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ABSTRACT 

The Late Jurassic Najmah Formation of Northeast Kuwait consists of a fractured tight 

carbonate reservoir and organic-rich kerogen layer. The average reservoir unit thickness is about 

50 ft at a depth of 14000 ft. It has low porosity and ultra-low permeability. Development of the 

Najmah reservoir is contingent on recognizing naturally fractured areas. The reservoir section is 

immediately below thick layers of alternating salts and anhydrite, and the seismic data within the 

reservoir interval suffers from destructive interference of coherent noise. Coherent noise 

interference impacts the reliability of seismic attribute extractions for reservoir characterization. 

Attenuating this interference is vital to exploiting useful information from seismic data. 

This study investigates the coherent noise sources and offers a cascaded attenuation 

processing approach to alleviate the noise disturbance. The study reveals some noises related to 

near-surface condition and multipathing seismic energy above the reservoir layers. According to 

the model, the major generator of interbed multiple is the first anhydrite layer within the Gotnia 

Formation. Application of model-based interbed multiple attenuation reduces the noise 

interference and improves the imaging and characterization of the reservoir section. The multiple 

attenuated seismic data have better correlation with synthetics from all 10 control wells used in 

this study, leading to better seismic inversion accuracy. 

Seismic reservoir characterization is conducted by integrating full-azimuth P-wave seismic 

analysis, pre-stack simultaneous seismic inversion and rock physics modeling. Rock physics 

modeling suggests that the seismic variation is most affected by pore geometry. A low Vp/Vs ratio 

correlates with high porosity, low pore aspect ratio and high brittleness index. The higher organic 

richness of the kerogen layer correlates with lower acoustic impedance. Azimuthal seismic 

analysis depicts that multiple fracture sets with multiple orientations exist in the area. The fast 

interval velocity coincides with the direction of maximum horizontal stress. A combination of 

brittleness index and fast velocity azimuth is used to identify “sweet spots” for potential future 

Najmah reservoir development. The seismic analysis results are confirmed by image log 

interpretation and production test data. Most of the effective fractures coincide with the direction 

of maximum horizontal stress. 
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The study results provide valuable insights into identifying and attenuating the coherent 

noises while delineating unconventional Jurassic reservoir potential in the study area. This research 

impacts not just the Najmah Formation, but deep unconventional reservoirs around the world that 

deal with similar problems.  
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CHAPTER 1 

INTRODUCTION 

Kuwait holds a proven oil reserve of 102 billion barrels and is the sixth largest oil reserve 

in the world according to a report released by the US-based Energy Information Administration 

(EIA) in 2017. This reserve makes up about 8% of the oil reserves in the world. Since the 1950’s, 

most of the oil fields in North Kuwait produced from shallow conventional clastic and carbonate 

reservoirs of Cretaceous age. Extensive seismic data acquisition and subsurface studies by Kuwait 

Oil Company (KOC) brought a paradigm shift in the early 2000’s to target deeper Jurassic 

reservoirs (Al-Eidan et al., 2010). Exploration drilling campaigns during 2002-2006 successfully 

discovered commercial gas accumulations within the Jurassic with the main reservoir within the 

Early-Mid Jurassic carbonate Marrat Formation. Early production was started during 2008, with 

typical initial production rates of up to 12 MMSCFPD and 3,000 BOPD light oil from sub-vertical 

wells. The discovery of the deep Jurassic reservoirs opens up an opportunity for further exploration 

and development of the unconventional reservoir of the Najmah Formation. The Najmah 

Formation consists of a fractured tight carbonate reservoir and an organic-rich resource play 

member. This resource play member is the first unconventional reservoir development project in 

Kuwait. The marine shale provides relatively lower clay content and better brittleness than the 

non-marine shale (Chopra et al., 2013). 

Unconventional reservoir exploration and development requires hydraulic fracturing in 

order to increase reservoir permeability. Hence, fracture characterization is a necessary part of the 

development of tight reservoirs. Knowledge of the natural fracture network is required in order to 

increase hydrocarbon recovery and optimize completion strategies. Integrating fracture network 

prediction with geomechanical and reservoir properties plays the main role in defining exploration 

and development strategies, including identifying sweet spots, placing wells in optimal locations 

and better planning of the drilling program. Prior to seismic reservoir characterization, ensuring 

reliable data quality is essential before extracting any information from the seismic. Data 

observation in the study area indicates that P-wave seismic data used in the study suffers from the 

interference of coherent noise within the reservoir interval. The identified noise sources are related 
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to near surface conditions, loss of signal at far offsets and seismic interbed multiples from high 

impedance intervals above the reservoir interval. The interbed multiple is a serious problem that 

is common in the land seismic datasets in the Middle East (Al-Khaled et al., 2008; Al-Nahhas et 

al., 2008; El-Emam et al., 2011, 2005; Lesnikov and Owusu, 2011; Sonika et al., 2012; Wu et al. 

2011). 

1.1 Motivation and Objective 

This thesis focuses on characterizing the unconventional reservoirs of the Najmah 

Formation in the Raudhatain Field of North Kuwait. Development of the Najmah reservoir is 

complicated by the fact that it’s deep (14,000 ft) and relatively thin with heterogeneous facies and 

strong seismic interbed multiples affecting the reservoir section. The reservoir interval is 

immediately below thick layers of alternating salts and anhydrite, high-pressure high-temperature 

and sour fluid conditions provide geomechanical and environmental challenges. As the Najmah 

Kerogen is the first resource play development project in Kuwait, the reservoir characterization is 

still uncertain. Hence, integrating several reservoir aspects for this research is essential to build a 

better understanding of subsurface conditions for further field development planning and 

exploration. 

This study utilizes the preliminary 3D surface seismic processing results from 2016 and 

3D VSP data processed in 2008 and reprocessed in 2017. The seismic data have a relatively low 

correlation with synthetics caused by destructive interference due to coherent noise related to 

interbed multiples or multipathing of seismic energy. Coherent noise interference will impact the 

reliability of seismic attribute extractions for reservoir characterization. Hence, removing this 

interference is vital before exploiting the information from seismic data. Several papers have 

discussed the interbed multiple attenuation in Kuwait using either data-driven or model-based 

methods (El-Emam et al., 2011; Ras et al., 2012). All cases show the interbed multiple as an 

individual reflection separated from the reflection of the primary. In my research case, the interbed 

multiple interferes with the primary reflection, hence it is more difficult to identify, and I rely on 

the well log data to build a synthetic seismogram as a reference. 

To tackle the above challenges and conditions, the main research objectives are 

summarized as follows: 
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• To identify the coherent noise sources and provide processing efforts to attenuate them 

from the seismic data. 

• To improve the seismic imaging of the reservoir interval by modeling and attenuating the 

interbed multiple interference for better seismic well correlation. 

• To characterize the naturally fractured reservoir using integrated rock physics modeling, 

seismic attribute analysis and geological interpretation.  

1.2 Contribution and Significance  

The study results provide some values and answers for the aforementioned research 

background and objectives. The following points summarize the main research contributions: 

• Indicate some noises that interfere with the seismic imaging, spanning from surface-related 

noise to interbed multiple interference. 

• Provide a model of interbed multiple generators and ray paths that destructively interfere 

with the imaging of the reservoir interval. 

• Predict generated interbed multiples on the actual 3D seismic dataset and attenuate them 

using a scaled subtraction. 

• Improve seismic imaging and well correlation, leading to better structural interpretation 

and inversion results. 

• Provide a rock physics model for sensitivity analysis between the reservoir properties and 

related velocity response. 

• Demonstrate azimuthal seismic data for fracture detection and characterization in the area. 

• Provide a sweet spot map of the Najmah reservoirs for better reservoir management and 

exploration. 

