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Abstract 

 

Subduction of the Arabian tectonic plate under the Eurasian plate has controlled the 

geological evolution of the Zagros suture zone and is considered one of Earth's most 

prominent regions of convergent deformation. The Zagros suture zone is bounded by 

the Zagros main reverse fault in the northeast, and the Zagros thrust front in the 

southwest. The study area represents a critical focal point for understanding tectonic 

processes and in-situ stress regimes due to its location along the Zagros suture zone. 

This zone is a key geological feature characterized by complex structural formations, 

active tectonic movements, and varied stress regimes. Complex structures with different 

stress regimes pose challenges in tectonic studies and affect the effective production 

and development of hydrocarbon resources. The unique tectonic setting not only 

presents challenges but also offers valuable insights into the mechanics of plate collision, 

stress distribution, and faulting patterns, which are essential for advancing our 

understanding of Earth's geodynamics. Therefore, research in this area holds immense 

significance for structural geology and petroleum engineering. 

This dissertation presents a comprehensive study of in-situ stress analysis in the 

complex tectonic settings of the Kurdistan Region of Iraq and the Dezful Embayment 

in Iran, focusing on the Zagros suture zone. The first study area is in the Zagros fold 

and thrust of the Kurdistan region of Iraq, on the northwestern extension of the Zagros 

suture zone, where stress data derived from actual measurements is rare. The 

magnitudes and orientations of principal in-situ stresses were determined using well-

logging data. 

 In the northwestern part of the Zagros suture zone, conventional and borehole 

image logs for two vertical wells were used, and several borehole breakouts were 

identified between 1600 and 2240 m depths. Two oil wells (wells A and B) were 

evaluated, and in well A, several breakouts occurred in eight distinct zones. The azimuth 

of maximum and minimum horizontal stresses was determined using breakout and six-

arm caliper measurements, and lithological evaluation from wireline log data validated 

the results. The mean azimuth of maximum horizontal stress was N72°E, which showed 

relative consistency with the NE–SW to E–W direction of tectonic movement and 
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previous studies in the nearby Zagros suture zone. The magnitudes of the three principal 

in-situ stresses were determined by one direct method of breakout analysis and another 

indirect method of the poroelastic strain model.  

The R-squared of linear regression between the maximum and minimum horizontal 

stress was 0.74 and 0.71, respectively. Even though there are different correlations in 

some depths, the consistency is generally significant, and stress regimes in both methods 

were consistent in almost all intervals. The results indicate that the direct and indirect 

methods for determining horizontal stresses are relatively consistent. Therefore, by 

employing the suggested empirical equation in this study, the gap between the breakout 

approach, which provides an intermittent stress profile in certain depths, and the 

poroelastic strain theory, which offers a continuous stress profile, can extend the 

breakout-based estimates of magnitudes of horizontal stresses to the intervals not directly 

determined by the breakout approach.  

In the northwestern section of the Zagros suture zone area, the stress regime below 

the depth of 1600 m was a reverse faulting stress regime, and above this depth, it likely 

changed to a strike-slip faulting stress regime. The determined stress regime was 

consistent with the dynamics of the tectonic plate movement of the Arabian and 

Eurasian plates. Consequently, results suggest that the pattern of present-day tectonic 

stress is controlled mainly by the collision between the Arabian and Eurasian plates in 

the intermediate depths in the northwestern part of the Zagros suture zone. 

The second study area is located in the Dezful Embayment in the Zagros fold and 

thrust belt (ZFTB), which is part of the Zagros Suture zone in Iran. This study analyses 

stress orientations, natural fractures, pore pressure, and stress regimes in two oil fields 

located in the Zagros foothills. The study utilized various data types, including 

conventional and image logs, to determine the in-situ stresses and their implications for 

energy field development. The results show that the mean azimuth of the maximum 

horizontal stress in Field A in the SW sector of Dezful embayment and Field B in the 

northeast sector are N32°E and N55°E, respectively. The analysis of natural fractures 

indicates that most tensional fractures are subparallel to the orientation of the maximum 

horizontal stresses, and the present stress state is responsible for these fractures. The 

analysis of stress magnitudes in deeper intervals below water-oil contact demonstrates 

that the stress regime in Field A changes from thrust faulting toward strike-slip faulting. 
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Meanwhile, no major change in the stress regime of Field B is detected. The azimuth of 

natural fractures suggests that horizontal wells drilled parallel to the orientation of 

maximum horizontal stress can optimize wellbore stability. In addition, the stress 

variations and complexities observed in Field A are attributed to factors such as folding 

degree, lateral deformability contrasts, and geological structures like faults. The stress 

regime analysis indicates the influence of regional tectonic forces and the proximity to 

the collision boundary. This study provided valuable insight into the exploration, 

development, and management of hydrocarbon resources in the complex geological 

structure regions of the Dezful Embayment and contributed to understanding stress 

variations and distribution patterns in similar geological settings elsewhere. Combining 

the results of both study areas reveals that Folding and faulting along the Zagros suture 

zone caused a disturbance in the stress regime and consequently changed the azimuth 

of maximum horizontal stress. 

In another part of this dissertation, the importance of accurately identifying 

breakouts was emphasized throughout the study of the in-situ stress in the Zagros suture 

zone. Breakouts provide crucial information for evaluating in situ stresses and verifying 

the geomechanical model. One of the most common methods for identifying borehole 

breakouts is a combination of image logs and multiple pad Calipers. However, image 

logs are suitable for geomechanical studies but are usually unavailable in most drilled 

wells. On the other hand, conventional wireline logs are widely used in drilled wells. 

Therefore, a method that can use only conventional logs to identify breakouts would be 

significantly beneficial for geoscientists and geoengineers worldwide. This research 

investigated the possibility of predicting the occurrence of borehole breakouts only by 

conventional logs. The Machine learning classification models employed K-Nearest 

Neighbors (KNN), Decision Tree (DT), Random Forest (RF), Support Vector Machine 

(SVM), and Extreme Gradient Boosting (XGBoost). Conventional logs and their 

corresponding identified breakouts from the previous part of the study in the Zagros 

suture zone were used as the input values for training the classification models. The 

well-log data was considered the input variable, and breakout data was used as labeling 

parameters for the same interval. The results are promising, and the XGBoost and RF 

classification performance was proven more reliable than the other methods. Overall, 

this study shows that the application of machine learning classification models 
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demonstrated a reasonable and fast performance in identifying borehole breakouts from 

only conventional logs.  

In summary, by providing a comprehensive analysis of tectonic and geomechanical 

dynamics, this dissertation enhances our understanding of the fields of structural geology 

and petroleum engineering in the Zagros suture zone. This study integrates various 

methodologies to analyze stress regimes, fracture patterns, and wellbore stability in the 

Zagros suture zone. These methodologies include direct and indirect methods for 

determining in situ stresses, utilizing conventional and image logs, and advanced 

machine learning techniques. In addition, it evaluates the magnitude and orientation of 

in situ stresses to understand the complexity of the collision of Arabian and Eurasian 

plates. Understanding the variability of stress patterns, influenced by geological 

complexity and tectonic plate interactions, is crucial for efficient and safe hydrocarbon 

production in the Zagros suture zone. Furthermore, this study conducted a successful 

machine learning classification model to predict borehole breakouts by conventional well 

logs.  
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Chapter 1 

1 Introduction 

 

1.1 Motivation 

Zagros suture zone is located on the borders of the collision between the Arabian, 

Eurasian (Iranian), and Anatolian plates.  The suture zone marks the location of the 

subduction, while the Zagros fold and trust belt (ZFTB) is the present-day expression 

of this ongoing tectonic collision. Consequently, this region is considered one of the 

most prominent regions of convergent deformation on the Earth, and understanding the 

stress state is crucial for geoscientists and geoengineers (Agard et al., 2011; Mouthereau 

et al., 2012). Research on in-situ stress orientations and magnitudes is mandatory for 

various fields of geosciences and geoengineering, including petroleum engineering 

(Abdelghany et al., 2021; Brudy and Zoback, 1999). Previous research studies prove 

the importance of in-situ stress studies in drilling, well completion, production 

optimization, wellbore stability, and hydraulic fracturing (Baouche et al., 2020; 

Karatela et al., 2016; Lakirouhani et al., 2016; Radwan and Sen, 2021). Several methods 

have been proposed for determining in-situ stress. The direct methods include core-

based methods such as anelastic strain recovery (ASR), wellbore measurement such as 

hydraulic fracturing methods, and borehole deformation such as breakout and drilling 

induced tensile fractures (DITF). On the other hand indirect methods are based on 

theoretical approaches such as poroelastic strain theory, earthquake focal mechanism 

(EFM), and acoustic methods (Bell, 1996; Lee and Ong, 2018; Lin et al., 2006; 

Ljunggren et al., 2003; Nagano et al., 2015; Zoback et al., 2003, 1985). Acquiring core 

samples and running hydraulic fracturing methods are usually more expensive than 

other methods and they have several technical complexities. Therefore, they are often 

unavailable in many regions, including this study's region of interest. On the other hand, 

earthquake focal mechanisms are not highly accurate and usually represent a deeper 

crust stress state and cannot be easily correlated to the stress state in medium to shallow 

depths (Tingay et al., 2008). Therefore, using the well log data, including image logs, 

in combination with empirical approaches to determine the orientation and magnitude 
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of horizontal in situ stresses in the extension of the Zagros suture zone, where present-

day stress data derived from actual measurements is rare, is valuable for geoscientists 

(Abdelghany et al., 2022; Haghi et al., 2018; Li et al., 2019; Rajabi and Tingay, 2014). 

 

1.2 Outline of the thesis 

This dissertation consists of seven chapters as follows (Figure 1-1): 

 

In Chapter One, the motivation and objectives of the study are described. In 

addition, the summary of each chapter is presented in this chapter.  

Chapter Two summarizes the geology and tectonic settings of the Zagros suture 

zone, drawing from previous studies. This zone represents a major convergent plate 

boundary where the Arabian and Eurasian tectonic plates meet, forming the Zagros fold 

and thrust belt (ZFTB). The area's geology is characterized by a mix of sedimentary, 

igneous, and metamorphic rocks, indicating a diverse and dynamic geological history. 

This region has experienced significant tectonic activities, including folding and 

faulting, due to the ongoing collision between the Arabian and Eurasian plates. These 

processes have shaped the physical landscape and profoundly impacted regional 

seismicity, making the Zagros suture zone a key area of interest for geoscientists 

studying plate tectonics. The study area's location and its geological structures are 

described briefly. The Geological structures, lithologies, and other significant aspects 

of the ZFTB are also described. 

Chapter Three reviews the existing measurement and determining methods of the 

magnitude and orientation of in situ stresses. A wide range of in-situ stress measurement 

and empirical equations methods have been proposed by previous studies. There are 

several perspectives to categorize stress measurements and determining methods, and 

in this dissertation, the methods are categorized based on direct and indirect methods. 

The direct methods include core-based, borehole deformation such as breakout and field 

measurements that measure the rock deformation and properties parameters to estimate 

the magnitude and orientation of in situ stresses and provide the stress state for certain 

depths. On the other hand, indirect methods based on empirical equations, such as 

poroelastic strain theory, provide a continuous profile of stress state based on well-



3 
 

logging data. Since estimating in situ stress is challenging and accuracy is a significant 

concern for geoscientists and geoengineers, combining two methods based on indirect 

and direct methods can be beneficial. Therefore, it is desirable to combine different 

methods. In this study, two methods of breakout and poroelastic strain theory have been 

selected. Subsequently, this chapter describes these two methods' basic principles, 

hypotheses, and theoretical equations in more detail.  

Chapter Four discusses the methodology and results of the stress state of the 

northwestern part (NW) of the Zagros suture zone.  The study area is in the Kurdistan 

Region of Iraq, where present-day stress data derived from actual measurements is rare. 

This chapter explains a systematic approach to determining the magnitudes and 

orientations of principal in-situ stresses using well-logging data, including image logs 

and conventional logs, based on the breakout approach and poroelastic strain theory. 

Then, the correlation between the two methods is assessed to compare the two methods 

and also find an empirical equation to relate these two methods. The five principal 

components of the geomechanical study, including the magnitude of the three principal 

in-situ stresses, distribution of formation pore pressure (PP), and the azimuth of 

maximum horizontal stresses, were estimated for the depth interval of 1600 m to 2240 

m in two oil wells. The stress regime below the depth of 1600 m was a reverse faulting 

stress regime, and above this depth, it likely changed to a strike-slip faulting stress 

regime. In this chapter multiple reasons were discussed that likely dominate the stress 

twisting at different depths. The determined stress regime was consistent with the nature 

and dynamics of the tectonic plate movement of the Arabian and Eurasian (Iranian) 

plates. Consequently, results suggest that the pattern of present-day tectonic stress is 

controlled mainly by the collision between the Arabian and Eurasian plates. 

Chapter Five describes the methodology and analysis of the in-situ stress state and 

natural fractures in the Dezful Embayment, the southeastern (SE) part of the ZFTB in 

Iran, which is the extension of the study area of chapter four at the northwestern part of 

ZFTB. This study utilized various data types, including images and conventional logs, 

to determine the in-situ stresses and their implications for the region's energy field 

development and other relevant geoscience studies. This chapter analyzes magnitudes 

and orientations of principal in-situ stresses, natural fractures, pore pressure, and stress 
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regimes in fields A and field B with seven oil wells in the Zagros foothills.  The results 

show that the azimuth of maximum horizontal stress in Asmari formation in Dezful 

Embayment varies from N32°E to N55°E. Deeper formations with a ductile nature can 

cause stress decoupling between upper and lower structures. Tectonic forces due to the 

collision of the Arabian and Eurasian plates dominate the current stress regime in Dezful 

embayment. Due to long-term oil production, pore pressure drawdown in oil fields 

affects the stress state in the Asmari Formation. The analysis of natural fractures 

indicates that most tensional fractures are subparallel to the orientation of the maximum 

horizontal stresses, and the present stress state is responsible for these fractures. 

Chapter Six emphasizes the importance of borehole deformation, such as breakout, 

in geomechanics and several other geosciences disciplines. As discussed in chapters 

Four and Five, identifying breakout is vital in geomechanical studies. However, using 

image logs and multiple pad calipers is a common method for identifying the breakouts 

and has been used for this dissertation, but image logs are unavailable in many cases, 

and they have high time consumption and need human supervision during the process. 

Therefore, the application of supervised machine learning (ML) classification models 

to identify borehole breakouts in carbonate reservoirs, merely based on conventional 

log data, was investigated. This study used conventional wireline logs, including 

gamma-ray, neutron porosity, density, resistivity, and single-pad caliper, to identify the 

depth and length of breakout zones. The ML models employed K-nearest neighbors 

(KNN), decision tree (DT), and random forest (RF), support vector machine (SVM) and 

extremely gradient boosting (XGBoost). Overall, this study shows that the application 

of ML classification models demonstrated a reasonable and fast performance in 

identifying borehole breakouts from conventional logs. 

Finally, in Chapter Seven, this dissertation is summarized in conclusion. This 

chapter summarizes analyzing the present-day stress state of the northwestern and 

southeastern parts of ZFTB and other relevant outcomes, such as the application of ML 

in identifying breakouts based on conventional log. 
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Figure 1-1. Structure of this dissertation. Roman numbers shown in this figure 

indicate the published, submitted (Under review) and in-preparation papers 

on these topics mentioned in each chapter (I: Mafakheri B. et al., 2022; II: 

Mafakheri B. et al., 2024; III: Mafakheri B. et al., Under revision; IV: 

Mafakheri B. et al., in-preparation.) 
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Chapter 2 

2 Geology and Tectonic Background 

 

2.1 Study Area  

The Middle East has complex geology, significantly influenced by the dynamics of 

the Arabian, Eurasian, Anatolian, and African tectonic plates. The Arabian-Eurasian 

tectonic boundary is primarily a convergent plate boundary where the Arabian Plate 

moves northwards beneath the Eurasian Plate (Figure 2-1). The interaction between 

these plates has led to significant regional seismic activity, including frequent 

earthquakes such as the 7.8 Mw Kahramanmaras earthquake in 2023 in southern Turkey 

and northern Syria  (Karabulut et al., 2023; Mousavi, 2017; Onur et al., 2016). One of 

this region's most significant geological features is the Zagros suture zone, located at 

the border between Iran and Iraq. This zone was formed after the collision of the 

Arabian and Eurasian plates. The zone is characterized by complex geological 

structures, including folded and faulted rock formations. The collision of these plates 

has profoundly influenced the geological history of the Middle East, contributing to the 

formation of various mountain ranges and basins.  

Kurdistan is the most tectonically active region in the northwestern part of the 

Zagros suture zone. This region is located along the northeastern boundary of the 

Arabian Plate with the Anatolian and Eurasian plates (Figure 2-1). In addition, in terms 

of seismicity, the area is an active seismic zone, and the 7.3 Mw earthquake in 2017 on 

the border of Iran and Iraq is a recent event (Gombert et al., 2019). On the other hand, 

this area is one of the new important and prolific oil-rich zones with several oil and gas-

producing fields. This region borders the collision area between the Arabian and 

Eurasian (Iranian) plates in the northeast and the Arabian and Anatolian plates in the 

north (Agard et al., 2011a). 

The Dezful Embayment, located in the southern part of Zagros suture zone in 

southwestern Iran, is another one of significant geological importance due to its unique 

tectonic setting, in situ stress dynamics, seismicity, and abundant oil reservoirs. This 

embayment is characterized by distinct in situ stress patterns, influenced by the ongoing 
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tectonic compression, which affects the distribution and orientation of faults and 

fractures. Moreover, the Dezful Embayment is known for its hydrocarbon resources, 

which makes it a focal point for hydrocarbon exploration and production. 

 

 

 

 

 

 

Figure 2-1. Study area shown on world stress map database in the middle east (Data 

from Heidbach et al., 2018). The Dark blue dashed line box shows the area of 

interest presented in chapter Four and Five. The subduction indicates the 

Arabian plate moving beneath the Eurasian plate. Stars are showing the field 

locations.     
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2.2 Northwestern part of Zagros suture zone 

The entire country of Iraq is located on the northeastern part of the Arabian Plate, 

except for a small area in the farthest northeast, located on the Eurasian Plate (Figure 

2-2). Different tectonic forces have affected Iraq in different eras, but the recent tectonic 

setting of Iraq is controlled by the collision between the Arabian and Eurasian plates 

(Abdulnaby, 2019). After the closure of the Neo-Tethys Ocean in the Miocene, the 

collision between these plates began. The northeastern margin of the Arabian Plate was 

initially formed by mid-Permian rifting, the Triassic break-up of Pangaea, and the 

opening of the Neo-Tethys Ocean. This collision continues and causes strong tectonic 

forces in the region (Ali et al., 2014, 2013; Al-Qayim et al., 2012; Numan, 1997). The 

tectonic evolution of the Zagros suture zone formed in a sequence of upper Proterozoic, 

Permian–Triassic (250 million years ago (Ma)), and Mesozoic rift events, which led to 

the closure of the ancient continental margin and ultimately caused a continental 

collision in the Cenozoic (Alavi, 2007, 2004; de Vera et al., 2009).  

However, some slightly different scenarios for the tectonic evolution of the Zagros 

suture zone have been proposed in different studies based on different areas along the 

border, although most have agreed on seven distinct stages (Agard et al., 2011a; Alavi, 

2007; Ali et al., 2019; Al-Qayim et al., 2012; Khadivi, 2010; Le Garzic et al., 2019; 

Regard et al., 2004). According to Al-Qayim et al. (2012) and Agard et al. (2011a), the 

beginning of this tectonic evolution was middle Triassic rifting at the Afro-Arabian 

plate margin; then, during the Jurassic, a radiolarite trough formed. 

 Consequently, in the next step in the upper Cretaceous, radiolarite–ophiolite 

obduction and formation of a foreland basin occurred. Afterward, during the Eocene 

and lower Oligocene, a fore-arc basin developed. Eventually, the collision of the 

Arabian Plate with the Sanandaj-Sirjan block in the Miocene caused a shortening of the 

Arabian plate margin during the Pliocene. Finally, the development of the Zagros 

orogenic belt, including the Zagros suture zone, reached the situation illustrated in 

Figure 2-3. As shown in Figures 2-3, the focus of this study was the Zagros fold and 

thrust belt. Overall, the Zagros orogenic belt has two distinct trends: an NW–SE trend 
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along the Arabian and central Eurasian plates and an E–W trend between the Arabian 

and southern Anatolian plates. This orogenic belt results from the formation of the 

Bitlis–Zagros fold and thrust belt that extends from Turkey and Iraq in the north to the 

Strait of Hormuz in Iran (Alavi, 1994; Falcon, 1974; Khadivi, 2010; Vernant et al., 

2004).  Several studies have determined different convergence rates between the 

Arabian, Eurasia, and Anatolian plates in tectonic plate movement. There are significant 

differences up to 20 mm y−1 in some cases; however, overall, between the Arabian and 

Eurasian plates, a convergence rate of 10 to 15 mm y−1 is accepted among scientists. 

According to Vernant et al. (2004), there is a wide range of convergence rates along the 

boundary of collision of the Arabian and Eurasian plates. It varies from 1 mm y−1 to 2 

mm y−1 in the Yazd-Iran and 9 ± 2 mm y−1 in the southeastern Zagros to 19.5 ±2 mm y-

1 in the Makran subduction zone (Vernant et al., 2004). For central Zagros, the 

shortening rate is approximately 6.5 ± 2 mm y−1. However, the overall convergence rate 

Figure 2-2. Tectonic plates and World Stress Map database in the Middle East (Data 

from Heidbach et al., 2018). The red dashed box shows the area of interest 

presented in the northwest area of the Zagros suture zone in Figure 2-3. 

Illustrations of Eurasian, Arabian, Anatolian, and African Plate collisions are 

shown in different colors. Green triangles show the closest GPS stations from 

(Vernant, 2004) near the study area. After Mafakheri B. et al. (2022). 
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is 10 mm y−1 for the Zagros fold and thrust belt. The nearest GPS-measured 

convergence rates in Iran along the current study area in Iraq are 13.3 mm y−1, 17.8 mm 

y−1, and 14.6 mm y−1 in Miandoab, Ilam, and Bijar, respectively (Vernant et al., 2004) 

(Figure 2-2).  

The collision between these plates created three major fault systems in Iraq: the N–

S Nabitah system, the NW–SE Najd system, and the NE–SW or E-W transversal system 

(Doski, 2021; Jassim, S.Z., and Goff, 2006). Iraq's western Zagros fold and thrust belt 

are divided into three major blocks: Sinjar, Mosul, and Kirkuk (Abdulnaby, 2019; 

Numan, 1984). The NW–SE-oriented Zagros fold and thrust belt extends approximately 

2,000 km from the Anatolian fault of southeastern Turkey to the Makran zone in 

southern Iran (Alavi, 2004; Al-Qayim et al., 2012; Sharland et al., 2004). This fold and 

thrust belt formed under the structural deformation of the Zagros proforeland system, 

which is currently known as the Persian Gulf and continental Mesopotamia Basin. In 

Figure 2-3. Ongoing Arabian-Eurasian collision (double side arrow in Figure 2-2). 

Middle Miocene-present situation of the Zagros orogenic belt, including the 

Zagros suture zone. At 250 Ma a rift started in the dotted line area and caused 

the collision of Arabian plate and Eurasian plate (Sanandaj Sirjan Block) which 

led to the subduction between the plates. After Al-Qayim et al. (2012) and 

Mafakheri B. et al. (2022). 
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the outer part of the southwest Zagros orogenic wedge, the belt's structure evolved as 

an overlayered thrust sheet, including a sedimentary succession approximately 7 to 12 

km thick (Alavi, 2004). According to Alavi (2007, 2004, 1994) and Al-Qayim et al. 

(2012), the entire Zagros region is subdivided into three tectonic units from northeast 

to southwest. The first is the Urumieh–Dokhtar magmatic assemblage, the second is the 

Sanandaj–Sirjan zone (the Zagros imbricate zone), and the last is the Zagros fold-thrust 

belt, which is the area of interest in this study. As shown in Figure 2-3, major 

components of the Zagros suture zone (collision between Arabian and Eurasian plates) 

include an ophiolite–radiolarite obduction related to the Coniacian–Campanian, which 

Figure 2-4. Regional tectonic map of Kurdistan region, Iraq. Major tectonic 

subdivisions, including Zagros high folded zone, Zagros low folded zone, and 

Zagros imbricated zone have been illustrated. Several studies shown in Table 2-1 

have been placed on different tectonic subdivisions on the map. The orientation of 

maximum horizontal stresses for some previous studies has been placed on the 

map. Modified from Al-Qayim et al (2012) and after Mafakheri B. et al. (2022). 
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is composed of sedimentary mélange (Qulqula Group), radiolarites, and Triassic 

platform carbonate (Avroman Limestone Formation) (Alavi, 2004; Al-Qayim et al., 

2012). The northwestern part of the Zagros orogenic belt in the Kurdistan region of Iraq 

includes the Zagros suture zone, which also includes allochthonous Tethyan Triassic–

Eocene thrusts sheets. The suture zone is between the Zagros main reverse fault in the 

northeast and the Zagros thrust front in the southwest (Alavi, 2007, 2004; Al-Qayim et 

al., 2012) (Figures 2-2, 2-3, and 2-4).  

