). 

PCF‘s can be confused easily with natural fractures and TFs, and some overlap occurs in 

the picking criteria for each of the three stress markers.  This makes it vital to follow 

picking criteria for all induced structures in order to increase quality of the data.  PCFs 

require averaging of the orientations of the legs because they are not 180
o
 apart.  Figure 12 

shows the equation to calculate the Shmin direction from a PCF within a vertical well.  Note 

that this represents how PCFs are quantified into stress markers within a vertical well.  

Modeling has begun on PCF formation within deviated wells, but this process is not fully 

understood yet.  If PCFs are found within the well it will be an indication of concentrated 

stress below the drill bit and may be understood by future research.  As of now these 

cannot be used to determine principle stress directions within a deviated well.  

2.1.5 Data Quality Control 

Data quality is an issue that should be addressed in all studies to decrease error within the 

data set.  Each stress marker picked will be given a quality measurement based on table 2 

below.  A weighted average will be applied to the data set based on the quality 

measurements.  This gives more strength to the data that are more definite versus the data 

that are questionable. 

Figure 12. Drawing showing the orientation of PCFs with respect to the principle 

horizontal stresses in a vertical borehole (reproduced from Davatzes and Hickman, 2010). 
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One issue worth mentioning again is tool centralization.  Centralization is the act of 

positioning the tool in the center of the borehole.  BHTV requires centralization, otherwise 

artifacts may appear within the images rendering them useless because of the non-normal 

incidence angle of the acoustic pulse to the borehole wall which prevents the detection of 

the formation echo by the transducer.  In highly deviated wells such as HN-16 within this 

study, centralization is more difficult.  It is not as evident in breakouts presumably because 

they are a large, open structures compared to tensile fractures.  Lack of centralization may 

give an effect that looks similar to borehole elongation because the side the tool is closest 

to will have a stronger signal returned since there is less distance to travel.  Given these 

circumstances, elongation is not used as a stress marker for this study in an attempt to keep 

data quality high.  A comparison with images re-centralized was also made to monitor 

eventual tool off-centering. 

Table 2.  Data Quality selection Criteria. 

Data Quality Rating Category Criteria 

A Marker fully visible on both Travel Time and Amplitude 

logs and does not come in contact with drilling artifacts 

B Marker fully visible on both Travel Time and Amplitude 

logs but is in contact with drilling artifacts 

C Marker visible on one log and faint or non-existent in the 

other and is not interpretable near drilling artifacts 

D Marker significantly affected by drilling artifacts and is not 

fully visible in either log.  This should not be used for 

analysis unless it is the only marker available 

2.2 Stress Magnitude Calculation 

Stress magnitude is a critical attribute of the stress tensor that controls fracture formation, 

slip, and potential for dilation. In general, the stresses at depth are limited by the strength 

of rock and scale with the weight of the overlying rock as discussed in previous sections. 

To completely define the geologic stress tensor, constraints on two of the principal stress 

directions, as well as the magnitudes of the three principal solid stresses and fluid pressure 

must be developed. 

In this section I follow established procedures for constructing a stress model and therefore 

provide only a basic outline of the stress magnitude calculations as constrained by the 

geologic setting and modeling of breakout formation in deviated wells based on work 

discussed in Peska and Zoback (1995), Zoback et al. (2003), and Zoback (2007).  With a 

complete stress model comprised of both the principal stress magnitudes and directions, 

the likelihood of slip as a function of the specific fracture depths and attitudes and the 

stability of the borehole can be assessed.  There are several ways to calculate magnitudes 

for each of the principal stresses (vertical, maximum horizontal, and minimum horizontal) 

and fluid pressure with constraints from fracture slip, borehole failure, and rock 

mechanical properties, and reasonably geologic assumptions. In the absence of any of these 

critical data sets assumptions will have to be made and the sensitivity of the model to those 

assumptions assessed.  Once two of the three principal stresses have been independently 

determined, the third stress state can be modeled and a possible range of values 

determined.   
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2.2.1 Vertical Stress 

The vertical stress is estimated from the integrated weight of overlying rock as calculated 

from density of the rock overlying the true vertical depth of interest as shown in Equation 

6. In the absence of a detailed measurement of bulk density variation along the well from 

geophysical litho-density logs or estimates from cuttings mineralogy, the vertical stress can 

be treated as the uniform average density multiplied by gravitational acceleration and the 

depth. If the water column is free to communicate across the modeled depth interval, the 

weight of the water column is decoupled from the vertical stress calculation and fluid 

pressure is independently measured as the integrated density of water over the depth 

interval. However, in the presence of a laterally extensive low permeability layer that 

restricts vertical transmission of tractions through the water column, the weight of the 

water contributes to the vertical stress. In wells which have been turned over to water and 

in which vertical unrestricted vertical flow of fluid is reasonable, equilibrium pressure logs 

can be used to directly measure fluid pressure variation. This is particularly relevant in 

geothermal systems since the high temperature gradients can produce in excess of ~25% 

variations in fluid density. Note that this model assumes quasistatic conditions in which the 

rate of fluid flow is fast compared to changes in fluid pressure. This along with the low 

negligible shear strength of water means the water column supports the weight of the 

water, not the rock. In detail rapid changes in fluid pressure can violate this assumption 

and poroelastic models must be considered (see Jaeger et al., 2007; Zoback, 2007 and 

references therein). 

 

   ∫  ( )       
 

 
          (6) 

Where: 

ρ= density of the rock 

z= depth to the structure 

g= constant acceleration due to gravity 

ρ = average density for entire depth 

2.2.2 Minimum Horizontal Stress 

The magnitude of the minimum horizontal stress, Shmin, can be constrained through by a 

couple of tests conducted in boreholes including: (1) mini-hydraulic fracture experiments 

(or variants such as leak-off tests), (2) borehole induced deformation (discussed in another 

section below). The concept underlying the minihydraulic fracturing experiment is that 

mode I fractures (i.e., joints or tensile fractures) form due to tension and open in the 

direction of least resistance, which for new fractures will generally be normal to the least 

compressive principal stress. In NF and SSF stress regimes, this is Shmin. Given the 

conditions in Iceland it is likely that RF will not be seen, so Shmin will be assumed to be the 

minimum principal stress.  Effective tension is induced by increasing fluid pressure in the 

well, which acts in opposition to the minimum compressive stress. The point at which a 

hydraulic fracture initially forms indicates that the fluid pressure in the well has overcome 

the combined resistance due to the tensile strength of the rock and Shmin.  As the fracture 

grows due to repeated cycling of the borehole fluid pressure, the elastic resistance to 

opening becomes negligible and the induced hydraulic fracture opens as the fluid pressure 

just exceeds the compressive normal stress on the fracture surface. When pumps supply 

borehole fluid pressure are shut off, the fluid pressure bleeds off in the formation across the 

area of the borehole and the hydraulic fracture. Once the fracture closes when the fluid 
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pressure is in equilibrium with the minimum compressive principal stress, the sudden loss 

of surface area for drainage results in an inflection in the pressure time curve called the 

instantaneous shut-in pressure, which is a reliable measurement of Shmin.  Another version 

of this method is a Leak-Off Test (LOT). These essentially increase pressure until a 

fracture is formed.  That pressure is related to the Shmin in different ways depending on the 

pressure that is measured.  HN-16 does not have a minihydraulic fracture or an LOT 

associated with it and will not be discussed in detail here, but will be mentioned as a future 

research possibility later on (Hubbert and Willis, 1957; Hickman and Zoback, 1983; Moos 

and Zoback, 1990).  

One type of data that should always be collected is Pressure While Drilling (PWD).  PWD 

can be used as a check with the LOT or as a stand-alone stress magnitude measurement 

where there is no LOT because this pressure is related to the fluid pressure exerted on the 

formation during a minihydraulic fracturing test.  PWD is a real time measurement of 

formation fluid pressure that can be used to determine mud weight and pressure changes 

associated with different formations.  These are transmitted in real time and are collected 

and stored in the tool assembly.  One advantage to PWD logs is that the pressure is 

measured down hole; PWD is a direct measurement of the pressure on the formation, 

including loss of circulation events.  LOTs can also collected measurements down hole, 

but this is often not the case.  This difference can be corrected for easily.  This pressure 

can, with justification be considered the least principal stress because where fluids began to 

escape into the formation is the point at which the minimum horizontal stress has been 

overcome by the fluid pressure.  PWD is a less controlled measurement and can fluctuate 

with fluctuations in rock properties like permeability which is why this is not the most 

desired method of determining Shmin (Hickman and Zoback, 1983; Zoback et al., 2003; 

Zoback 2007 and references therein).   

2.2.3 Maximum Horizontal Stress 

SHmax is the most difficult of the principal stress magnitudes to constrain. However, 

constraints can be estimated due to its relationship to Shmin and Sv either by the limits on 

differential stress within the Earth if the study area is actively deforming and frictional 

strength is known, or from the formation of breakouts if the uniaxial compressive strength 

is known or can be estimated.  There are slight differences in equation derivation 

depending on the information known and the faulting regime.  When there are BOs within 

the borehole, SHmax can be determined for any stress environment in vertical wells when 

rock strength is known or estimated. However in RF environments Shmin is usually poorly 

constrained or unknown. In deviated wells, the direction of Shmin must also be known 

independently.  If no BO data are available, the maximum possible SHmax can be estimated 

in a SSF environment by rearranging the Anderson stress relationship if the frictional 

strength and uniaxial compressive strength are known. 

SHmax determination in a Strike Slip environment 

The criteria for slippage in a SSF environment are dependent on SHmax and Shmin since they 

are equal to σ1 and σ3, respectively.  If Equation 4 is rearranged as shown in Equation 7, 

SHmax can be calculated for a given μ.  In this equation shown, μ=0.8 which is used in the 

modelling discussed later.  This is the maximum limit of SHmax within a SSF environment. 