1.3 Scope of Work 

I conducted an integrated research workflow that incorporates seismic analysis, rock 

physics modeling and geological analysis to characterize the Najmah reservoir. The overall 

workflow is divided into two main research stages: seismic data processing and integrated 

reservoir characterization. The data processing intends to remove the interference of coherent noise 

through 3D VSP reprocessing, developing a noise removal operator and applying noise removal 

to the 3D seismic. The main objective of this stage is to produce better data that have better 
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correlation with synthetic seismograms from well log data. The reservoir characterization is 

conducted using the processed seismic data from the first stage. The rock physics results are 

integrated with seismic analysis to predict areas of high natural fracture density. The end product 

of this workflow is to build a sweet spot map for reservoir delineation and exploration. The results 

will be validated using available well test data and image log interpretation.  

The scope of work includes: 1. Structural seismic interpretation within the study area, 2. 

3D VSP reprocessing from raw field data with a focus on noise identification and removal, 3. 

Modeling of interbed multiple interference to predict the multiple ray path mechanism, 4. Model-

based interbed multiple attenuation on the 3D VSP and surface seismic, 5. Rock physics modeling 

for sensitivity analysis of reservoir properties, 6. Azimuthal seismic velocity and amplitude 

analysis for fracture characterization, 7. Pre-stack simultaneous seismic inversion, 8. Integrated 

analysis for reservoir characterization. 

1.4 Thesis Layout 

The thesis is structured to discuss the research in a logical and systematic manner. Chapter 

2 explains the field background, covering the geological setting of the study area, regional tectonic 

history, Jurassic stratigraphy, the petroleum system and the field dataset used in this study. For 

seismic data processing, Chapter 3 describes the 3D VSP processing in detail as well as the special 

workflow that I used to further improve the imaging. Afterward, I present the modeling stages to 

identify interbed multiple interference. From the modeling results, interbed multiple attenuation is 

conducted through multiple prediction and scaled subtraction. Chapter 4 focuses on how the rock 

physics modeling was conducted and presents the results for further integrated analysis. Chapter 

5 discusses the reservoir characterization workflow, azimuthal seismic analyses, generation of 

geomechanical properties from the pre-stack simultaneous inversion and sweet spot maps of the 

Najmah reservoir. Furthermore, I use the image log interpretation and production test results for 

final integrated analysis. Finally, Chapter 6 summarizes the main research results and provides 

recommendations for future work.  
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CHAPTER 2 

FIELD BACKGROUND 

Raudhatain Field in North Kuwait is a prolific hydrocarbon field that lies within the 

Arabian Basin. The field is located within the Jurassic Gas Field complex, a complex of existing 

shallow oil fields with potential reservoirs within the deep Jurassic level that were discovered in 

the early part of this century. The Jurassic Gas Field complex consists of six fields (Sabriyah, 

Raudhatain, Umm Niqa, Bahra, Northwest Raudhatain and Dhabi), encompassing approximately 

700 miles2 (Figure 2.1). This chapter presents the geological setting of the study area including the 

regional stratigraphy, tectonic history and petroleum system of the Jurassic interval. Following the 

geological setting, the available dataset for this research and Jurassic section of Raudhatain Field 

is discussed. 

2.1 Regional Stratigraphy 

The regional stratigraphy of the Jurassic section in Kuwait area is divided into six 

formations: Marrat, Dhruma, Sargelu, Najmah, Gotnia and Hith (Figure 2.2). The first four 

formations are generally dominated by carbonates and calcareous shales overlaid by alternating 

evaporates and anhydrites of the Gotnia and Hith Formations. According to Al-Eidan et al. (2010), 

the Early Jurassic Marrat Formation was deposited in a low relief carbonate shelf setting, and the 

depositional environment ranges from slope, outer shelf, inner shelf, shoreface, barrier/shoal, 

backbarrier, lagoon, tidal flat and sabkha. The Marrat Formation is subdivided into Lower, Middle 

and Upper, with total thickness up to approximately 2000 ft. The Lower Marrat consists of stacked 

carbonate cycles which transgressed over the relatively flat Late Triassic Minjur surface. The 

Middle Marrat consists of several shallowing-upward cycles which reflect an overall shallowing 

depositional environment through time. The Middle Marrat is the main Jurassic reservoir, with 

porosity ranging from moderate to good. The Upper Marrat is characterized by a single shallowing 

upward cycle consisting of interbedded argillaceous limestones following the transgression of the 

uppermost Middle Marrat (Abdulmalik et al., 2008). 
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The Middle Jurassic of Dhruma consists of soft, yellowish gray, bentonitic calcareous shale 

deposited in a deep slope or basin environment (Al-Eidan et al., 2010). This formation is 

considered to be a regional cap rock for the Marrat reservoirs, with thickness varying from 100 ft 

to 200 ft. The Dhruma is overlain by the Sargelu Formation, which has a thickness ranging from 

100-250 ft. The Sargelu consists of pelodial and coated grain mudstone and wackestone deposited 

in a bathyal depth range (Narhari et al., 2010). The upper part of the Sargelu is marked by the first 

appearance of organic-rich shales followed by the overlying Najmah Formation. 

 

 

Figure 2.1 The Raudhatain Field is located within the Jurassic Gas Field complex in North 
Kuwait. The Jurassic Gas Field is a complex of oil and gas fields that produce from Jurassic 
reservoirs. The study area is covered by 9 miles2 3D seismic data in the eastern part of the 

Raudhatain Field. 
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Figure 2.2 General stratigraphic column of Jurassic section in Kuwait area with lithology 
description and reservoirs (Yousif and Nouman, 1997) 
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The Najmah lithology from core observation has been described as wackestone, mud-rich 

to mud-poor packstone and tight grainstone (Abdulmalik et al., 2008), with an average formation 

thickness of 150 ft. The formation is subdivided into three members: Najmah MFS (N3), Najmah 

Kerogen (N2) and Najmah Limestone (N1). N3 is essentially similar to the upper part of Sargelu 

with more organic content. Najmah Kerogen (N2) is an organic-rich shale layer with excellent 

organic content deposited in water depths of the outer shelf or bathyal depositional environments. 

The limestone member (N1) represents a shallowing upward sequence by deposition in the outer 

shelf environment, aggrading upward to the shallower inner shelf. The top of Najmah is an 

erosional truncation overlaid by alternating salts and anhydrites of the Gotnia Formation. 

The Late Jurassic section includes the Gotnia and Hith Formations. The Gotnia Formation 

consists of crystalline salts and anhydrite with features of sabkha and subaqueous deposition. 

According to Hussain et al. (2015), the formation is interpreted to have a depositional environment 

in a protected lagoon to a supratidal setting with gross thickness ranging up to 1600 ft. The Hith 

Formation lies on the top of the Jurassic section and acts as a regional secondary cap rock for 

Jurassic hydrocarbon-bearing reservoirs. It was deposited in a broad supratidal sabkha setting and 

comprises mainly anhydrite with limited and thin carbonate mudstone-wackestone units in the 

upper part. The Hith Formation as observed from control wells within the study area have an 

average thickness of 210 ft. 

2.2 Structural Setting 

Kuwait’s location in the northwest corner of the Arabian Gulf is situated in a structurally 

active platform that is generated by the subsiding foreland of the Zagros Mountains to the north 

and east. The North Kuwait area has a long and complex history of tectonic evolution as part of 

the Arabian plate, including a Paleozoic passive margin setting, Triassic-Jurassic extension and 

Late Cretaceous-Tertiary compression (Zagros orogeny) (Narhari et al. 2010). Most of the 

observed structural trends in the seismic data are associated with extensional and compressional 

phases that created normal fault and strike-slip systems, respectively.  The presence of Gotnia salt 

layers adds to the complexity of the structural setting. According to borehole break-outs observed 

in most of the well data in Kuwait, the dominant present-day maximum horizontal stress direction 

is consistent with the active present-day Zagros collision in a NE-SW direction (Narhari et al., 

2010; Richard et al., 2014). 
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Figure 2.3 The structural evolution of the North Kuwait area as proposed by Richard et al. 
(2014). The study area is highlighted in blue. There are three major tectonic events influenced 
the structural configuration: (1) Jurassic extension, (2) Cretaceous transtension and (3) Tertiary 

transpression. 