Iraq's basic geological units are grouped according to the region's tectonic 

development and depositional history. Iraq can be considered as a large anticline 

(Zebari and Burberry, 2015) (Figures 2-3 and 2-5) with a trend of NW–SE and many 

small folds (syncline and anticlines). Because of the collision of the Arabian and 

Eurasian plates, Iraq is now tectonically divided into the western desert, Mesopotamian 

(unfolded), low-folded, high- folded, imbricated, and thrust zones from southwest to 

Figure 2-5. Structural map of the Kurdistan region, Iraq. Orientations of the anticlines 

in this part of the Zagros Orogen is presented, as well as zone boundaries of the 

belt. Modified from Zebari and Burberry (2015) and taken from Mafakheri B. et 

al. (2022). 
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northwest (Kamal Haji Karim Ahmad, 2015). The stratigraphic column of the Zagros 

foreland basin is shown in Figure 2-6. Although the dominant lithological unit in this 

study is carbonate, there are significant shale, marl, and halite formations. There are 

several oil and gas reservoirs in carbonates, and limestone is the most abundant rock 

type among the carbonate rocks in this well. However, there are also traces of thin shale 

and marl layers along the carbonate rocks. 
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Table 2-1. Previous tectonic studies in the nearby Kurdistan region of Iraq. After 

Mafakheri B. et al. (2024). 

 

     Author Approach  Content Year Area  

     Vernant et al. GPS Present-day crustal deformation and plate kinematics 

in the Middle East constrained by GPS measurements 

2004 Iran and northern 

Oman 

Reif et al.  Remote Sensing 

(Dems) 

 

mapping and measuring the spatial orientation of 

finite planar geologic structure from digital elevation 

models 

2011 Northeast of Erbil 

Kurdistan Region of 

Iraq 

Kamal haji karim Review Surface and 

Underground Geology  

Basic Principles Description of stratigraphy, tectonics 

and boundary conditions of Rock units in Kurdistan 

region of Iraq 

2011 Northern Iraq 

Al‐Qayim et al.  Tectonostratigraphic Tectonostratigraphic overview of the Zagros Suture 

Zone, Kurdistan Region of Iraq  

2012 Zagros Suture Zone, 

Kurdistan Region of 

Iraq 

Awdal et al.  Oil Well Field Data 

Analysis  

characterization of fracture networks using a 

combination of core, log, flowmeter, and surface 

observation by scanlines on bedding surfaces in the 

limbs and hinge of the anticlines. 

2013 Taq Taq Field, 

Zagros,  Kurdistan 

region of Iraq 

Ali et al.  Tectonostratigraphic Tectonic evolution of a Neo-Tethyan (Eocene-

Oligocene) island-arc (Walsh and Naopurdan groups)  

2014 Northwestern 

Zagros collision,  

Iran Iraq border  

Abdulnaby et al.  Earthquake Focal 

Mechanism  

Estimation of the principal stress orientations in 

Northern Iraq and Surrounding Regions by inversion 

of focal mechanism solutions. 

2014 Thrust Zone of the 

Arabian Plate 

Northern Iraq 

Awdal et al.  Fracture Patterns 

Characterization  

Study the fracture patterns and petrophysical 

properties of carbonates undergoing regional folding  

2016 Northern Iraq 

Obaid and Allen  Digital Elevation 

Models (Dems) And 

Satellite Images 

Combining landscape maturity analysis, fold growth 

sequence, and structural style to understand anticline 

growth in the Kirkuk Embayment of the Zagros 

2017 Southwest of the 

Zagros fold-and-

thrust belt, Kirkuk, 

Iraq  

Kobayashi et al. InSAR-Derived 

Crustal Deformation 

and Reverse Fault 

Motion 

Applying an interferometric InSAR analysis using 

ALOS-2 SAR data and InSAR-derived Crustal 

Deformation and Reverse Fault Motion of the 2017 

Earthquake (Iraq) 

2018 Northwestern Part 

of the Zagros 

Orogenic Belt 

Afra et al.  Earthquake Focal 

Mechanism  

Deduce the stress regimes in northwestern Iran and 

surrounding regions from stress inversion of 

earthquake focal mechanisms 

2017 Northwest Iran  

Doski Earthquake Focal 

Mechanism  

 

Tectonic interpretation of the 2017 Raniya earthquake 

and determining the present-day stress field by 

inversion of the fault plane solution. 

2019 Raniya, Northeast 

Iraq 

Gilchrist et al.  Wireline Log, Image 

Log, and Leak of Test  

Analysis of critically stressed fractures using oil field 

data and determining stress-field orientations.  

2020 Sheikhan Field, 

Kurdistan Region of 

Iraq 

Doski  Seismogenic Fault 

Analysis  

Analyzing seismic activity caused by the Quaternary 

reactivation of a seismogenic blind basement fault in 

the Sheladiz area 

2021 Sheladiz Northeast 

Iraq 
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Figure 2-6. Stratigraphic column and oil and gas reservoir and drilled well depths. 

Modified from English (2015) and after Mafakheri B. et al. (2022). 
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2.3 Southeastern part of Zagros suture zone 

In terms of tectonics, the study area is located in the Zagros fold-and-thrust belt 

(ZFTB), which is the result of the consequence of the oblique continental collision 

between the Eurasian and Arabian plates initiated at the Eocene (35 Ma) as the rifted 

Arabian lithosphere was under thrust beneath the Eurasian (Iranian) plate (Figure 2-7). 

The majority of collisions occurred in the Late Miocene and have continued until now 

(Agard et al., 2011b; Karimnejad Lalami et al., 2020; Khadivi, 2010; Lai et al., 2022; 

Mouthereau et al., 2012). The deformation is due to the relative convergence between 

Arabia and Eurasia's tectonic plates (Agard et al., 2005; Takin, 1972). The ZFTB is 

trending NW-SE (Figure 2-7, 2-8), is a part of the Alpine-Himalayan Mountain chain 

and extends for about 2000 km from the Taurus Mountains in Turkey, through northern 

Iraq and SW Iran, to the Strait of Hormuz (Figure 2-7, 2-8) (Alavi, 2007, 2004; Al-

Qayim et al., 2012).  

Figure 2-7. World stress map database in the middle east plotted on a digital elevation 

map (Heidbach et al., 2018). The black box shows the area of interest presented 

in Figure 2-8b. Colorful lines show the orientation of maximum horizontal 

stress in the region based on world stress map data. Different colors represent 

different stress regimes. The red arrow shows the estimated Arabian tectonic 

plate movement toward the Eurasian plate. The subduction indicates the 

Arabian plate moving beneath the Eurasian plate.  After Mafakheri B. et al. 

(2024).    
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Figure 2-8. Field location and main tectonic and structural features related to the 

Dezful Embayment. Between the Zagros main thrust fault and Zagros 

deformation front is ZFTB. The study area is separated from the Lurestan 

and Fars arc by Balarood and Kazerun Faults, modified after Karimi et al. 

(2016). b) Main tectonic units of Iran, including Dezful Embayment, 

Zagros folded zone, high Zagros belt and the central block of Iran. The 

dashed line black box shows the area in Figure 2-8b. Modified from 

Ghasemi and Talbot (2006) and after Mafakheri B. et al. (2024).    
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The thrust system develops in a NE-dipping (foreland dipping), SW-dipping 

(hinterland dipping), or organized NW-trending configuration with SW displacements. 

The thrust system consists of physically, geometrically, and kinematically related faults 

formed sequentially during regional deformation and connected to thin-skinned 

deformation above a basal décollement horizon (Boyer and Elliott, 1982). The ZFTB is 

subdivided into two main zones: the high Zagros (imbricated zone) to the north and the 

ZFTB to the South. The main orogeny of foredeep basins in Zagros has occurred in 

Kirkuk and Dezful Embayment (Abdollahie Fard et al., 2011; Berberian and King, 

1981). The depression of the foredeep started after the deposition of the lower part of 

the Asmari Formation, which is the target formation in this paper (Sherkati et al., 2006), 

and eventually extended to the southwest, near the Persian Gulf (Figure 2-9) 

(Abdollahie Fard et al., 2011). The ZFTB in Iran has been divided laterally into the 

Lurestan Arc, Dezful Embayment, and Fars Arc from the northwest to southeast (Figure 

2-8). The Dezful Embayment is a 60,000 km2 area situated between Lurestan Arc and 

Fars Arc in the southwest of the Zagros main thrust fault (ZMTF) (Figure 2-8)(Allen et 

al., 2004) and it is bounded by the Balarood fault zone  (BFZ) to the north, the Kazerun 

fault zone (KFZ) to the South, and the Mountain Front Fault (MFF) to the East (Alavi, 

1994; Berberian and King, 1981; Karimi et al., 2016; Mouthereau et al., 2012).  

In the folding process, the carbonates of the Asmari, Khami, and Bangestan 

formations formed the main hydrocarbon reservoirs of the study area (Figure 2-10) 

(Abdollahie Fard et al., 2006; Derikvand et al., 2018). Along the Lower Cambrian 

Hormuz Salt Formation and Paleozoic strata, the sedimentary cover of the ZFTB is most 

likely decoupled from its underlying basement (Kent, 1979). The Early Miocene 

(Gachsaran Formation) evaporite sequence in the cover plays a crucial role in the 

deformation of the cover (Figure 2-10) (Bird et al., 1975; Snyder and Barazangi, 1986). 

These faults governed the tecto-sedimentary evolution of this embayment during the 

Cenozoic. (Abdollahie Fard et al., 2006; Derikvand et al., 2019). 

Comparing the Dezful Embayment to the nearby zones reveals significant 

geological and morphological variations. The MFF separates the Dezful Embayment 

from the Izeh zone (Figures 2-8 and 2-10). On the other hand, the Dezful Embayment 

was divided into the NE, SW, and Izeh zones based on geological characteristics.  One 

of the study fields is located in the NE sector, and another is in the SW sector (Figures 
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2-9 and 2-10) (Derikvand et al., 2018). In both sectors where the study area is situated, 

the anticlines display slightly asymmetric geometry, suggesting that the southern flanks 

or both flanks were affected by thrust faults (Figures 2-9, 2-11 and 2-12). Most surface 

thrust faults in the NE sector are anchored deep inside the Gachsaran evaporites, but in 

the SW sector, most of them are blind thrust faults. Regarding the structure, the NE 

sector is more complex than the SW sector. 

 

  

Figure 2-9. Study areas, including Fields A and B, are plotted on a digital elevation 

map. Red double-sided arrows show the high mountain string in the area, which is 

associated with the folding process of ZFTB. Colourful lines in the inset represent 

the orientation of maximum horizontal stress in the area based on the world stress 

map database (Data from Heidbach et al., 2018). Taken from Mafakheri B. et al. 

(2024). 



 

Figure 2-10. Structural cross-section of the Dezful Embayment for A-B line shown in Figure 2-9. Field A is located in 

the SW sector of Dezful Embayment, and Field B on the NE sector. The MFF separates the Dezful Embayment 

and Izeh zone.  In both sectors, the anticlines display slightly asymmetric to asymmetric geometry that the 

southern flanks or both flanks were affected by thrust faults. Modified from Derikvand et al (2018) and taken 

from Mafakheri B. et al. (2024) 2
3
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On the other hand, the thin-skinned tectonic regime is prevalent in the SW sector, 

where the synclines are wider, and the anticlines are comparatively more elongated than 

in the NE sector (Figure 2-10) (Derikvand et al., 2018). The sedimentary succession of 

the ZFTB is divided into four groups by Alavi (1994). The first group is the Proterozoic 

to the Early Cambrian evaporites of the Hormuz Series. These evaporites are covered by 

epicontinental sediments from the Cambrian through the Early Permian, including 

sandstones, carbonates, shales, and evaporites (Figure 2-10) (Alavi, 1994; Vergés et al., 

2011). The high mobility of the evaporitic members of Gachsaran led to the development 

of disharmonic folding from surface to depth so that these units decoupled from larger 

subsurface folds. As a result, the salt and marl of the Gachsaran Formation formed a 

strong detachment horizon (Abdollahie Fard et al., 2011; Khodabakhshnezhad et al., 

2016). 

Technically, both fields are in the Zagros low-folded belt. The anticline axis shows 

torsion to the north at the two ends.   The northern limb is slightly steeper than the 

southern limb, and no major fault has been detected in the image logs of the Asmari 

Formation in all the wells. Due to the complexity of the area, two oil fields in the 

southeastern and northeastern parts of the Dezful Embayment have been studied 

(Figures 2-9 and 2-10). The basement along the Infra-Cambrian Hormuz salt 

décollement horizon and four other shallower décollement horizons are detached from 

the Zagros thin-skinned tectonics. This part includes 7–12 km of thick-sedimentary 

sequences (Sarkarinejad and Goftari, 2019). Kinematic evolution during simultaneous 

folding and thrusting is due to several décollement horizons of the sedimentary cover 

sequence from the basement, a controlling factor contributing to the structural styles of 

folding and thrusting (Sarkarinejad et al., 2021). Several tectonic and geomechanical 

studies in the Zagros suture zone near the study area have been presented in Table 2-2.  

The stratigraphy of the Dezful Embayment is characterized by a thick sequence of 

sedimentary rocks, ranging from the Early Cambrian to the recent Quaternary (Nabavi, 

2016). The Embayment hosts a variety of sedimentary rock formations that have been 

subjected to tectonic processes throughout geological time. These formations can be 

broadly divided into several key formations. In this study, as shown in Figures 2-10, 2-

11, and 2-12, the Bakhtiari Formation primarily comprises of eroded conglomerates, 

sandstones, and shales from the Late Cretaceous to the Early Miocene. 
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Figure 2-11. a) The stratigraphic column of the Dezful Embayment shows lateral 

lithology changes from NW-SE.  After Albooyeh et al. (2018) and Mafakheri B. 

et al. (2024).  

 

 

a 
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b 

Figure 2-11. Continued. b) Shows the schematic lithological column 

and top formations of Well A5 from Field A. Well A5 penetrates 

Asmari Formation at 3348 m, and oil water contact (OWC) is at a 

depth of 3600 m. After Mafakheri B. et al. (2024) 

 

SW NE 
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Figure 2-12. Schematic seismic profile of Fields A and B. Several thrust faults are 

detected in both cases. Red lines are faults and black stars show the target 

formation. After Mafakheri B. et al. (2024). 
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Then there is the Aghajari Formation, which exists in the Zagros Mountains' 

foothills and consists of shales, marl, and siltstones, with deposits dating back to the 

Oligocene and Miocene. Next, the lithology of the Mishan Formation primarily consists 

of marine marls with some thin limestone intercalations and shales from the Late 

Eocene to the Early Oligocene. Below this Formation, the Gachsaran Formation 

comprises evaporites from the Miocene, including anhydrite, gypsum, halite, marls, and 

shales. In the Dezful Embayment, the fractured Asmari reservoirs are covered by the 

Gachsaran evaporites (Figures 2-10, 2-11, and 2-12). The Oligo-Early Miocene Asmari 

Formation, which is situated in the depths between 3348–3760 m (true vertical depth) 

in Field (A) and 1020–1210 m (true vertical depth) in  Field (B), is the main oil reservoir 

formation, followed by the Cenomanian limestones of the Pabdeh-Bangestan Formation 

(Figures 2-10, 2-11, and 2-12) (Bordenave and Hegre, 2005; Mouthereau et al., 2012).  

According to Honarmand and Amini (2012), due to variations in depositional 

conditions and environments, the reservoir quality of the limestones of the Asmari 

Formation varies significantly, as shown in Table 2-3 for this study. Most of the Eocene-

Oligocene Pabdeh Formation is thin-bedded deep-marine pelagic calcareous shale, 

marl, and limestone abundant in pelagic microfauna (Alavi, 2004; Karimi et al., 2016). 

Below the Asmari, the Pabdeh Formation is predominantly composed of marl, shales, 

and limestone, with deposits dating back to the Paleocene and Eocene epochs.  
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Table 2-2. Previous tectonic studies in the nearby area of Dezful Embayment. After 

Mafakheri B. et al. (2024). 

 

     Author Approach Content Year Area 

     Yaghoubi and 

Zeinali 

Borehole image 

logs 

Determination of magnitude and orientation of the in-

situ stress from borehole breakout and borehole stability 

2009  Cheshmeh Khush-

Iran 

Sanaee et al. conventional logs Stress profile in a deep borehole in a naturally fractured 

reservoir 

2010 Southwestern Iran 

Haghi et al. Borehole image 

logs 

Present-day stress of the central Persian Gulf: 

Implications for drilling and well performance 

2013  Central Persian 

gulf 

Elyasi et al., Borehole image 

logs 

Stress determination and geomechanical stability 

analysis by numerical modelling 

2014  Southwestern Iran 

Molaghab et al. Borehole image 

and conventional 

logs 

Determination of minimum and maximum stress profile 2017 Southwestern Iran 

Mousavi earthquake focal 

mechanisms 

Spatial variation in the frequency-magnitude 

distribution of earthquakes under the tectonic 

framework 

2017  Middle east 

Haghi et al. Borehole image 

and conventional 

logs 

State of stress and implications for hydraulic fracturing 

of naturally fractured carbonate reservoir 

2018  Southwestern Iran 

Abdideh and 

Alisamir 

Borehole image 

and conventional 

logs 

Deep stress Field using well log and wellbore breakout 

in cretaceous oil reservoir, southwest iran 

2018  Southwestern Iran 

Ranjbar-Karami 

et al. 

Borehole image 

logs 

Contemporary tectonic stress pattern of the Persian Gulf 

Basin 

2019  Central Persian 

gulf 

Yousefi et al. Borehole image 

logs 

Fracture systems development using image logs at 

Asmari Formation 

2019  Rag Sefid- Iran 

Jalili et al. Borehole image 

logs 

Fracture characteristics and borehole instability in the 

Asmari reservoir of Zagros folded belt zone 

2020  Kuh-e-Kamarab, 

Marun and 

Aghajari  

Mousavipour et 

al. 

Conventional logs In situ stresses, mud window, and overpressure zone in 

the South Pars Field 

2020  South Pars-

persian gulf 

Yaghoubi et al. Conventional logs 

and EFM 

Seismicity and the State of Stress in the Dezful 

Embayment 

2021 Dezful 

Embayment- Iran 

Taghipour et al. Borehole image 

and conventional 

logs 

Geomechanical Evaluation of Fault Reactivation Using 

Analytical Methods 

2021  Southwestern Iran 

Abdideh and 

Dastyaft 

Laboratory data 

and conventional 

well logs 

Stress Field analysis and its effect on the selection of 

optimal well trajectory in directional drilling 

2022 Southwestern Iran 

Mafakheri et al. Borehole image 

and conventional 

logs 

Present-day in-situ stresses in the Kurdistan region of 

Iraq 

2022  Kurdistan Region 

of Iraq 

     



30 
 

Table 2-3. Lithology and reservoir data, including porosity and water saturation for 

well A5 from Field A. After Mafakheri B. et al. (2024). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

Zone 
TVD 

(m) 
Lithology 

Total 

porosity (%) 

Average 

Porosity (%) 

Average water 

Saturation (%) 

      

Zone 1 3348 – 3405 Calcareous dolomite 3 – 25 12.2 28.8 

Zone 2 3405 – 3443 
dolomitic limestone 

with a sand stringer  
2 – 24 10.2 

 

28.5 

 

Zone 3 3443 – 3490 dolomitic limestone 1 – 20 12.5 28.6 

Zone 4 3490 – 3529 
dolomitic limestone 

with a little sand 
2 – 19 12.7 22.3 

Zone 5-1 3529 – 3557.5 dolomitic limestone 2 – 18 11.6 
26.3 

 

Zone 5-2 3557.5 – 3584 dolomitic limestone 2 – 16 12.4 36.4 

Zone 6 3584 – 3760 
shaly sand with clean 

sand stringers 
2 – 18 10.8 49.8 
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Chapter 3 

3 Review of determining magnitude and orientation 

of in situ stress 

 

3.1 Background 

Research on in-situ stress orientations and magnitudes is not mandatory for tectonic 

and structural studies only, but it plays a vital role in the oil and gas industry. Previous 

research studies prove that geomechanical modeling has become vital to any field 

development including drilling (Abdelghany et al., 2021; Brudy and Zoback, 1999) 

production optimization (Radwan and Sen, 2021a, 2021b), wellbore-stability (Gholami 

et al., 2015; Karatela et al., 2016; McLean and Addis, 1990), and hydraulic-fracturing 

(Lakirouhani et al., 2016; Nasehi and Mortazavi, 2013). Specifically, to analyze the 

instability of the oil and gas wells, it is necessary to determine the magnitude and 

orientation of in situ stress components (Manshad et al., 2014; Mousavipour et al., 2020; 

Cui & Radwan, 2022). 

The five essential principal components of any geomechanical study are the 

magnitudes of the three principal in-situ stresses (vertical stress (Sv), minimum 

horizontal stress (Sh), and maximum horizontal stress (SH)), the distribution of 

formation pore pressure (PP), and the orientation of SH (Baouche et al., 2020b, 2020a; 

Bell, 1996; Busetti and Reches, 2014; Rajabi et al., 2016a, 2016b; Tingay, 2015; 

Zoback, 2007). Gravitational and tectonic forces dominate the in-situ stresses and are 

particularly associated with horizontal tectonic movements (Kang et al., 2010). Vertical 

stress is mainly influenced by the overlying rocks and can be estimated reasonably 

accurately by calculating the weight of the overlying layers. Nevertheless, tectonic 

forces play an essential role in horizontal stress and are extremely complex with 

irregular spatial distributions. In addition, tectonic movements greatly influence 

tectonic forces during the geological history of the region, and they can be explained by 

several forces (Figure 3-1) (Bell, 1996; Heidbach et al., 2018; Ju and Wang, 2018; Lin 

et al., 2020; Rebaï et al., 1992; Zoback, 2007).  
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Previous authors have proposed several methods for determining orientations and 

magnitudes of in-situ stress. There are several perspectives to categorize stress 

measurements and determining methods. This chapter categorizes the methods based 

on direct and indirect methods (Figure 3-2). The direct methods include core-based, 

wellbore measurement, and borehole deformation. On the other hand, indirect methods 

are based on theoretical approaches, earthquake focal mechanism (EFM), and acoustic 

methods (Ljunggren et al., 2003; Zoback, 2007).  

 

 

 

 

 

 

Figure 3-1. Stress sources composing the tectonic stress. (After Tingay et al., 

2012; Zoback et al., 1989) 
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Figure 3-2. Classification of in situ stress measurement methods. 
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3.2 Direct methods  

3.2.1 Wellbore measurements  

The concentration stress around a wellbore can explain the relationships among in 

situ stress magnitudes, rock strength, and the nature of compressive and tensile failures. 

There are several wellbore measurements, including hydraulic fracturing, mini frac test, 

and leak off test (LOT). Hydraulic methods are among the most widely used techniques 

for measuring in-situ stress. With this technique, a pre-existing fracture in a rock 

formation is injected with pressured liquids, which causes the fracture to widen and 

produce new fractures. The stress levels of the rock formation can be evaluated by 

observing how these cracks respond to pressure (Sazid et al., 2023). Usually, a set of 

packers is used to seal off a section of the borehole, with the sealed interval around one 

meter.  Hydraulic fracturing is used to measure the in-situ stress of subsurface rock by 

propagating a fracture in the rock. The direction of the fracture is identified by looking 

at the traces of fracture on the borehole wall, and it spreads in the direction of least 

resistance. The components recorded in a vertical borehole are two of the primary 

stresses, and this orientation is related to the direction of the maximum horizontal stress 

in vertical or sub-vertical boreholes (Ljunggren et al., 2003). On the other hand, 

hydraulic fractures will always propagate perpendicular to the minimum principal stress 

(Zoback, 2007). One advantage of hydraulic methods is that they can determine the in-

situ stress without knowing the rock's deformation properties.  

A schematic pressure–time history illustrating a hydraulic fracturing test is shown 

in Figure 3-3. The pumping rate into the well is constant. Therefore, the pressure should 

increase linearly with time. Then, a linear increase of wellbore pressure with time 

causes a distinct change in the volume rate, considered the leak-off point (LOP) and an 

indicator that hydraulic fracture must have formed. A clear LOP is approximately equal 

to the minimum principal stress. Next, the peak pressure reaches the formation 

breakdown pressure (FBP), which means the fluid flows into the fracture faster from 

the wellbore than the pump. Finally, if pumping continues at a constant rate, the 

pumping pressure will drop to a relatively constant value called the fracture propagation 

pressure (FPP), which is very close to the minimum principal stress (Zoback, 2007). 
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The main disadvantage of the hydraulic fracturing method is that it has the potential to 

cause damage to the surrounding rock. Additionally, the measurements obtained may 

be affected by factors such as temperature, pore pressure, and fractures in the rock.  