                              (7) 

If the system is currently tectonically active as evidenced by geodetic information or 

earthquake activity, this magnitude is likely a good measurement of SHmax within its 
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assumptions. However, the absence of breakouts would need to also be modelled so that 

the magnitude is consistent with both constraints.  This is a relationship derived from a 

purely SSF environment and may not be the case for the Hellisheidi field as it sits near a 

triple junction and HN-16 is highly deviated from the vertical stress which is assumed to 

approximate one of the principal stress directions.  The other method of calculating SHmax 

magnitude is by correlating rock strength and BO width (Zoback et al., 2003).   

SHmax determination using Breakouts 

BOs form when the compressive hoop stress on the borehole wall exceeds the uniaxial 

rock strength.  In a vertical borehole, this compression along the borehole wall would be 

caused by the horizontal differential stress, and underbalanced drilling in which the mud 

weight in the borehole is less than the formation fluid pressure.  Numerical simulations 

(Zoback et al., 1985; Zoback et al., 2003) and rock mechanics experiments (Handin, 2007) 

show that the width of BOs is confined to the region in which the uniaxial compressive 

strength is exceeded and do not continue to widen beyond this limit. This implies that at 

the edges of the BO, the uniaxial compressive strength is equal to SHmax.  Barton et al. 

(1988) used these constraints to derive the following equation: 

      
(           

  )      (         )

         
       (8) 

 Where: C0 = unconfined uniaxial compressive rock strength 

     = difference in wellbore pressure and pore pressure 

    = thermal stress from the difference in temperature from drilling fluid to 

the formation temperature 

     = angle between breakout and SHmax 

Equation 8 has been successfully applied in both oil and gas fields and geothermal fields in 

the Western United States, Germany, Russia, and other places (Huber et al., 1997; 

Davatzes and Hickman, 2010; Hickman and Davatzes, 2010).  SHmax can therefore be 

estimated based on BOw, if one knows pore pressure, vertical stress, least principle stress, 

and rock strength for vertical wells (Zoback et al., 2003).  Thus, the principal stress 

orientations and magnitudes would be completely defined in a vertical wellbore. Uniaxial 

Compressive strength, C0, is a critical variable within this equation because the strength of 

the rock is the determining factor of when faulting will occur.  This becomes more 

complicated in a deviated well because the well axis is not oriented with the vertical stress 

axis normal to the earth‘s surface.  An orientation normal to the earth‘s surface is required 

for stress orientation in order to correlate stress data across wells and areas within a 

geothermal field 

2.3 Deviation Correction 

Correlation of observations is needed for regional scale studies and full understanding of a 

site.  Comparison from well to well and usage of data outside of the wellbore requires that 

each well is in the same reference frame, often referenced to the earth‘s surface.  For 

vertical wells, any deviation less than 15
o
, they are assumed equal to the geographic 

reference frame; deviated wells, however, need to be corrected back to the common 

geographic coordinates.  This is a complex problem because it is a rotation of vectors and 

the entire stress field, meaning stress directions and magnitudes need to be manipulated.  

The steps involved transforming the stress field from its own coordinate system into a 
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geographic reference frame and then move it again into the borehole coordinate system.  

These steps can be done iteratively through a series of forward models to explore the 

parameter space until observations from the borehole match those predicted by the model.  

The critical issue is to constrain the potential range of the variables by independent 

measurements of σ3, Pp, SHmax azimuth, and rock strength (specifically the uniaxial 

compressive strength, internal friction coefficient and cohesion), and elastic parameters 

including Poisson‘s ratio, Biot‘s coefficient, and linear coefficient of thermal expansion 

which are sufficient in the simple case of an approximately homogeneous, isotropic 

medium. .  Figure 13 is a representation of the three reference frames and how they are 

associated. 

Zoback (2007) includes an in depth explanation, with minor corrections, of the process 

presented by Peska and Zoback (1995) and everything summarized in Zoback et al. (2003).  

This model is used to model stress in deviated boreholes.  Given the deviation information 

for the borehole (well trajectory into the earth), this model allows the calculation of the 

stresses required to cause a borehole deformation.  For this study, breakouts, BOs, and 

their associated width, BOw, provided the best constraints; consequently, modelling was 

performed to estimate the conditions necessary to produce the BOs seen within the 

wellbore given constraints provided by depth, the faulting environment and the limitations 

on stress due to finite rock strength, and borehole conditions such as mud and fluid 

pressures.  From these conditions a reasonable range of minimum and maximum stress 

magnitudes can be determined to define the range of possible stress states.  To implement 

this approach at the Hellisheidi field, many assumptions were necessary and these are 

discussed within the results section. 

Figure 13. Left shows stress in the borehole reference frame. Center shows the 

coordinate system used in the transformation from the Geographic, principal stress tensor, 

S, to the borehole coordinate system.  Right shows how the relationship among borehole 

reference frame to the geographic reference frame and illustrates the corresponding angles 

of rotation (reproduced from Zoback et al., 2003). 
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2.4 Natural Fracture Identification 

As stated earlier, natural fractures are identified within a wellbore from the sinusoidal trace 

that is displayed in an unrolled image log.  The trace is typically revealed by a loss of data 

due to scattering of the acoustic pulse or longer travel times resulting from the porosity of 

the fracture or its preferential erosion adding roughness to the borehole wall.  Figure 14 

gives an example of a fracture sinusoid in an image log.  Each natural fracture can be 

uniquely identified because data is included about depth, azimuth and inclination.  Figure 

14 shows how strike and dip of a fracture can be calculated from the sinusoid (Advanced 

Logic Technology, 2007).  Fractures can be picked and azimuth and inclination calculated 

within borehole log analysis programs such as WellCAD produced by ALT.  Within this 

program fracture picking is accomplished by fitting a sine wave to the fracture trace which 

assumes a cylindrical borehole and a planar fracture. WellCAD does not allow the 

projection of the fracture to deviate from a symmetrical sinusoid when being picked.  Non-

sinusoidal fractures must then be approximated and are thus harder because of this built in 

limitation of the program.  In these cases there will not be an exact match, but the fracture 

is still picked because it is a visible fracture that is approximately sinusoidal in nature.  

More detailed explanation of these picks is located within the error analysis section.  

Fractures picked in wellbores, are still in the wellbore coordinate system.  To compare 

between wells and to project fractures into a geographic reference frame, a calculation 

from apparent to true dip is required. 

2.4.1 Apparent to True Dip Correction 

The fractures picked in the borehole start with orientations that are defined in the local 

borehole reference frame, that is relative to the borehole axis and either the dip direction or 

north.  This is the data collected as shown within Figure 14.  This local reference frame 

results in ―apparent‖ strike and dip information that cannot be correlated with other wells 

until all are put into a common reference most often being a geographic coordinate system.  

The correction for apparent orientation here is vector transformation.  It is easiest to 

consider the wellbore system as x‘, y‘, and z‘, where x‘ is oriented to the high side of the 

borehole, y‘ is an arbitrary horizontal axis perpendicular to x‘, and z‘ is oriented down 

following the wellbore path.  The geographic system is x, y, and z, where x is True North, 

y, is East, and z is vertically down into the earth.  The first rotation moves about the y‘ axis 

and places the borehole from its inclination to a vertical well position, aligning z‘ with z.  

The second rotation aligns the final two axes by rotating about the z‘ axis.  Figure 15 

illustrates the two rotations as described (Jaeger et al., 2007; Martel, 2002).  Although this 

description has been for the borehole itself, the same rotation matrices are used to reorient 

the fracture planes into a geographic reference frame. 
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Figure 14. (Top) Image of a fracture in three dimensional space where the origin 

represents the center of the borehole.  (Bottom-Left) Image of a fracture unrolled and 

(Bottom-Right) how to calculate the dip seen within the borehole. Cal stands for caliper 

of the borehole which is the diameter of the borehole in this case, ∆z is the amplitude of 

the sine wave and ϕ is the dip angle (reproduced from Advanced Logic Technology, 

2007). 
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Figure 15. The two rotations used to transform the local borehole coordinates to 

geographic coordinates.  Rotations are shown in map view, and the blue represents the 

geographic coordinate system (modified after Martel, 2002). 
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3 RESULTS 

Analysis in this project has included natural fracture picking and induced structure picking 

for stress orientation within the HN-16 wellbore and rotation to a model stress state of the 

reinjection field in a geographic reference.  The natural fracture network has been 

corrected for the deviation of the well and fractures plotted in correlation to the stress 

model to examine likelihood of slip.  To make a complete stress model, the three principle 

stress magnitudes have to be independently defined and a rotation of the stresses inside the 

wellbore to a geographic reference frame computed.  There have been no definitive tests, 

such as a mini-hydraulic fracture, to constrain the stress magnitudes or the faulting regime 

of the reinjection field where HN-16 is located.  Therefore the range of potential models is 

presented below with different assumptions made about the stress magnitudes.   

3.1 Deviated Well Coordinate System 

HN-16 is deviated with a Northern trajectory and inclination up to 36.4
o
.  Exact position of 

the borehole is required in order to project the borehole back to a geographic reference 

frame.  Two data were collected to calculate well path: a gyroscopic compass and a three 

direction set of magnetometers and accelerometers within the ABI43.  Both of these data 

have caveats and may be use separately, but this would lower the accuracy of the results.  