Understanding the structural evolution of North Kuwait area is essential to predict and 

interpret the development of natural fractures. A recent comprehensive study by Richard et al. 

(2014) using recently acquired 3D seismic and well data proposed a new detailed structural 

evolution model. Figure 2.3 shows the overall deformation trends based on a regional kinematic 

interpretation in a map view. These three main phases of deformation are:  

• An extensional phase during Jurassic time with overall N-S maximum horizontal stress 

which generated an E-W rifting episode with a N-S trend normal fault system that formed 

the base of structural configuration in the area. 

• A transtensional phase during the Cretaceous time with a NW-SE maximum horizontal 

stress (Alpine 1). This tectonic event led to the reactivation of Jurassic normal faults and 

the formation of a transtensional fault system.  

• A transpressional phase during the Tertiary time with a NE-SW maximum horizontal stress 

(known as Alpine 2), which had a great impact on the formation of the Jurassic structure 

and fracture development. This compressional phase reactivated the Jurassic faults into a 
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wrenching fault system, inverted the structure, generated fold trends and formed a 

petroleum trap system for conventional reservoirs. 

The main difference between the new model proposed by Richard et al. (2014) and the 

previous structural model is that the formation of the compressional folds in the carbonate fields 

is now thought to have occurred during the Tertiary time instead of the Jurassic time. The presence 

of Gotnia salts as a detachment level impacted the structural configuration of the Jurassic and 

Cretaceous-Tertiary sections by creating lateral and axis offsets. Based on the proposed structural 

evolution, Richard et al. (2014) summarized 5 conceptual structural compartments in the area 

(Figure 2.4): NW Raudhatain, Dhabi, Sabriyah ridge, Umm Niqqa and the central area. These three 

main sets of fracture orientation in all compartments are related to successive tectonic phases: N-

S, NW-SE and NE-SW trends. The fracture intensities vary depending on the structural 

deformation, with more chance of fractures in areas with higher structural deformation. 

 

 

Figure 2.4 Illustration of conceptual structural compartments proposed by Richard et al. (2014). 
The study area is located in the western part of the central area with low-deformation category.   
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2.3 Study Dataset 

This thesis is part of a research collaboration between the Reservoir Characterization 

Project (RCP) of Colorado School of Mines and the Kuwait Oil Company (KOC).  KOC has 

provided the dataset of the Raudhatain Field, including a 9 miles2 P-wave 3D surface seismic, 10 

wells with basic electronic logs, 3D vertical seismic profiling (VSP), zero offset VSP, 

petrophysical data and image log interpretation. The data location within the 3D seismic data is 

illustrated in Figure 2.5.  

2.3.1 3D Surface Seismic 

The 3D surface seismic survey was acquired in 2014 over the Jurassic gas field complex. 

The seismic dataset for this study is a part of a larger survey that has been cropped to only cover a 

particular area of the Raudhatain Field. Below are some highlights of the seismic acquisition: 

• Wide-azimuth (aspect ratio=1), orthogonal acquisition geometry, symmetrical split-spread 

with quarter cell rotation and full swath roll 

• Shot line spacing of 200 m and shot interval of 25 m (400 shots/km2) 

• Receiver lines spacing of 200 m and group interval of 25 m 

• Each receiver line consists of 4 single sensor lines with a spacing of 6.25 m 

• On each single sensor line, the GAC geophones were spaced 12.5 m, staggered 6.25 m with 

respect to the neighboring lines 

• 8 sensors contribute to a 25 m x 25 m receiver group 

• Acquisition geometry allowed a 12 x 12 km receiver surface coverage centered around a 

surface shot location giving a nominal fold of 900 

• The maximum inline offset of 6000 m, swept with 2-84Hz (-3dB) 

The seismic data are the preliminary processing results in 2016 from on-going seismic 

processing by Shell in the Netherlands. The dataset consists of pre-stack time migration (PSTM) 

gathers, angle stacks and PSTM stacks. According to the SEGY header, the data were processed 

using standard land processing flow up to migration (PSTM). The processor applied some 

additional processing efforts for noise attenuation including monochromatic noise removal, 

diversity de-noise, 3D K-F de-noise, 3D short and long period de-multiple and random noise 

attenuation. During the study, I applied processing for interbed multiple attenuation as discussed 
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in Chapter 3. For azimuthal amplitude seismic analysis, I performed trim static processing to 

remove the effect of azimuthal travel time on the amplitude of seismic gathers. 

 

Figure 2.5 Location map of 10 wells and 3D VSP within the 3D surface seismic data 
encompassing an area about 9 miles2. The map is time structure map of Najmah Kerogen with 

interpreted faults. 

2.3.2 Well Data 

This study utilizes a dataset from 10 wells inside the 3D seismic (Figure 2.5). All 10 wells 

have sonic (compressional and monopole shear wave), density, gamma-ray, neutron porosity and 

caliper logs, and 3 of them have additional resistivity logs. KOC also provided their petrophysical 

analysis results for all 10 wells and image log fracture interpretation for 8 wells. Well B is the only 

well with VSP and 3D VSP data, hence most of the subsequent seismic analysis and interbed 

multiple modeling are based on the Well B dataset. The VSP dataset consists of processed and raw 

field data acquired and processed in 2008 using a standard processing flow. I have performed 3D 

VSP reprocessing with a particular focus on noise attenuation and azimuthal seismic analysis. 
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More information about the survey geometry and processing of 3D VSP dataset is discussed in 

Chapter 3.  

2.4 Raudhatain Field 

The Raudhatain Field reservoirs are mainly divided into shallow Cretaceous and deep 

Jurassic levels. The Cretaceous reservoirs consist of clastics and carbonates. The Jurassic play 

comprises fractured carbonates with a wide range of reservoir properties including conventional, 

tight carbonate and resource plays. The main Jurassic conventional reservoir is the Middle Marrat 

Formation and the unconventional reservoirs consist of the Sargelu and Najmah Formations. The 

main focus of this research project is the tight carbonate (N1 and N3) and resource play (Najmah 

Kerogen or N2) of Najmah Formation (Figure 2.6). 

 

 

Figure 2.6 Jurassic reservoirs consist of conventional reservoirs of Marrat and unconventional 
reservoirs of Najmah-Sargelu. The study objective is the Late Jurassic Najmah Formation 
consisting of the Najmah Limestone (N1), Najmah Kerogen (N2) and Najmah MFS (N3). 
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Figure 2.7 N-S original seismic section across Well B within the Jurassic level. The top of 
Najmah Formation is represented by a strong seismic reflection that is generated by a high 

contrast impedance from the carbonate to the kerogen levels. An amplitude difference between 
synthetics and seismic within the Najmah interval can clearly be observed. 