 

 

 

 

 

 

 

Figure 3-3. A hydraulic fracturing test showing pressure as a function of injection 

volume. (After Zoback, 2007) 
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3.2.2 Anelastic strain recovery (ASR)  

In this section, the anelastic strain recovery (ASR) method, a stress measurement 

method based on the strain recovery of the rock, is described. Usually, core samples 

recovered from deep wells cannot maintain in-situ stress once removed from the 

formation. However, structural changes in sediment fabrics caused by the release of in-

situ stress are thought to be detectable. Thus, information about in situ stress may 

remain in the recovered sediments (Lin et al., 2010a; Nagano et al., 2015). According 

to Amadei and Stephansson (1997), when a piece of rock is removed from the in-situ 

state of stress, it tends to relax and deform. There is an instantaneous elastic component 

and a time-dependent recovery component to relaxation. According to field 

observations, preferred microcracks are typically open and spread in drilled cores 

following drilling and coring, indicating the occurrence of anelastic strain recovery. 

The ASR method evaluates stress by measuring the ASR of a core sample after 

stress release by drilling. ASR is relatively small and requires high measurement 

accuracy. One feature of this method is that the three-dimensional stress can be 

determined with a single rock core sample (Amadei and Stephansson, 1997). This 

method applies to rock types with large ASR. Its inapplicability to rock types with a 

great anisotropy is the issue. Furthermore, the measurement is contingent upon the 

drilling schedule since it must be carried out at or near the site right after the stress 

release. A Schematic diagram of ASR and illustration of Strain gauge layout are 

presented in Figure 3-4.  

Overall, the ASR method analyzes the three-dimensional stress fields using the 

isotropic viscoelastic model by measuring anelastic strain restorations of core samples. 
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3.2.3 Borehole deformation  

After drilling a well, wellbore instability causes several deformations and fractures 

in the borehole. Borehole breakouts and drilling-induced tensile fractures (DITF) are 

among the most important features that interest geoscientists. Borehole breakout is a 

local enlargement of the borehole diameter usually associated with in-situ stress and 

formation strength. Breakouts occur when the circumference stress exceeds the strength 

of the rock surrounding the borehole, causing rock failure (Zoback et al., 1985).   

The most reliable way to observe wellbore breakouts is through image logs. As 

shown in Figure 3-5, a standard borehole image log shows breakouts and DIFT. Using 

image logs to identify wellbore deformation and failure, particularly the breakouts and 

fractures, is among the most frequently used methods for determining the orientation 

and magnitude of horizontal in situ stresses and has shown valuable results (Cui et al., 

2009; Han, 2021; Li et al., 2019; Lin et al., 2010b; Riedel et al., 2016).  Digital 

processing allows cross-sections of a well to determine orientation of the breakouts and 

DITF and also width of the breakout. As shown in figure 3-5, breakouts and DITFs 

Figure 3-4. Schematic diagram of ASR and illustration of Strain gauge layout. (After 

Nagano et al., 2015) 
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form symmetrically on both sides of the well. Using the breakouts and DITF properties 

enables scientists to determine both orientation and magnitude of horizontal stresses.  

The DITF occurs when the wellbore wall experiences a tension.  The area around 

the wellbore wall in which tensional stresses exist is at the azimuth of the maximum 

horizontal stress. Under normal circumstances, DIFT are not expected to propagate 

more than a cm from the wellbore wall. Thus, identifying DITF is only possible by 

observation of the image logs.  A detailed explanation of using breakout and DITF to 

determine orientation and magnitude of horizontal stresses is presented in chapter Four 

section 4.2.2 and 4.2.3.     

 

Figure 3-5. Example of breakouts and DIFT appear in an acoustic borehole image log. 

(After Zoback, 2007) 
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3.3 Indirect Methods  

3.3.1 Poroelastic strain model 

Another approach for determining the in-situ stresses is using fundamentals of rock 

mechanics in porous media. In this approach rock properties such as bulk modulus, young 

modulus, Biot’s coefficient, and poisson’s ratio are used to determine the magnitude of 

horizontal stresses. The constitutive behavior of rock is described by the notion of 

poroelasticity in a porous elastic solid saturated with a fluid. The theory of linear 

elasticity deals with situations where there are linear relationships between applied 

stresses and resulting strains. While most rocks exhibit a nonlinearly behavior when large 

stresses is applied on them and their behavior can be described by linear relations for 

sufficiently small changes in stress (Fjær et al., 2008). 

Poroelastic strain model suggested by Fjær et al.  (2008) can determine the 

anisotropic magnitude of horizontal stresses via the rock properties. On the other hand 

several empirical equations are developed to determine the rock properties from well logs 

(Bailin, 2001; Najibi et al., 2015; Wang, 2017). Therefore a continuous stress profile can 

be created for entire well logged intervals. In comparison to the other stress determining 

methods in this chapter which determine the magnitude of stress in a certain depth, this 

method provides stress profile in a longer range. A detailed explanation of poroelastic 

strain theory to determine magnitude of horizontal stresses is presented in chapter Four 

section 4.2.3.     

 

3.3.2 Kaiser Effect method 

Determining in situ stresses using the acoustic Kaiser Effect method is another 

technique in determining in situ stresses. This method is based on the principle 

discovered by Kaiser in the 1950s. This method is based on a phenomenon where 

materials, particularly rocks, exhibit acoustic emissions at stress levels that correspond 

to their maximum previous stress (Holcomb, 1993). This phenomenon, known as the 

Kaiser Effect, indicates that materials hold a memory of their stress history. When rocks 

are subjected to stress, they develop micro-cracks, leading to the emission of acoustic 

signals (Figure 3-6). If the rock is unloaded and then reloaded, significant acoustic 

emissions do not occur until the stress exceeds the maximum stress level previously 
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experienced. In a controlled laboratory setting, these samples are subjected to loading, 

and high-precision acoustic emission sensors are employed to detect and record the 

acoustic signals emitted from the rock. By analyzing this data and considering the 

geological history and conditions of the site, an estimation of the in-situ stresses can be 

conducted. 

In this method, samples should closely represent the in-situ conditions and ensuring 

this consideration can be challenging. The accuracy of the Kaiser Effect in predicting 

in situ stress is highly dependent on the correct interpretation of acoustic emissions, 

which requires significant expertise. Moreover, in areas with complex geological 

histories, the interpretation of acoustic emissions can become complicated, which may 

reduce the accuracy of the stress estimations. 

 

 

Figure 3-6. Schematic model of acoustic Kaiser effect test. (After Blanksma, 2011) 
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3.3.3 Earthquake focal mechanism  

In seismically active regions, from earthquake focal mechanisms (EFM) important 

information can be obtained about the stress state. This method is crucial to seismology 

and provides insights into the orientation and movement on fault planes during an 

earthquake  (Zoback, 2007). EFM is dependent on the study of seismic waves generated 

by an earthquake. These waves are recorded by seismometers placed around the globe. 

By analyzing the patterns of these waves, seismologists can determine the direction of 

slip on the fault plane and the orientation of the fault itself (Frohlich and Apperson, 

1992).  

The primary assumption is that the direction of the largest compressive stress is 

perpendicular to the fault plane where slip occurs most easily. This means that by 

analyzing multiple earthquake focal mechanisms in a region, it is possible to predict the 

general stress regime of an area. In this method, small earthquake data can be used to 

calculate the first motion of seismic waves in different directions. In a normal fault, for 

instance, one block of rock slips downward relative to another, while in a reverse fault, 

a block moves upwards. In a strike-slip fault, blocks of rockslide past each other 

horizontally. The patterns of the first motion indicate whether the waves are 

compressing or not, which reveals the nature of the fault movement. This information 

is typically represented in a beachball diagram, which visually displays the type of fault 

movement such as normal, reverse, or strike-slip and the orientation of the fault plane 

(Figure 3-7). The beachball is a two-dimensional projection of a sphere, representing 

the seismic waves radiating out from the earthquake's focal point (hypocenter). 

Typically, the diagram is divided into quadrants by two intersecting circles, creating 

four lobes or segments. These segments are colored in contrasting colors, often black 

and white, to represent different types of motion. The intersecting circles represent two 

possible fault planes along which the earthquake could have occurred. These planes 

divide the sphere into four quadrants(Frohlich and Apperson, 1992). 

However, interpreting focal mechanism data is a challenging task. The accuracy of 

the interpretations heavily depends on the quality and quantity of seismic data available. 

In remote or under-monitored regions, data may be sparse, leading to less reliable 
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interpretations. Moreover, complex fault systems can produce intricate seismic patterns, 

which can be difficult to interpret. 

 

 

 

 

 

 

 

 

 

Figure 3-7. Illustration of EFM for different stress regimes by the beach balls. 

(After Zoback, 2007) 
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3.4 Method selection  

In the studied area in Figures 2-1 and 2-2 the majority of previous studies for 

orientation of maximum horizontal stress are based on EFM which investigate the 

deeper depths sand according to Tingay et al. (2008), despite high availability of EFM 

data in this area, at intermediate depths, borehole deformations such as breakout and 

DITF data from image logging are better indicators of orientation of horizontal stresses 

than EFMs. Therefore, these studies most likely do not represent the intermediate depths 

between 1 and 5 km, and typically cannot be used to explain and study the complexity 

of the stress state in these depths. Accordingly, breakout data can provide more accurate 

orientation of horizontal stresses for the petroleum industry and geothermal systems and 

consequently has been selected for this study (Cui et al., 2009).  

For determining magnitude of in-situ stresses each method presented in this chapter 

has merits and disadvantages, but in this area most direct and indirect methods including 

hydraulic fracturing, core-based and acoustic methods were not available due to lack of 

core samples and complexity of operation of advanced hydraulic fracturing method.  

However image logs for identifying borehole deformation for a total of 10 wells were 

available. In addition, breakout approach is a one of the common and well-established 

methods for determining horizontal stresses.  Furthermore, theoretical methods such 

poroelastic strain model by using the oil field data such as well logs from actual 

measurements in the wellbore can provide continuous stress profile and offer valuable 

information for intermediate depths in this active tectonic region.  

Therefore, in chapter Four and Five, breakouts analysis combined with multiped 

caliper has been selected as the primary indicator of orientation of maximum horizontal 

stresses.  In addition, for determining the magnitude of maximum horizontal stress as 

the most challenging parameter among geomechanical parameters, poroelastic strain 

theory and breakout approach has been employed in this study.  
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Chapter 4 

4 Stress state of northwestern Zagros suture zone 

 

4.1 Background 

Several studies in the region could be beneficial for determining the regional stress 

regime and horizontal stress orientation. The most commonly performed type of study 

conducted in this area previously is earthquake focal mechanism (EFM) analysis. EFM 

studies on the foreland and hinterland of the Zagros suture zone presented slightly 

different results.  For example, Afra et al. (2017) divided northern Iran (east flank of 

the Zagros suture zone) into nine zones and investigated based on the similarity of 

horizontal GPS velocities. The determined stress regime in the region varies from thrust 

faulting to strike-slip faulting. According to Afra et al. (2017), in eastern Anatolia, the 

direction of maximum horizontal stress is nearly north–south, but it changes to east–

west in the Talesh region in northern Iran. Abdulnaby et al. (2014a, 2014b) suggested 

that on the left flank, the pattern of present-day tectonic stress fields in northern Iraq 

and the surrounding regions is controlled by the dynamics of the collision between the 

Arabian and Eurasian plates. Based on the world stress map (WSM)(Heidbach et al., 

2018) and Abdulnaby et al. (2014a, 2014b), the most common tectonic regimes in this 

study area are strike-slip (SS), followed by thrust faulting (TF), as well as combinations 

of these types (Figure 2-4,1-1). Doski (2021, 2019; 2016) used EFM analysis to evaluate 

the tectonic and stress states of the Sheladiz, Raniya, and Sheikhan earthquakes, 

respectively. In the Sheikhan area, the average trend of maximum compressive stress 

was reported to be N20°E. In the Sheladiz area, EFM results indicated N–S maximum 

compressive stress, which Doski (2021) suggested could be related to the anticlockwise 

rotation of the Arabian plate with respect to the Eurasian plate. According to an EFM 

study of the Raniya earthquake, this region is subjected to present-day compressional 

deformation, with a NE–SW maximum horizontal stress axis (N47°E). 

Additional sources of data for study are remote sensing and satellite images. Using 

digital elevation models (DEMs), Reif (2011) studied geological structures of northern 

Erbil; the average azimuth of the trend of anticline hinge lines was NW–SE (Figure 2-
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5). In the Kirkuk Embayment of the Zagros fold-and-thrust belt, the folds grew at 

different times and out of sequence; on average, they are oriented N–S to NW–SW. The 

Kirkuk Embayment is located southwest of the Zagros fold-and-thrust belt of Iraq, 

includes the surface structures of the simply folded zone in northern Iraq, and is 

commonly included as a subdivision of the Zagros orogenic belt. (Obaid and Allen, 

2017). In addition, after the 2017 earthquake with a moment magnitude (Mw) of 7.3, 

Kobayashi (2018) combined Interferometric Synthetic Aperture Radar (InSAR) derived 

crustal deformation and reverse fault motion data to study the tectonics of the Zagros 

orogenic belt. In the western part of the epicenter region (Iraq), uplift of 90 cm upward 

occurred, whereas most of the epicenter region moved westward overall by 50 cm. Pure 

reverse fault motion was detected with slight dextral motion toward the NE (Table 2-1 

and Figure 2-4). Regard (2004) and Vernant (2004) used GPS data to study the surface 

displacement. Regard (2004) performed tectonic and fault slip vector analyses and 

determined that compression tectonic regimes had occurred trending NE–SW in the 

Arabian Plate, and Vernant (2004) suggested 10 mm y−1 average displacement along 

the N–S direction (Table 2-1 and Figure 2-4). Gilchrist et al. (2020) studied well logs 

around the depth of 1500 m, whereas Awdal et al. (2016, 2013) studied surface fractures 

and well logs. The overall orientation of maximum horizontal stress was found to be 

NE–SW, with slightly different results between studies (Table 2-1 and Figure 2-4).  
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4.2 Methodology 

4.2.1 Data preparation and workflow 

In this study (Mafakheri B. et al., 2021; Mafakheri B. et al., 2022), a combination 

of conventional logs such as natural gamma-ray, density, porosity, compressional and 

shear acoustic wave, and resistivity logs, in addition to borehole image logs and six-

arm mechanical caliper data, was used to determine the magnitudes and orientations of 

in-situ principal stresses. For confidentiality and security reasons, the data presented in 

this analysis has been generously provided by a prominent oil company, though specific 

details regarding the exact fields and locations remain undisclosed to protect proprietary 

and sensitive information. The specific borehole image logs consisted of data from six 

pads of resistivity sensors assisted with six-arm calipers, which provided high-quality 

images. Coverage of the wellbore of 58% for an 8 ½ inch well and of 43% for a 12 ½ 

inch well was sufficient for geomechanical and stress analysis. Data preparation is a 

crucial element of breakout analysis, and in the present study, this preparation was 

conducted in seven steps (Figure 4-1). The used workflow and general steps in this work 

are presented in Figure 4-2. Each component was required to meet the corresponding 

standards to lead to successful interpretation. In this study, two wells were evaluated: 

well A, with an overall true depth of 2240 m, and well B, with a depth of 1400 m. After 

data quality control, dynamic and static borehole images were created to inform 

interpretation using the processing software Techlog developed by Schlumberger. As 

Image normalisation

Histogram equalization

Eccentralisation correction 

Pad concentration and orientation

Button harmonization

Speed correction 

Inclinometry QC

Figure 4-1. Workflow of image log data preparation. After 

Mafakheri B. et al. (2022). 
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shown in Figures 4-3a and 4-3b, several breakouts were detected in well A between 

1600 m and 2000 m. 

 

 

Figure 4-2. Workflow of determining magnitude and orientation of in situ stresses. 

Green boxes and arrows represent the method of Poroelastic strain theory and 

blue boxes and arrows are breakout analysis approach. Green squares and 

arrows represent the poroelastic strain model approach. Blue squares and arrows 

represent the methods based on breakout and black squares and arrows are 

common steps for both methods. After Mafakheri B. et al. (2022). 
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Figure 4-3. a) Dynamic borehole image log is presented on the left track. On the right 

track, six-arm calipers are illustrated to check the breakout detection from the 

image log. b) Detected breakout in the wellbore with eight distinct zones. c) 

Wellbore shape cross-section from Techlog to ensure the breakout detection 

analysis (TVD of 1620.51 m). d) Rose diagram of the azimuth of maximum 

horizontal stress. The black line is number weighted, and the red line is the 

length weighted mean azimuth. e) RFT graph for a certain depth (1720 m) to 

measure Pp. After Mafakheri B. et al. (2022). 
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 The variation of the caliper also confirmed the occurrence of breakouts (Lin et al., 

2010).  To ensure the accuracy of breakout analysis, the borehole shape section in 

Techlog was used to create a horizontal section of the borehole, and it showed two 

distinct greater diameters from the center of the borehole in breakout zones (Figure 4-

3c). Ultimately, the orientations of in-situ principal stresses were determined by 

combining the above-mentioned data and approaches (Figure 4-3d and Figure 4-4). In 

the workflow of this research, as shown in Figure 4-2, to determine the magnitudes of 

principal stresses, two approaches were applied and compared to ensure accuracy of the 

results. The first approach was the poroelastic horizontal strain theory method. This 

method was initially used to determine the lithology and shale zone based on wireline 

logging. The pore pressure was then extracted directly from a repeated formation test 

(RFT) (Figure 4-3e). Because the magnitudes of effective maximum and minimum 

horizontal stresses are dependent on pore pressure (PP), this parameter is crucial in any 

geomechanical study. One principal stress that must be initially calculated is vertical 

stress. Therefore, minimum and maximum principal horizontal stresses were 

determined using pore pressure, vertical stress, and the physical properties of the rock. 

The other approach was used to detect breakout features, such as width and height, 

combined with physical properties, and the caliper log was used to determine the 

magnitudes of the minimum and maximum principal horizontal stresses. Ultimately, the 

breakout azimuth indicates the orientation of the minimum principal horizontal stress. 

The findings of both approaches were compared, and the results are presented in a 

subsequent section.  
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Figure 4-4. Variation of breakout width, height, and azimuth with respect to depth. 

After Mafakheri B. et al. (2022). 
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4.2.2 Orientation of maximum horizontal stress 

In this section, the equations that were used to calculate the standard deviation and 

mean breakout azimuth are shown according to Tingay et al. (2008) and Mafakheri B. 

et al. (2022). The breakout orientations were mirrored on both sides of the wellbore. 

Therefore, breakouts between 180° and 360° are equivalent to those from the interval 

0°–180°. Thus, θi is the orientation of just one parallel breakout, and θi
* = 2 θi. The 

number-weighted and length (height)-weighted mean azimuths were calculated as 

below:  

  Number weighted: 

 𝐶 =
1

𝑛
∑ cos 𝜃𝑖

∗

𝑛

𝑖=1

 (4-1) 

  

Length weighted: 

 𝐶 =
1

𝐿
∑ 𝑙𝑖

𝑛

𝑖=1

cos 𝜃𝑖
∗ (4-4) 

 𝑆 =
1

𝐿
∑ 𝑙𝑖

𝑛

𝑖=1

sin 𝜃𝑖
∗ (4-5) 

where li is the length of each breakout and L is total length of the breakouts. The mean 

azimuth and standard deviation result from: 

 𝜃𝑚  =  ½ arctan(𝑆/𝐶) (4-6) 

 𝑅 = (𝐶2 + 𝑆2)
1

2⁄  (4-7) 

 𝑆𝑜 =
360

2𝜋(−
1
2 loge𝑅)

1
2⁄
 (4-8) 

where, 𝜃𝑚 is the mean azimuth of the breakout and 𝑆𝑜 is the standard deviation. The 

azimuth of maximum horizontal stress is an essential parameter for any geomechanical 

 𝑆 =
1

𝑛
∑ sin 𝜃𝑖

∗

𝑛

𝑖=1

 (4-2) 

 𝐿 = ∑ 𝑙𝑖

𝑛

𝑖=1

 (4-3) 
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study and one method to determine is the breakout azimuth method. The azimuth of 

maximum horizontal stress is prependicular to the mean azimuth of the breakout 

(Zoback, 2007). 

 

4.2.3 Magnitude of principal in situ stresses 

In order to determine the magnitude of horizontal stresses, first, the breakout 

approach was applied in this study. Then, using the approach of (Cui et al., 2009) and 

(Zoback et al., 1985), horizontal stresses were determined for breakout intervals. In this 

method, horizontal stress depends on the borehole shape deformation caused by 

wellbore failure and rock physical properties. In these equations,  

  𝑆ℎ =
2[(𝑎1 + 𝑎2)(𝑆𝑐 − 𝑓∆𝑃) − (𝑐1 + 𝑐2)(𝑆𝑐 − 𝑒∆𝑃)]

[(𝑎1 + 𝑎2)(𝑑1 + 𝑑2) − (𝑏1 + 𝑏2)(𝑐1 + 𝑐2)]
 (4-10) 

Where SH is the maximum horizontal stress and Sh is the minimum horizontal stress. All 

parameters depend on rock physical properties and wellbore deformation caused by 

wellbore breakout. They are explained below.  