The gyroscopic compass is a precise tool that only relies on inertial forces and is accurate, 

but is often run by itself.  This is a slow process, thus, many gyroscope logs have few data 

points, which averages the well path in between them.  In HN-16, data were collected 

every 10 m.  While the accelerometers in the ABI43 work in the same way as those in a 

gyroscopic compass, the magnetometers collecting azimuth direction collect data as a 

magnetic compass.  These do not collect reliable data within cased sections of a well, or 

within rock sections containing high magnetic mineral content.  Accelerometers within the 

BHTV tool, however, collect data at the same rate as the ABI43 collects data and will have 

a resolution of the well up to every 3 mm.  To correct for deviation, the entire well 

trajectory is required, including the cased section.  The gyroscope log and the azimuth and 

inclination logs for the well were compared to insure proper well trajectory.  Figure 16 

shows the deviation direction and the inclination and the correction applied.  Several 

manual corrections were needed to fit the ABI43 data to the Gyroscope data.  Magnetic 

declination is corrected for but overcorrected based on the gyroscopic data.  This was 

corrected back to match the two and these data are used to correct for the deviation of the 

well for the picked data from the image logs.  The magnetic declination at the time of well 

logging was 15.4833
o
 East from Geographic North; the correction made to the ABI43 data 

to match it to the gyroscopic data was 11.4833
o
. 
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Figure 16. (Top) Projection of the borehole azimuth and (Bottom) cross-sectional image 

of the borehole vertical profile.  Corrections were made to fit the azimuth data from the 

ABI43 to the Gyroscope which is in the geographic coordinate system.  The vertical 

profile of the well has little variation from the Gyroscope data and the ABI43 data.  TN in 

the well path projection is True North, MD is Magnetic Declination correction, the green 

line is the Magnetic Declination, and the blue line is the strike of the cross section image.  

TVD on the vertical profile is True Vertical Depth.  All units are in meters, and legends in 

both images are identical. 
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3.2 Deviated Well Stress Orientation 

The stress orientation within the borehole is the observed data.  It can be used for 

predicting conditions of future wells to be drilled with the same azimuth and inclination in 

the same area, but is most often one of the pieces of data used to model the geographic 

stress model.  As stated previously, stress magnitudes are needed with the induced 

structures to perform the matrix rotation and model the stress in reference to a different 

coordinate system.  None of the stress magnitudes for this area are well defined from 

previous literature and were not able to be conducted for this study.  In light of this, the one 

thing known is the stress orientations within the deviated well and is worth presenting as it 

can be a base for future research.   

There were a number of BOs visible in the well along with PCFs.  En echelon TFs were 

not detected given the criteria for picking.  The borehole has been examined in sections, 

looking for major variations in BO orientation among clusters. In the lower section of the 

well there is one C to D quality identified BO that has a different orientation to BOs within 

the rest of the well.  This is questionable data and will not be considered as a possible 

rotation to the stress field.  The wellbore stress orientation is presented in figure 17 for the 

entire length because there were not conclusive, distinct changes in BO orientation.  All 

induced structure data is included in Appendix A.  There are plots of both travel time and 

Amplitude logs because some breakout pairs picked may not have been visible in both 

logs.  PCFs are not displayed to show a specific stress orientation because not enough 

research has been conducted in PCF formation within deviated wells, but the picks are also 

included in Appendix A.  One note to be made is that the SHmax value displayed in the 

figure does not necessarily coincide with the true SHmax direction.  The formation of BOs is 

a function of deviation, stress magnitude, and stress field orientation and no longer just the 

stress orientations.  That data does show the stress field is acting how one would expect 

within a well of this trajectory. 

A B 

Figure 17. Stress orientation within the borehole deduced from picked BOs.  (A) is BOs 

from the amplitude image log and (B) is BOs detected in the travel time log.  Both sets 

indicate the same SHmax direction within the given error, although this is not correlated to 

the true SHmax direction. 
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3.3 Geographic Coordinate System Results 

3.3.1 Natural Fracture Network 

The natural fracture network within the geothermal field is important for fluid flow in the 

field and may also be an indicator of the faulting regime from fractures at the near surface.  

Throughout the well there is a small variation in the strike and dip of the fractures, 

indicating possible minor variations of the stress field; but as a whole the fractures within 

the well trends with a strike NNE-SSW dipping nearly vertical to the east.  These findings 

are similar to results of previous fracture studies in the area (Blischke, pers. comm., 2010-

11; Hardarson et al., 2010; Foulger, 1988).  Figure 18 is a polar diagram displaying the 

distribution of the strike and dip of the fractures.  The major difference with the findings 

from this study and previous is the strike of the fractures.  Previous studies suggest the 

strike of the fractures is slightly more east than shown here.  Fractures that have an 

apparent aperture and are presumed to be open have been plotted separately from those 

believe to be filled.  Apparent opening within the image log is indicated by signal loss 

within the image logs.  These are the most interesting fractures because they are likely to 

be the major flow paths through the reservoir.  

There are about double the number of fractures with an apparent aperture picked versus 

fractures that were interpreted as filled.  It was seen that the number of open fractures and 

fault zones increased in the lower portion of the well.  Stresses increase into the earth as 

depth increases, and increasing the required pressure to induce fracture slippage, which has 

implications on any planned stimulation events. 

Open fractures were examined separately from filled fractures.  This has two motives; it is 

possible the open fractures are related to the current stress field and are more prone to 

reactivation, keeping them open and allowing fluid flow.  Filled fractures may be 

indicative of a previous stress state that has since changed and decreased the pressure on 

the earlier fractures effectively closing the flow paths through lack of movement and 

precipitation of solids from the fluids.  Comparison of the filled fractures versus the open 

fractures indicates a similar strike and dip of all fractures throughout the borehole.  This is 

the case for this study and previous fracture studies.  All fractures picked and the type of 

fracture, open or filled, is included in Appendix A. 

Several parameters of the fractures were analyzed as a function of depth even though 

fractures were modeled together for the entire well.  Apparent aperture and number of 

fractures with depth gives an interesting result.  Figure 19(A) shows that both of these 

parameters increase with depth.  Dip was also examined with depth.  There have been 

suggestions saying major faults that are steep at the surface tend to become shallower 

dipping structures with depth.  Figure 19(B) shows that dip as a whole does not vary 

significantly with depth; if there is a change, it is an increase in dip angle with depth.  One 

note, however, some of the shallowest dipping fractures are found near the bottom of the 

well. 
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Figure 18. Lower hemisphere polar plots of fracture network in the entire logged length 

of well HN-16. (A) is open fracture types within the Travel Time log, (B) is open fracture 

types located within the Amplitude log, and (C) is filled fracture types within the 

Amplitude log. Notice that the average strike and dip for each set of data do not vary 

significantly.  Black lines on the outside are approximate average strike of the fractures 

represented in the respective polar plot. 
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3.3.2 Geographic stress state 

Two independent stress magnitudes are needed along with the presented stress marker data 

in order to constrain the stress model.  Shmin data is one that can be estimated from drilling 

logs if collected accurately, or a LOT.  It was already discussed that there is no LOT for 

HN-16, and drilling logs were unfortunately not accurate enough to conclude a reasonable 

value of Shmin.  Both Sv and SHmax would be estimated using different assumptions to 

complete the equations.   

Sv is a simple calculation that involved a basic overburden calculation to the point of the 

stress marker using Equation 6.  A cuttings log was included with HN-16 data, but no 

specific density measurements were known for the rocks described in the log and time 

constrained the ability to find exact measures.  Instead, a constant value of 3000 kg/m
3
 is 

assumed for the density of the entire well.  This is the common value of basalt and all 

rocks in the cuttings log were some form of basalt (Schon, 1996; Asmundsson, pers. 

comm., 2010-11). 
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Figure 19. (A) Apparent Aperture vs. True Vertical Depth.  A larger number of fractures 

are seen at the bottom of the well and the fractures with the largest apparent aperture. (B) 

Dip vs. True Vertical Depth.  The general trend of the graph shown by the black dotted line 

indicates a small increase in steepness as depth increases, however, the lowest dipping 

fractures are at the bottome of the well. 
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Several important data are required to estimate SHmax magnitude.  Table 3 summarizes 

assumptions made to calculate SHmax.  The most important is the unconfined uniaxial 

strength of the rock, Co.  This value was unknown for the Hellisheidi field and would also 

need to be estimated based on the rock type.  Other data was generalized given that the 

dominant rock type was basalt.  Thermal expansion was not considered because the well is 

thought to have been in equilibrium before image log collection.  The fluid pressure (Pm) 

was also assumed to be in equilibrium with the formation pressure (Pf) because only water 

was used for drilling the open-hole section of the well.  This makes it easier for the well to 

reach equilibrium as there is not increased pressure from mud on the formation. 

Table 3. Data used to make the calculations for SHmax.  Data and formulas for parameter 

calculation obtained from Schon, (1996); Zoback, (2007); and Jaeger, et al., (2007). 

Parameter 

   

Magnitude Error 

Poisson's Ratio 

  

0.25 

 

0.05 

Biot's coefficient 

  

1 

  ΔT during Drilling [
o
C] 

 

100 

  coefficient of thermal expansion [
o
C] 6E-06 

  C0 

    

155.2 

  Coefficient of Internal Friction 

 

1.1 

 

0.1 

Cohesion [MPa] 

  

30 

 

5 

Coefficient of static Friction 

 

0.8 

  Density of Basalt [kg/m
3
] 

 

3000 

 

500 

Friction Parameter 

  

4.329 

  HN-16 Water Table 

  

230 

  
From these assumptions a basic stress model shown in Figure 20 was created to predict the 

criteria for final calculations.  Each of the stress magnitude lines has some assumption 

associated with it, so the stress magnitudes are not confined well; however, the possible 

stress states with the given assumptions is confined to the area between the solid blue line 

and the solid red line.  Given this diagram as a guideline, modeling can be run to define the 

faulting regime and then to confine the stress magnitude possibilities. 
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Figure 20. Stress model parameters for defining the stress state of the field.  The 

maximum stresses that will be allowed are the maximum stress reachable in a SSF regime 

because RF has not been discussed to occur in Iceland.  BO distribution with depth is 

shown including the first BO at 976.2 m TVD.  Final stress magnitude ranges are also 

posted.  The circle stands for the minimum stress model and the box is the maximum stress 

stress model. 
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From this plot a reasonable range of possible stress magnitudes have been discovered and 

can now be tested with the modeling of BO formation given the assumptions that have 

been made.  The modeling has created the stress polygon given the assumptions with axes 

normalized to Sv. The gives the model to state the first depth at which BOs can form given 

a specific stress scheme and make contour lines indicating this depth for a range of stress 

states within the stress polygon.  From previous literature, one would expect the faulting 

regime at Hellisheidi to be NF or SSF.  This helps to make the assumption that RF regime 

is not going to take place and the stress polygon can be sized down significantly.  An 

iterative process was done to test different orientations of the borehole with respect to 

SHmax to see if orientation in the stress field given the azimuth and inclination would have 

an effect on BO formation.  Modeling was conducted using Geomechanics International‘s 

SFIB software. 