The Najmah Formation is a good seismic marker that lies within an average depth of 14300 

ft or 2200 ms (Figure 2.7). According to the well tops, the Najmah thickness ranges from 138 ft to 

155 ft, with an average thickness of 51 ft, 50 ft and 41 ft for N1, N2 and N3, respectively. N1 and 

N3 porosities range up to 4%, and permeability is less than 0.1 mD. N2 is a rich organic shale with 

porosity ranging between 4-6% and permeability around 300 nD. N2 is considered as a source 

rock with an excellent richness of organic matter. A core laboratory study by Al-Qaod (2017) in 

nearby Sabriyah Field suggested the total organic carbon (TOC) values range from 2.8 wt% to 

25.9 wt% with kerogen type II and the maturity ranges from mature to over-mature. Al-Qaod’s 

study is based on a cross-observation of the Hydrogen Index (HI), Oxygen Index (OI), S2, 

Maximum Temperature (Tmax) and TOC calculations from well logs. The N2 source rock 

properties indicate a potential for generation of both oil and gas. The thermal burial history in 

North Kuwait indicates that oil generation from N2 started since Tertiary time (Al-sharhan and 

Abdullah, 2011). 
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The Raudhatain Field structure is developed along a prominent anticlinal ridge that plunges 

gently in an overall north-south trend direction. This structure established a four-way dip trap for 

the hydrocarbon reservoirs. The overlying thick alternating salts and anhydrites of the Gotnia 

Formation have acted as a good regional seal for the Najmah reservoirs. In addition to matrix 

porosity, interpretation of the image logs from 8 wells indicated fracture development within all 

Najmah units. This fracturing system is believed to be generated by the tectonic evolution in the 

region. Fractures themselves typically do not have large volume, yet enhance the permeability 

significantly. 

Fault identification is a key element of this fracture reservoir study. The regional structural 

evolution indicates that some faults experienced reactivation through a wrench fault system. The 

time structure map of the Najmah Kerogen in the study area (Figure 2.5) shows a general N-S fold 

trend marked by faults. These faults are interpreted as the product of east-west rifting during the 

Jurassic extension phase (Figure 2.8). The geometrical attribute map in Figure 2.9 shows a similar 

structural trend, with more detailed deformations. The darker color represents a zone of poor 

seismic semblance or a potential zone for faults and fractures. In addition to the predominant 

deformations along the NNW-SSE faults in the northern area, other deformations with a NW-SE 

direction can be observed in the lower western area, which may have been affected by a 

transtension-transpression tectonic episode during the Cretaceous and Tertiary. This can be 

explained by the different fault orientations at the top of Najmah and the top of Gotnia that indicate 

a change in the maximum horizontal stress from the Jurassic to Cretaceous-Tertiary time. Evidence 

of wrench faulting in the area can be observed from the seismic sections: most of the faults are in 

the lower west area and are almost all in the vertical direction.  

To observe the detailed structural evolution within the study area, I generated a paleo 

structure map of Najmah from an isochore map of Gotnia as shown in Figure 2.10. According to 

the maps, the present-day NW-SE fold structure in the west was generated after Jurassic time. The 

flattened section shows that the western area is relatively low during the deposition of Gotnia 

Formation (Figure 2.11). The fold trend in the lower west area can also be observed on the top of 

Gotnia with dominant NW-SE fault directions (Figure 2.12). Interpretation of these fault trends 

indicates a right stepping en-echelon pattern by a sinistral transpression with a NE-SW maximum 

horizontal stress, which coincides with the tectonic setting during the Tertiary. However, a regional 

structural seismic map is needed in order to verify this tectonic interpretation. 
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Figure 2.8 Seismic section in the northern area shows highly faulted zone that interpreted to be 
associated with Jurassic rifting episode. The location of this E-W seismic section is highlighted 

in blue in the semblance attribute map (Figure 2.9). 

 

Figure 2.9 Semblance attribute map of Najmah Formation overlain by a time structure map of 
Najmah Kerogen and interpreted faults in red. Darker color represents less semblance value that 

related to higher structural deformation. Higher fault displacement can be observed in the 
northern area. The E-W blue line is the location of seismic section in Figure 2.8. 
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Figure 2.10 Estimation of general structural evolution of Najmah Formation. a) paleo-structural 
configuration based on the Gotnia isochore map, and b) present-day Najmah structural depth 

map. The maps show the N-S faults trend in the north were generated during Jurassic time and 
faults related to the NW-SE structural fold in the lower west were generated during the 

Cretaceous-Tertiary time. 

  

Figure 2.11 W-E flattened seismic section on top of Gotnia Formation (a) and original seismic 
section (b) through Well B. The location of E-W line is shown in Figure 2.10. The flattened 

section shows that the western area is relatively low during the deposition of Gotnia Formation. 
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Figure 2.12 Top structure map of Gotnia Formation shows a dominant NW-SE structural trend 
that may be caused by post-Jurassic tectonic episodes. The structural pattern can be interpreted 

as a right stepping en-echelon created by NE-SW sinistral transpression system.   
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CHAPTER 3 

COHERENT NOISE ATTENUATION 

Noise contamination can obscure the reflections that are of interest, leading to inaccurate 

interpretation and further data analysis. Removing any noise interference is a crucial step before 

extracting any information from the seismic data. The seismic section within the Najmah interval 

suffers from coherent noise contamination that destructively interferes with the seismic amplitude. 

A synthetic seismogram of well B portrays the reservoir interval with greater amplitude than the 

surface seismic (Figure 3.1). This anomaly is consistently observed for all seismic well ties of 10 

available wells, indicating the presence of coherent noise that interferes with the seismic data that 

are of interest in the area. In this Chapter, coherent noise suppression is conducted through 3D 

VSP reprocessing and model-based interbed multiple attenuation. Cross-correlations from the 

seismic well ties are used to compare the results with the synthetics from well logs as a reference. 

3.1 Noise Suppression through 3D VSP Processing 

The reprocessing of the multi-azimuth walkaway 3D VSP of Well B is a collaboration 

effort between RCP and SigmaCubed Inc. to investigate if the coherent noise can be identified to 

enhance the imaging of the Najmah interval and if anisotropic parameters can be determined. The 

anisotropy analysis from this processing is discussed in Chapter 5. The 3D VSP data were acquired 

in 2007 with survey geometry contains 18 radial lines of sources at the surface intersecting the 

receiver well (Figure 3.2). According to KOC’s internal processing report, the seismic source was 

vibroseis with a 6-118 Hz sweep, sweep length of 12 seconds and listen time of 4 seconds. There 

were 4,328 shot points and the maximum offset from the well was 10,500 ft. The receiver array 

consists of 20 geophones spread from 8,207.5 ft to 9,150 ft depth (50 ft spacing). The receiver 

array was set with the bottom of the array at about 5,000 ft above the Najmah Formation and the 

illumination diameter at the Najmah level is approximately 6,000 ft (Figure 3.3). Depth was 

measured relative to a KB reference elevation about 199 ft above sea level and the well trajectory 

was considered vertical. In addition to the 3D VSP, KOC acquired a zero-offset VSP in the same 

well with a receiver array spanning from the surface all the way down to the reservoir levels. With 
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the receiver array covering the reservoir interval, the zero-offset VSP data produce a corridor stack 

that can be used as a reference. 

z  

Figure 3.1 Seismic well tie of Well B shows significant amplitude difference between synthetics 
and corresponding seismic traces around the Najmah level. The seismic has a lower amplitude 

compared to the synthetics.  

 

Figure 3.2 Plan view of 3D VSP acquisition geometry with source locations (red dots) and 
receiver location (blue circle). The figure is edited from the KOC’s internal processing report. 
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Figure 3.3 Azimuthal walkaway VSP geometry with 18 radial lines of sources at surface and 20 
receivers in the well at 8050-9050 ft depth generates an illumination area on the Najmah 

Formation level with diameter around 6000 ft. The figure is edited from the KOC’s internal 
processing report. 

3.1.1 Surface Related Noise 

A noise investigation was conducted to see possible noise sources related to surface 

conditions that affect the data quality. To this end, two maps are generated from the first break 

information of the 3D VSP data. A semblance map is generated by calculating the semblance of 

the first break amplitude across 20 receivers of each shot location. The semblance values are then 

interpolated within the survey area to display the general trend of the data (Figure 3.4a). The map 

shows low semblance values in the far offset especially including several points in the northwest 

part. This indicates that the quality of the data is affected by the offset range: the far offset data 

tends to have lower quality. The second map is a source statics map that is created from the 

difference between the actual first break arrival travel time and the overall polynomial travel time 

trend. The source static anomaly indicates a problem related to a near-surface condition such as 

source coupling quality or geological conditions. The source statics map (Figure 3.4b) shows that 

there are larger source static anomalies in the northwest part of the survey area. This map shows a 

similar anomaly in the northwest area of the survey as shown by the semblance map. The anomaly 
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in the northwest part of the VSP survey is confirmed by the presence of low amplitude events in 

the VSP gathers before amplitude correction is applied (Figure 3.7). 