The input parameters were determined using conventional logs such as sonic, 

natural gamma-ray, and porosity logs, as well as empirical correlations. The variable Sc 

represents cohesion, and was determined using the following equation from (Almalikee, 

2019):  

 𝑆𝑐 =
𝑈𝐶𝑆

2 ∗ [(√(1 + (𝑡𝑎𝑛ɸ)2) + 𝑡𝑎𝑛ɸ
 (4-11) 

Where, UCS is unconfined compressive strength in megapascals, and ɸ is the angle of 

internal friction in degrees. The angle of internal friction (ɸ) (Almalikee, 2019) and the 

coefficient of friction (µ) (Fjær et al., 2008) were determined using the below equations 

which are calibrated for limestone in the study area:  

𝑈𝐶𝑆 = 194.4 − 0.6072Δ𝑇 − 646.1𝜑 − 0.01644Δ𝑇
2 + 8.792(𝜑 ∗ Δ𝑇) (4-13) 

                   µ=tan(ɸ ) (4-14) 

 𝑆𝐻 =
2[(𝑑1 + 𝑑2)(𝑆𝑐 − 𝑒∆𝑃) − (𝑏1 + 𝑏2)(𝑆𝑐 − 𝑓∆𝑃)]

[(𝑎1 + 𝑎2)(𝑑1 + 𝑑2) − (𝑏1 + 𝑏2)(𝑐1 + 𝑐2)]
 (4-9) 

                     ɸ = (-0.1166*GR)+39.25 (4-12) 
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Here, GR is natural gamma rays in API units, ΔT is the compressional sonic travel time 

in μsec/ft, and 𝜑 is the neutron porosity log (NPHI in fraction). The variables a1, a2, b1, 

b2, c1, c2, d1, d2, e, and f depend on several parameters as follow:  

 

 

 

𝑎1 = −µ(1 − 2cos2𝛳𝑏) 

𝑎2 = ±(1 + µ2)1/2(−2cos2𝛳𝑏) 

𝑏1 = −µ(1 + 2cos2𝛳𝑏) 

𝑏2 = ±(1 + µ2)
1

2(1 + 2cos2𝛳𝑏)  

𝑐1 = −µ(1 + 2
𝑎2

𝑟𝑏
2

) 

𝑐2 = ±(1 + µ2)
1
2(1 −
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2
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1
2(1 + 3
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1
2 
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1
2

𝑎2
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(4-15) 

 

 

 

 

 

 

 

 

Other parameters are as follow: the coefficient of friction (μ), angle of breakout 

initiation with respect to the maximum horizontal stress (θb), depth of breakout 

initiation (rb), azimuth between the direction of the maximum horizontal principal stress 

and the breakout region (θ), the radius of the well (a), and the difference between the 

borehole fluid pressure and formation pressure (ΔP). The coefficient of friction (μ) is 

determined by equation 4-14. In this study, borehole fluid pressure was determined 

based on the actual hydrostatic pressure of the mud column in the wellbore, and the 

formation pressure was determined directly by the extrapolation of pressure from RFT 

test points. The poroelastic horizontal strain model, presented by Fjær et al. (2008), 

considers the rock strains to determine anisotropic horizontal stresses. This approach 

has been used frequently to determine principal in-situ stresses (Amiri et al., 2019; 
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Baouche et al., 2020; Javani et al., 2017; Radwan and Sen, 2021a). The equations of 

vertical stress and maximum and minimum horizontal stresses are as follows: 

 

   𝑆𝑣 = ∫ 𝑅𝐻𝑂𝐵 ∗ 𝑔 𝑑𝐻 
𝐻

0
 

(4-16) 

 

   𝑆ℎ =
𝜐

1 − 𝜐
(𝑆𝑣 − 𝛼𝑃𝑝) + 𝛼𝑃𝑝 + 𝑣𝑠

𝐸𝑠

1 − 𝜐2
𝜀𝑥 +

𝐸𝑠

1 − 𝜐2
𝜀𝑦 (4-17) 

 
𝑆𝐻 =

𝜐

1 − 𝜐
(𝑆𝑣 − 𝛼𝑃𝑝) + 𝛼𝑃𝑝 + 𝜐

𝐸𝑠

1 − 𝜐2
𝜀𝑦 +

𝐸𝑠

1 − 𝜐2
𝜀𝑥 (4-18) 

where Sv is the vertical in-situ stress (overburden pressure). In this study, the static 

Young's modulus (Es), dynamic Young's modulus (Ed), and Poisson's ratio (υ) were 

estimated by the method of Wang (2017), and Biot's coefficient was estimated by the 

method of Wu et al. (2001):  

 𝐸𝑠(𝐺𝑃𝑎) = 0.4142 ∗ 𝐸𝑑 − 1.0593 , (4-19) 

 𝐸𝑑(𝐺𝑃𝑎) = 𝑅𝐻𝑂𝐵 ∗ 𝑉𝑠2 [
3𝑉𝑝

2 − 4𝑉𝑠
2

𝑉𝑝
2 − 𝑉𝑠

2 ]  (4-20) 

 𝜐 = [
𝑉𝑝

2−2𝑉𝑠
2

2∗(𝑉𝑝
2−𝑉𝑠

2)
], (4-21) 

 𝛼 = 1 − (1 − 𝜑)3.8, (4-22) 

where RHOB is the density from the density wireline log, Vp is the compressional wave 

velocity, and Vs is the shear wave velocity. In addition, PP is pore pressure. In Equations 

4-17 and 4-18, εx and εy are the strains in the SH and Sh directions, respectively, and 

might be compressional or extensional according to the tectonic stresses. Therefore, 

they would account for calibration factors and would be expected to match estimations 

from rock failure observed in the image logs. The input data are presented in Table 4-

1. The variables εy and εx are as given by Kidambi and Kumar (2016):  

 𝜀𝑥 = 𝑆𝑣

𝜐

𝐸𝑠
(

1

1 − 𝜐
− 1) (4-23) 

 εy = Sv

υ

Es
(1 −

υ2

1 − υ
) (4-24) 
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Table 4-1. Average rock properties and geomechanical parameters for poroelastic strain 

theory method. After Mafakheri B. et al. (2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        Interval 

number 

Depth 

interval (m) 

Density log  

(gr/cm3) 

Porosity  

(%) 

Vp  

(m/s) 

Vs  

(m/s) 

Es 

(GPa) 

Poisson's 

ratio (υ) 

        
1 1500 - 1600 1.93 28.3 5557 2812 15.4 0.33 

2 1600 - 1700 2.36 16.8 4650 2498 12.2 0.29 

3 1700 - 1800 2.56 6.6 5214 2768 19.1 0.30 

4 1800 - 1900 2.57 6.4 5730 2976 25.5 0.32 

5 1900 - 2000 2.45 13.2 5981 3069 25.6 0.32 

6 2000 - 2100 2.69 5.5 6374 3205 34.7 0.33 

7 2100 - 2200 2.66 5.2 6202 3140 32.3 0.33 

8 2200 - 2240 2.34 16.2 6196 3110 25.6 0.33 
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4.3 Results of in situ stress analysis (NW Zagros suture zone) 

4.3.1 Maximum horizontal stress orientation  

The entire logged depth ranges of wells A (2240 m) and B (1400 m) were evaluated, 

and in well B, neither breakout nor drilling-induced tensile fracture (DITF) was 

detected. In addition, for the same depths in well A, neither borehole breakout nor DITF 

was detected, and the results for both wells were consistent. However, below 1400 m 

in well A, breakout detection, assisted with derived lithology, six-arm caliper data, and 

the borehole shape cross-section, indicated a significant number of breakouts (Figure 

4-3a and Figure 4-3b). Therefore, the caliper track in Figure 4-3a shows variation in the 

wellbore geometry, consistent with the image log. Some additional considerations were 

also investigated. For example, shale zones were evaluated to avoid misinterpretation 

among other deformations, such as washout and keyseat resulting from shale swelling 

with breakout. As shown in Figure 4-3b, overall, 52 distinct breakouts from 26 pairs of 

breakout sets were detected. In Figures 4-3a and 4-3c borehole shape section for a 

specific depth illustrates the borehole shape, differentiating between different forms of 

borehole deformation.  

After all of the breakouts were detected and recorded, considering that the breakout 

azimuth is perpendicular to the azimuth of the principal maximum horizontal stress, a 

rose diagram was constructed, as illustrated in Figure 4-3d, showing the frequency of 

the azimuths of the principal maximum horizontal stress for a different set of azimuths. 

This rose diagram shows that the azimuth of the principal maximum horizontal stress 

was between NEE-SWW and NWW-SEE. The black arrow is the mean azimuth of the 

principal maximum horizontal stress based on the number weighted method, and the 

red arrow shows the length-weighted azimuth of the principal maximum horizontal 

stress.  

 

4.3.2 Breakout quality classification  

For each breakout interval, width, height, and azimuth were recorded, which would 

be essential later in breakout quality classification and stress analysis (Table 4-2 and 

Figure 4-4). Figure 4-3b, shows the overall detected breakouts for different depths. For 

the entire well, eight distinct breakout zones were detected.  
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Table 4-2. World Stress Map quality ranking criteria (Tingay et al., 2008) for breakouts 

interpreted from image logs. Characteristic of analyzed breakout data, including 

mean breakout azimuth and standard deviation (So). After Mafakheri B. et al. 

(2022). 

According to Tingay et al. (2008), there are two methods for determining standard 

deviation and mean breakout azimuth: length (height) weighting and number weighting. 

Both methods were evaluated in this study, but because the standard deviation of 

breakout height (Length) was significant (3.7 m), length weighting was more likely to 

represent the mean azimuth. The breakout length-weighted mean azimuth was 162°; 

consequently, the azimuth of the principal maximum horizontal stress was 72°. In 

contrast, the breakout number-weighted mean azimuth was 173°, and the azimuth of the 

principal maximum horizontal stress was 83°.  

Therefore, based on the World Stress Map standard (Tingay et al., 2008), several 

parameters, such as standard deviation and mean breakout azimuth, were calculated, as 

presented in Table 4-2. According to Figure 4-4 and Table 4-2, the standard deviation 

is 11°, which is lower than 12°, a criterion for quality assessment by Tingay et al. 

(2008). Therefore, with the total length of 189 m, the data quality could be considered 

as A-quality. However, the number of distinct breakout depths was less than ten and 

more than six, which would put the data in the category of B-quality. Nonetheless, 

because the distinct number of breakout zones was less than ten and considering the 

significant total lengths (approximately twice the minimum length for A-quality) with 

a low standard deviation, ultimately, the conclusion was reached that the breakout data 

are more likely to be of A-quality.  

     

A-Quality B-Quality C-Quality D-Quality E-Quality 

≤ 10 distinct 

breakout zones 

and combined 

length ≤ 100 m in 

a single well with 

So ≤ 12° 

≤ 6 distinct 

breakout zones 

and combined 

length ≤ 40 m in a 

single well with 

So ≤ 20° 

≤ 4 distinct 

breakout zones 

and combined 

length ≤ 20 m in a 

single well with So 

≤ 25° 

< 4 distinct 

breakout zones 

or < 20 m 

combined length 

with 

  So  ≤ 40° 

Wells without 

reliable breakouts 

or with So > 40° 

 

   

Length Weighted 

Mean Azimuth 

(degree) 

Standard Deviation 

(degree) 

 

Total length 

(m) 

Number of distinct zones 

162° 11° 189 8 

----- WSM A-quality WSM A-quality WSM B-quality 
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4.3.3  In-situ stress magnitude and stress regimes 

Based on the approaches mentioned above in Methodology, the magnitudes of 

principal in-situ stresses, including vertical stress and the maximum and minimum 

horizontal stresses, were determined and plotted in Figure 4-5. Based on the breakout 

analysis approach, the black and blue square symbols indicate the magnitudes of the 

minimum and maximum horizontal stresses. In addition, continuous green and red lines 

indicate the minimum and maximum horizontal stresses, respectively, based on the 

poroelastic horizontal strain method. Linear regression from the breakout analysis 

approach showed correlations (R2) of 0.7950 and 0.7889 for the maximum and 

minimum horizontal stresses, respectively. Both methods for determining the 

magnitudes of principal in-situ stresses showed relative consistency, and their trends 

were similar. In this study, the applied tool had caliper pads in which a single pad 

covered only 35° of the wellbores. However, because the average breakout width was 

above 50°, one of the pads was more likely to touch the bottom of the breakout, read 

the correct diameter of the well, and reasonably estimate breakout depth (Figure 4-6). 

Therefore, parameter a, which is the radius of the well, would be more accurate and 

could result in more accurate minimum and maximum principal horizontal stresses.  

In the entire studied interval, the vertical stress varies from 2.3 to 2.5 MPa/100m.  

In the upper and middle Eocene formations above 1500 m, the maximum horizontal 

stress gradient value based on Poroelastic strain theory is 6.2 MPa/100m and gradually 

decreases to 5.8 MPa/100m at 1720m. While this number is varying from 5.3 to 6.3 

MPa/100m for minimum horizontal stress (Figures 2-5 and 4-5). But a dramatic change 

in the stress is taking place in the lower Eocene around 1720 m which is most probably 

caused by different strength in weak Kolosh Formation compared to deeper and 

shallower formations.  Then in the lower Paleocene, both maximum and minimum 

horizontal stress gradients indicate a significant increase at the level of the Khurmala 

Formations, where it is increased up to 38 MPa/100m and 33 MPa/100m respectively 

for maximum and minimum horizontal stress. The different rock physical properties 

including higher rock strength in Tanjero Formations could be one of the reasons for 

this dramatic change.  
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Figure 4-5. Magnitude of principal in situ stresses including vertical stress, minimum 

and maximum horizontal stresses. Blue line is vertical stress and Black and blue 

symbols illustrate the magnitudes of minimum and maximum horizontal stresses, 

based on the breakout analysis approach respectively. While continuous green and 

red lines are showing the minimum and maximum horizontal stresses respectively 

by using poroelastic strain theory. Straight dot blue and black lines show the linear 

regression for magnitudes of maximum and minimum horizontal stresses based on 

breakout approach respectively.  Highlighted (A) is suspected depth for the stress 

regime change. right columns are indicating the formation and their dominant 

lithology. After Mafakheri B. et al. (2022). 
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In the post-Paleocene formations, the gradient rebalanced to its previous position 

around 6.7 MPa/100m and reach up to 10 MPa/100m in the upper Cretaceous in 

Shiranish formation (Table 4-1, Figures 2-6 and 4-5). Overall, the stress regime is the 

reverse fault stress regime (SH > Sh > Sv), for middle Eocene to upper Cretaceous.  

In contrast, as presented in Figure 4-5, for upper Eocene above the depth of 1600 

m highlighted (A), vertical stress exceeded the minimum horizontal stress; therefore, 

the stress regime transformed to a strike-slip fault regime (SH > Sv > Sh). In fact, the 

differences between all of the principal in-situ stresses became smaller. In general, the 

present in situ stress analysis in the studied area indicates the presence of a combined 

strike-slip faulting stress regime at the shallower sediments and a reverse fault stress 

regime at the deeper sediments. 

 

4.3.4 Links to regional stress state and tectonic setting 

The studied oilfield is located in the Kirkuk Embayment of the Zagros foothills. 

The oilfield is located on the crest of a slightly asymmetric anticline, which trending 

NW–SE towards the foreland in the Foothill Zone (Figure 4-7). There are several 

reservoirs but, in this study, the major reservoir is in the Shiranish Formation which is 

Figure 4-6. Schematic of breakout analysis parameters in the well and pads of image 

log tools. After Mafakheri B. et al. (2022). 
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limestones and dolomites of the upper Cretaceous age.  The reservoir placed between 

the two reverse faults isolated from the outer arc by decollement within the shales and 

siltstones of the Kolosh Formation (Figure 2-6 and 4-7). Jurassic reverse faulting in 

border between Zagros high folded and Zagros low folded zone was reported by Ameen 

et al. (1991) and Garland (2010) which indicate a compressional stress state and on the 

other hand normal faulting reported in the Cenozoic on the crest section, indicates 

extensional stress (Figure 4-7). Therefore, on the hinge line of the anticline normal 

stress regime is expected, and as it gets closer to the limbs the stress regime changes to 

reverse fault regime.  However, in general, these anticlines are predicted to occur in an 

oblique orientation to a right-lateral fault. On the other hand, a regional unconformity 

covers the upper Cretaceous, lower Miocene, and Oligocene succession, and several 

hundred meters of the sedimentary section may have been eroded and removed, 

especially from anticlinal crests in northern Iraq (Ameen et al., 1991).   

In this study, no major faults were observed from log data, and the two wells are 

placed on the hanging wall of one of the faults. These faults initially were suspected to 

play a critical role in the stress regime in different depths.  But as shown in Figures 4-

Figure 4-7. Schematic Structural geology of study area showing two major 

faults and geological events and stress state. After Mafakheri B. et al. 

(2022). 
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3c, 4-4 and 4-5, there is no clear trend for alteration of maximum horizontal stress 

azimuth based on depth or even with the magnitude of in situ stresses. This fact brings 

us to the conclusion that there is no correlation between the orientation of in situ stress 

and regional geological structure including two reverse major faults. The variation of 

breakout azimuth most likely is local and is dependent on the rock’s physical properties. 

Therefore, the reverse stress regime is most likely impacted by the far-field stress 

regime in the outer arc and is approximately consistent with the plate convergence 

vector reported in several studies (Doski, 2019; Regard et al., 2004; Vernant et al., 

2004).  In addition, in Figures 4-4 the breakout height (length) and width do not show 

a meaningful correlation with breakout azimuth.   

A tectonic setting with a current oblique compression is a challenging and 

complicating factor, and possibly it causes activity on oblique structures that deviate 

from the regional structural patterns. The high folded zone and low folded zone are 

separated by the Zagros front fault (Al-Qayim et al., 2012; Berberian, 1995) (Figure 2-

4) and a major morphotectonic discontinuity uplifted the high folded zone by 3–6 km 

with respect to the low folded zone (Le Garzic et al., 2019) (Figure 2-3). The Moho 

reported in depths of around 35 km in the low folded zone, and approximately 40 km 

in the high fold zone (Le Garzic et al., 2019).  Therefore, probably the elevation of the 

low folded zone with respect to high folded zone can play an important role on the 

transformation of stress regime. Evidence for this strike-slip element has also been 

witnessed in the surface outcrop of sandstones and red shales of the upper Fars 

Formation (Awdal et al., 2016).  

In the west Zagros of Iran, a major change reported in the stress state from a 

Miocene–Pliocene syn-folding reverse regime to a Pliocene–Recent post-folding strike-

slip system, with a significant anticlockwise reorientation of the maximum horizontal 

stress from NE–SW to N–S (Navabpour et al., 2008). However, the change in the stress 

regime is consistent to the present study but there was no evidence for changing the 

orientation of maximum horizontal stress with respect to depth and age.  
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4.3.5 Regional and local origin of present-day stress field 

The results of this study suggest a change in stress state from a strike-slip faulting 

regime at shallow depths to a reverse faulting regime at deeper levels. Therefore, 

probably the hanging wall of the decollement is strongly coupled between the 

overlaying hanging wall and the subducting footwall. Even though there is not enough 

evidence for orientation of maximum horizontal stress above 1500m for a detailed 

discussion of the spatial distribution of stress, there are some hypothesis for this 

transformation as below: i- the stress regime variation is related to rock strength 

variation; ii- elevation of area with respect to high folded zone can cause different 

compressional effects.  

Another hypothesis is the alteration of rock physical properties, including the 

compressive strength ductility of different geological formations, during the history of 

plate tectonic collision or regional unconformity caused a sudden change in physical 

property of rock. Furthermore, several dolomitization occurrences and hydrothermal 

streams formed in the carbonate formations, which likely caused the significant 

alteration of the physical properties of the rocks (Bretis et al., 2011; Burtscher et al., 

2012). Another hypothesis is the difference in elevation between the low folded zone 

and high folded zone which is tightly related to presence of high mountains in the region 

or variations in the dip of the underlying blind thrusts, causing variable uplift and 

probably disturbed the stress distributions and generate complex stress patterns. In 

addition, above the depth of 1600 m, no breakout or drilling-induced tensile fracturing 

or other wellbore failures have been detected in either well A or well B in this study, 

which could be a reasonable clue for the occurrence of stress regime alteration. 

On a regional scale as shown in Figures 2-2 and 2-5 the collision between Arabian, 

Eurasian and Anatolian Plate caused orogenic belt in Zagros and Taurus suture zone. 

As mentioned earlier the plate movement caused an oblique stress and created a 

compressional stress in the plate boundaries (Figure 2-4). From southeast of the study 

area in Figure 2-4, the azimuth of maximum horizontal stress is shifting from ENE-

WSW to NE-SW in central study area and as it gets closer to the Taurus suture zone it 

changes to N-S.  Doski (2021) suggests that according to EFM analysis the present-day 

tectonic stress regime in the Shiladiz area near to Taurus suture zone is reverse faulting 

and sinistral strike-slip faulting regime. This region displays open to gentle folding 
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similar to the study area of this study above blind thrusts, with a characteristic 

wavelength between 5 and 10 km (Reif et al., 2011) (Figure 2-4). 

According to previous studies, different stress regimes have been detected in this 

study area based on different sources (Figure 2-4). As discussed in chapter 2 and section 

4-1, because this region is seismically active, tectonic movement in the area is 

considerably high. According to GPS studies, the surface displacement is higher than 

average relative to nearby areas. Thus, the dominant source of horizontal stress in this 

region is most likely associated with the region's tectonics. Based on the results of this 

study, the range of azimuths of maximum horizontal stress is between NE–SW and 

NEE–SWW. Because the well is vertical, the azimuth of the maximum horizontal stress 

is perpendicular to the azimuth of the breakouts (162°), and consequently, the mean 

azimuth of the maximum horizontal stress would be 72°. 

In terms of seismicity according to Garzic et al. (2019) the high relief topography 

with recent seismicity and various rock exposures indicate that the Kurdistan structure 

is controlled by the reactivation of basement faults. Furthermore, the Raniya earthquake 

of 2017 with a moment magnitude (Mw) of 5.1 and the epicenter is the closest to the 

location of the oil field (Doski, 2019). The results show that the Raniya earthquake was 

generated by the neotectonics reactivation of the upper Precambrian northeast-dipping 

blind basement thrust fault, with a small amount of strike–slip motion, at a focal depth 

of 8 km. This indicates that the Raniya region is subjected to a present-day 

compressional deformation, with a northeast-southwest-oriented maximum horizontal 

stress axis (N47°E) (Doski, 2019). The result of this study is relatively consistent with 

the (N72°E) for the current study. 

Previous studies noted in Table 2-1 and Figure 2-4 reported that the azimuth of 

maximum horizontal stress varied from N–S to NE–SW. The determined N72°E 

azimuth of maximum horizontal stress was relatively consistent with the results of 

previous studies and tectonic movement shown in Figure 2-2 and 2-4 and was 

perpendicular to anticline hinges in the study area shown in Figure 2-5. However, the 

dominant stress regimes are reverse (thrust) faulting (TF) and strike-slip (SS) in the 

study area, although incidences of thrust faulting with a strike-slip component (TS) and 

oblique faulting (UF) have also been reported (Abdulnaby et al., 2014a). 
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Since the magnitudes of the three principal stresses were close to each other above 

1600 m, the existence of TS and UF faulting stress regimes is likely reasonable. Another 

important point to consider is the depth of investigation. As discussed in previous 

sections, different methods were used with significantly different depths of 

investigation. For example, GPS, EFM, DEM, fault analysis (FA), surface fracture 

analysis (SFA), and InSAR have different approaches and different depths of 

investigation. For instance, in the EFM method, the depth of the earthquake's epicenter 

can affect the depth of investigation of the stress regime. Therefore, evaluating all 

mentioned hypotheses in the future may help engineers and geologists to understand the 

distribution and transformation of the stress regimes. 

 

4.3.6 Implications for petroleum exploration and development  

The orientations and magnitudes of present-day stresses, according to Zoback 

(2007), are critical to borehole stability, fracture stimulation, water flooding, and fault 

reactivation. Radwan and Sen (2021a, 2021b) refer to the stress changes and 

redistribution in subsurface sediments as a major challenge in oil drilling and 

production. In the study area, mechanical wellbore instability may be a significant issue 

for the drilling of hydrocarbon wells in the study area, based on the numerous wide and 

highly eccentric breakouts observed in this study. The observed variation of breakout 

width, height, and azimuth with respect to depth in figures 4-3 and 4-4 indicate drilling 

challenges across the entire sediments of the studied field. The redistribution of stresses 

and the transition from a strike-slip faulting stress regime to a reverse fault stress regime 

is critical and definitely will affect the hole stability in the drilled wells across the field, 

which should be taken into consideration during future well planning. According to 

Moos et al (1998), raising the mud weight and/or adjusting borehole deviation and 

azimuth to reduce circumferential stress acting on the wellbore can reduce the 

mechanical instability and number of breakouts along the drilled formations. The 

constructed model in this study could provide critical help for drilling engineers in terms 

of well planning and well trajectory. For example, in the studied field, considering 

drilling hydrocarbon wells in a strike-slip stress regime, horizontal wells drilled toward 

the maximum horizontal stress are the most stable because they have the least stress 
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anisotropy (Peska and Zoback, 1995). On the contrary, the least stable borehole is likely 

to be found in the vertical wells because it has the greatest stress anisotropy (Baouche 

et al., 2022). On the other hand, considering drilling hydrocarbon wells in reverse 

faulting stress regimes, drilling in the direction of the maximum horizontal stress will 

increase the borehole stability. Therefore, the safe azimuth of any future horizontal well 

should be along N72°E which is the azimuth of maximum horizontal stress. On the 

other hand, considering the complexities of reservoir exploration and development, it is 

vital to understand the geomechanical properties of the reservoir and well in the drilling 

operation. According to English et al. (2015), most of the exploration effort in the 

Kurdistan region of Iraq has focused on fractured dolomitic limestone formations. As a 

result, understanding the magnitude and orientation of in situ stresses will aid drillers 

and reservoir engineers in choosing the most appropriate safe trajectories to maximize 

productivity. 

In addition, the Zagros is an orogen dominated by flexural processes making it ideal 

for hydrocarbon generation and storage. But on the other hand, many potential 

reservoirs in the Zagros belt experienced several tectonic stages and many fault systems 

changed the cap rock integrity and led to depletion of the reservoir or even in some 

cases conducted produced hydrocarbons to another oil trap. Although this study is 

mainly focused on the present-day stress state, for future work, the study of the 

evolution of stress patterns and tectonics could be beneficial for petroleum exploration 

and development and suggests possible locations for further exploration.   
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4.4 Comparison between breakout and poroelastic strain theory method 

 

In this section, the result of empirical correlations introduced in section 4.2 will be 

compared to show their application in accurately estimating horizontal stresses according 

to Mafakheri B. et al. (2023). As shown in Figure 4-5 and 4-8, the magnitudes of principal 

in-situ stresses, including vertical stress and the maximum and minimum horizontal 

stresses, were determined, and plotted. As presented in Figure 4-5 and the stress polygon 

in Figure 4-9, around a depth of 1600 m, based on both approaches, the vertical stress 

likely exceeds the minimum horizontal stress, and the stress regime is strike-slip. 

However, below 1600 m, the dominant stress regime is a reverse (thrust) fault stress 

regime. Figures 4-8a and 4-8b plotted and compared maximum and minimum horizontal 

stresses from the poroelastic strain versus the breakout method. The up/down bars 

represent the differences between the two results. For most intervals, there are similarities 

between the change in up/down bars for both maximum and minimum horizontal 

stresses. No dramatic differences in the results have been observed.  

Ideally, these empirical methods should be calibrated with direct measurements of 

horizontal stress, such as the leak-off test and mini-frac test. Unfortunately, in this study, 

such data was not available. However, there were no certain methods for calibrating the 

results, but calibrating these approaches together would enable us to improve the 

estimation in future cases. Therefore, the estimated value of horizontal stresses would be 

more reliable if a good match between the predicted horizontal in situ stresses from the 

poroelastic strain method and results from the breakout approach in the wellbore were 

observed. Figure 4-9 shows this field's stress polygon for four different approximate 

depths. However, the stress regime based on both methods is significantly consistent, but 

the data points are more scattered in deeper intervals. This fact opens the door for several 

hypotheses behind the inconsistencies.   

As shown in Figures 4-5, 4-8a, and 4-8b, different depths show variation in average 

maximum and minimum horizontal differences. On the other hand, the limestone 

formation in the shallower depths shows the least difference. It probably indicates that 

the poroelastic strain theory is more consistent with the breakout approach in this 

interval.  
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a b 

Figure 4-8. Comparison of maximum horizontal stress based on both approaches. 