Three different orientations were initially tested where the borehole deviation was (1) 

parallel to SHmax, (2) perpendicular to SHmax, and (3) and a 45
o
 angle to SHmax.  It is possible 

that as the borehole moves within the stress field, BOs would have the ability to form at 

different stresses and correlate to different faulting regimes.  Orientation within the stress 

field for HN-16 does not seem to have a major effect on the formation of the first BO and 

was always forced to form within the SSF environment.  Case 1 is used for the rest of the 

calculations to define the stress state.  Figure 21 is the stress polygon associated with Case 

1.  The minimum and maximum stress ratios of SHmax and Shmin to Sv can be seen on the 

stress polygon. 
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Once SSF was realized, the range of stress magnitude can be used to confine the amount of 

variability that SHmax can have with its direction.  The amount of variability in the SHmax 

direction is a function of the borehole trajectory and the stress magnitudes required for 

borehole wall failure.  The stress requirement is a function of the rock strength, which has 

been assumed to be constant, and the trajectory of the borehole varies little throughout the 

well.  Figure 22 shows the possible SHmax azimuth directions at the minimum Shmin value.  

There is little variation within the azimuth, implying that in this given scenario, the needed 

SHmax magnitude has a negligible effect on azimuth direction.  The orientation of SHmax was 

also tested at the maximum value of Shmin to see if there would be any variation.  In this 

scenario the range of orientations was constant for the entire range of C0.  Appendix B 

includes figures from all scenarios tested for comparison. 

Figure 21. Stress Polygon from case 1.  The red lines are equal depth lines showing the 

first depth at which BOs can form at the predicted stresses.  Yellow dots are the minimum 

and maximum stress state that is predicted in well HN-16 given the depth of the first BO.  

RF is assumed to not occur within the Hellisheidi field so area highlighted by blue is 

considered out of the possible range of values.  The axes are ratios of the horizontal 

stresses to the vertical stress.  With these minima and maxima ratios defined, the stress 

magnitude can be measured and a range of values given.  
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Now the stress magnitudes have been confined and the directions in a geographic reference 

frame.  A possible stress range model has been produced from many assumptions and the 

observed BOs within the BHTV logs.  This result is rough and may have lots of error 

associated with the assumptions, but it is a starting point for future research.  Table 4 

summarizes the results for the modeled stress state desired for this study.  Modeling 

beyond the first BO formation was not conducted because the number of assumptions 

makes further modeling fruitless.  The assumptions made would limit all stress model 

predictions from deeper BOs and the stress field would increase linearly with depth.  The 

modeling of the stress state gives more information that can be used for planning wells in 

the same stress state such as the tendency for BO formation, BOw prediction, and BO 

orientation.  These results were not used in the interpretation but are useful for the planning 

of future wells at the Kolvidarholl reinjection site and are displayed in Appendix B. 

  

C0 range estimate 

Figure 22.  Possible SHmax orientation at the minimum Shmin value for a given range of C0 

values.  The possible azimuth does not deviate until very low values of C0 implying it is 

more or less constant throughout the well. 
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Table 4. Final stress model values for Case 1, in a SSF regime.  There is an associated 

amount of error with the stress magnitudes, but it is hard to define because of the number 

of assumptions.  Shmin is the parameter that is least constrained and is the first priority for 

any future research.  SHmax azimuth error is a best case scenario assuming the model is 

correct. 

CASE 1 Model 

TVD Sv Shmin SHmax SHmax Azimuth 

M MPa MPa MPa deg 

976.2 28.8 12.7 69.66 21.1    +/- 5 

976.2 28.8 28.8 74.24 19.5    +/- 5 

3.4 Mohr Circles 

Orientation of fractures within the stress state is analyzed to see if any fractures are 

optimally oriented for slip.  Previously mentioned was the linearity of the stress model.  

Although the pressure log showed this to not be perfect, it was used for the model and is 

now used to orient fractures.  By assuming a linear increase in stress, Mohr circles may be 

normalized with respect to Sv and a ratio of the principal stresses acting on each fracture 

determines the position of fractures onto the diagram so that all fractures may be plotted on 

the same diagram irrespective of depth.  Figure 23 displays the fracture network on Mohr 

circles for the minimum and maximum possible stress state.  Results show there is a 

majority of the mapped fractures that are optimally oriented for slip for normal faulting.  

Although many seem in the frictional failure envelope, the SSF environment and the steep 

dip of the fractures may inhibit normal faults from forming.  The green shaded section in 

Figure 23B is a frictional failure envelope of 0.1 to 0.3 that corresponds to clay-lined faults 

(Davatzes, pers. comm., 2010-11).  This puts more fractures in the maximum stress model 

into a faulting region, although this would skew the rest of the model since a µ of 0.8 was 

used to define the stresses and not 0.1 to 0.3. 
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3.5 Error Analysis 

Error analysis is necessary to understand how the results may be used for future research.  

If there is sparse, low quality data, this increases the error possibilities and devalues the 

results as a basis for additional work.  Data quality and modeling assumptions have been 

analyzed for a complete understanding of the results. 

As a whole, the results presented are believed to be sufficient for the goals of the project.  

While exact stress magnitudes are unknown, the general amount of stress in the field in any 

given direction can be estimated.  This estimation is enough to determine the necessary 

pressure to put on a well for a stimulation project, or the possibility of well stability failure 

given a projected azimuth and inclination of future wells.  The natural fracture orientation 

data has little variation and all picks are believed to be of high quality because of the 

limiting factors designed into the WellCAD program.  The area most affected by the error 

Figure 23. Mohr Circle Diagrams for the given possible stress states.  The solid black line 

corresponds to frictional failure of the modeled basalt at 0.8, the orange shadow is the 

typical range of friction (0.6≤µ≤1.0) (Zoback, 2007; Hickman and Davatzes, 2010), and 

the green shadow is the range of friction for a clay lined fault (0.1≤µ≤0.3). (A) Mohr 

Diagram at the Shmin conditions.  A majority of the faults are shown to be critically stressed 

and likely unstable; one criteria for the model included the stress state being at failure and 

some of these may just be artifacts from this assumption but the number of fracture planes 

in this zone implies that there are fractures optimally oriented for slip along a normal fault.  

(B) Mohr Diagram at the SHmax conditions.  It is clear none of these faults should be open 

unless (1) the faults are clay lined therefore lowering the frictional strength to the green 

shadow, (2) this is the incorrect model for the reinjection area, (3) the Hellisheidi 

geothermal field is not in equilibrium with the regional stress field. Judging by these two 

graphs, it is inferred the stress state is closer to minimum modeled stress state than the 

maximum; this could just be due to the lack of constraints in the model as well. 

A 

B 
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will be along the stress polygon boundaries, both the confined stresses and the faulting 

regime boundaries, because this is where all of the assumptions are made.  Effects of the 

error should be less noticeable toward the middle of the stress polygon. 

3.5.1 Data Quality 

Data quality values have been given to each of the picked BOs used for modeling.  All 

picks are labeled B or C quality with only small variations in azimuth position; 

consequently, a weighted average was not used in the study because it did not seem 

necessary.  Basic quality control was taken such as preferentially picking travel time BOw 

over an amplitude width.  Unfortunately, the orientation of the well and the prior 

knowledge outlined in Zoback et al. (2003) predicted BOs in the same vicinity as where 

the key seat was within the well.  This resulted in zero BOs that were not at least partially 

in contact with the key seat.  Many structures believed to be BOs were excluded because 

the presumed BO in the key seat area was not clear.  Many of these could have been picked 

as quality D, but were instead left out in preference for a higher quality, lower quantity 

data set.  The picking criteria excluded a large number of possible BOs from the data set, 

but keeping the high quality data increases the accuracy of the stress model.  The lower 

quality data brings up a second issue of width picking with BOs.  BOw is important 

because it is part of the known information used for modeling.  If the image was unclear to 

pick the specific width, it would be underestimated.  Underestimating the BOw would 

cause for an underestimation of SHmax.  This should not pose problems for a stimulation 

project since Shmin is the magnitude that needs to be exceeded; however, wellbore stability 

predictions will be effected.  Also where the same BO was picked in the amplitude and 

travel time log, the travel time log width was preferentially chosen as this log was often 

more clear.  Several plots have been made to examine the variance in the data set.  The 

data set was seen to be uniform with little variance in almost every aspect.  Figure 24 

shows the variability of the BO data set. Azimuth and inclination of the borehole vary on a 

small scale, only about 4 degrees for inclination, and azimuth is nearly constant.  These are 

taken as invariant for this study. 

Natural fractures do not have a quality associated with them because the manner in which 

they are picked limits the ability of the user to misidentify fractures.  A fault plane, when 

cut by a borehole, by definition will form a sinusoidal plot showing the nature of that 

plane.  Two primary scenarios in this well could cause a fault plane to not exhibit this 

shape.  If there is an apparent aperture to a fracture, it is possible the width is not uniform 

through the section cross cut by the well or appears non-uniform because of data loss.  This 

would be visible as some sort of deviation from a symmetric sinusoid.  If a symmetrical 

sinusoid will fit within the aperture of these structures it is picked and the assigned 

apparent aperture can be considered an average.  Figure 25 is an example of this scenario.  