In order to further investigate these low amplitude events, a data observation is conducted 

on the 3D surface seismic. Figure 3.5 shows low amplitude can also be observed in the surface 

seismic section in the northwest survey area as shown by the semblance map. The RMS amplitude 

map within a 400-600 ms window shows the lateral distribution of this low amplitude anomaly. 

The map confirms that low amplitude areas in the surface seismic correlate to the anomaly in the 

northwestern area of the 3D VSP survey. This observation suggests the presence of a near-surface 

condition that affected the data quality. The sources of the anomaly may come from a surface 

geological condition that decouples the VSP sources or may come from the scattering effect of 

shallow karstified carbonate in the area. Further geological investigation to obtain the details of 

the near-surface conditions is required in order to define the accurate cause of this anomaly. 

 

 

Figure 3.4 Semblance (a) and source statics (b) maps of the first break arrival. The semblance 
map is calculated from the first break amplitude similarity across 20 receivers from each shot 

location (black dots). The source statics is the average travel time delay of the first break arrival. 
Those values are interpolated within the survey area to show the overall trend. 
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Figure 3.5 E-W surface seismic section and RMS amplitude map of 400-600 ms interval show 
low amplitude anomaly at shallower levels of the north-west 3D VSP survey area. The black dots 

on the map are 3D VSP source locations. 

 

Figure 3.6 Overall standard VSP processing workflow (gray) with the additional designature 
process highlighted in light blue. 
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3.1.2 3D VSP Processing  

The existing 3D VSP data were processed in 2008 using a standard processing flow. In this 

study, the reprocessing effort appends additional processing steps to the standard processing flow 

in order to suppress the coherent noise. Figure 3.6 summarizes the overall standard workflow of 

3D VSP processing with the additional designature process highlighted in light blue. The down-

going wavefield contains both the source signature and the effect of interbed mutlipes generated 

above that level. Designature is a process that uses the down-going wavefield to characterize the 

source seismic wavelet and generate an inverse filter to deconvolve the upgoing wavefield. In 

addition to applying designature, certain frequency bands and offset ranges are selected during the 

final stack process to further improve the final image. 

The 3D VSP raw data were processed using SeisSpace software with specific processing 

modules from SigmaCubed Inc. The geometry was set up by loading the field survey geometry 

data into the trace header to map the data position. Quality control for the geometry involved 

observing the first break arrival to verify the locations of sources and receivers. Afterward, the 

data of three component receivers were rotated to orient the radial horizontal component (H1) 

inline with the source direction and the transverse horizontal component (H2) perpendicular to the 

source direction. To maximize all the down-going p-wave energy, the receiver was further rotated 

toward the source. The first break then repicked. A time-variant rotation was conducted to capture 

the maximum energy from the up-going wavefield of the objective reflectors. A designature 

process is then applied to the output of the time-variant rotation. This process derives the 

designature operator from the separated down-going wavefield to deconvolve the up-going 

wavefield. Following the designature, the upgoing wavefield was separated using a fan filter that 

distinguishes the events based on their apparent velocity and frequency. Surface-consistent 

amplitude correction applied to compensate for the energy lost due to spherical spreading, coupling 

and shot-to-shot variations (Kuzmiski et al., 2009). Then, surface-consistent deconvolution was 

applied to convert the data into a zero phase and improve the resolution. Afterward, upward 

continuation transformed the borehole receiver locations into pseudo locations at the surface by 

applying the Huygens principle. Upon upward continuation, the 3D VSP was treated as surface 

seismic data during the imaging process. The imaging stage consisted of defining a 3D surface 

grid of 55x55 ft bin size, performing iterative velocity and static analyses, CDP stacking using 

selected offset and frequency ranges, and running post-stack Kirchhoff time migration. 
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Figure 3.7 Comparison of receiver gathers using only standard flow (a) and additional 
designature process (b). The line on the bottom indicates the direction of each spoke line. A 

brighter and more continuous image can be observed after applying designature. 

To evaluate the effect of designature, two processing flows were conducted using only the 

standard flow and additional designature process. Figure 3.7 shows the comparison of receiver 

gathers using those two flows. It can be observed from the gathers that applying designature 

enhances the continuity and clarity of the seismic amplitude. To further improve the image, the 

final seismic stack was performed using a combination of certain frequency and offset ranges. This 

decision was based on the semblance analysis of the first break amplitude that shows the amplitude 

similarity is low in the far offset gathers. Considering the advantage and limitation, several 

frequency bands and offset ranges were assessed to select the optimum offset and azimuth ranges 

to image and characterize the Najmah (Figure 3.8). The Figure 3.8 shows that the offset range 

affects the seismic amplitude and reflector continuity of the Najmah. The offset selection indicates 

that the near to mid-offsets have a better image than the far offsets. The frequency band shows a 

similar trend that the high frequency tends to have low reflection continuity. The best combination 

suggests the use of a near-to-mid-offset range (up to 7000 ft) and a frequency range up to 80 Hz 
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Figure 3.8 Final stack images of east-west line 109 around the reservoir interval by combining 
various offset and frequency ranges. The Najmah level is highlighted by the red arrows on the 

right side. The combination of offset range 0-7000 ft and frequency band of 0-80 Hz is selected 
for the final stack. 

 

Figure 3.9 Comparison of final stack results using full (a) and selection (b) of offset and 
bandwidth ranges. The Najmah interval is highlighted by the red arrow on the right. The 

selection of offset and frequency ranges enhances the imaging of the final stack. 
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in order to provide a better seismic image. Finally, a comparison of the final stack results using 

full and selected ranges of offset and bandwidth is presented in Figure 3.9, which depicts the 

enhancement of the seismic section using this range selection rather than the full data ranges. 

3.2 Interbed Multiple Attenuation 

The VSP reprocessing effort with a focus on noise removal improves the seismic well tie 

correlation coefficient compared to previous processing methods using only standard flow. Figure 

3.10 illustrates the improvement of the cross-correlation coefficient from 0.621 to 0.651 within 

300 ms around the reservoir interval. However, the correlation is still low if compared to the 

corridor stack of the zero-offset VSP (Figure 3.10). Inside-outside corridor stack analysis shows 

amplitude differences within the objective interval (Figure 3.11). The greater amplitude in the 

outside corridor stack indicates the presence of coherent noise interference from multipathing 

seismic energy above the reservoir interval. Evidence of the presence of multiples can be observed 

from the raw stack of down-going wavefields of the zero-offset VSP as shown in Figure 3.12. The 

figure clearly shows some down-going wavefields coming right after the first break arrival that 

may be associated with interbed multiples. Interbed multiple effects on the seismic data can be 

seen as a periodic repetition of reflection events, either individual events or interference with 

primaries. In this case, the multiples seem to interfere with the primary reflection. 

Removing interbed multiples is challenging. According to Verschuur (2013), the multiple 

removal methods can be divided into two main categories: (1) multiple removal based on the 

difference in spatial behavior and (2) multiple removal based on periodicity and predictability. The 

first method exploits the difference pattern in the move-out to discriminate multiples from 

primaries and define a filter to eliminate the multiples. Since in practice the velocity of the interbed 

multiples is usually very similar to the velocity of the primaries (Wu et al., 2011), it is often 

difficult to distinguish them based on the move-out pattern. The second category is the method 

that is currently used the most. Since this method is based on the periodicity, the knowledge of 

primary is necessary to predict the multiples. In other words, the multiples are defined as repetitive 

events generated by primaries. In a more complex word, the wave equation is used to link the 

multiples and primaries (Verschuur, 2013). The technique stages consist of prediction and removal 

of multiples. First, the multiples are predicted from the primaries, then the predicted multiples are 

subtracted from the recorded seismic data. 
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Figure 3.10 Cross-correlation coefficients of original VSP processing in 2008, current 
reprocessing and zero-offset VSP respectively. VSP reprocessing improves the correlation 

coefficient, but it is still low compared to the zero-offset VSP. 