Up/down bars indicate the differences between the results. Orange bars 

indicate that horizontal stress derived from Poroelastic strain theory is 

greater than the breakout method, and grey bars show the opposite. After 

Mafakheri B. et al. (2023). 
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There are several hypotheses for explaining these differences. First, as mentioned 

earlier, the average horizontal stress differences generally increase in deeper intervals, 

and consequently, the calibration would be less reliable. Second, the stress regime affects 

the consistency of results. For example, the intervals with a strike-slip regime show a 
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Figure 4-9. Comparison between the results of breakout and poroelastic strain method 

for maximum and minimum horizontal in situ stresses by stress polygon in well 

A. Red diamonds represent the estimated stress based on breakout approach and 

green triangles based on poroelastic strain model. Light green, brown and blue 

triangles show reverse stress regime(R), strike-slip regime (SS) and normal 

faulting stress regime (N), respectively.  After Mafakheri B. et al. (2023).  
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lower difference, and the reverse fault regime reveals a higher difference. Third, the 

lithology and physical properties of rock influence the differences between the results of 

the two methods. For example, pure limestone shows the lowest differences, and 

formations with higher clay content indicate relatively greater differences. It is well 

known that the physical properties of rock, such as rock strength, young modulus, and 

friction angle, play an important role in the mechanism of borehole breakout occurrence 

and make a greater difference in the results. Besides, in Equations 4-15, the accuracy of 

the depth of breakout initiation (rb) greatly impacts the results of the horizontal stresses. 

Finally, the results could be misinterpreted since the mud cake thickness on the breakout 

surface is associated with lithology. Even though these hypotheses stand on a reasonable 

pillar, there are some counterexamples in some depths. For instance, based on the first 

hypothesis, the average horizontal stress differences in Figure 4-5, the shale-siltstone-

limestone formation should have a higher difference than the grey shale formation, but 

the results are the opposite. In reality, a combination of mentioned reasons probably 

caused the differences between the two methods. 

In the last step, the comparison was conducted between two sets of results in order 

to calibrate the poroelastic strain results with the breakout approach. As shown in figure 

4-10, the minimum horizontal stress derived from the borehole breakout approach and 

poroelastic strain method has a slightly higher correlation than the maximum horizontal 

stress. The R-squared value for minimum and maximum horizontal stress is 0.73 and 

0.71, respectively. Eventually, the following equations are suggested to calibrate the 

horizontal stresses based on the Poroelastic strain method: 

 

 𝑆ℎ(PES)
∗ =0.86𝑆ℎ(PES) + 27 (4-25) 

 𝑆𝐻(PES)
∗ =0.61𝑆𝐻(𝑃𝐸𝑆) + 10.2 (4-26) 

 

where 𝑆𝐻(PES)
∗ is calibrated maximum horizontal stress and 𝑆ℎ(PES)

∗ is calibrated 

minimum horizontal stress. 
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Figure 4-10. Comparison of the maximum and minimum horizontal stress derived 

from borehole breakout approach and poroelastic strain method. After 

Mafakheri B. et al. (2023). 
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4.5 Summary  

This chapter primarily explores the regional stress regime and horizontal stress 

orientation in the northwestern Zagros suture zone. It highlights the varied stress 

regimes in the region, from thrust faulting to strike-slip faulting, influenced by tectonic 

activities such as the collision between the Arabian and Eurasian plates. To study the 

present-day stress state of the Zagros suture zone in the Kurdistan region of Iraq, two 

sets of well log data from actual measurements in the wellbore were analyzed. 

 The chapter methodologically explains how to determine principal in-situ stresses 

by combination of conventional logs, borehole image logs, and mechanical caliper data. 

The methodologies for determining the magnitude and orientation of stresses, as well 

as the analysis of breakout features and their implications on stress orientation, are 

elaborately discussed. The chapter also covers the mathematical models and empirical 

correlations used for the analyses. The chapter also conduct a comparison between 

breakout and poroelastic strain theory methods, analyzing their applications in 

estimating horizontal stresses. 

The mean azimuth of the maximum horizontal in-situ stress, N72°E, is consistent 

with the tectonic movement and previous studies from different methods in the nearby 

Zagros suture zone. The pattern of tectonic stress fields was found to be mainly 

controlled by the collision between the Arabian and Eurasian plates, and our stress 

analysis revealed stress states that corresponded to regional tectonics. 

Furthermore, it integrates regional tectonic settings with local stress fields, 

discussing the relationship between structural geology, fault systems, and stress states 

in the context of petroleum exploration and development. In terms of drilling 

implications, the redistribution of stresses and the transition from a strike-slip faulting 

stress regime to a reverse fault stress regime found to be critical and will undoubtedly 

affect hole stability in the drilled wells throughout the field, which should be considered 

during future well planning.  
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Chapter 5 

5 Stress state of southeastern Zagros suture zone 

 

5.1 Background 

Complex structures with different stress regimes pose challenges in tectonic studies 

and have implications for the oil and gas industry. The analysis of in-situ stress state 

and natural fractures in the Dezful Embayment, the southwestern part of the Zagros fold 

and thrust belt (ZFTB) in Iran, and their implications for tectonic and oil field 

development are poorly understood. This study investigated the stress profiles for eight 

wellbores of the Asmari reservoir, located in two oil fields in southwestern Iran (Figure 

2-7). The studied fields are located in the low-folded ZFTB. According to several 

previous studies, reverse faulting and fault propagation folds caused a reverse stress 

regime in several depths in this area (e.g., Berberian, 1995; Derikvand et al., 2018; 

Lacombe et al., 2011). Nevertheless, little attention was paid to the present-day state of 

stress, geological factors resulting in stress variation, and stress distribution patterns in 

the studied region and their impact on hydrocarbon resource management.  

By analyzing the shape and orientation of multiple borehole breakouts, geologists 

can use statistical techniques to determine the most likely orientation of the maximum 

horizontal stress direction. This information can help plan the drilling of additional 

boreholes or understand the behavior of rock formations in the subsurface. Due to the 

complexity of implementation and high cost, direct method tests are rarely applicable, 

especially in deeper wells. In addition, these tests do not result in a continuous value for 

the magnitude of in situ stress. Indirect methods are widely used to determine profiles 

of stresses with respect to depth (Baouche et al., 2022; Lin et al., 2011; Mafakheri B. et 

al., 2022; Oohashi et al., 2017; Radwan and Sen, 2021b; Tang et al., 2021; Wang, 2017; 

Zoback et al., 2003). 
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5.2 Methodology  

5.2.1 Workflow 

The data presented in this analysis has been generously provided by a prominent 

oil company, though specific details regarding the exact fields and locations remain 

undisclosed to protect proprietary and sensitive information. This study's methodology 

includes four concurrent Processes. First, determining the lithology of the study 

formations to assist further interpretation and discussion. Second, data preparation 

includes conventional wireline logs, acoustic image logs, and resistivity image logs. 

Third, classify the breakouts (BO) and drilling induced tensile fractures (DITF) using 

the world stress map approach. Fourth, determining the magnitudes and orientations of 

in-situ principal stresses using a combination of conventional logs, such as natural 

gamma-ray (GR), density (RHOB), porosity (NPHI), compressional wave (DT), and 

resistivity logs (LLS, LLD, and MSFL), as well as borehole image logs (UBI, OBMI, 

and FMI) and mechanical caliper data (CAL1-CAL6). Citing security and 

confidentiality concerns, the data used in this report comes from a notable oil company. 

However, precise details about the fields and locations are withheld to safeguard 

proprietary and sensitive information. Figure 5-1 shows the overall workflow used in 

this study. Each component was required to fulfill the associated requirements for 

interpretation to be effective. Two streams of actions are required to determine the 

magnitude and orientation of in situ stresses. One line of action provides the rock's 

physical properties and wellbore deformation measurements, such as BO and DITF. On 

the other hand, the second line uses empirical equations to determine vertical stress and 

pore pressure. A combination of both streams meets at the end to determine the 

magnitude and orientation of in situ stresses.   

The density logs were used to calculate the vertical stress for all the wellbores. The 

geomechanical data, such as the Poisson ratio, Young's modulus, and uniaxial 

compressive strength, were calculated using empirical equations. The equations are 

mostly based on petrophysical data such as the slowness of shear and compression 

waves (Δts and Δtc), density (RHOB), and neutron (NPHI). 
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Figure 5-1. Workflow of determining magnitude and orientation of in situ stresses 

based on the poroelastic strain method and BOs and DITFs results. After 

Mafakheri B. et al. (2024). 
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5.2.2 Lithology  

As mentioned earlier, determining lithology is crucial for interpreting the stress 

distribution in the study area. Therefore, several cross-plots were conducted using 

conventional logs to assist in the lithology determination. First, as shown in Figures 5-

2a and 5-2b, the neutron-density and density-photoelectric effect (PEF) cross-plots 

suggest that the dominant lithologies are limestone and dolomite, and a relatively high 

shale content exists in the formation. Next, Considering the high content of clay in the 

Asmari Formation, a thorium-potassium cross-plot (K/THOR) distinguished the clay 

type as dominantly Illite and its mixtures with montmorillonite (Figure 5-2c). 

Eventually, using the combination of conventional logs such as gamma-ray, neutron 

porosity, density, resistivity, and several cross-plots, the lithology of the Asmari 

Formation was determined and evaluated.  

 

5.2.3 Data Preparation  

Data preparation is crucial to any reservoir geomechanical study, particularly 

breakout analysis. Once the data has been collected, it must be processed and analyzed 

to ensure accuracy and reliability. Therefore, the data preparation was carried out 

meticulously to satisfy the appropriate criteria, ultimately leading to a fruitful 

interpretation of the results. This study evaluated seven wells from oil Field A and one 

from oil Field B. The average true vertical depth (TVD) of wells in Field A is 3930 m, 

and in Field B it is 1350 m. After the data quality control, dynamic and static borehole 

images were prepared for interpretation using the Techlog software from Schlumberger 

to visualize and analyze the data.  

The orientation of maximum horizontal stress is associated with borehole 

deformations such as BO and DITF. BOs are typically identified as elongated, concave-

shaped features in the borehole wall that occur perpendicular to the orientation of 

maximum horizontal stress. At the same time, DITFs are fractures that occur in the rock 

formation surrounding a borehole during drilling operations, and they are parallel to the 

orientation of maximum horizontal stress. Identifying a BO or DITF from borehole 

image logs generally involves analyzing the shape and orientation of the features in the 
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Figure 5-2. Lithology identification of Asmari formation for well A2. a) Apparent 

matrix Density-Apparent matrix volumetric Photoelectric factor cross-plot 

(RHOMA-UMA) showing the frequency of several minerals. b) Porosity-

Density cross-plot showing Calcite, Dolomite, Quartz, and Clay content for 

entire studied interval. Colors show the density of points on the cross-plots. Red 

show higher density and blue spectrums show lower density of points. c) 

Thorium-Potassium (THOR/K) cross-plot determining the majority the type of 

clay content. d) Sample of vuggy carbonate from upper Asmari Formation. 

After Mafakheri B. et al. (2024). 
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borehole image logs. Therefore, first, the borehole image logs should be identified in 

combination with the caliper log. For example, Figures 5-3a, 5-3b, and 5-3c show 

several breakouts detected in acoustic and resistivity borehole image logs in wells A5 

and B1. Then, to ensure the accuracy of the breakout analysis, the spiral plot was used 

to create a vertical-horizontal section of the borehole in several depths,  clearly showing 

the wellbore diameters for a specific interval (Figure 5-3c). Then, as shown in the 

workflow of this research in Figure 5-1, the poroelastic horizontal strain theory method 

was used to determine the magnitudes of the principal stresses.  

 

5.2.4 Fracture analysis 

The picking of natural fractures and bedding planes was done manually. Natural 

fractures were identified on borehole images by dark or bright and continuous or 

discontinuous sinusoidal wave appearances, depending on the conductivity of borehole 

fluids and the cement degree of fractures(Lai et al., 2018; Marghani et al., 2023; 

Radwan et al., 2021). Image logs from wells drilled using water-based drilling muds 

can reveal whether fractures are electrically conductive or not, and electrically 

conductive fractures are typically thought to be open (Lai et al., 2018). On borehole 

images, bedding planes might also seem sinusoidal. They do, however, occur as 

interfaces between lithological units that show various colors on borehole images due 

to conductivity contrast and can thus be identified from natural fractures. 

 

5.2.5 Breakout and Drilling Induced Tensile Fracture Quality Ranking 

The azimuth of the maximum horizontal stress is an essential parameter for any 

geomechanical study, and one method to determine it is the BO or DITF azimuth 

method (Zoback, 2007). This section discusses the equations used to calculate the 

standard deviation, mean BO, or DITF azimuth according to the world stress map 

approach (Tingay et al., 2008) for each well and also the average azimuth of maximum 

horizontal stress for the entire field. The azimuth of identified BOs and DITFs is 

identical on both sides of the wellbore for each well, as shown in Figure 5-3.  
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Figure 5-3. Presentation of image logs in wells A5 and B1. a) Identification of 

breakouts from acoustic image log (UBI) in well A5. b) Identify breakouts from 

the resistivity image log (OBMI) in well A5. c) Identification of breakouts from 

acoustic image log (UBI) in well B1. d) Hole shape analysis using a spiral plot 

around a depth of 3355 m. Each red circle is representing an upscaled diameter 

of the hole. Two identical deformed zones indicate the presence of breakouts. 

Red arrows show the azimuth of maximum horizontal stress based on each side 

of the breakout. After Mafakheri B. et al. (2024). 
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Therefore, the identical BOs and DITFs on both sides of the borehole are 

equivalent. Thus, θi is the orientation of just one parallel BO or DITF, and θi
* = 2 θi. 

First, the length (height)-weighted mean azimuths for each well were calculated based 

on length weighted according to Equations 4-3, 4-4, and 4-5.  Where li is the length of 

each BO or DITF, and L is the total length (height) of the BOs or DITFs. On the other 

hand, the mean azimuth and standard deviation were calculated based on 4-6, 4-7, and 

4-8. In these equations 𝜃𝑚  is the mean azimuth of the BOs or DITFs and 𝑆𝑜  is the 

standard deviation. Eventually, to encounter both BO and DITF in the average azimuth 

of maximum horizontal stress for the entire field, the following number-weighted 

equations are suggested for this study:  

 𝜃𝑚(ave) = 𝜃𝑚(BO) + (
𝜃𝑚(BO) - (𝜃𝑚(DITF) +90)

𝑁DITF
𝑁BO+𝑁DITF

) +90  (5-1) 

 𝜃𝑚(total) =
Σ[𝜃𝑚(ave)j ∗ (𝑁BOj+𝑁DITFj)]

Σ(𝑁BOj + 𝑁DITFj)
 (5-2) 

where in Equation 5-1,  𝜃𝑚(ave) is the average azimuth of maximum horizontal stress 

for each well, 𝜃𝑚(BO) and 𝜃𝑚(DITF) mean azimuth based on BO and DITF, respectively. 

𝑁BO and 𝑁DITF are the number of BOs and DITFs for each well. Since the length of 

BOs and DITFs are similar the weighted average was calculated. In Equation 5-2,  

𝜃𝑚(total) is the number weighted average azimuth of maximum horizontal stress for the 

entire field and 𝜃𝑚(ave)j is the azimuth of maximum horizontal stress for well jth. On the 

other hand, 𝑁BOj and  𝑁DITFj are the number of BOs and DITFs for well jth. 

 

5.2.6 Magnitudes of In-Situ Principal Stresses  

In this study, to determine the magnitude of horizontal stresses based on the 

poroelastic horizontal strain method, vertical stress, pore pressure, and the physical 

properties of the rocks should be calculated beforehand. Estimating the vertical stress 

is the first step of any geomechanical study. At a certain depth (m), the vertical stress is 

determined according to Equation 4-16 where Sv is the vertical in-situ stress (MPa), 

RHOB is the density log (g/cm3), and g (gravitational acceleration) is 9.8 m/s2. The next 

required parameter is pore pressure (Pp), which is the pressure exerted by fluids trapped 
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within the pores of rock formation. In this study, pore pressure was estimated from sonic 

logs and downhole drilling data using Eaton's method (Eaton, 1975):  

 𝑃𝑝 = 𝑆𝑣 − (𝑆𝑣 − 𝑃hyd) ∗ (
𝐷𝑇𝑛

𝐷𝑇
)

3

 (5-3) 

DT is the compressional sonic slowness (μsec/m); DTn is the sonic travel time in shales 

(μsec/m), and Phyd is the hydrostatic pressure in MPa. There are several empirical 

correlations adapted for Asmari Formation to establish the relation between static and 

dynamic elastic moduli and rock mechanics properties. In this study the static Young's 

modulus (Es), dynamic Young's modulus (Ed), and Poisson's ratio (υ) were estimated by 

the method of Najibi et al. (2015) and Biot's coefficient (α) was estimated by the method 

of Wu et al. (2001). Poisson's ratio (υ) and Biot's coefficient (α) are estimated based on 

Equations 4-21and 4-22, respectively and  Young's modulus as follow: 

 𝐸𝑠(𝐺𝑃𝑎) = 0.014𝐸𝑑
1.96  (5-4) 

 𝐸𝑑(𝐺𝑃𝑎) = 0.169𝑉𝑝
3.32   (5-5) 

where Vp is the compressional wave velocity. According to Fjær et al. (2008), the 

poroelastic horizontal strain model considers the rock strains to determine anisotropic 

horizontal stresses. This approach has been used frequently to determine principal in-

situ stresses (Amiri et al., 2019; Baouche et al., 2020; Javani et al., 2017; Radwan and 

Sen, 2021b, 2021a). The equations of vertical stress and maximum and minimum 

horizontal stresses are calculated based on Equations 4-17 and 4-18. where SH and Sh 

are the maximum and minimum horizontal in-situ stress, respectively. In addition, εx 

and εy are two horizontal strain components along the SH and Sh, respectively, and might 

be compressional or extensional according to the tectonic stresses. Therefore, they 

would account for calibration factors and would be expected to match estimations from 

rock failure. The variables εy and εx were estimated based on Equations 4-23 and 4-24.  
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5.3 Results of stress analysis  

5.3.1 Borehole Failure  

As shown in Table 5-1, the Asmari Formation in well A5 of Field A ranges 

averagely from 3348 m to 3760 m, and the maximum top formation difference among 

all seven wells is less than 65 m. The formation in the well in Field B ranges from 1020 

m to 1210 m. Several sets of BOs, as shown in Figure 5-3, were identified from UBI, 

OBMI, CBIL and FMI, which assisted with lithology, Caliper logs, and spiral plots. 

Also, additional considerations, such as shale zones, were evaluated to avoid 

misinterpretation among other deformations, such as washout and keyseat resulting 

from shale swelling. As shown in Tables 5-1 and 5-2, 54 distinct zones, including 207 

pairs of BOs and 39 pairs of DITFs, were detected from a total of 3.2 km of image logs 

from all wells in both fields. There are seven wells from Field A spread all along the 

western culmination of the anticline, and their target reservoir is the Asmari Formation 

(Figure 5-4).  

 

Well 

no. 

Type Asmari Top 

(m) 

 

m 

m 

Formation(

m) 

 Breakout  DIF  Azimuth of SH   

    𝜽𝒎(𝐁𝐎) No.  𝜽𝒎(𝐃𝐈𝐓𝐅)  No.  𝜽𝒎(𝐚𝐯𝐞)𝐣 

A1 UBI and OBMI 3382  N65W 9  No No  N35E 

A2 UBI and FMI  3356  N35W 8  N67E 2  N58E 

A3 UBI and OBMI 3336  N75W 8  No No  N15E 

A4 UBI and OBMI 3316  N60W 78  N41E 2  N31E 

A5 UBI and OBMI 3348  N75W 20  N28E 14  N22E 

A6 UBI and OBMI 3332  N80W 56  N17E 10  N11E 

A7 UBI and OBMI 3370  N45W 17  N53E 11  N48E 

B1 CBIL  1020  N55W 11  No No  N25E 

Table 5-1. Data catalogue and results of breakout and drilling induced tensile fracture 

for all wells. The average azimuth of maximum horizontal stress considering 

results of both breakout and drilling induced tensile fracture is reported. After 

Mafakheri B. et al. (2024). 
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Table 5-2. World Stress Map quality ranking criteria (Tingay et al., 2008) for breakouts 

interpreted from image logs. Characteristic of analyzed breakout data, including 

mean breakout azimuth and standard deviation (So).  After Mafakheri B. et al. 

(2024). 

 

 

 

  

A-Quality B-Quality C-Quality D-Quality 

 

E-Quality 

≤10 distinct 

breakout zones 

and combined 

length ≤ 100 m 

in a single well 

with So  ≥12° 

≤ 6 distinct 

breakout zones 

and combined 

length ≤ 40 m in 

a single well with 

So  ≥ 20° 

≤4 distinct 

breakout zones and 

combined length 

≤20 m in a single 

well with So  ≥ 25° 

< 4 distinct 

breakout zones or 

< 20 m combined 

length with 

 So ≥ 40° 

Wells without 

reliable breakouts 

or with So > 40° 

 

 

Well no. Standard 

Deviation So 

(degree) 

 

Total length 

(m) 

Number of 

distinct zones 

Quality 

A1 40.3 24 5 C 

A2 9.2 53 6 B 

A3 23.7 67 5 B or C 

A4 13.6 165 11 A 

A5 16.4 48 8 B 

A6 12.5 107 9 A or B 

A7 9.6 39 6 B 

B1 14.8 35 4 C 
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a 

b 

Figure 5-4. Underground contour map of top formation of Asmari in Filed A. The 

numbers below the well number are the depth of top formation of the Asmari 

Formation.  Different shades of blue bars show different depths of top formation.  

Red circles show the position of seven wells. The black line shows the tectonic plate 

boundary between the Arabian and Eurasian Plates, and the green line is the field 

boundary. A Grey double-sided arrow in (a) shows the closest mountain string on 

the NE of the Field. After Mafakheri B. et al. (2024). 
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5.3.2 Maximum horizontal stress orientation 

After identifying the BOs and DITFs, since there is a significant difference between 

the length and number of BOs and DITFs, in the first step, Equations 4-3, 4-4, 4-5, and 

4-6 were used to determine the mean azimuth of the BOs or DITFs separately 𝜃𝑚. The 

results of 𝜃𝑚(BO)  and 𝜃𝑚(DITF)for all wells are presented in Table 5-1. The quality 

ranking is another important factor in determining the orientation of maximum 

horizontal stress from BO and DITF. Since the number of BOs is significant in this 

study, the ranking was conducted merely according to the BO. Based on the world stress 

map standard (Heidbach et al., 2016; Tingay et al., 2008), several parameters, such as 

standard deviation, mean breakout azimuth and the number of distinct zones, were 

considered for the ranking (Table 5-2).  

According to Equations 4-3, 4-4, 4-5, 4-6, 4-7, and 4-8, the quality of all eight wells 

was ranked based on the distinct number of breakout zones, standard deviation, and 

total length of BOs. Considering the significant total lengths of 586 m with a low 

standard deviation in some depths and 54 distinct zones, there are two sets of BOs with 

A quality, and the rest ranked as B and C, which show the high certainty of the results. 

Then, as mentioned in the methodology, by combining the results from BO and DITF 

for each well and employing proposed Equations 5-1 and 5-2, the azimuth of maximum 

horizontal stress for each well (𝜃𝑚(ave)j) was determined and presented in Table 5-2. 

Eventually, the total number for the azimuth of maximum horizontal stress considering 

both BO and DITF was determined as 𝜃𝑚(total) for the entire field. The results of Fields 

A and B show N32oE and N55oE, respectively. The results of BOs and DITFs are 

presented in Figure 5-5. BOs were detected in all seven wells, but only in five wells 

DITFs were detected.  
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Figure 5-5. a) The rose diagram presents the breakouts for each well. Blue petals show 

the azimuth of breakouts. b) The rose diagram presents each well's drilling-induced 

tensile fractures (DITFs). Red petals show the azimuth of DITFs. After Mafakheri 

B. et al. (2024). 

a 

b 
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5.3.3 Natural Fracture Analysis 

To assist the stress analysis, several sets of natural fractures have been identified 

for well A2 (Figure 5-6). Natural fractures are common in the Asmari Formation 

(Khoshbakht et al., 2009) and are displayed as continuous/discontinuous sinusoidal 

waves on the image logs. Fracture sets within a geological formation are closely related 

to the orientation of the maximum horizontal stress (SH) (Heffer and Lean, 1993; Queen 

and Rizer, 1990). Stress in the Earth's crust, resulting from tectonic forces, tends to 

create tensional natural fractures in the direction perpendicular to the minimum stress 

(Sh), as usually rock failure is more likely to occur where the stresses are lowest. 