The second possibility is in areas of magnetic anomalies.  The magnetic anomalies will 

distort the image logs.  The amount of the distortion is directly related to the size of the 

anomaly.  Figure 26 shows how this distortion will appear.  It is possible to estimate the 

fracture orientation in the same manner as before, by making a best fitting sinusoid.  This 

will be possible based on the degree of distortion of the image.  There is also the ability to 

filter the data and correct the image distortion, but this cannot be done section by section 

and will skew the rest of the image while correcting the specific section of interest.  In this 

study, areas of high distortion were not examined for fractures so that this would not be an 

issue.  The other data quality issue mentioned briefly earlier is loss of data integrity from 

large variations in temperature or pressure.  This did not occur in well HN-16 because it 

was being cooled to ambient water temperature (near 10
o
 C) while the image log was 
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collected.  The fracture network was compared with work done by Anett Blischke and 

Ragnar Asmundsson of ISOR for consistency (pers. comm., 2010-11).  Comparison 

reveals similar fault attitude in well HN-16 to the other fracture maps created within this 

area; this concurrence in the fracture networks adds confidence to the results presented 

here. 

Sampling bias is another issue associated with natural fracture picking.  The borehole is 

only a small sample within the earth and can be thought of as looking through a stationary 

straw into a ballroom; very little is actually seen.  Any structures such as bedding and 

natural fractures that are in the same orientation as the borehole will not be seen since they 

will run parallel to each other within the earth and any near this orientation will be harder 

to see within the well.  For HN-16, this would be fractures with a dip near 35
o
 and a dip 

direction toward the North.  Fortunately, there has been no mention of fractures with this 

orientation in previous literature of the Hengill Volcanic Zone as a whole, so it is assumed 

fractures with this orientation are a minor component if they exist. 
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Figure 24. (A) Histogram of BOw.  There is little variation within all of the picked BOs. 

(B) Histogram of BO azimuth.  Again there is small variation among picked stress 

markers.  (C) Number of BOs versus depth.  One would expect more BOs to occur as 

depth increases because the principle stresses will increase while the compressive strength 

of the rock is near constant.  The large number of BOs near 1,400 m may be an indication 

of a weaker rock layer and showing that this assumption is not entirely true. 
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Figure 25. Image showing a fracture at a depth of 1,097 m that is an asymmetric sinusoid.  

A symmetrical fracture is fitting to it and can be assumed as an average of the fracture. 

Figure 26. Example of a magnetic anomaly and how it will distort the BHTV images at a 

depth of 1,320.25 m.  Distortion is visible in the way the key seat is displaced from its 

straight trajectory. 
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3.5.2 Modeling assumptions 

Many assumptions have been made for stress model calculations in this field because there 

is limited data.  Each assumption increases the room for error within the model.  As seen in 

figure 21, there is a range of possibilities to produce the observed BOs all bounded within 

a stress polygon.  Each of the polygons edges are the limit to the possible stresses to cause 

BOs.  Each of these has some assumption associated with it.  The Sv is a simple calculation 

based on the depth of the observation and density of overburden mass giving the 

cumulative overload pressure to that point.  Density of each rock type above that 

observation depth is required to determine Sv accurately.  HN-16 has an associated cuttings 

log and describes the underlying rock as several different forms of basalt.  Density, 

however, for the rocks in this specific area were not found, so the average density of basalt 

is used for the entire well.  It is also concerning that hyaloclastite is not mentioned in the 

cuttings log or given its own category with a known density. 

The frictional strength, μ, of the rock and the corresponding uniaxial compressive strength, 

C0, is the other defining boundary of the stress polygon.  It is needed to calculate the 

maximum magnitude of SHmax and Shmin if these are not calculated separately.  This is a 

specific value for each different rock found within the well.  Each BO would be modeled 

separately as rock type changed to account for these different C0 values if there was data 

and time for this analysis.  Again, a common value for basalt has to be taken for all BOs 

within the well as the confining compressive strength.  Most of the time, this may be a 

reasonable assumption although our well exhibits slightly abnormal behavior.  Figure 24 

shows the distribution of BOs with depth.  Since C0 is expected to be constant for a rock 

type, it is believed that more BOs should occur as the well increases in depth because the 

rock is comparatively weaker versus the stresses.  From visible BOs, this does not seem to 

be the case, and there is a zone with a high number of picks around 1,400 m.  This could 

mean the assumption of a constant C0 does not hold for this entire well. 

Other sources of error include the lack of an independently calculated SHmax or Shmin.  It has 

been shown that this can be worked around making several other assumptions, but having 

this data would avoid several of the assumptions made and increase the accuracy of the 

model.  Several other average values are taken to fill all the parameters needed in Equation 

8.  Things that have been estimated include pore pressure, thermal stress and again the rock 

strength.  Most of these are data that can be determined through more experiments and 

possibly found through closer analysis of well logs; however, these assumptions are within 

the realm of error given the previous, more important assumptions that have been made. 

The area of most concern is the boundary between SSF and NF regimes.  The model shows 

the formation of BOs to all be within the SSF regime.  This minimum stress model, 

however, is close to the NF/SSF boundary.  The faulting environment has implications on 

the desired orientation of wells and which way a preferentially oriented fault is.  It is 

possible that all assumptions hold true and the faulting regime must be SSF, but until Shmin 

is better defined to constrain that boundary, this will be an area of concern. 
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4 CONCLUSIONS 

From analysis of well HN-16, induced stress markers are visible using BHTV data and can 

be used to model the stress field and plan a stimulation project at the Hellisheidi 

geothermal field.  This is a proven method that has worked in many places around the 

world, now including Iceland.  Although the models are hypothetical given the assumed 

criteria, it is one step beyond a conceptual model that gives more insight into the field and 

how future exploitation of the resource can be carried out in a sustainable manner.  It can 

be extrapolated from the results that this work is not complete and therefore can continue 

in a number of ways.  Future research possibilities will be discussed in the following 

sections. 

Positioning of the fractures on a Mohr circle indicates that a high number of the mapped 

fractures are within the frictional faulting window at the minimum stress state, and could 

be at the maximum stress state if fractures are clay lined, decreasing the µ.  The orientation 

and nature of the major faults corresponds to the modeled stress state and within the 

frictional faulting envelope of 0.6≤µ≤1.0.  Figure 27 gives the direction of SHmax within the 

Kolvidarholl reinjection area. 

One study prior to this made an observation of stress orientations from focal mechanisms 

of earthquakes in the area.  The observations stated that while 75 percent of the 

earthquakes were related to tensile cracking from cooling, the other 25 percent show shear 

faulting with an Shmin in a NW direction (Miller et al., 1998); this would position SHmax in a 

NE direction.  The majority of earthquakes given in this study are outside the area of 

reinjection and may not be directly comparable; however, this is the only other stress field 

orientation model and is therefore the best comparison tool.  The stress model produced 

from well HN-16 has agreeable projections of the stress orientations where SHmax is NNE 

at 20
o
 ±5

o
.  These independent observations matching increases confidence to the stress 

model, although other independent constraints will increase the accuracy more. 
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Figure 27. Aerial Photograph of the Hengill Volcanic Zone.  The white dot is the 

general area of well HN-16 where the stress field has been modeled.  Orange arrows 

point in the direction of SHmax.  Note that this model implies most of the faults or 

perpendicular to the Shmin direction (modified after Hardarson et al., 2010). 

S
Hmax
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4.1 Stimulation Possibilities 

4.1.1 Possibilities to Improve Reinjection 

The majority of the open fractures were seen in the lower portions of well HN-16.  HN-16 

is also the deepest reinjection well drilled in the area.  It is possible that the primary fault 

and fracture network has not been reached by the previous reinjection wells drilled 

(Asmundsson, pers. comm., 2010-11).  This makes an obvious choice for improving 

reinjection: to increase the depth of previous wells with the same orientation as HN-16.  

Another option is to drill a new well with the same orientation and to the same or greater 

depth.  This can make the earlier wells grounds for testing of other reinjection 

improvement tests. 

The other possibility to increase injection is a stimulation project in the existing wells.  A 

majority of the mapped fractures seem to fall near optimal orientation for normal faults to 

form.  As a SSF environment, it is questionable how faults will propagate and if 

stimulation will be successful because of this different in faulting environments.  The 

possibility of a NF environment may be within the error of the model which could 

potentially increase the number of fractures optimally oriented and the likelihood of slip; 

however, the steep dip of the fractures suggests the SSF model is correct.  Similarly, 

fracture network mapping by Blischke (2010) suggests the orientation is more oblique than 

shown here and better oriented for strike-slip faulting.  The primary issue with the current 

model is the constraints on Shmin magnitude.  Until this is better constrained, a stimulation 

project is not recommended because fracture propagation would be difficult to model and 

unreliable.      

4.2 Future Research Possibilities 

Several things are lacking to make this a complete and reliable stress model.  As discussed 

earlier, much of the stress magnitude data were assumed from areas outside of Iceland and 

are averages that can vary over a wide range of values.  The first step to better confining 

the stress model would be to get precise measurements of these data for the Hellisheidi 

geothermal field.  These data include frictional strengths and compressive strength of the 

rock types, density measurements, thermal stress from the temperature differences, and 

pore pressure.  These are all small data that could be collected in a reasonable time frame 

and be relatively cheap.  The stress magnitude of Sv could be constrained with these data, 

leaving the need for only one more stress magnitude to be defined independently to have a 

complete and well defined stress model. 

4.2.1 Better Constraints on the Stress Magnitudes 

Shmin is the more important parameter for this study to define.  This can be done with the 

LOT mentioned earlier.  Full LOTs are referred to as XLOTs, or Extended Leak-Off Tests.  

XLOTs work by pumping fluid into the borehole at a constant rate, thereby creating a 

linear increase in pressure.  This linear increase will eventually deviate, meaning a fracture 

has opened.  The point where the pressure increase deviates, the Leak Off Point (LOP), is 

the first estimation of the least principal stress.  Two more estimations of Shmin exist during 

the XLOT.  The second is after the maximum pressure is reached and drops to a near 

steady pressure called the Fracture Pumping Pressure (FPP).  The third is after pumping 

has stopped and pressure begins dropping: the gradient of the drop is referred to as the 
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Instantaneous Shut-In Pressure (ISIP).  One more measurement, the Fracture Closure 

Pressure (FCP) can be measured if a viscous drilling mud was used, and is a better 

measurement than all of those outlined above; however, if done improperly, this 

measurement will underestimate Shmin and cause an underestimation of SHmax when 

calculated (Zoback et al., 2003).  Figure 27 is a schematic picture of an XLOT. 