 

Figure 3.11 Inside and outside corridor stacks of the Well B zero-offset VSP. The outside 
corridor stack shows higher amplitude within the objective level compared to the inside corridor 

stack. 
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Figure 3.12 Raw stack of zero-offset VSP shows several down-going wavefields after the first 
break arrival (highlighted in red) that may be related to multipathing seismic energy. 

 

Figure 3.13 An illustration of interbed multiple generation and how to obtain the interbed 
multiple (SR) from the primaries (Jacubowicz, 1998). 

The periodicity-based multiple removal method can be further divided into data-driven and 

model-based. The data-driven method was proposed by Jakubowicz (1998). Figure 3.13 illustrates 

the concept of the proposed algorithm. The interbed multiple (SR) is obtained by combining two 

primaries (SR’ and S’R) minus a third primary (S’R’). The downward reflector (k) is the multiple 

generator. The model-based method mainly focuses on predicting interbed multiples based on 
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certain assumptions made from the data observation. The model-based methods vary in detail from 

one to another. In this study, I utilize a model-based method in the image domain using the 

following steps: (1) model all possible generators from well logs, (2) model generators that obscure 

the reflector of interest, (3) predict the interbed multiple ray path, (4) interpret the generator and 

bouncing interval, (5) calculate the dynamic time delay and amplitude, (6) predict the multiples 

and subtract them from the input seismic data. Figure 3.14 summarizes the general workflow of 

the method. 

 

Figure 3.14 General workflow of the model-based interbed multiple attenuation used in this 
study. The overall workflow consists of modelling and attenuation stages. 

3.2.1 Previous Work 

Seismic processing related to interbed multiple suppression has never been applied to the 

existing 3D VSP. The 3D surface seismic data is a preliminary processing result in 2016 from the 

on-going processing by Shell in the Netherland. According to the SEGY header, short and long 

period demultiples and interbed demultiple have been applied to the seismic data. However, there 

are no detailed report on the specific method that is used in the processing, nor the interval 

objective of the processing. In fact, the seismic image within the Najmah interval suffers from 

contamination of interbed interference. Several papers have discussed the interbed multiple 
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attenuation in Kuwait area and most of them are using data-driven methods in the pre-stack gathers 

(El-Emam et al., 2005, 2011; Ras et al., 2012). All discussed cases are interbed multiple as an 

individual reflection that is separated from the reflection of the primary. In this study, the interbed 

multiples interference with primary reflectors and I rely on the synthetic seismogram to identify 

them. To suppress the multiple, I develop a model-based interbed multiple attenuation in the image 

domain based on the concept proposed by Jacubowicz (1998). 

3.2.2 Interbed Multiple Modeling 

Identification of interbed multiples in the study area is complicated by numerous strong 

reflectors from alternating salts and anhydrites above the reservoir interval. Interbed multiple 

modeling is intended to identify which reflector has the most influence on generating a down-

going multiple wavefield and which reflectors have the most influence on generating the upward 

reflections. The modeling is conducted using the KXMOD program developed by Eric Verschuur 

of Technische Universiteit Delft. This program simulates the acoustic or elastic response of 2D 

horizontally layered medium from 1D velocity and density logs in the frequency-wavenumber 

domain using the reflectivity method. All possible multiples are generated based on the reflector 

strength. Some algorithms in the code were modified by Bruce VerWest to enable me to model 

the interbed multiple generation within a specific interval. In this study, the interbed multiple 

response is modeled using the VSP acoustic model from the sonic and density logs of Well B with 

64 ft data blocking. 

 

Figure 3.15 Flattened down-going wavefield from the first VSP acoustic modeling shows three 
possible main generators from depths of 8700 ft, 10330 ft and 13940 ft with time delays of 280 

ms, 90 ms and 15 ms respectively. 
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Figure 3.16 Down-going wavefield from the second VSP acoustic modeling around the Najmah 
interval shows two possible generators from the Gotnia Anhydrite 1 and Najmah Kerogen levels. 

 

Figure 3.17 Up-going wavefield of primary only, primary with interbed multiple (IM) and 
interbed multiple only from the second VSP acoustic modeling. The Najmah interval is 
highlighted in orange. The displays show that the interbed multiple reduces the primary 

amplitude. 
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Figure 3.18 Prediction of first-order interbed multiple seismic raypath from the modeling results. 
The Gotnia Anhydrite (GT-ANHY1) layer is the main generator of the interbed multiple that 

interferes with the imaging of the reservoir interval. 

The first modeling was carried out to identify all possible generators with related time 

delays from all of the wellbore intervals. Figure 3.15 shows the flattened down-going wavefield 

from the modeling. Three major down-going wavefields after the first arrival can be observed in 

the model, suggesting three major generators from around depths of 8700 ft, 10330 ft and 13940 

ft with time delays of 280 ms, 90 ms and 15 ms respectively. The generator from the depth of 

13940 ft is the most likely to have the greatest interference effect due to its shorter delay period 

and closer position to the reservoir interval. The second acoustic VSP modeling is then conducted 

by limiting the generation of interbed multiples starting from 1000 ft above the reservoir level, or 

right above the strong reflector of the Hith Formation. Figure 3.16 depicts the down-going 

wavefield from the second model. The model shows that there are two major generators from the 

Najmah Kerogen and the first anhydrite member of Gotnia Formation levels. Since the reservoir 

objective is the Najmah interval, the Gotnia Anhydrite 1 is the generator for multiples that interfere 

with the reservoir level. Figure 3.17 illustrates how the interbed multiples interfere with the up-

going wavefield of the reservoir. It can be observed from the figure that the multiple affects the 

reservoir interval by reducing the amplitude. The multiple within the reservoir interval is a 

replication of the primaries with certain delay time. The delay time observed in the model is equal 

to a two-way time interval from the top to the bottom of Gotnia Anhydrite 1. Based on the model, 
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a prediction of the interbed multiple ray path is presented in Figure 3.18. The ray path model shows 

the mechanism of interbed multiple generation with a bouncing interval as the time delay. 

3.2.3 Model-based Interbed Multiple Attenuation 

Upon defining the generator and bouncing interval of the multiple generation, the model 

was applied to the real seismic dataset. First, the lateral distribution of the generator and the 

bouncing interval was defined by interpreting the top and bottom of Gotnia Anhydrite 1 in the 

surface seismic data. Figure 3.19 illustrates how the generator and bouncing interval were 

interpreted in a seismic section. Dynamic time delays were defined by calculating the time 

difference between the top and bottom horizons of Gotnia Anhydrite 1. Dynamic amplitude scalars 

were defined by multiplying the normalized amplitudes of those horizons. Using these results, an 

interbed multiple model around the reservoir interval can be defined by applying a dynamic time 

shift and amplitude scale to seismic reflections around the reservoir interval (Figure 3.20). Figure 

3.20(b) illustrates the predicted multiples section as a result of shifted and scaled amplitude of 

reflectors around the Najmah interval. Finally, the calculated interbed multiple was substracted 

from the seismic volume. For the 3D VSP data, considering the limited spatial area of imaging, 

constant values from the modeling results are used. In this case, the time delay is 15 ms and the 

scalar of the interbed multiple amplitude is 30% of the primary. 