Therefore, the most frequently occurring tensional fracture orientation usually aligns 

approximately parallel to the SH direction. As shown in Figure 5-6, in well A2, most 

fractures in set 2 are subparallel with the orientation of maximum horizontal stresses 

and confirm the results of BOs and DITFs from Table 5-2. 

 

5.3.4 Pore pressure  

The values of Pp were estimated by Equation 5-3 from the compressional sonic 

slowness logs (DT) and compared with values from previous literature that measured 

pore pressure by hydraulic fracturing tests in the Asmari Formation (Haghi et al., 2018). 

The estimated average pore pressure for the Asmari Formation in Field A is 37.1 MPa 

at 3360 m depth and 41.6 MPa at 3780 m depth, which is consistent with the results of 

Haghi et al. (2018). For Field B, Pp ranges from 10.6 MPa at 1050 m depth to 11.6 MPa 

at 1150 m depth. The mean Pp gradient is 10.7 MPa/km and 10 MPa/km in Fields A and 

B, respectively. As shown in Figure 5-6, shale was encountered at 3590 m, and Figure 

5-7 demonstrates a higher-pressure regime with an average gradient of 12.1 MPa/km 

below the oil-water contact. Overpressure behavior is probably caused by fast 

compaction in Early Miocene shales, where sedimentation rates were so fast that the 

pore fluids could not release the pressure, and another reason could be the transition 

from the oil zone to the aquifer. The wells were drilled with overbalanced oil-based 

mud. According to the drilling reports from field A, no serious incidents of formation 

fluid influx above or below 3590 were reported, implying greater confidence in pore 

pressure interpretation.  
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Figure 5-6. Results of image log analysis for facture identification in well A2.  a) 

Example of detected fractures in approximately 6 m intervals.  b) Identified 

fractures for the entire Amari formation in well A2. c) Lithology Column of 

Asmari Formation. d) Results of fracture analysis of Well A2 are presented in the 

rose diagram. Two distinct sets of fractures were detected. After Mafakheri B. et 

al. (2024). 
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Figure 5-7. Profile of in situ stresses including SV, SH, Sh and pore pressure Pp for 

both fields. a) Stress profile and lithology column for well A2. b) Stress profile 

for well A.1 c) Stress profile for well A7. d) Stress profile for well B1. e) 

Extrapolated stress profile based on the well B1. f) Extrapolated stress profile 

based on the well A2. After Mafakheri B. et al. (2024).  
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Figure 5-7. Continued.  
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Figure 5-7. Continued.  
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5.3.5 Stress Magnitude 

Figure 5-7 depicts the magnitudes of the principal in-situ stresses for wells A1, A2, 

A7, and B1, including vertical and maximum and minimum horizontal stresses, as 

determined using the methods described in Methodology. The vertical stress (Sv) was 

determined by integrating a synthetic shallow density profile and bulk density log based 

on Equation 4-16. No significant differences are detected between the results of each 

well from the same field. For the Asmari Formation, according to available data, 

estimated average Sv values in Field A range from 69.8 MPa at 3360 m depth to 80.4 

MPa at 3780 m depth, and for Field B, they range from 18.9 MPa at 1050 m depth to 

21.3 MPa at 1150 m depth. The mean Sv gradient is 25.4 MPa/km and 24 MPa/km in 

Fields A and B, respectively.  The magnitude of both horizontal stresses was estimated 

by Equations 4-17 and 4-18 based on the Poroelastic strain model. The results for three 

wells from different locations in Field A showed moderate differences. Two obvious 

trends exist in the horizontal stresses above and below 3580 m. The average value of 

estimated average Sh above this depth in Field A ranges from 112.2 MPa at 3360 m 

depth to 128.3 MPa at 3580 m, and for SH, it varies from 131.3 MPa at 3360 m depth 

to 148.1 MPa at 3580 m. The estimated Sh and SH gradients, above 3590 m, are 69.8 

MPa/km and 73.1 MPa/km, whereas, at the deeper level below 3590 m, there is a sharp 

decline in both horizontal stresses, and for the rest of the studied interval results show 

relatively constant values.  

 

5.3.6 Stress Regime  

Stress polygons are commonly used to identify and understand the principal stress 

components in critically stressed boundary conditions (Figure 5-8). Estimated 

magnitudes of the principal stresses (Sv, Sh, and SH) define the stress regime in Field A. 

The plotted stress polygon depicts the magnitudes of Sh and SH for a particular depth 

with known Sv and Pp values (Figure 5-8). Two depth points have been plotted for Field 

A. As shown in Figures 5-7 and 5-8, based on the relationship between the magnitudes 

of the in-situ stress in Field A, in the depths above 3590 m, the stress regime is thrust 

faulting (SH > Sh > Sv). In contrast, below this depth, there is a sharp decrease in the 

horizontal stresses, and the Sh line overlaps with Sv, which is more likely explainable 
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with the shifting toward a strike-slip regime (SH >Sv ≥Sh). Shallow depth points are 

located within the thrust faulting environment, whereas deeper depth points are located 

within the border between the strike-slip and thrust faulting stress regimes. It is worth 

mentioning that these results for all the studied wells were almost consistent. On the 

other hand, however, for Field B, since the studied interval did not cross the oil-water 

contact (OWC), in the entire studied interval, the dominant stress regime is thrust 

faulting (SH > Sh > Sv) with no dramatic change in the estimated stresses. 
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Well A2 

 SV ~ 75 MPa  

 Depth ~ 3500 m 

 PP  ~ 38 MPa 

 µ = 0.6 
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Figure 5-8. Stress polygon for two different depths in Well A2. a) Plotted stress 

polygon for the reverse faulting regime (R). b) Plotted stress polygon shows 

the shifting from revers faulting (R) to strike-slip (SS) stress regime. After 

Mafakheri B. et al. (2024). 
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5.4 Interpretation of in situ stress analysis (SE Zagros suture zone) 

5.4.1 Horizontal stress magnitude and orientation  

As shown in Figure 5-9, the overall trend for maximum horizontal stress orientation 

is NE-SW. The estimated mean azimuth for the entire Field A is N32°E and for Field 

B is N55°E. For Field A, the standard deviation between seven wells is 17°, which is 

relatively moderate and implies the reliability of the results. In Field A, the average 

difference between the azimuth of SH derived from BOs and DITFs is 10.2°, which is 

considerable, and it is a significant clue that the stress state is in a complex condition. 

The greatest difference in the azimuth of SH derived from BOs and DITFs is reported 

in wells A5 and A2 with 13° and 12°, respectively. Both wells are along the extension 

of the northwestern limb of the anticline with low standard deviation (Tables 5-1 and 

5-2; Figure 5-4). On the other hand, wells A6 and A7 show the lowest difference in the 

azimuth of SH from BOs and DITF, with 2°. Figures 5-4 and 5-5 show that A5 and A2 

are far from the hinge line and center of the anticline, and A6 and A7 are closer to the 

center. One hypothesis suggested for this phenomenon is that the difference in the 

degree of folding in the Asmari Formation, and consequently, the difference in 

extension forces on the formation can cause a greater difference between results from 

BOs in different well locations (Figure 5-10). Other recommended reasons behind the 

stress deflections are lateral deformability/strength contrasts, flexural stresses, and 

geological structures such as faults (Sonder, 1990).  

Since the difference between the Asmari top formation from different wells is 

relatively low, and no dramatic horizontal change in the rock properties is reported, the 

inconsistency between the azimuth results of BO and DITF is likely irrelevant to the 

density and strength contrast. Also, since the anticline is relatively subparallel to the 

mountain ranges in the area, surface structure and their geological features (Figures 5-

4 and 5-9) are most likely not effectively causing the differences. However, as shown 

in Figures 2-12 and 5-5 in the southwestern culmination of the anticline in Field A, 

there are three thrust faults, including a major fault, and possibly they affect the state of 

stress in wells closer to the faults (A1, A2, A5, and A7) and can cause differences 

between the results of BO and DITF. As presented in Figures 5-4 and 5-9, the wells 
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closer to the boundary of the anticline have a closer azimuth of BOs compared to those 

closer to the Hing line. 

 

 

1,600 

Figure 5-9. The mean azimuth of maximum horizontal stress based on combination 

of results of BOs and DITFs plotted on a digital elevation map of the study area. 

Colorful lines show the orientation of maximum horizontal stress, based on 

world stress map data. Brown compasses show the mean azimuth of the 

maximum horizontal stress for each well (𝜃𝑚(𝑎𝑣𝑒)) based on the results of both 

breakouts and DITF. Black and Blue compasses show the average azimuth of 

maximum horizontal stress for the entire field (𝜃𝑚(𝑡𝑜𝑡𝑎𝑙) ) for Field A and 

azimuth of maximum horizontal stress based on well B1 in the Field B, 

respectively. After Mafakheri B. et al. (2024). 
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Table 5-3. Magnitude of in situ stress and pore pressure results for different zones of 

Asmari formation estimated from well A2. After Mafakheri B. et al. (2024).   

 

 

   Asmari 

Zones 

Depth Range 

TVD (m) 

Stress Magnitude (MPa) 

PP SV SH Sh 

      
Zone 1 3356 – 3415 35.2 72.1 136.7 110.9   

Zone 2 3405 – 3455 36.3 73.9 137.3 111.7 

Zone 3 3455 – 3501 37.0 75.1 139.3 113.4 

Zone 4 3501 – 3547 37.0 75.7 141.4 115.2 

Zone 5-1 3547 – 3571 38.5 76.3 149.8 121.6 

Zone 5-2 3571 – 3599 40.5 77.5 134.2 110.3 

Zone 6 3584 – 3775 42.5 79.9 107.8 91.5 

      

Figure 5-10. Schematic anticline folding degree scale. Each well is located on different 

part of the anticline, and it cause different tensional forces. Black lines show the 

schematic illustration of tension in the interval. After Mafakheri B. et al. (2024). 
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According to Hol et al. (2018) production from mature basins leads to critical 

changes in the stress state and causes reservoir depletion that results from fluid draw-

down. Field A has produced oil since 1984 for 25 years before the first studied well was 

drilled in 2009. Pore pressure drawdown is expected, and according to the company's 

report, the gas cap experienced the highest-pressure decline, followed by and then the 

oil zone. As shown in Figure 5-7 and Table 5-3, the Pp values of the gas cap are the 

lowest and, beyond the oil-water contact in the aquifer, are the greatest. Another 

possible reason is the change in lithology of different zones in the Asmari Formation. 

In addition, the lower zones of Asmari contain more clay. As mentioned earlier, in the 

shaly zones in this region, there is more trapped connate water due to rapid formation 

compaction, which is an additional explanation for the Pp difference. In addition, as 

shown in Figure 2-11b, the OWC is at 3600m, which agrees with the horizontal stress 

shifting in Figure 5-7.  

Regarding the magnitude of the horizontal stresses, as presented in Figure 5-7 and 

Table 5-3, the stress value difference between SH and Sh is not very high compared to 

their differences with Sv. Also, the revelation of this fact is reflected in the gradient 

differences. Since Sh increases with Pp, these variations in the Sh gradient with depth 

can be explained by the Pp distribution across the drilled strata. Moreover, the shale 

intervals have even higher pore pressure than shallow sediments; thus, the estimated Sh 

shows a higher gradient. 

 

5.4.2 Links to regional stress state and tectonic setting 

In the collision between the Arabian and Eurasian plates, dominant stress regimes 

in the middle to deep depths are dominantly thrust faulting to strike-slip regimes, and 

they were mostly activated in the late Miocene (Alavi, 2007; Derikvand et al., 2018). 

As shown in Figure 5-9 and presented in world stress map Heidbach et al. (2016), the 

azimuth of SH in the Zagros region, based on the world stress map database, is consistent 

with the result of this study and with the relative plate motion of the Arabian plate with 

respect to the Eurasian plate in Figure 2-7. This consistency suggests that large tectonic 

forces play a dominant role in the current stress pattern. Fields A and B locations were 
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close to the collision boundary and Zagros Suture zone. Therefore, the results can 

contribute to our understanding of the in-situ stresses in the region.  

On the other hand, according to Sonder (1990), the difference in horizontal stress 

determines stress anomalies in the folded and faulted sedimentary cover. A moderate to 

high difference between horizontal stresses can result in stress deflection in the 

sedimentary rock where the stress state is on the border between thrust faulting and 

strike-slip faulting regimes. 

In several studies (Ahlers et al., 2018; Cornet and Röckel, 2012; Fritz et al., 2023; 

Sonnette et al., 2014), it is mentioned that deep formations (5 km) with high 

temperatures and a ductile nature can cause decoupling of the stress between upper and 

lower structures. Therefore, the existence of the shaly formations at the bottom of the 

Asmari Formation at a depth of 3700 m could be one of the reasons behind the stress 

variation in Field A. Conversely, since in Field B, the Asmari formation is not deep 

enough, this change in stress state is not expected.  

According to Yaghoubi et al. (2021) most faults are critically stressed in the Dezful 

Embayment since the most pre-existing faults are reverse faulting regimes (NW-SE) 

and their strikes are perpendicular to the azimuth of present-day SH. As a result, the 

stress in the sedimentary cover cannot be as strong as the compressional stress in the 

basement. Even though the horizontal stress is exponentially increasing in deeper depths 

close to the basement, the compressional stress in the basement is coupled with middle 

depths in Fields A and B. Consequently, the existence of transverse faults suggested by 

previous literature is possible to be a dominant stress state. However, since the 

evaporates of the Gachsaran Formation, according to Khodabakhsh Nezhad et al. (2016) 

formed a strong detachment horizon, there is a possibility that stress above the Asmari 

Formation can be detached from below formations.  

On a regional scale, as shown in Figure 5-9 from the southeast of the study area in 

Figure 2-9, the azimuth of SH is shifting from N32°E in Field A to N55°E in Field B. 

Therefore, the orientation of compressional forces shifts eastward as it gets closer to the 

high folded zone. But in this area, the azimuth of SH based on EFM results from WSM 

(Heidbach et al., 2018) in deeper depths shifted northward and they are contradicted 

with the eastward shifting of SH based on BO and DITF in the shallower depths. For 

instance, on the southeast of well B1, the results of EFM from the closest earthquake 
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also show a northward shifting in the SH orientation. Therefore, the orientation of SH in 

the shallower depths near the high folded zone is not under the great influence of 

basement compressional forces. Probably, the basement topography of the area and 

mountain range caused the transversion of the orientation of SH. In addition, several 

contradictory results in the East of well A3 emphasize the complexity of the area closer 

to the Zagros suture zone. According to previous studies in Table 2-2, based on different 

sources, this area's most frequent stress regime is thrust faulting for the shallow to 

deeper depths. According to a GPS study (Vernant et al., 2004), the surface 

displacement in Field A is higher than average relative to nearby areas. The closest GPS 

station to the collision border shows 25 mm y-1, while the one on the high Zagros folded 

zone shows 20 mm y-1. On the other hand, by going toward central Iran, the number 

declined to 14 mm y-1. From the surface displacement point of view, this is evidence 

that compressional forces are still active and northeastward, and there are no big 

changes from the collision border toward the Zagros suture zone and mountain range.  

In terms of seismicity, according to Yaghoubi (2021) and the WSM map in Figure        

5-9, the results show that the area is an active seismic zone, and the present-day 

compressional forces are relatively consistent with the estimated azimuth of SH. The 

closest studied EFM result to Field A is significantly consistent with the breakout result 

in this study. Therefore, the interpreted data from depths deeper than 10 km still meets 

the medium to shallow results of oil wells.  

 

5.4.3 Regional and local origin of present-day stress field 

The studied oil field is in the Zagros foothills. The oil field is located around the 

crest of a slightly asymmetric anticline, which is trending NW–SE (Figure 5-5). The 

findings of this study suggest that Jurassic thrust faulting, situated at the boundary of 

the collision zone and the Zagros folded zone, points to a compressional stress state. 

However, these anticlines are typically expected to align in a slanted position relative 

to a thrust fault. The reservoir in Field A is placed next to a local blind major thrust fault 

and two minor faults, which makes the field isolated from the outer arc at the collision 

border of the Arabian and Eurasian plates. Field B is surrounded by three major thrust 

faults, which isolate it from the outer arc and deeper formations (Figures 2-12 and 5-5). 
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However, these faults initially were suspected of playing a role in decoupling the 

studied block from deeper compressional forces and causing shifting of the stress 

regime, but according to the result presented in Figure 5-7, since the compressional 

stress regime in the basement has not changed and remains thrust faulting even in 

shallower depths in well B1, most likely the inner arc is coupled with the outer arc and 

even deeper formations. Therefore, the stress regime in both fields is probably 

influenced by the far-field stress regime in the outer arc and is approximately consistent 

with the plate convergence reported by (Ghafur et al., 2023; Vernant et al., 2004).  

 

5.4.4 Implications for field development and wellbore stability 

Usually, mitigating breakouts requires a higher mud weight above the formation 

collapse pressure. It should be highlighted that when there is a strong horizontal stress 

contrast in thrust faulting to a strike-slip stress regime, many failures are likely to occur, 

and as shown in Figure 5-9 and Table 5-1, a significant number of breakouts with 

significant lengths were discovered in all of the wells.  Regarding oil well stability in 

such a stress regime, deviated and horizontal wells can often be more stable than vertical 

wells because the orientation of these wells can be planned to coincide with the direction 

of the SH. In this situation, drilling in the direction of the Sh can minimize the difference 

between the stresses acting on the wellbore and reduce the chance of wellbore failure 

due to tensile or shear stresses. However, other factors, such as the presence and 

orientation of existing fractures, faults, or bedding planes, can also influence wellbore 

stability and must be considered when planning the well trajectory. In practice, well 

trajectory planning often involves a combination of geomechanical modeling, seismic 

data, and other geophysical and geological information to optimize wellbore stability 

and maximize productivity. As shown in Figure 5-6, there are two sets of natural 

fractures. Set 2, which contains the majority of fractures in the Asmari formation in well 

A2, is paralleled to the orientation of SH and probably formed during the present stress 

state and under the same compressional force. Set 2 probably formed during the 

previous stress state in the Dezful Embayment. From a production point of view, the 

best horizontal well should cross most of the natural fractures. Since most of the 

fractures are aligned to the orientation of SH, the most productive horizontal wells 
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should be drilled parallel to Sh in the Dezful embayment, which in the SW sector is 

N58°W around Fields A and in the NE sector is N35°W around Field B. In addition, 

the hydraulic fractures will propagate along many natural fractures parallel to the 

orientation of SH and effectively create a transverse fracture network within the Asmari 

reservoirs, which typically have low permeability. Therefore, optimization in the thrust 

faulting stress regime, as seen in the studied fields, should be guided by detailed 

geomechanical assessments. In the case of overbalanced drilling for horizontal wells, 

the existence of open fractures in the Asmari Formation can cause serious formation 

damage and excessive acidizing and fracturing. Therefore, the mud weight should be 

designed carefully to prevent formation damage. The mud weight for drilling the 

Asmari Formation should be increased gradually, and the mud loss should be monitored 

carefully.   
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5.5 Integration of two study area  

To effectively integrate and compare the results from NW and SE of Zagros suture 

zone there are several aspects to be considered such as the orientation and magnitude 

of maximum horizontal stresses. The results from both studies collectively illuminate 

the complex geomechanical dynamics across the Zagros belt. These findings underscore 

the critical need for region-specific stress analysis in oil field development, addressing 

both geological and geomechanical challenges. This integrated perspective enhances 

our understanding of the Zagros suture zone's geomechanical environment, vital for 

efficient and safe hydrocarbon exploration and production. 

This study suggests that the present dominant stress regime in the NW and SE of 

Zagros suture zone in different depths is a reverse (thrust) faulting stress regime. 

However complexity of the geology and tectonics of each area in different depths, 

locally transformed into strike-slip stress regime.  Noteworthy, duration of oil 

production might have impacted the formation pressure and consequently changed the 

local in-situ stresses and eventually the stress regime. Despite occasional transformation 

in the stress regime, the collision between tectonic plates controls the pattern of the 

stress field all along the Zagros suture zone and the convergence between the Arabian 

and Eurasian plate is active and responsible for the stress regime. In terms of 

hydrocarbon production this study reveals that these variations in stress regime can 

impact wellbore stability and should be carefully considered during drilling operations 

and well planning. 

On the other hand even though surface displacement is inconclusive to determine 

the deeper stress state but the overall orientation of maximum horizontal stress along 

the Zagros suture zone is NE-SW and is aligned with the current surface observation of 

tectonic movement of Arabian Plate and probably shows the strong attachment of the 

surface and basement. However the result in three different oil fields in different depths 

are showing moderately different values.  As shown in Figure 5-11, the mean azimuth 

of maximum horizontal stress in NW part of Zagros suture zone is N72°E, while in the 

SE part of Zagros suture zone varying from N32°E in the Filed A to N55°E in the field 

B. The difference between the azimuth of maximum horizontal stress in the two areas 

in the NW and SE of Zagros suture zone, can be explained by several hypotheses.  
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One reason behind the differences between azimuth of maximum horizontal stress 

is probably related to the complexity of the folded zone shown in Figure 2-3 and 2-10. 

Folding and faulting along the Zagros suture zone caused a disturbance in the stress 

regime and consequently changed the azimuth of maximum horizontal stress. On the 

other hand, in a bigger picture, the relative tectonic movement of Arabian, Eurasian and 

Anatolian plate can cause the difference between the azimuth of maximum horizontal 

stress in the NW part of Zagros suture zone compare the SE part (Kaban et al., 2018, 

Stren and Johnson, 2010). the Arabian plate is pushing the Anatolian plate with different 

rate compared to the Eurasian plate. The average rate of Arabian plate movement 

toward the Eurasian plate is 10 mmy-1, while the average rate of Anatolian plate 

movement westward is 20 mmy-1 (Kokum and Özcelik, 2020; Vernant et al., 2004). 

Furthermore, the main Eurasian plate movement is align with SE and in the NW part of 

the Zagros that Iranian block does not have important presence, the impact of Eurasian 

plate movement is increasing. Therefore the eastward element of collision of Arabian, 

Eurasian and Anatolian plate tectonic forces is more dominant in the NW part of the 

Zagros suture zone compared to the SE part and consequently the azimuth of maximum 

horizontal stress is shifting from N72°E to N32°E.    

In this study, in terms of regional structural geology, reveals that deeper formations 

with ductile nature can cause decoupling of stress between upper and lower structures 

in both study areas. On the other hand, the alignment of azimuth of horizontal stresses 

reveals the complex regional influences, with stress in shallower depths potentially 

influenced by basement topography and mountain range. Further research and ongoing 

monitoring of stress conditions will continue to refine our understanding and enhance 

exploration and production strategies in the future. 
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5.6 Summary  

This chapter, utilizing a combination of conventional and image logs, offers 

valuable insights into the tectonic and geomechanical characteristics of the ZFTB. A 

comprehensive analysis was conducted on stress orientations, natural fractures, pore 

pressure, and stress regime across two oil fields in the Zagros foothills. The findings 

have significant implications for energy field development, including optimizing 

drilling practices, wellbore stability, and reservoir management in similar geological 

settings. This contributes to the overall efficiency and productivity of oil and gas 

operations in the region. 

This study identified 54 distinct zones from a total of 3.2 km of image logs, 

encompassing 207 pairs of BOs and 39 pairs of DITFs across all wells in both fields. 

Figure 5-11. Integration of two study areas in the northwestern and southeastern 

Zagro plotted suture zone plotted on a digital elevation map of world stress 

map (Heidbach et al., 2018). The blue box shows the northwestern Zagros 

suture zone in Chapter 4, and the green square box shows the southeastern 

Zagros suture zone in Chapter 5. Schematic compass icons show the 

orientation of maximum horizontal stress in each filed and colorful lines 

represent different stress regimes based on world stress map data. The red 

arrow shows the estimated Arabian tectonic plate movement toward the 

Eurasian plate. 
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The study revealed that the maximum horizontal stress orientations in Field A and Field 

B were N32°E and N55°E, respectively. The natural fractures' orientation closely aligns 

with azimuth of maximum horizontal stresses, confirming the reliability of the stress 

analysis and proving crucial for optimizing wellbore stability, productivity, and 

designing hydraulic fracturing operations. 

Furthermore, the study highlighted the complex nature of stress distribution in the 

area. The increasing differences in the azimuth of maximum horizontal stress, as 

indicated by breakouts and drilling-induced tensile fractures with increasing depth, 

suggest variations in stress states and complexities in the subsurface stress regime. 

These variations can significantly impact wellbore stability and should be carefully 

considered during drilling operations and well planning. In terms of stress magnitudes 

and regimes, Field A showed a transition from a distinct thrust faulting regime to a 

crossover of thrust and strike-slip faulting regimes with increasing depth. In contrast, 

Field B maintained a consistent thrust faulting stress regime throughout.  