Note the pressure in Figure 28 is measured from surface and the borehole fluid pressure 

needs to be added to the measurements to determine the minimum stress.  Fluid pressure 

will be the calculation of the pressure associated with the volume of fluid within the 

borehole from the water table down to the depth at which the XLOT is conducted.  XLOTs 

can provide meaningful data when collected accurately.  In many cases, XLOT data are 

compiled with poor practice or not collected at all.  This makes the data questionable when 

collected and requires a second method as a check.  The second method for quality control 

as discussed earlier could be the PWD measurements. 

The second important factor that was not well constrained was the C0.  C0 can be 

determined from compressive tests on rocks that measure the strength of the rock until it 

reaches its frictional failure and breaks.  If a test is not run on rock samples themselves, 

this is a value that is possible to estimate from different Geophysical logs.  Two logs that 

can be correlated to the compressive strength are sonic velocity and porosity.  Porosity logs 

are common practice within exploration wells, but maybe not as common within 

production and reinjection wells.  Estimates from several wells in the Hellisheidi field 

could be used as a better estimate of C0 if there is not one of these logs for HN-16.  The 

added benefit of the Geophysical logs is that it will give variations of C0 throughout the 

LOP 

FPP 

ISIP 

FCP 

FBP 
Pressure 

Flow Rate 

Volume (or Time when flow rate is constant) 

LOP: Leak-off Point 

FBP: Formation Breakdown Pressure 

FPP: Fracture Pumping Pressure 

ISIP: Instantaneous Shut-in Pressure 

FCP: Fracture Closure Pressure 

Figure 28. A schematic graphic of an extended Leak-off Test with the important points 

discussed (modified after Zoback et al., 2003).  Several measurements from this test can 

be used to estimate Shmin.  The ISIP is the best estimation of Shmin. 
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well and BOw can be correlated to stress at varying depths in the well, increasing accuracy 

of the model instead of the linear increase in stresses assumption that was stated earlier.   

4.2.2 Comparison of Nearby Wells 

After better defining the stress state for HN-16, the next logical step would be to extend 

this stress state to other wells at the reinjection site.  Data were collected at wells HN-11, 

HN-12, and HN-14, although all are lower quality data.  Stress markers were believed to 

have been spotted in HN-14, although there was not enough time or data to correlate the 

two wells.  This would be an interesting comparison if a stress state can be defined for HN-

14 to see how extensive the stress orientations are, given the complexity of the Hengill 

Volcanic zone. 

4.2.3 Petal Center-Line Fracture Integration 

PCFs were seen throughout HN-16.  This is an important piece of data and has been shown 

to determine the stress state orientation within vertical wells (Garza-Cruz, 2010).  

Unfortunately, how PCFs form within deviated wells is less understood and has not been 

modeled fully.  A model that can use PCFs as stress markers would have doubled the size 

of usable data collected in this study.  Future research will need to define the formation 

parameters for these structures so that they become an asset in deviated wells instead of a 

nuisance. 
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APPENDIX A 

IDENTIFIED NATURAL FRACTURES  

Fractures displayed in this list have already been corrected for the borehole deviation and 

are now in a geographic reference frame still referenced to true vertical depth.  This 

rotation was done within WellCAD.  The type number is a code given by WellCAD 

identifying each fracture as the user defines.  These include bedding, filled fracture, 

partially open fracture, major open fracture, and others.  For simpler modeling, these were 

broken down to ―Open‖ and ―Filled‖ fractures.  Anything that had an apparent aperture, 

which is shown by signal loss within the Travel Time log, was considered Open.  Any 

fractures that only appeared within the Amplitude log were considered Filled.  Note that 

the Azimuth column corresponds to the Dip Direction, not the Strike of the fracture.  

Aperture is the apparent aperture, not true aperture. 

Travel Time Log Natural Fractures 

TVD Azimuth Dip Aperture Type Type 

m deg deg mm     

694.93 60.13 83.31 22.46 1 Open 

697.46 294.89 41.73 41.35 1 Open 

726.59 286.93 59.47 0 1 Open 

738.67 297.22 74.44 10.11 3 Open 

759.68 298.17 72.33 11.93 3 Open 

833.59 69.23 73.05 8.73 3 Open 

895.16 292.01 66.55 14.16 3 Open 

900.05 304.28 75.19 12.37 3 Open 

927.75 293.48 57.85 18.48 0 Filled 

962.71 312.52 68.3 25.16 1 Open 

968.88 300.76 75.79 27.19 1 Open 

973.07 302.08 72.99 0 2 Open 

973.74 302.67 71.17 4.16 3 Open 

1087.45 265.95 72.52 17.53 3 Open 

1204.58 326.85 72.7 30.24 2 Open 

1289.52 288.51 76.99 1.6 2 Open 

1331.86 65.41 64.97 0 3 Open 

1494.79 305.78 73.46 6.26 2 Open 

1623.61 93.7 82.54 0 4 Filled 

1635.1 290.91 84.45 9.42 3 Open 

1635.54 290.24 72.61 8.43 3 Open 

1637.4 300.05 86.77 10.08 3 Open 

1638.66 290.42 84.71 10.77 3 Open 

1644.58 295.94 82.55 0 3 Open 

1647.92 316.54 78.79 0 2 Open 

1672.75 302.21 80.98 8.22 2 Open 
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Travel Time Log Natural Fractures 

TVD Azimuth Dip Aperture Type Type 

m deg deg mm     

1681.65 321.04 70.88 0 2 Open 

1708.68 289.67 86.51 8.23 3 Open 

1709.46 279.33 70.56 7.86 3 Open 

1715.85 304.53 78.42 6.65 2 Open 

1724.8 289.98 73.59 4.31 3 Open 

1726.35 301.49 61.33 0 2 Open 

1727.26 273.05 79.07 0 3 Open 

1727.35 276.74 75.4 0 3 Open 

1733.78 295.04 70.88 0 3 Open 

1748.21 338.29 79.27 89.35 3 Open 

1750.21 304.87 78.18 5.36 3 Open 

1752.53 295.21 71.29 0 2 Open 

1770.21 348.93 66.1 6.58 1 Open 

1771.09 188.18 83.26 14.11 1 Open 

1771.83 321.31 74.4 21.12 1 Open 

1773.73 341.57 72.24 25.26 1 Open 

1776.1 0.86 67.69 16.03 1 Open 

1777.24 320.48 81.86 212.81 1 Open 

1810.54 316.51 73.21 3.16 3 Open 

1813.55 294.89 87.14 0 3 Open 

1813.79 326.71 71.38 0 3 Open 

1819.03 315.63 63.71 2.64 2 Open 

1824.79 329.33 73.58 14.31 3 Open 

1826.82 328.69 71.36 7.43 3 Open 

1850.11 316.06 76.05 16.51 1 Open 

1851.54 121.36 85.19 21.13 1 Open 

1853.03 303.06 80.03 13.16 1 Open 

1856.51 305.76 78.28 12.88 1 Open 

1857.32 300.73 81.56 9.78 1 Open 

1858.9 155.15 84.99 112.08 1 Open 

1859.45 316.98 76.45 19.44 1 Open 

1869.63 309.25 78.25 0 3 Open 

 

Amplitude Log Natural Fractures 

TVD Azimuth Dip Aperture Type Type 

m deg deg mm     

694.9 252.43 88.98 36.11 0 Filled 

697.44 290.18 51.45 10.94 3 Open 

726.54 282.4 60.73 0 0 Filled 

738.72 296.99 75.98 14.4 0 Filled 

759.71 300.09 71.27 13.55 3 Open 
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Amplitude Log Natural Fractures 

TVD Azimuth Dip Aperture Type Type 

m deg deg mm     

833.6 73.28 76 5.59 3 Open 

895.11 291.52 66.07 18.7 3 Open 

900.05 305.78 75.47 18.52 3 Open 

927.71 296.74 58.84 24.35 0 Filled 

962.69 308.36 70.63 34.72 1 Open 

968.91 313.25 70.53 27.19 1 Open 

973.1 307.26 70.65 0 2 Open 

973.77 313.41 66.53 4.1 3 Open 

1079.98 290.17 82.08 0 4 Filled 

1080.5 302.21 73.72 0 4 Filled 

1087.39 261.79 79.81 20.19 3 Open 

1204.58 334.35 69.13 22.18 2 Open 

1289.69 112.13 88.71 0 2 Open 

1332 89.86 78.06 0 3 Open 

1413.45 297.93 80.47 0 4 Filled 

1416.43 317.57 71.12 0 4 Filled 

1466.96 305.56 72.04 0 4 Filled 

1482.69 311.23 76.64 0 4 Filled 

1486.35 89.32 82.14 0 4 Filled 

1487.15 98.6 84.3 0 4 Filled 

1494.87 321.54 68.51 10 2 Open 

1560.1 302.76 79.89 0 4 Filled 

1560.66 317.05 81.13 0 4 Filled 

1569.01 298.59 83.62 0 4 Filled 

1593.39 143.91 83.61 0 4 Filled 

1594.79 304.52 78.25 0 4 Filled 

1599.61 323.91 76.15 0 4 Filled 

1601.24 300.98 80.54 0 4 Filled 

1607.52 292.71 88.37 0 4 Filled 

1607.91 295.27 86.32 0 4 Filled 

1620.56 341.39 58.6 0 4 Filled 

1622.28 354.44 54.57 0 4 Filled 

1623.6 96.41 84.85 0 4 Filled 

1632.92 320.7 58.57 0 4 Filled 

1634.63 305.55 82.87 0 4 Filled 

1635.1 286.11 74.61 6.19 3 Open 

1635.52 293.04 70.7 4.44 3 Open 

1637.45 298.15 85.26 6.69 3 Open 

1638.66 293.45 82.96 15.61 3 Open 

1643.65 287.61 85.47 0 3 Open 

1644.57 299.31 80.42 6.38 3 Open 

1647.92 311.33 80.44 0 2 Open 
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Amplitude Log Natural Fractures 