 

Figure 3.19 N-S seismic section across Well B shows interpreted Gotnia Anhydrite 1 and 
Najmah horizons. The dynamic time delay and amplitude coefficient of the interbed multiple are 
defined from the top and bottom of the Gotnia Anhydrite 1 within the 3D surface seismic data. 
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Figure 3.20 Original seismic section (a) and predicted multiples section (b) from the model-
based interbed multiple prediction process.  

3.3 Results Comparison 

The application of interbed multiple attenuation is expected to improve the seismic imaging 

and correlation with synthetics. Figure 3.21 shows the 3D VSP section crossing Well B before (a) 

and after (b) applying the model-based demultiple. The demultiple seismic section along the 

Najmah interval shows slightly higher amplitude and better image continuity compared to the 

original seismic. The RMS amplitudes of the Najmah interval for both datasets are displayed in 

Figure 3.22. The amplitude improvement mainly occurs in the SW area. Figure 3.23 shows the 

comparison of both the original and demultiple seismic sections for the 3D surface seismic. Better 

amplitude improvement within the Najmah interval can be observed from the sections. In the west 

part, the amplitude continuity of the Najmah interval is enhanced significantly, leading to better 

structural interpretation. According to the RMS amplitude along the Najmah interval, the 

amplitude improvement mainly happens in the eastern part of the study area (Figure 3.24). In 

general, for both 3D VSP and 3D surface seismic datasets, the higher amplitude improvement 

takes place in the area with higher amplitude in the original seismic. 
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Figure 3.21 Comparison of N-S section through Well B between the original 3D VSP (a) and 
demultiple 3D VSP (b). Note the improvement of amplitude and image continuity within the 

Najmah interval after applying interbed multiple attenuation. 

  

Figure 3.22 RMS amplitude of the Najmah interval from the original 3D VSP (a) and demultiple 
3D VSP (b) show amplitude improvement in the SE part of the survey area.  
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Figure 3.23 Comparison of the E-W surface seismic section through Well B between the original 
seismic (a) and demultiple seismic (b). The amplitude and image continuity of the Najmah 

interval improves significantly after applying the model-based interbed multiple attenuation. 

 

Figure 3.24 RMS amplitude of the original surface seismic (a) and demultiple seismic (b) within 
the Najmah interval. Applying interbed multiple attenuation improves the amplitude, particularly 

in the eastern area of the surface seismic. 
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In addition to visual observation of the seismic sections and amplitude maps, a well seismic 

tie is conducted to measure the cross-correlation change after applying the model-based 

demultiple. Figure 3.25 shows the comparison of the seismic well tie at Well B using original and 

demultiple seismics for both the 3D VSP (a) and 3D surface seismic (b). The cross-correlation of 

the 3D VSP after reprocessing is 0.651. Applying model-based interbed multiple attenuation 

improves the cross-correlation to 0.695. In the same way, the cross-correlation of the 3D surface 

seismic is higher after the demultiple process. The cross-correlation enhancement is not only in 

Well B, but in all 10 wells within the study area. Table 3.1 shows the details of the improvement 

for each well. The average of the seismic well tie correlation is improved 5.3% from 0.775 to 

0.816. In general, the comparison of the above datasets shows that the application of demultiples 

enhances the seismic quality. 

 

Figure 3.25 Comparison of seismic well tie correlation coefficients before and after demultiple 
processing from 3D VSP (a) and 3D surface seismic (b). Applying the model-based interbed 

multiple attenuation enhances the seismic correlation for both datasets. 
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Table 3.1 Comparison of cross-correlation coefficients from seismic well ties using the original 
seismic and demultiple seismic. Applying the demultiple improves the average correlation for all 

10 wells from 0.775 to 0.816. 

Well Original Seismic Demultiple Seismic Improvement 

A 0.790 0.811 0.021 

B 0.812 0.862 0.050 

C 0.804 0.837 0.033 

D 0.786 0.821 0.035 

E 0.754 0.767 0.013 

F 0.800 0.853 0.053 

G 0.725 0.804 0.079 

H 0.745 0.801 0.056 

I 0.713 0.728 0.015 

J 0.823 0.878 0.055 

Average 0.775 0.816 0.041 

 

To see the consistency of both the 3D VSP and 3D surface seismic after the demultiple 

process, seismic attributes are extracted from the demultiple datasets. Figure 3.26 shows the RMS 

amplitude of the Najmah interval for both datasets. In general, a similar pattern can be observed 

from both maps, with higher amplitude in the south-west and lower amplitude in the north-west 

areas. The lower amplitude in the north-east area is caused by the presence of a fault. A detailed 

discussion of this case is presented in Chapter 5. While the amplitudes of both datasets show a 

similar pattern, the geometrical attribute does not seem to correlate well. The 3D curvature maps 

of the top of Najmah from the 3D surface seismic and 3D VSP are shown in Figure 3.27. It can be 

observed in the figure that the geometrical attribute of the 3D VSP is affected by the spoke line 

survey geometry pattern. The geometrical attribute of the surface seismic shows overall good 

correlation with the amplitude attribute pattern. The pattern of higher deformation in the north-

west area correlates with a lower amplitude pattern. 



40 
 

 

Figure 3.26 RMS amplitude of the Najmah interval from the 3D surface seismic (a) and 3D VSP 
(b) after the demultiple process shows an overall similar trend of lower amplitude in the north-

west and higher amplitude in the south-east area. 

 

Figure 3.27 3D curvature attribute map of the Najmah interval from the 3D surface seismic (a) 
and 3D VSP (b) after the demultiple process. The geometrical attribute in the 3D VSP is affected 

by the survey geometry pattern. 
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CHAPTER 4 

ROCK PHYSICS MODELING 

Estimating the relations between petrophysical parameters with elastic properties is 

necessary in order to understand the seismic response to the subsurface. This rock physics section 

is designed to distinguish rock properties, understand reservoir heterogeneity, generate a 

representative rock physics model, and establish relationships between physical rock properties 

and seismic elastic properties for reservoir characterization. In this chapter, variations of reservoir 

unit (N1, N2 and N3) thicknesses are evaluated to see the seismic response. Theoretical models 

are used to calculate the rock physics model of the reservoir units from petrophysical logs. Then, 

the sensitivity analysis investigates the effect of the variation of reservoir properties. Well B is 

selected as the model since it has the most data and its reservoir unit thicknesses and properties lie 

within the range of all 10 wells’ data. Finally, the output of this rock physics model will help to 

illustrate the reservoir’s organic richness and physical rock properties variation on the seismic 

response for reservoir characterization. 

4.1 Wedge Model 

Seismic velocity in the subsurface generally increases with depth, while the frequency of 

the seismic signal typically decreases with depth. Therefore, the seismic wavelength generally 

increases with depth. Since the vertical resolution is defined by the wavelength, a deeper 

subsurface layer typically contains lower seismic resolution. The vertical seismic resolution is 

calculated as a quarter of the wavelength, or velocity divided by four times frequency. The well 

seismic tie and seismic wavelet of the deep Najmah interval at Well B are shown in Figure 4.1. 

The dominant seismic frequency is 47 Hz. The interval velocity for each reservoir unit can be 

defined from the sonic log. With all this information, the reservoir unit vertical resolution can be 

calculated. According to the well tops of all 10 wells, the average thicknesses of N1, N2 and N3 

are 51 ft, 50 ft and 41 ft respectively. Table 4.1 shows the calculated vertical resolution and an 

average thickness of each reservoir unit. The N1 and N3 thicknesses are below the vertical 

resolution, while the N2 thickness is on the edge of the vertical resolution. 
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Figure 4.1 Well tops, sonic density logs, seismic well tie (blue trace is synthetics, red trace is 
corresponding seismic) and wavelet of demultiple surface seismic. 

Table 4.1 Seismic vertical resolution calculated from velocity and dominant frequency of Well B 
and ranges of average thickness, velocity and density of the Najmah Formation reservoir units 

from all 10 control wells. 