Eventually this chapter tried to explain the regional and overall dynamics of plate 

movement and stress analysis in the Zagros suture zone. It specifically addresses the 

orientation and magnitude of maximum horizontal stresses, variations in the stress 

regime due to geological and tectonic complexities, and the influence of tectonic plate 

movements on stress patterns in this region. 
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Chapter 6 

6 Application of AI in borehole breakout analysis 

 

6.1 Background 

Borehole breakouts, a form of wellbore instability, are local enlargements of the 

borehole diameter usually associated with in-situ stress and formation strength. They 

create an unstable wellbore condition that, in the worst-case scenario, can result in a 

complete wellbore collapse if not promptly addressed (Moore et al., 2012; Neeamy and 

Selman, 2020). Borehole breakouts cause problems in drilling operations such as 

excessive non-productive time due to stuck pipe incidents, wellbore collapse, or the 

need for remedial operations, mud loss and sand production  (Cheatham, 1984; 

Kovacich and Haimson, 2000; Najibi et al., 2017).  

In addition, detecting breakouts is a crucial step in well-completion design. 

Information about breakouts, such as their location and size, can help to optimize the 

completion design to mitigate their effects (Xia et al., 2020). Additionally, 

understanding the causes behind the breakouts can assist in planning effective sand 

control measures or devising suitable hydraulic fracturing strategies (Xia et al., 2020). 

Breakouts are also important features in evaluation of stress state in the wellbore 

(Zoback et al., 1985). 

Traditionally, breakouts are identified through the visual interpretation of borehole 

image logs, including acoustic or resistivity images of the borehole wall. This approach, 

although effective, can be time-consuming, subject to human error, and demands 

considerable expertise (Dias et al., 2020). Despite recent progress in advanced artificial 

intelligence (AI) techniques in image processing to detect breakouts from image logs 

automatically, so far, human supervision is inevitable in the procedure.  
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Table 6-1. Comparison between image logs and conventional logs. 

 

 

 As shown in Table 6-1, the conventional wireline log is compared with the image 

logs. However, borehole image logs have much higher resolution than conventional 

logs, but they are not always available due to their high acquisition cost and low 

successful operation rate, limiting their widespread use in routine drilling operations. 

Moreover, image logs were unavailable for hundreds of boreholes drilled before such 

technology was introduced in the 1980s (Soroush et al., 2010). On the other hand, 

conventional log data, such as radioactivity, neutron porosity, resistivity, density, and 

sonic logs, are widely collected during and after drilling operations. They contain 

valuable information about the geological formations traversed by the borehole and are 

readily available for most wells (Mousavipour et al., 2020). 

In recent years, machine learning (ML) has revolutionized how geoscientists and 

engineers approach the analysis of subsurface data. ML has been increasingly applied 

in various aspects of oil and gas operations due to its ability to process large volumes 

of data, recognize complex patterns, and make accurate predictions (e.g., Bergen et al., 

2019; Morgenroth et al., 2019; Osarogiagbon et al., 2021; Zhong et al., 2022). 

  Image Log  Conventional log  

  
High resolution  Low resolution  

High accuracy borehole deformation detection Low accuracy borehole deformation detection 

High cost  Low cost  

Not frequently used in drilled wells  Frequently used  

Not available in most of wells Available in most of wells  

Low successful operation rate High successful operation rate  

Difficult interpretation for resistivity image 

log   

Relatively related to physical parameters of 

rock  
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Classification, a significant branch of AI, categorizes data into distinct classes 

based on certain attributes. In the context of identifying borehole breakouts, 

classification models can be trained to recognize patterns in conventional log data that 

indicate the presence of breakouts (e.g., Soroush et al., 2010; Xia et al., 2020). 

Therefore, developing an ML classification model to predict borehole breakouts using 

conventional log data could significantly enhance the efficiency and cost-effectiveness 

of breakout detection, thereby improving wellbore stability management. Supervised 

ML employs algorithms that learn from labeled training data to make predictions or 

decisions without being explicitly programmed to perform the task (Osarogiagbon et 

al., 2021).  

The study in this chapter aims to explore the application of various supervised ML 

classification models, including K-Nearest Neighbors (KNN), Decision Tree (DT), 

Random Forest (RF), Support Vector Machine (SVM), and Extreme Gradient Boosting 

(XGBoost) for identifying borehole breakouts in carbonate reservoirs based on 

conventional log data and borehole image logs. Each model has unique strengths and 

suits different data types and problem domains. 

The comparative analysis of these models on the given dataset will provide insights 

into their performance and suitability for the task. Through a rigorous evaluation of 

these models, this study aims to develop a more effective, accurate, and automated tool 

for borehole breakout identification, facilitating improved wellbore stability 

management and safer drilling and well-completion operations with the application of 

only conventional logs. 
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6.2 ML Classification Methodology  

6.2.1 Workflow 

This study employed a systematic approach to explore the potential of supervised 

ML models in identifying borehole breakouts using conventional well logs (Mafakheri 

B. et al., Under review, Mafakheri B. et al. in-preparation). Two data sets, including 

input and dependent variables, are required for supervised classification. This study 

used conventional wireline logs as the input variable and identified breakout zones as 

the dependent variable (labels). The methodology followed a structured workflow 

encompassing five main steps (Figure 6-1). First, suitable well logs were investigated 

to identify the corresponding well logs to borehole enlargements. This objective was 

achieved by analyzing the distribution of well logs for breakout and non-breakout zones 

to identify the best candidates. Next, based on the previous study from Mafakheri et al. 

(2022), visual observation of a six-pad resistivity image log and six-pad caliper was 

used for recording the breakout zones and set as the dependent variable for supervised 

machine learning classification models (Figure 6-2). The results were recorded in digital 

format. The Breakout zone was labeled 1, and the non-breakout zone 0. Since the 

breakout was recorded continuously as length, but the well-log data are available for 

only certain depths, all logs and breakout zones were matched up.  

Therefore, each value of the well log has a corresponding value from the detected 

breakouts from image logs. Second, as shown in Figure 6-1, a range of ML 

classification models, including KNN, DT, and RF, were evaluated for this study. These 

models were selected based on their potential applicability and performance in 

geological and petroleum industry-related classification tasks (Karpatne et al., 2019; 

Morgenroth et al., 2019; Zhong et al., 2022). Third, the input data were prepared to 

adopt the data to get the best performance of classification models (Figure 6-1). After 

that, an initial evaluation was conducted to assess the accuracy of each selected model. 

This step provided a preliminary insight into the models' capability to correctly identify 

borehole breakouts from the provided well-log data. Fourth, optimum hyperparameters 

for each model were determined through a systematic tuning process to enhance the 

models' performance (Figure 6-1). Also, overfitting problems were evaluated to validate 

each model's robustness and reliability in different data scenarios. Finally, a 
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comparative analysis was performed to evaluate the models compared to each other 

based on metrics such as Accuracy, Precision, Recall, and F1-Score. This step can 

highlight each model's relative strengths and weaknesses (Figure 6-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-1. Workflow of a systematic approach to explore the potential of supervised 

machine learning (ML) in identifying breakout. 
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Figure 6-2. Visual observation of a six-pad resistivity image log 

to identify breakouts. After Mafakheri B. et al. (2022). 
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6.2.2 Petrophysical logs correspond to borehole geometry. 

The primary objective of the initial phase of this study was to assess the employing 

conventional petrophysical logs to identify borehole breakouts. Initially, a list of 

available logs in the study area and their possible physical relation to the borehole 

geometry were considered. The well-log data were obtained from Mafakheri B. et. al 

(2022). The studied well is located in the Kurdistan region of Iraq, and the depth was 

between 1680 m and 2000 m in a single well.  The dominant lithological unit in this 

study is Carbonate, including both Limestone and Dolomite. However, there are shale 

and marl in different intervals. The endeavor was to comprehend the varying responses 

of different logs corresponding to the breakout and non-breakout zones. Then, each well 

log was evaluated individually to find potential correlations between a particular 

petrophysical log and the occurrence of breakouts, preliminary in carbonate rocks. As 

shown in Figures 6-3a, b, c, d, e, f and g, histograms of each well log for breakout zones 

and non-breakout zones were plotted to evaluate the impact of borehole geometry on 

the wireline logs. Some of the logs indicate a better correlation than others. In the 

histogram, if the distribution of well log values for breakout and non-breakout zones 

has a similar trend, there is a low chance that there is a good correlation with the 

occurrence of breakouts. For example, density-related logs such as neutron porosity 

(NPHI), bulk density (RHOB), sonic, and density correction (DRHO) show a higher 

potential than gamma ray-related logs such as gamma-ray (GR), thorium (Th), 

potassium (K), uranium (U), and photoelectric factor (PEF). In addition, deeper 

resistivity logs, such as deep lateral (LLD) and shallow lateral (LLS), show a better 

correlation than wellbore wall resistivity logs, such as mud cake resistivity (MSFL). 

Based on the histograms depicted in Figure 6-3, a higher caliper (CAL) value is 

associated with the existence of the BO zones. The frequency of breakout zones is 

higher in the medium GR, low LLD, and higher sonic log slowness, which is probably 

associated with clay content or thin layers of shale in the carbonates. According to the 

drilling report, water formation resistivity was lower than drilling fluid, and for water-

based drilling fluid in this study, invasion into shaly intervals is lower than carbonates. 

Besides, in higher RHOB and NPHI, the breakout is more likely to occur. However, 
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DRHO did not exhibit a discernible correlation with the occurrence of breakouts in this 

analysis.  

Figure 6-3. a, b, c, d, e, f, g) Effect of the presence of breakout zones on petrophysical 

well logs by plotting their histogram. Orange bars represent the histogram bar of 

non-breakout zones (non-BO), and green bars represent the histogram of 

breakout zones (BO). h) Blue squares represent breakout zones, and red squares 

represent non-breakout zones for the CAL-RHOB graph, and the green frame 

shows two distinct areas in the graph in which the occurrence of breakout is more 

frequent. i) Blue squares represent breakout zones, and red squares represent 

breakout zones for the NPHI-CAL-RHOB graph. 

a b 

c d 
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Figure 6-3. Continued.  
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As shown in Table 6-2, 12 logs were selected for this analysis. Input logs were 

categorized into four categories. First, density-related logs (NPHI, Sonic, RHOB, and 

DRHO), second, gamma ray-related logs (GR, Th, K, and U), third, resistivity-related 

logs (LLD, LLS, MSFL), and finally, CAL as the last category.  

The outcomes of the single well log analysis underscored that while certain 

individual logs might exhibit a response to the presence or absence of breakout zones 

to some extent, detecting breakout zones merely by individual logs is not reliable due 

to the complexity of the rock properties and geomechanical parameters. Therefore, 

applying multiple well logs to the borehole breakout is the next step. Figures 6-3h and 

6-3i show two and three-log cross-plots based on the breakout and non-breakout zones. 

Evidently, both plots are more capable of distinguishing the breakout and non-breakout 

zones and portray an improvement in separation by incorporating a second variable. For 

instance, the CAL-RHOB plot shows a more distinctive border between the two zones 

(Figure 6-3h). However, extending the dimensionality of the analysis to three by 

including the NPHI log in a three-dimensional plot (RHOB-CAL-NPHI) shows a better 

capacity to separate the different zones (Figure 6-3i). This fact intrigued this study to 

evaluate the possibility of using a multivariable plot in a higher dimensional space. 

Therefore, several different hyperdimensional models from 4 dimensions to 12 

dimensions were evaluated in this study. The next section will present a workflow for 

identifying borehole breakout zones based on proposed classification models. 

 

 

 

 

 

 

 



 

 

 

 

Table 6-2. List of input variables and dependent variables. Values at ten depths are shown as examples for the input and dependent 

variables. 

1
4

3
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6.3 Classification Models 

6.3.1 Model selection 

As shown in Table 6-3, five classification models were selected according to 

previous literature. Each model has some merits and disadvantages. The choice between 

them would depend on the specific requirements of the task, such as the nature of the 

data, the computational resources available, and the level of interpretability required. 

As presented in Table 6-3, the KNN is a simple and intuitive instance-based learning 

algorithm based on the majority class of its K nearest neighbors in the feature space, 

though it can struggle with high-dimensional data and requires a meaningful distance 

metric. (Ghenabzia et al., 2020). A DT model is a flowchart-like tree structure where 

each node represents a feature, each branch represents a decision rule, and each leaf 

node represents the outcome. DT models are highly interpretable and easy to 

implement, but they are prone to overfitting and can be sensitive to small variations in 

the data (Alshaikh et al., 2018). RF is an ensemble learning method that constructs 

multiple decision trees during training and outputs the class mode of the classes output 

by individual trees. RF addresses some of the overfitting issues of a single decision tree 

and often provides better generalization performance, but at the cost of increased 

complexity and decreased interpretability (Gupta et al., 2019). SVM is a powerful 

classification algorithm that finds the optimal hyperplane separating different classes in 

the feature space. SVM excels in high-dimensional spaces and is robust to outliers. Still, 

they can be computationally intensive and may require careful tuning of the kernel and 

parameters (Abdelgawad et al., 2018). Lastly, XGB is a powerful ensemble method that 

can handle various data types and often delivers superior predictive performance. 

XGBoost is an advanced implementation of a gradient-boosting algorithm that has 

shown better accuracy in many machine-learning tasks. Still, it can be computationally 

intensive and may require careful tuning of hyperparameters (Gupta et al., 2019).  
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Table 6-3. Comparison between the supervised machine learning classification. 

 

 

 

 

 

 

 

 

 

 

 

   

Algorithm Strengths Weaknesses 

   KNN • Simple to understand and easy to 

implement 

• Makes no assumptions about the 

distribution of the underlying data 

• Interpretable results 

• sensitive to irrelevant or redundant 

features 

• computationally expensive and slow 

• Selecting the optimal number of 

neighbors (K) can be challenging 

DT • easy to interpret and visualize 

• require less data preprocessing 

• flexibility to handle data with non-

linear relationships 

• Prone to overfitting, especially when a 

tree is particularly deep 

• not perform well on small datasets 

• The algorithm makes greedy decisions at 

each node to reduce the impurity 

RF • No effort for data preparation 

• Able to rank feature importance 

• Works well in high-dimensional spaces 

• Lack of interpretability if tree quantity is 

large 

• May overfit if data is noisy 

SVM • Works well in complicated domains 

• Works well with outliers 

• Effective in High Dimensional Spaces 

• Requires data preparation 

• Kernel selection can be hard 

• Poor performance and long computation 

time if the dataset is large and noisy 

XGBoost • No effort for data preparation 

• Able to rank feature importance 

• State-of-the-art accuracy in many 

regression and classification problems 

• Lack of interpretability 

• Poor performance on some tasks, such as 

image and text recognition 
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6.3.2 K-Nearest Neighbors (KNN): 

The KNN algorithm begins by selecting the number of neighbors (K) (Figure 6-4). 

The most popular distance weigh option is the Euclidean distance, while other options 

include the Manhattan distance and the Minkowski distance, which could be useful in 

some other cases. The formula for Euclidean distance is as follows (Mucherino et al., 

2009):  

 

 𝑑(𝑝, 𝑞) = √(𝑝1 − 𝑞1)2 + (𝑝2 − 𝑞2)2 + ⋯ + (𝑝𝑛 − 𝑞𝑛)2 

 

(6-1) 

where d(p,q) is the Euclidean distance between points p and q and n is the total number 

of dimensions. The method calculates the distance between each observation and every 

other point in the training dataset, ranks the distances in ascending order, and selects 

the first K points to classify. For classification, a majority vote is conducted, counting 

the times each class appears among the K-nearest neighbors and assigning the most 

common class to the observation. The majority-weighted vote equation is (Mucherino 

et al., 2009): 

 𝑦̂ = arg 𝑚𝑎𝑥
𝑐

 ∑  

𝐾

𝑖=1

𝑤𝑖 ⋅ 𝐼(𝑦𝑖 = 𝑐) 

 

(6-2) 

where 𝑦̂ is the predicted class label, and c is the class label. K is the number of the 

nearest neighbors considered, and I is the indicator function. On the other hand, 𝑤𝑖 is 

the weight assigned to the ith nearest neighbor. The algorithm outputs the class label for 

classification tasks. Optionally, the model's error can be evaluated on a validation set to 

tune hyperparameters like the number of neighbors (K) and the distance metric.  
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6.3.3 Decision Tree (DT):  

A DT for classification is a supervised learning algorithm that predicts a target by 

learning decision rules inferred from the data features (Figure 6-5). The target variable 

is categorical, denoting the class label. The algorithm selects the attribute that best 

divides the dataset using a feature selection measure like Gini impurity or Information 

gain/entropy. Gini impurity is calculated as (Webb et al., 2011): 

 

 Gini (𝑝) = 1 − ∑(𝑝𝑖)
2 

 

(6-3) 

where pi is the proportion of samples belonging to class i at a given node. On the other 

hand, Information gain (IG) is calculated using (Webb et al., 2011):  

where I is the entropy of the dataset, Dp is for the parent, Dj is for the j-th child node, N is 

the total number of samples, and f is the feature that maximizes information gain or 

minimizes Gini impurity to split the dataset into subsets. This process goes back and forth, 

 𝐼𝐺(𝐷𝑝, 𝑓) = 𝐼(𝐷𝑝) − ∑  

𝑚

𝑗=1

𝑁𝑗

𝑁
𝐼(𝐷𝑗) 

 

(6-4) 

Figure 6-4. KNN classification conceptual image. Classification depends on the 

distance between the input data point (green circle) and different classes (red 

squares and blue triangles). 
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making a tree structure with decision nodes and leaf nodes. When there are no more attributes 

to split, and the tree has reached its deepest point, the growth will stop at this point. The key 

hyperparameter in a DT classifier is whether Gini or entropy for the purity of a node. The 

maximum depth of the tree, the minimum number of samples required to split an internal 

node, and the minimum number of samples required for a leaf node are among other 

important hyperparameters for tuning DT models. 

 

 

 

 

 

 

Figure 6-5. Illustration of a simple DT algorithm. Decision nodes will continue to the 

next node, and in the leaf node, the tree will be ended.   
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6.3.4 Random Forest (RF): 

RF is an ensemble learning method that operates by constructing multiple decision 

trees during training and outputting the class, that is, the mode of the classes output by 

individual trees. Initially, several trees will be built in the forest as the number of 

estimators. A bootstrap sample from the training data for each tree will be selected. 

Each tree is grown to the fullest extent possible, without pruning, on this bootstrap 

sample (Figure 6-6). However, a random subset of features is chosen to split the node 

at each node rather than considering all features. This randomness in feature selection 

helps to make the model robust to outliers and noisy data and also helps to decrease the 

correlation between trees in the forest, making the ensemble model more robust. Each 

tree in the forest is built independently of the others. For classification tasks, the Gini 

impurity or entropy is often used as the criterion for making splits in the decision trees. 

The Gini impurity, entropy and information gain (IG) are calculated as follows 

(Fawagreh et al., 2014; Liu et al., 2012): 

where pi is the probability of an item with label i. Once all the trees have been built, 

predictions can be made by passing the input data through all the trees in the forest and 

aggregating their predictions. The class with the most votes is returned for classification. 

Entropy𝑝𝑎𝑟𝑒𝑛𝑡  is the entropy of the parent node before the split, 𝑁𝑐ℎ𝑖𝑙𝑑𝑗
 is the number of 

samples in the j-th child node after the split, 𝑁𝑝𝑎𝑟𝑒𝑛𝑡is the number of samples in the 

parent node, and Entropy𝑝𝑎𝑟𝑒𝑛𝑡𝑗
 is the entropy of the j-th child node. Hyperparameters 

like the maximum depth of the tree, the minimum number of samples required to split a 

node, and the number of estimators should be tuned to control the complexity of the 

individual trees in the forest. 

 

 Gini (𝑝) = 1 − ∑(𝑝𝑖)
2 

 

(6-5) 

 
Entropy = − ∑  

𝐽

𝑖=1

𝑝𝑖log2 (𝑝𝑖) 

 

(6-6) 

 Information Gain = Entropy𝑝𝑎𝑟𝑒𝑛𝑡 ∑  

𝑗

𝑁child 𝑗

𝑁parent 

 

 

(6-7) 
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6.3.5 Support Vector Machine (SVM) 

SVM is a supervised machine learning algorithm widely used for classification 

tasks such as finding the optimal hyperplane that categorizes the dataset into distinct 

classes with the maximum margin (Figure 6-7a). The kernel function is a vital element 

in SVM, facilitating the transformation of input data into a higher-dimensional space to 

enable the separation of classes by a hyperplane (Figure 6-7b). The choice of kernel is 

crucial, with options such as the radial basis function (RBF) kernel (Cristianini and 

Ricci, 2008): 

 

 𝐾(𝑥𝑖, 𝑥𝑗) = exp (−𝛾∥∥𝑥𝑖 − 𝑥𝑗∥∥
2

) 

 

(6-8) 

Where K is the kernel function, xi, and xj are two feature vectors in the input space, and 

γ is a parameter that sets the kernel's spread, determining how much influence a single 

training example has. The decision function for classifying a new instance is: 

Figure 6-6. Schematic illustration of RF algorithm. Blue circles represent decision 

nodes and yellow circles represent leaf nodes. The train and test set are 

separated by two-time spans on the left side. 
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K is the kernel function, αi is the Lagrange multipliers, and "sgn" is the sign function. 

The parameters αi are derived from the dual problem, which is maximized under the 

conditions ∑  𝑛
𝑖=1 𝛼𝑖𝑦𝑖 = 0 and 𝛼𝑖 ≥ 0. The yi represents the label of the i-th training 

example. The b is considered a bias of the model and serves as an intercept term in the 

decision function. Gamma is one of the most important hyperparameters. The larger the 

gamma, the closer other examples must be affected. In addition, Hyperparameters in 

regularization parameter C, which balances the trade-off between a low training error 

and a smooth decision boundary, and the kernel coefficient γ, determine the influence 

of individual training examples. High values of C can lead to overfitting, while low 

values may result in underfitting. 

 

 

 

𝑓(𝑥) = sgn (∑  

𝑛

𝑖=1

𝛼𝑖𝑦𝑖𝐾(𝑥𝑖, 𝑥) + 𝑏) 

 

(6-9) 
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a 

b 

Figure 6-7. SVM classification conceptual image. Green and red circles represent 

two different classes.   New cases (Green and red circles with black borders) 

get classified depending on their distance from the separation line.                         

b) Schematic illustration of RBF kernel. Different classes get separated based 

on the radial distance from the hyperplane.   
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6.3.6 Extremely Gradient boosting (XGBoost) 

XGBoost is an efficient and powerful implementation of gradient boosting widely 

used for classification tasks (Figure 6-8). XGBoost is a supervised learning algorithm 

based on ensemble trees. It aims at optimizing the cost objective function composed of 

a loss function (d) and a regularization term (𝛽): It minimizes a regularized objective 

function that combines a loss function with a regularization term to control overfitting 

(Chen and Guestrin, 2016; Cherif and Kortebi, 2019):  

 

where Ω(t) represents the regularized objective at iteration t. It is the function that 

XGBoost tries to minimize when adding the new tree ft. n is the number of training 

examples. yi is the true label for the i-th training example. 𝑦̂(𝑡−1)is the prediction for the 

(t-1)-th iteration before adding the new tree.hi is the second derivative of the loss function 

with respect to the prediction 𝑦̂(𝑡−1). XGBoost uses both the gradient of the loss function 

gi and hi, which is computed for each instance of i as: 

The model is an ensemble of trees, where each tree is added iteratively to correct the 

residuals of the previous trees. The prediction at step t is updated as: 

 

where, 𝑓𝑡(𝑥) representing the new tree and η as the learning rate. XGBoost enhances 

the model by adding trees that reduce the objective function, which involves selecting 

split points that provide the most significant gain after accounting for the loss function 

reduction and the regularization penalty. Trees are grown to the maximum depth and 

then pruned back if the gain is negative after regularization. Key hyperparameters are 

 
Ω(𝑡) = ∑  

𝑛

𝑖=1

[𝑑(𝑦𝑖, 𝑦̂𝑖
(𝑡−1)

) + 𝑔𝑖𝑓𝑡(𝑥𝑖) +
1

2
ℎ𝑖𝑓𝑡

2(𝑥𝑖)] + 𝛽(𝑓𝑡) 

 

(6-10) 

 

𝑔𝑖 = ∂𝑦̂(𝑡−1)𝑙(𝑦𝑖, 𝑦̂(𝑡−1)) 

 

(6-11) 

 

ℎ𝑖 = ∂
𝑦̂(𝑡−1)
2 𝑙(𝑦𝑖 , 𝑦̂(𝑡−1)) 

 

(6-12) 

 
𝑦̂(𝑡) = 𝑦̂(𝑡−1) + 𝜂𝑓𝑡(𝑥) 

 

(6-13) 
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the learning rate η, which shrinks each tree's contribution; the maximum depth of the 

trees; and the number of estimators.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-8. Schematic illustration of XGBoost algorithm. Blue circles represent 

decision nodes, and yellow circles represent leaf nodes. The train and test set 

are separated by two-time spans on the left side. 
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6.4 Evaluation metrics 

In classification tasks, it is crucial to have metrics to evaluate the model's 

performance. Four metrics are commonly used to evaluate the performance of 

classification models, including Accuracy, Precision, Recall, and F1 Score. The metrics 

are as follows (Goutte and Gaussier, 2005): 

where Tp is true positive, Tn is true negative, Fp is false positive, and Fn is false negative 

(Table 6-4). Tp occurs when the model correctly predicts the positive class. In other 

words, the actual class of the instance is positive, and the model also predicts the 

positive class. Tn occurs when the model correctly predicts the negative class. In other 

words, the actual class of the instance is negative, and the model also predicts the 

negative class. Fp is when the actual class is negative but predicted as positive, and Fn 

is when the actual class is positive but predicted as negative. Accuracy is the ratio of 

correctly predicted instances to the total instances in the dataset, and Precision is the 

ratio of correctly predicted positive observations to the total predicted positives. The 

Recall is the ratio of correctly predicted positive observations to all observations in the 

actual class, and the F1 Score is the weighted average of Precision and Recall that tries 

to find the balance between them. In the context of a binary classification task, where 

the goal is to separate instances into one of two classes (often labeled as "positive" or 

"negative"), all metrics depend on the four conditions mentioned above. These metrics 

provide a more comprehensive understanding of the model performance, especially in 

cases where the data is imbalanced or false positives and negatives carry different costs.  