TVD Azimuth Dip Aperture Type Type 

m deg deg mm     

1648.97 303.41 81.55 0 2 Open 

1649.36 323.35 74.72 0 4 Filled 

1650.14 324.74 72.92 0 4 Filled 

1652.73 313.13 75.79 0 4 Filled 

1653.85 299.69 78.03 0 2 Open 

1657.52 322.27 71.64 0 2 Open 

1658.56 298.97 78.46 0 2 Open 

1660.69 295.5 80.12 0 4 Filled 

1663.79 271.25 84.73 0 4 Filled 

1667.86 315.99 72.48 3.79 3 Open 

1668.61 320.35 71.29 13.81 0 Filled 

1672.74 302.9 80.66 11.45 2 Open 

1673.62 328.15 71.69 0 4 Filled 

1674.68 306.86 77.75 0 4 Filled 

1681.66 316.85 72.08 0 2 Open 

1692.36 99.46 84.68 0 4 Filled 

1695.21 308.06 84.41 0 5 Filled 

1696.12 306.5 85.42 0 5 Filled 

1702.77 324.51 58.07 0 5 Filled 

1707.1 301.03 71.39 0 2 Open 

1708.71 299.32 81.72 7.2 3 Open 

1709.46 288.74 66.07 6.05 3 Open 

1715.8 317.81 74.79 0 2 Open 

1721.28 289 75.3 0 2 Open 

1722.85 288.7 74.76 0 2 Open 

1723.1 308.14 70.42 0 2 Open 

1724.79 294.27 70.37 3.97 3 Open 

1726.36 301.79 60.72 0 2 Open 

1727.24 280.75 74.82 0 3 Open 

1727.34 280.27 73.96 0 3 Open 

1731.55 345.42 63.55 0 2 Open 

1733.44 334.39 64.69 0 4 Filled 

1733.83 287.58 73.56 0 3 Open 

1735.71 340.24 66.16 0 3 Open 

1736.45 338.99 64.97 0 3 Open 

1741.5 181.27 29.1 0 no data FALSE 

1744.31 103.78 82.38 48.76 4 Filled 

1745.02 106.72 74.77 0 4 Filled 

1748.22 321.76 80.43 66.29 3 Open 

1750.18 303.44 78.76 6.81 3 Open 

1752.56 295.06 70.86 0 2 Open 

1759.92 158.89 77.33 0 2 Open 
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Amplitude Log Natural Fractures 

TVD Azimuth Dip Aperture Type Type 

m deg deg mm     

1765.64 330.84 67.19 0 4 Filled 

1767.46 336.31 66.75 0 2 Open 

1770.15 342.31 66.72 10.13 1 Open 

1771.1 175.23 83.21 17.41 1 Open 

1771.84 322.9 73.87 30.62 1 Open 

1773.72 324.99 75.78 23.05 1 Open 

1776.07 341.45 70.09 16.16 1 Open 

1777.2 138.46 77.55 247.6 1 Open 

1787.7 96.33 88.19 0 2 Open 

1788.5 281.85 88.71 0 4 Filled 

1797.98 293.02 85.11 0 4 Filled 

1799.69 296.18 84.9 0 2 Open 

1804.54 290.54 84.83 0 4 Filled 

1806.03 288.96 84.73 0 4 Filled 

1810.54 318.51 72.87 5.31 3 Open 

1813.54 297.69 84.91 0 3 Open 

1813.82 330.3 70.81 0 3 Open 

1819.03 316.47 63.76 3.21 2 Open 

1821.29 310.03 75.61 0 5 Filled 

1824.81 334.03 71.93 15.16 3 Open 

1825.27 318.13 75.85 0 4 Filled 

1825.58 327.37 72.6 0 4 Filled 

1825.88 322.61 73.18 0 4 Filled 

1826.84 345.03 68.13 10.69 3 Open 

1831.3 305.8 77.53 0 2 Open 

1832.59 331.15 72.11 0 4 Filled 

1834.8 42.22 42.59 0 4 Filled 

1835.57 145.73 82.3 0 4 Filled 

1837.93 130.74 81.89 0 4 Filled 

1839.07 310.6 74.65 0 4 Filled 

1845.48 322.65 71.83 0 4 Filled 

1846.25 329.82 69.22 0 4 Filled 

1847.24 309.21 76.21 0 4 Filled 

1850.11 319.71 74.92 17 1 Open 

1851.48 113.95 84.84 18.08 1 Open 

1853.12 307.53 76.91 9 1 Open 

1856.54 306.79 77.57 14.22 1 Open 

1857.35 304.8 79.93 16.87 1 Open 

1858.95 327.99 89.97 79.93 1 Open 

1859.45 314.62 78.48 33.7 1 Open 

1864.42 313.56 76.99 0 4 Filled 

1869.66 321.56 74.36 5.94 3 Open 
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Amplitude Log Natural Fractures 

TVD Azimuth Dip Aperture Type Type 

m deg deg mm     

1872.4 315.41 86.66 0 4 Filled 

1876.07 16.76 53.27 22.69 1 Open 

 

IDENTIFIED BOREHOLE BREAKOUTS 

BOs are the only induced structure to be used in modeling of the stress field.  More BOs 

were picked within the Travel Time log because the image was often better than the 

Amplitude log.  Qualities may have been given conservatively and deserve more B‘s, but 

since both were used without a weighted average, there is no difference in all of the data; 

qualities may be examined in future research. 

Travel Time Breakouts 

TVD Azimuth Tilt Length Opening Type quality 

m deg deg m deg     

976.17 317.5 -0.38 0.24 15.91 2 C 

976.18 120.91 0.38 0.24 14.55 2 C 

1070.39 323.86 0.36 0.44 30.45 1 C 

1070.39 113.41 -0.36 0.44 30.45 1 C 

1321.15 112.95 -3.27 0.44 19.55 2 C 

1321.15 314.77 3.27 0.44 24.09 2 C 

1321.91 317.5 -1.67 0.76 24.09 2 C 

1321.91 115 1.67 0.76 20.91 2 C 

1327.95 127.5 -0.12 0.77 14.09 2 C 

1327.95 296.36 0.12 0.77 27.27 2 C 

1330.24 309.32 -0.27 0.26 28.64 1 C 

1330.24 136.59 0.27 0.26 43.18 1 C 

1382.21 294.55 -0.37 0.24 36.36 1 B 

1382.21 135.68 0.37 0.24 45.91 1 B 

1392.94 136.36 -0.88 0.28 38.18 1 C 

1392.94 320.91 0.88 0.28 29.09 1 C 

1397.23 332.05 0.12 1.13 21.36 1 B 

1397.23 132.73 -0.12 1.13 35.45 1 B 

1401.62 100 -1.63 0.79 22.73 1 C 

1401.65 309.09 1.63 0.79 20 1 C 

1442.29 117.27 -0.66 0.34 38.18 1 B 

1442.29 325.23 0.66 0.34 17.73 1 B 

1442.95 117.73 0 0.26 41.82 1 B 

1442.95 309.09 0 0.26 19.09 1 B 

1704.82 110 0.29 0.32 33.64 2 C 

1704.9 292.27 -0.29 0.32 29.09 2 C 
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Amplitude Breakouts 

TVD Azimuth Tilt Length Opening Type quality 

m deg deg m deg     

1070.37 329.36 -0.17 0.52 40.4 1 C 

1070.43 119.85 0.17 0.52 49.48 1 C 

1382.18 289.18 1.26 0.23 30.42 1 B 

1382.19 119.39 -0.63 0.22 29.05 1 B 

1397.26 147.54 0.09 0.99 44.49 1 B 

1397.26 328.9 -0.09 0.99 22.7 1 B 

1401.57 95.79 -1.09 0.77 16.34 1 C 

1401.59 312.79 1.09 0.77 27.69 1 C 

1434.03 321.41 -0.5 0.46 19.97 1 C 

1434.03 133.47 0.5 0.46 44.04 1 C 

 

Petal-Centerline Fractures 

Criteria for picking the PCFs were kept minimal because of the reason that if they were 

seen it would be purely for observation purposes at this point.  More were seen than 

expected and all recorded here.  The data quality criteria have changed since these are a 

different type of induced structure.  The Data quality ranking has been included below and 

is based on the presumption that all structures are PCFs because there were no en echelon 

fractures seen in the well.  Again, these were not used for stress determination in this 

study, but the hope is that this data set will be used in the future to better understand PCF 

formation in deviated wells.  Note that in the ―Type‖ column there is either a 0 or 3.  0s 

represent fractures that are not 180
o
 apart whereas 3s are structures that are 180

o
 apart and 

could be confused with TFs. 