 
Accuracy =

𝑇𝑝 + 𝑇𝑛

𝑇𝑝 + 𝑇𝑛 + 𝐹𝑝 + 𝐹𝑛
 (6-14) 

 
Precision =

𝑇𝑝

𝑇𝑝 + 𝐹𝑝
 (6-15) 

 
Recall =

𝑇𝑝

𝑇𝑝 + 𝐹𝑛
 (6-16) 

 
F1 Score =

2 ∗  Precision ∗  Recall 

 Precision +  Recall 
 (6-17) 
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These terms are fundamental in understanding the performance of a classification 

model, and they form the basis for many evaluations. Eventually, the combination of 

these metrics forms a confusion matrix, which is a specific table layout that allows 

visualization of the performance of a supervised learning algorithm on a set of data. As 

mentioned in section 2.3, after selecting the classification models, each model's 

principles will be evaluated based on the evaluation metrics. Furthermore, 

understanding these metrics is crucial for fine-tuning models, as it helps identify areas 

where the model may be underperforming, such as in cases of class imbalance or biased 

data. Additionally, these metrics serve as guidelines for model selection, where different 

scenarios may require prioritizing one metric over others.  

In evaluating supervised machine learning models for detecting borehole breakouts, 

all four metrics are employed to assess performance, each offering unique insights. 

Accuracy measures the proportion of total correct predictions, providing a general sense 

of model effectiveness. However, accounting only on Accuracy can be misleading in 

this case for detecting breakout occurrence using an imbalanced dataset (breakout zones 

are less frequent than non-breakout zones). Precision is critical in this case, indicating 

the proportion of correct predicted breakouts, thus assessing the model's ability to avoid 

false positives. Even though high Precision is crucial for minimizing unnecessary 

interventions due to the nature of the data set and because detecting the breakout zones 

is more important than non-breakout zones, Recall is more important. Recall measures 

the model's ability to detect all actual breakouts, which avoids potentially dangerous 

oversights. Lastly, the F1 Score harmonizes Precision and Recall into a single metric, 

giving an overall performance measure where neither false positives nor false negatives 

are disproportionately penalized. While all metrics provide valuable information, 

having all four metrics close to each other in this study is important, and a big gap 

between them might show an unreliable classification model.   
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6.5 Results and interpretation of classification models 

6.5.1 Overview  

 In this study, Python programming language has been used to conduct 

classification models. The Python code used a comprehensive approach to machine 

learning classification, leveraging various libraries for data processing, model training, 

and evaluation. First, for data preparation Pandas library is used for reading data from 

an Excel file and converting it to NumPy arrays, which is facilitated by NumPy library. 

For the machine learning part, Python code employed Sklearn library for different 

purposes including splitting the dataset into training and testing sets, training different 

classification models and evaluating their performance through metrics like Accuracy, 

Precision, Recall, and F1-Score. Overall, this script followed the workflow shown in 

Figure 6-1.  

Initially, based on previous studies, from 4099 interval points, the test data size was 

set as 20% of all data, 819 interval points, and the train data size was set as 80%, which 

is 3280 points. Based on the data selection, all the data points were divided based on 

the shuffle mode. Therefore, every time the models were run, the depth of data selected 

for training and testing was changed randomly. Consequently, the results of the 

evaluation metrics were slightly different in different training by less than 1%.   

After conducting the classification modeling for five classification models, the 

visual results for the entire studied well presented in Figure 6-9. Tp, Tn, Fp, and Fn were 

determined, and the results were used to calculate the evaluation metrics. These 

parameters, including Accuracy, Precision, Recall, and F1 Score, were used to evaluate 

the performance of each model (Figure 6-10). According to the initial results for 20% 

Table 6-4. Four parameters define the evaluation metrics. 
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test data size and based on all input data, the training Accuracy, Precision, Recall, and 

F1 Score are almost 100%, except for the DT classification model, the Accuracy is 78%. 

On the other hand, for the test results, as shown in Figure 6-10, the RF and XGBoost 

show the highest metrics, and the DT shows the lowest. The RF and XGBoost models 

demonstrated superior performance, with metrics nearing the 92% mark, indicating a 

robust ability to generalize and accurately classify borehole breakouts.  

The consistency across Accuracy, Precision, Recall, and F1 Score for these two 

models suggests that they are well-calibrated for this task, benefiting from their 

ensemble approaches that combine multiple decision trees to reduce overfitting and 

enhance predictive power. 

On the other hand, while achieving an overall Accuracy of around 83%, the SVM 

model exhibited a markedly lower Precision of 55%. This fact suggests that while the 

model is fairly good at identifying true breakouts, it is also prone to a higher rate of 

false positives. This discrepancy could be due to SVM's sensitivity to the choice of 

kernel and the hyperplane margin's fitting, which might not be optimal for the dataset's 

distribution. 
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Figure 6-9. Visualized results of predicted breakouts for the studied intervals based 

on KNN, DT, RF, SVM, and XGBoost compare with the real breakout 

identified from image logs which is shown as dark blue boxes. Four conditions 

of the results, including true positive (Tp), true negative (Tn), false positive (Fp), 

and false negative (Fn) illustrated on the plot. The dashed arrow shows the scale-

up of the right graph to the left graph.  
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In addition, while achieving an overall Accuracy of around 78%, the DT model 

exhibited a markedly lower Precision of 26%. This fact suggests that while the model 

is fairly good at identifying true breakouts, it is also prone to a higher rate of false 

positives. The DT model showed a stark contrast between a high Recall of 80% and a 

very low Precision of 26%. The number of Fn points are much less than Tp, which 

explains the high Recall. This fact implies that the model was not capable of identifying 

most actual breakouts. Despite the fact that the DT model predicted non-breakout zones 

correctly, the low precision shows that the model is not good at predicting the breakout 

Figure 6-10. Model evaluation metrics for training data (80%) for KNN, DT, 

RF, SVM, and XGBoost classification models. b) Model evaluation 

metrics for test data (20%) for KNN, DT, RF, SVM, and XGBoost.   
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zones. This problem could be due to the DT's susceptibility to overfitting the training 

data, leading to poor generalization to unseen data.  

The KNN model's performance metrics hovering around 70% indicate moderate 

effectiveness. KNN's reliance on feature space proximity may lead to challenges in a 

high-dimensional context like borehole image logs, where the distinction between 

classes may not be clearly defined by nearness alone.  

These insights suggest that when selecting a model for identifying borehole 

breakouts, it is crucial to consider the trade-offs between different types of errors. In the 

context of carbonate reservoirs, where the accurate identification of breakouts is critical 

for operational safety and cost management, the balanced performance of RF and 

XGBoost makes them favorable.  

In identifying borehole breakouts, it is crucial to acknowledge the spatial 

distribution and scale of these features within the reservoir. True negative predictions 

of non-breakout intervals correctly identified as non-breakouts sometimes occur among 

sequences of true positive intervals, where breakouts have been correctly identified. 

Given that breakouts are generally extensive and tend to be connected across intervals, 

the occurrence of a true negative within a cluster of true positives could potentially be 

reclassified as a breakout, owing to the overarching presence of breakout features in the 

vicinity. This phenomenon suggests that some true negatives might represent a pause 

in the continuity of breakouts rather than an absolute absence. Reclassifying these 

isolated true negatives within a breakout zone as a breakout could possibly increase the 

predictive metrics, improving Precision and Recall by reducing false negatives and false 

positives. Therefore, this consideration could mean a more nuanced prediction in 

detecting borehole breakouts in all models. 

 

6.5.2 Analysis of Input Parameters 

It is important to find the most effective input parameters. As shown in Figure 6-

11, input data were separated into seven different classes. Density-related logs such as 

NPHI, RHOB, DRHO, and sonic were selected as one class, and resistivity-related logs 

such as LLD, LLS, and MSFL were selected as another. Also, radioactivity-related logs 

such as GR, K, Th, and U were considered as another class. Then, combining these 



162  
 

three classes with CAL formed another three classes. Eventually, combining all the 

input data was considered the last class. The analysis indicated that the integration of 

all input data yielded the highest performance metrics, suggesting that the synergistic 

effect of combining all log types is crucial for accurate breakout detection. The classes 

that combined the three log types with CAL data showed strong results, underscoring 

the caliper's significant role in enhancing model predictions. Surprisingly, when 

considered individually, resistivity logs outperformed density logs, which could be 

attributed to their direct relation to fluid and rock properties affecting breakout 

formation. Radioactivity logs alone were not accurate, potentially due to their indirect 

relation to mechanical rock properties relevant to breakout occurrence. These insights 

could guide the selection of suitable well logs in future borehole evaluations. 
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Figure 6-11. Seven different combinations of well logs were evaluated for KNN, DT, 

RF, SVM, and XGBoost classification models. Different color bars represent 

different classification models. a) Results of Accuracy for different set of input 

variables. b) Results of Precision for different set of input variables. c) Results of 

Recall for different set of input variables. d) Results of F1 Score for different set 

of input variables 

a 

b 

c 

d 
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6.5.3 Tuning hyperparameters 

Overall, considering the high value of metrics for training, the results underscore 

the need for a nuanced approach to model selection and also the careful tuning of 

hyperparameter settings that determine the structure and behavior of the machine 

learning models to enhance each model's performance by tailoring them to the unique 

characteristics of borehole breakout identification. This tuning process involves 

adjusting the parameters that are not directly learned from the data but govern the 

learning process itself, which can significantly affect the model's ability to generalize 

from training data to unseen data. The implications of misclassification and the 

operational context within the carbonate reservoirs must be considered when fine-

tuning these settings. Therefore, several of the most common hyperparameters were 

selected for all models. 

For the KNN classification model, the number of neighbors, denoted by K, is the 

most crucial hyperparameter, directly affecting the model by determining the number 

of nearest points to consider when making a prediction. As shown in Figure 6-12, a K 

value around 6 demonstrates the optimal balance between bias and variance, providing 

the best generalization from training to test data.  

For the DT classification model, the maximum depth of trees, the maximum 

number of splits, and the minimum samples per leaf are common hyperparameters, and 

they were tuned. As presented in Figure 6-13, a maximum depth of trees above 10 

showing no improvement in the metrics suggests that increasing the tree's depth beyond 

this point does not contribute to better performance and likely represents the optimal 

depth for this model. A minimum split number of around 10 and minimum samples per 

leaf of around 5 appear to be the optimum, balancing the model's ability to capture 

sufficient details in the data while avoiding overfitting. 

The RF classification model has hyperparameters, including the number of trees in 

the forest (estimators), the maximum depth of the trees, and the minimum samples 

required to split a node. None of these parameters significantly affect the metrics 

beyond certain thresholds. As shown in Figure 6-14, the number of estimators of around 

150, the maximum number of splits of around 20, and the minimum samples for a split 
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Figure 6-13. Tuning K value hyperparameter for the KNN classification model. The 

x-axis is logarithmic to present the bigger numbers of the K value.  Colorful 

lines represent the different evaluation metrics. 

Figure 6-13. Tuning hyperparameters for DT classification model including 

maximum depth of the tree, minimum split number of the nodes and minimum 

sample leaf. Colorful lines represent the different evaluation metrics. 
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of around 6 demonstrate the optimum values, which optimize both the diversity and 

depth of the trees for accurate and robust predictions. 

For the SVM classification model, gamma is a hyperparameter that represents the 

influence of a single training example, with lower values meaning 'far' and higher values 

meaning 'close'. The kernel function, especially the Radial Basis Function (RBF), 

impacts how the data is transformed to find the optimal boundary between classes. As 

presented in Figure 6-15, a gamma value around 0.01 provides the right balance for the 

model to generalize without overfitting the training data. 

Finally, for the XGBoost classification model, common hyperparameters include 

the learning rate, which controls the contribution of each tree in the ensemble; the 

maximum depth of the trees, affecting the model complexity; and the number of trees 

Figure 6-14. Tuning hyperparameters for RF classification model including 

maximum depth of the tree, number of estimator and minimum sample split. 

Colorful lines represent the different evaluation metrics. 
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or estimators. Similar to the RF model, no significant impact was observed for 

hyperparameters beyond certain values. As shown in Figure 6-16, the learning rate of 

around 0.2, the maximum depth of around 7, and the number of estimators of around 

250 demonstrate the optimum values, balancing the speed and Accuracy of the learning 

process to prevent overfitting while maintaining high predictive performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-15. Tuning gamma hyperparameter for the SVM classification model. 

The x-axis is logarithmic to present the different numbers of gamma.  

Colorful lines represent the different evaluation metrics. 
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6.5.4 Robustness  

The robustness of classification models in detecting borehole breakouts was further 

scrutinized by examining their robustness against overfitting, a common pitfall where a 

model learns the training data too well and fails to generalize to new data. To address 

this, models under different data test sizes were evaluated. As mentioned earlier, a 

conventional split of 80% training and 20% testing data was initially employed, 

providing a baseline for performance metrics. Subsequently, the test size was changed 

from 1% to 40%, reducing the training data proportionately. As Shown in Figure 6-17, 

Figure 6-16. Tuning hyperparameters for XGBoost classification model 

including maximum depth of the tree, learning rate and the number of 

estimators. Colorful lines represent the different evaluation metrics. 
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with each increase in test data size, Accuracy was monitored. Notably, a model that 

maintains performance metrics as the test size increases demonstrates resilience against 

overfitting. 

Conversely, a significant drop in performance would suggest the model's 

vulnerability to overfitting or show the general incapability of the model. The RF 

model, which exhibited the highest performance in initial evaluations, was found to 

sustain predictive Accuracy, indicating that the method effectively generalized beyond 

Figure 6-17. Evaluation of Accuracy of test and train data for KNN, DT, RF, SVM, 

and XGBoost based on different test size data between 1% and 40%. Variation 

between the training and test evaluation metrics, emphasizes the robustness of 

the model. 
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the training dataset. In addition, the splitting data size was set on shuffle mode to avoid 

overfitting on the same part of the data. This exercise validated the robustness of models 

and reinforced the reliability of the results under varying conditions, ensuring that the 

models are truly effective for practical applications in identifying breakouts in 

carbonate formations. 

 

6.5.5 Well log selection for future cases 

The main challenges for future application of the methods discussed in this chapter 

primarily involve the evolving nature of machine learning and well log analysis. 

Selecting the best well logs is the biggest challenge. The protocol for selecting well logs 

and finding the best combination of well logs as input variables depends on 

understanding the specification of each well log.  

Different well logs respond to the occurrence of breakouts on the wellbore wall due 

to their varied sensitivities to different physical properties and conditions within the 

borehole environment. The correlation between the occurrence of breakouts and well 

logs can be directly related to the parameters measured by the well logs, such as 

resistivity, radiation, and density. On the other hand, borehole breakout can cause 

anomalies in the measurements of the well-log tools based on the tool's geometry and 

placement of the tool relative to the borehole wall. For example, resistivity logs slide 

on the borehole wall, and any change, such as breakout, can cause an error in the 

measured resistivity and appear as the anomaly, leading the classification models to find 

a correlation between the resistivity anomaly and breakout occurrence. Other well logs, 

such as acoustic log, RHOB and NPHI should be centralized in the center of the well, 

and any variation in the distance between the tool and the borehole wall can cause an 

error in their measurement. Therefore, breakouts can possibly cause an error and 

consequently appear as an anomaly in the measurements and lead classification models 

to find a correlation between breakouts and errors. As shown in Figure 6-2, even though 

there is a correlation between breakout zones and measurements of a single well log but 

there are no clear criteria to predict the breakout zones. In addition, in this study we 

could not establish a classification model with a reasonable accuracy based on merely 
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a single well. Therefore only hyperdimensional spaces with at least four dimensions 

based on four well logs can be used.   

On the other hand, one of the biggest disadvantages of using AI classification 

models in a hyperdimensional state is the low interpretability of the results. Therefore 

there is no clear understanding behind the accuracy of combination of well logs in 

Figure 6-11. Furthermore, the combination of all well logs together demonstrates a 

better performance. These logs are the most common and accessible logs among the oil 

fields and this study suggests to select the highest number of well logs to get the best 

performance of the classification model. Since the reasons behind the correlation of 

each combination is not clear and can be only locally interpreted, in new cases with 

different lithology and geology, using a higher number of well logs can collectively 

increase the chance of predicting the breakout zones.  

For future studies, testing a higher number of combinations is recommended. In this 

sort of task that the results could be affected by a specific factor such as lithology and 

geology, keeping the protocol dynamic is important. As new well logs or data become 

available, or as the objectives of the analysis evolve, revisit, and revise the selection 

protocol could be beneficial. 
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6.6 Summary  

This chapter highlights borehole breakouts as an important tool for geoscientists 

and geoengineers. It explores using ML for identifying borehole breakouts in carbonate 

reservoirs by conventional logs. For this purpose it compares various ML classification 

models including KNN, DT, RF, SVM, and XGBoost. The chapter also evaluates these 

models' effectiveness using metrics like accuracy, precision, recall, and F1 score. The 

RF and XGBoost classification models, with an accuracy of about 92%, emerged as the 

most robust and accurate models, maintaining high performance and high evaluating 

metrics, which is crucial for the reliability of identification of breakouts.  

RF and KNN models, with their ensemble approaches, have demonstrated good 

robustness, further validated by testing across different data sizes and the employment 

of shuffle mode to enhance the generalizability of the results. The detailed examination 

of input parameters revealed that combining all available data classes, including 

density, resistivity, radioactivity logs, and caliper data, substantially improved model 

performance, underscoring the value of leveraging a multifaceted approach to data 

integration for breakout detection. Moreover, careful tuning of hyperparameters was 

conducted to optimize each model's ability to distinguish between breakout and non-

breakout intervals effectively. The methodologies and insights derived herein can be a 

benchmark for future research and practical applications in geomechanics and 

petroleum engineering.  
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Chapter 7 

7 Conclusion 

 

Using a combination of conventional and image logs, this dissertation provides 

valuable insights into the tectonic and geomechanical characteristics of the Zagros suture 

zone. The study comprehensively analyzed stress magnitude and orientations, natural 

fractures, pore pressure, and stress regime in two oil fields located in the southwestern 

Zagros suture zone and one oil field in the northwestern Zagros suture zone. The findings 

of this study have significant implications for energy field development, optimizing 

drilling practices, wellbore stability, and reservoir management in similar geological 

settings, ultimately improving the efficiency and productivity of oil and gas operations 

in the region. The main conclusions obtained from each chapter except Chapter One and 

Seven are described below. 

Chapter Two focuses on the geology and tectonic background of the northwestern 

and southeastern part of the Zagros suture zone where my study area is located, 

specifically in the Kurdistan region of Iraq and the Dezful embayment southwest of Iran. 

It discusses how different tectonic forces have shaped the geology of the Zagros suture 

zone over various eras, with the current tectonic setting largely influenced by the 

collision of the Arabian and Eurasian plates. This chapter details the tectonic evolution 

of the Zagros suture zone, formed through various geological stages, and outlines the 

distinct geological structures and formations resulting from this evolution. These include 

the development of the Zagros fold and thrust belt and its trends, the role of different 

rock formations in the area's geology, and the impact of these structures on regional 

tectonic activity.  

Chapter Three gave an overview of existing methods of determining and measuring 

in situ stress, classifying them into direct and indirect methods. This chapter explains that 

each stress measurement method has different merits and disadvantages and is applicable 

only under certain conditions. It discusses the reliability of different methods for this 

purpose, highlighting that breakout data from image logging can provide more accurate 

stress orientations and magnitudes than Earthquake Focal Mechanisms (EFMs) at 
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intermediate depths. The chapter suggested that when combined with actual 

measurements from wellbore data, theoretical methods, such as the poroelastic strain 

model, can yield valuable insights about stress states in active tectonic regions. 

Chapter Four investigated the present-day stress state of the northwestern section of 

the Zagros suture zone in the Kurdistan region of Iraq. In addition, it explains a 

comprehensive methodology for applying the breakout approach and poroelastic strain 

model to determine the orientation and magnitude of horizontal stresses. The stress 

pattern was determined by combining image logs and conventional logs collected in 

northern Iraq and surrounding regions. The results showed that the stress regime below 

the depth of 1600 m is thrust faulting, and above this depth, it transforms into a strike-

slip fault regime. The mean azimuth of the maximum horizontal in-situ stress, N72°E, is 

consistent with the tectonic movement and previous studies in the nearby Zagros suture 

zone. Regarding drilling implications, the redistribution of stresses and the transition 

from a strike-slip faulting stress regime to a reverse fault stress regime are critical and 

will undoubtedly affect hole stability in the drilled wells throughout the field. The pattern 

of tectonic stress fields in northern Iraq was found to be mainly controlled by the collision 

between the Arabian and Eurasian plates. 

Chapter Five provides a detailed analysis of the stress state in the southeastern 

Zagros suture zone, underlining the complex interplay between thrust faulting and strike-

slip regimes. The study comprehensively analyzed the magnitude and orientations of in 

situ stress, natural fractures, and pore pressure in two oil fields in the Zagros foothills. 

The findings of this study have significant implications for energy field development, 

optimizing drilling practices, wellbore stability, and reservoir management in similar 

geological settings. A total of 3.2 km length of images and conventional logs from seven 

wells in both fields were used to determine the magnitude and orientation of in situ 

stresses. The results revealed that the azimuth of maximum horizontal stress in Field A 

and Field B were N32°E and N55°E, respectively. Field A is located in the SW sector of 

Dezful embayment which is 60 Km away from the  Field B in the NE sector of Dezful 

embayment. The orientation of natural fractures was found to be closely aligned with the 

maximum horizontal stresses, confirming the reliability of the stress analysis. Increasing 

differences between the azimuth of maximum horizontal stress based on breakout and 

drilling-induced tensile fractures with increasing depth indicated the complexities in the 
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subsurface stress regime. The assessment of stress regimes highlighted its variations with 

depth. Field A transitioned from a distinct thrust faulting regime to a cross-over of thrust 

and strike-slip faulting regimes with increasing depth, whereas Field B maintained a 

consistent thrust faulting stress regime. 

Chapter Six provides significant insights into the effectiveness of various supervised 

machine-learning classification models for identifying borehole breakouts by 

conventional logs. This chapter highlights the application of various supervised machine 

learning (ML) models, including K-Nearest Neighbors (KNN), Decision Tree (DT), 

Random Forest (RF), Support Vector Machine (SVM), and Extreme Gradient Boosting 

(XGBoost) for identifying borehole breakouts. With their ensemble approaches, the RF 

and XGBoost models demonstrated an accuracy of 92% and emerged as the most robust 

and accurate, maintaining high-performance metrics. In addition, this chapter provides a 

detailed examination of input parameters, revealing that combining all available well logs 

as input data improved the model's performance. Moreover, careful tuning of 

hyperparameters was vital in optimizing each model's ability to discern between breakout 

and non-breakout intervals effectively. The robustness evaluation process, employing a 

varying test data size and shuffle mode, has demonstrated the models' consistency and 

reliability, a testament to the robustness of the methodologies applied. 

In summary, this dissertation makes a substantial contribution to the field of 

structural geology and petroleum engineering by providing a comprehensive analysis of 

the tectonic and geomechanical dynamics of the Zagros suture zone. By integrating 

findings from various methodologies, including conventional and image logs, breakout 

analysis, and advanced machine learning techniques, this study offers a nuanced 

understanding of stress regimes, fracture patterns, and wellbore stability in key oil fields 

of this region. However, it is important to acknowledge the limitations inherent in the 

scope of the data and methods used. Future research could expand upon this work by 

incorporating a broader range of geological settings within the Zagros suture zone, 

employing emerging data acquisition and analysis technologies, and further refining 

machine learning algorithms to enhance predictive accuracy. Such advancements would 

improve our understanding of the Zagros suture zone and provide valuable insights 

applicable to similar geological contexts globally.
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