Data Quality Rating Category Criteria 

A Marker fully visible on both Travel Time and Amplitude 

logs and does not come in contact with drilling artifacts and 

centerlines are connected by a petal 

B Marker fully visible on either Travel Time or Amplitude 

logs but is in contact with drilling artifacts or natural 

fractures.  Still has a petal, but does not come completely 

connect the centerlines 

C Marker visible on one log and faint or non-existent in the 

other.  These are severely affected by drilling artifacts or 

are in contact with the natural fracture system and do not 

have a complete image of centerlines and petals 

D Marker significantly affected by drilling artifacts and is not 

fully visible in either log.  May be able to fit a sinusoidal 

curve, but natural fracture not visible.  This should not be 

used for analysis unless it is the only markers available 
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Travel Time Petal-Centerline Fractures 

TVD Azimuth Tilt Length Opening Type quality 

m deg deg m deg     

1237.88 291.36 0 0.19 0 0 C 

1237.91 328.64 -0.47 0.19 0 0 C 

1238.54 271.82 0 0.62 0 0 B 

1238.54 343.64 0 0.62 0 0 B 

1734.21 142.73 -2.42 0.3 0 0 D 

1734.21 185 2.42 0.3 0 0 D 

 

 

Amplitude Petal-Centerline Fractures 

TVD Azimuth Tilt Length Opening Type quality 

m deg deg m deg     

1042.33 195.21 -0.67 1.25 0 0 D 

1042.34 320.28 0.67 1.25 0 0 D 

1101.89 189.53 2.97 0.53 0 0 D 

1101.91 52.66 -2.97 0.53 0 0 D 

1237.92 325.5 0 0.2 0 0 C 

1237.92 288.05 0 0.2 0 0 C 

1238.65 348.65 0 0.92 0 0 B 

1238.67 275.33 0 0.92 0 0 B 

1478.71 250.59 -1.34 0.42 0 0 D 

1478.72 320.28 1.34 0.42 0 0 D 

1511.89 73.54 0.44 0.57 0 0 C 

1511.92 204.97 -0.44 0.57 0 0 C 

1578.13 193.62 0.09 1.48 0 0 B 

1578.16 42.22 -0.09 1.48 0 0 B 

1582.11 213.37 2.65 0.48 0 0 D 

1582.13 96.47 -2.65 0.48 0 0 D 

1582.56 229.71 0.47 0.49 0 0 D 

1582.61 101.46 -0.47 0.49 0 0 D 

1583.74 101.24 0.44 0.56 0 0 D 

1583.78 220.86 -0.44 0.56 0 0 D 

1605.01 225.17 0.17 0.93 0 0 C 

1605.06 324.14 -1.1 0.97 0 0 C 

1605.87 219.27 2.2 0.51 0 0 C 

1605.88 338.89 -2.2 0.51 0 0 C 

1621.24 204.29 2.46 0.42 0 0 C 

1621.27 92.38 -2.46 0.42 0 0 C 

1622.81 91.93 1.87 0.39 0 0 C 

1622.82 221.99 -1.87 0.39 0 0 C 

1623.25 83.3 -0.16 0.57 0 0 C 

1623.29 226.99 0.16 0.57 0 0 C 
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Amplitude Petal-Centerline Fractures 

TVD Azimuth Tilt Length Opening Type quality 

m deg deg m deg     

1624.2 209.74 0 0.94 0 0 C 

1624.2 86.03 0 0.94 0 0 C 

1624.93 224.26 0.21 0.76 0 0 C 

1624.96 86.94 -0.21 0.76 0 0 C 

1625.87 206.78 0.17 0.39 0 0 C 

1625.88 29.51 -0.17 0.39 0 0 C 

1626.7 85.12 3.27 0.32 0 0 B 

1626.74 217 -3.27 0.32 0 0 B 

1626.99 75.81 -0.63 0.4 0 0 C 

1627.01 227.21 0.63 0.4 0 0 C 

1627.53 221.99 -5.66 0.24 0 0 C 

1627.55 98.28 5.66 0.24 0 0 C 

1627.88 226.31 0.55 0.58 0 0 C 

1627.92 89.89 -0.55 0.58 0 0 C 

1629 86.71 0.09 2.45 0 0 C 

1629.15 219.72 0.05 2.22 0 0 C 

1632.48 81.49 -0.45 0.7 0 0 C 

1632.49 221.08 0.45 0.7 0 0 C 

1634.13 214.27 0.04 2.2 0 3 B 

1634.23 35.86 -0.09 2.09 0 3 B 

1636.91 35.41 -0.3 1.5 0 3 C 

1636.94 212.91 0.02 1.35 0 3 C 

1643.57 34.05 -0.21 2.51 0 3 C 

1643.58 193.39 -0.07 2.5 0 3 C 

1669.5 238.79 -3.54 0.23 0 0 B 

1669.51 103.73 3.54 0.23 0 0 B 

1669.71 240.83 2.74 0.3 0 0 B 

1669.73 108.95 -2.74 0.3 0 0 B 

1670.09 257.86 0 0.54 0 0 C 

1670.18 67.87 0 0.54 0 0 C 

1671.37 66.51 1.65 0.78 0 3 B 

1671.41 235.61 -1.65 0.78 0 3 B 

1683.76 231.07 -0.03 1.96 0 0 D 

1683.76 102.37 0.03 1.96 0 0 D 

1685.88 233.57 0.1 2.5 0 0 D 

1685.89 104.87 -0.1 2.5 0 0 D 

1698.53 220.4 0 0.6 0 3 D 

1698.54 51.3 0 0.6 0 3 D 

1708.51 57.2 1.61 2.05 0 3 D 

1708.52 237.2 -1.61 2.05 0 3 D 

1715.05 197.93 -1.39 0.39 0 0 C 

1715.08 349.33 1.39 0.39 0 0 C 



A - 10 

Amplitude Petal-Centerline Fractures 

TVD Azimuth Tilt Length Opening Type quality 

m deg deg m deg     

1720.01 282.82 -2 0.52 0 0 C 

1720.04 355.69 2 0.52 0 0 C 

1720.67 273.29 2.86 0.36 0 0 C 

1720.67 340.25 -2.86 0.36 0 0 C 

1721.3 267.39 8.91 0.16 0 0 C 

1721.32 356.6 -8.91 0.16 0 0 C 

1721.63 269.21 -3.85 0.49 0 0 C 

1721.63 347.06 3.85 0.49 0 0 C 

1722.15 270.57 -3.02 0.82 0 0 C 

1722.16 349.79 3.02 0.82 0 0 C 

1730.75 81.72 -10.45 0.3 0 0 D 

1730.79 225.4 10.45 0.3 0 0 D 

1731.39 59.92 -0.35 1.62 0 0 B 

1731.4 265.35 0.35 1.62 0 0 B 

1732.5 72.64 0.46 0.55 0 0 B 

1732.5 273.06 -0.46 0.55 0 0 B 

1738.36 214.27 0.61 1.01 0 3 C 

1738.36 34.27 -0.61 1.01 0 3 C 

1739.47 49.94 0.24 1.3 0 3 C 

1739.47 229.94 -0.24 1.3 0 3 C 

1751.61 64.92 0.58 1.78 0 0 C 

1751.62 211.32 -0.58 1.78 0 0 C 

1760.98 224.04 0.34 0.72 0 0 C 

1760.98 104.87 -0.34 0.72 0 0 C 

1763.11 272.16 3.25 0.42 0 3 C 

1763.12 64.92 -3.25 0.42 0 3 C 

1763.67 256.95 -0.5 0.78 0 3 C 

1763.81 63.1 1.17 1.04 0 3 C 

1782.25 68.1 -2.16 1.24 0 0 C 

1782.33 254.68 0.69 1.01 0 0 C 

1820.36 44.49 -0.21 2.62 0 0 C 

1820.43 221.08 1.16 2.47 0 0 C 

1875.15 59.02 -0.29 1.57 0 3 B 

1875.16 229.94 0.29 1.57 0 3 B 
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APPENDIX B 

Below are the results from each step of the modeling including those which were presented 

for comparison.   

Preliminary Test Model Data 

The preliminary test model was Figure 19 that was calculated with the assumptions from 

Table 3.  Below are all of the calculated values. 

Table B-1. Data used for Preliminary Stress Model shown in Figure 19. 
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Borehole path in Reference to SHmax 

Figure B-1. Case 1: Borehole Deviation Parallel to SHmax with shallowest BO at 1,000 m 

with a width of 15 degrees.  
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Figure B-2. Case 2: Borehole Deviation Perpendicular to SHmax with shallowest BO at 

1,000 m and width of 15 degrees 
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Figure B-3. Case 3: Borehole Deviation at a 45 degree angle to SHmax with shallowest BO 

occurring at 1,000 m and a width of 15 degrees 
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Determination of SHmax Azimuth Range 

From Case 1, SHmax azimuth is constrained by the assumed C0 of the rock and the Shmin 

minimum and maximum values. 

Figure B-4. Shmin at the minimum possible value 

  

C0 range estimate 
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Figure B-5. Shmin at the maximum possible value 

 

 

  

C0 range estimate 
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Circumferential Borehole Stress State and Breakout width Expectations 

Now SHmax azimuth and magnitude are constrained, and the corresponding Shmin values can 

be calculated.  With the principle stresses defined, a model has been made showing the 

stress state of the borehole in relation to the six principle stresses.  The expected width of 

the BOs and where within the borehole they will form is displayed.  The borehole image 

color scale is in reference to required C0 to inhibit BO formation, areas that are not colored 

are in tension and where TFs would be expected to form. 

 

Figure B-6. Expected BOw at the minimum stress range 
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Figure B-7. Expected BOw at the maximum stress range 
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Orientation and Tendency for Breakouts within the Stress State 

As stated earlier, the BOs with not form perpendicular to SHmax because of the inclined 

stress state acting on the borehole.  With the stress state now defined, the tendency for BOs 

in this stress state, and where they will appear on a borehole wall can be modeled.  These 

plots are put in a lower hemisphere projection (see below) where all possible trajectories of 

a well can be modeled. The Orientation of BOs is a figure that shows where BOs would 

occur on the borehole wall if one were to be looking down into the borehole.  HN-16 is 

where the red and yellow dot is.  This gives an indication of how BOs will form in any 

further wells drilled in the same stress field; now both of the plots can be used to see where 

a borehole is most stable in this area and can check if they have changed stress states based 

on the BO orientation.  In the tendency for BOs, the dark red signifies a high C0 is required 

to inhibit BOs in a well with that orientation (meaning BOs are more likely to form) while 

blue is a low C0 (with BOs less likely to form). 

Figure B-8. A lower hemisphere projection of borehole trajectory.  This makes it possible 

to model the conditions of a borehole with any azimuth and inclination for a given stress 

state (reproduced from Zoback et al., 2003). 

 

Figure B-9. BO Orientation and Tendency at the Minimum Stress State 
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Figure B-10. BO Orientation and Tendency at the Maximum Stress State 
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