 N1 N2 N3 

Well B Velocity (ft/s) 17,921 10,267 15,152 

Dominant Frequency (Hz) 47 47 47 

Vertical Resolution (ft) 
(based on ¼ wavelength) 

95.3 54.6 80.6 

Thickness Range (ft) 44-58 46-56 38-46 

Velocity Range (ft/s) 15,432 – 19,048 9,881 – 11,173 13,587 – 16,026 

Density Range (g/cc) 2.36 – 2.74 2.25 – 2.46 2.54 – 2.62 

 

A wedge model is used to see the thickness variation effect on the seismic response. The 

model is generated using the sonic and density logs of Well B and the extracted wavelet (Figure 

4.1). Table 4.1 shows the thickness variation for each reservoir unit. Because the N1 and N3 

thicknesses are below the vertical resolution, their seismic response tends to interfere with the 

overlying or underlying layers. According to the well logs (Figure 4.1), N1 has low impedance 

contrast with the overlying Gotnia anhydrite and high impedance contrast with the underlying N2. 

N3 has high impedance contrast with the overlying N2 and low impedance contrast with the 
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underlying Sargelu. Therefore, the seismic responses of the N1 and N3 layers tend to interfere with 

the seismic response of N2. Figure 4.2 shows the wedge model of the Najmah Formation. For each 

reservoir unit, the model varies the unit thickness from 0-100 ft and keeps the other unit thicknesses 

constant. As expected, the N1 thickness variation causes an amplitude variation on the top of N1 

but not the bottom. This is because when the N1 thickness is higher than the vertical resolution 

(96.6 ft), the top of N1 is not interfered with by N2. Fortunately, the actual N1 thickness variations 

(44-58 ft) are far below the vertical resolution, so their amplitude variation is limited. Similarly, 

The N3 thickness variation causes an amplitude variation on the bottom of N3 but not the top. 

When the N3 thickness is higher than the N3 vertical resolution (81.1 ft), the bottom of N3 is not 

interfered with by N2. According to the well logs from all 10 wells, the N2 thickness variations 

(38-46 ft) are far below the N2 vertical resolution, so their variation is limited and still interfered 

with by N2. In light of this evidence, even though the thicknesses of N1 and N3 are below the 

vertical resolution, their top and bottom can still be recognized from the seismic section. For the 

N2 unit, the thickness variation (46-56) is around the vertical resolution (54.9 ft). According to the 

model, the actual thickness variation yields no significant amplitude variation. The top and bottom 

of N2 can easily be interpreted from the seismic section. 

 

 

Figure 4.2 Wedge model of N1, N2 and N3 reservoir units using sonic and density logs of Well 
B. Thickness variation of 0-100 ft is used, minimum (green) and maximum (red) lines indicate 
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actual thickness variation range from all 10 wells. The yellow dots in the model section represent 
reservoir unit boundaries. 

To observe the layer properties variation of each reservoir unit, the RMS amplitudes of N1, 

N2 and N3 are extracted from each wedge model (Figure 4.3). The N2 RMS amplitude is quite 

stable at 0.37. The maximum RMS amplitude variation is about 0.003. The N1 and N3 RMS 

amplitudes (0.39) are pretty close to the N2 amplitude with a maximum variation of 0.063 and 

0.043, respectively. As discussed before, the N1 and N3 seismic responses are influenced by N2, 

hence the RMS amplitude values are close to that of N2. Based on these results, it is difficult to 

differentiate the Najmah reservoir layers based on the RMS seismic amplitude. However, their 

boundaries can be detected from one another using the seismic section without significant 

variation. In general, the reservoir unit thickness variation does not hinder reservoir discrimination. 

 

 

Figure 4.3 Thickness variation versus RMS amplitude for N1, N2 and N3 intervals. 

4.2 Formation Evaluation 

This study utilizes basic well logs such as gamma ray, sonic, density, resistivity and neutron 

porosity. Since organic-rich shales typically have a complex mineralogy, a suite of conventional 

basic logs is not sufficient to accurately determine the petrophysical properties. A petrophysical 

analysis of the Najmah Formation was conducted by KOC with a more complete suite of advanced 
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logs including ECS (Elemental Capture Spectroscopy), CMR (Combinable Magnetic Resonance), 

XRD (X-Ray Diffraction), UBI (Ultrasonic Borehole Imager), OBMI (Oil-Base Microimager) and 

core examination to properly determine the mineralogy, porosity and kerogen volume (Khan et al., 

2014; Rabie et al., 2014). 

A cross-plot of neutron porosity and density demonstrates that the Najmah Formation 

lithology is dominated by limestone with the presence of dolomite, clay and anhydrite (Figure 4.4). 

The petrophysical evaluation results detail the mineral types: calcite, dolomite, clay, kerogen, 

anhydrite and pyrite. Average porosity for N1, N2 and N3 is 4%, 6% and 4% respectively. Fluid 

content within the pores is water and oil. Figure 4.5 depicts the lateral variation in lithology and 

thickness of reservoir units across the NW-SE of the study area. The overall trend shows the upper 

part of Najmah (N1) is dominated by limestone with limited dolomite layers in some wells; higher 

clay, kerogen and dolomite content begin in the middle and lower part (N2 and N3), with additional 

anhydrite beds present in some areas. Detailed mineralogy composition for each reservoir unit is 

presented in Figure 4.6. The composition is based on average mineralogy compositions from all 

three reservoir units of all 10 wells. Calcite is the predominant mineral in all reservoir units. 

 

 

Figure 4.4 Bulk density vs. neutron-porosity crossplot shows possible lithology variation of 
calcite, dolomite, anhydrite and illite. 
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Figure 4.5 NW-SE well section shows variations in lithology and depth across the study area. 
The section is flattened on top of the Najmah Formation. 

 

Figure 4.6 Average mineralogy composition for each reservoir unit based on petrophysical 
analysis results of all 10 wells. 
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Figure 4.7 Rock physics modeling workflow for carbonate (Modified from Xu and Payne, 2009). 

4.3 Rock Physics Modeling Workflow  

The rock physics modeling is conducted using a workflow with reference to the Xu-Payne 

model for carbonate rocks (Xu and Payne, 2009). In general, the method consists of three main 

steps as summarized in Figure 4.7 and explained below:  

a) Estimation of average moduli using the Voigt-Reuss-Hill equation 

The mixing law of the Voigt-Reuss-Hill equation is used to mix the rock minerals from the 

petrophysical analysis results. The equation is an arithmetic average of the upper bound (Voigt) 

and the lower bound (Reuss) effective elastic moduli of a rock (Hill, 1952). The average 

modulus is expressed in equations 4.1, 4.2 and 4.3, where Mi is the elastic modulus and fi is 

the volume fraction of the i-component. Subscripts i, V, R, and H represent various rock 

minerals, Voigt, Reuss and Hill, respectively. 

 ���� = �� +��
 (4.1) 

 �� =∑�����=  (4.2) 

 �� =∑ �����=  (4.3) 
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b) Defining a dry rock model using a differential effective medium (DEM) model from the 

Kuster-Toksöz equations 

The differential effective medium (DEM) theory assumes that a composite material may be 

constructed by incrementally adding an inclusion (phase 2) to the initial matrix (phase 1). The 

process is continued until the desired inclusions are reached. This incrementally adding 

inclusion process is really a thought experiment and is not an accurate description of the 

evolution of rock porosity in nature (Mavko et al., 2009). In this study, the initial matrix (phase 

1) is the composite solid rock and the inclusion (phase 2) is the porosity with embedded 

ellipsoid-shaped pore geometry. The coupled system of differential equations for the effective 

dry bulk modulus (���∗ ) and shear modulus (���∗ ) that are derived by Kuster and Toksöz (1974) 

are written as (Berryman, 1992): 

 

 ���∗ − � � + ����∗ + � =∑ � �� − � ��
�=  (4.4) 

 ���∗ − � � + ����∗ + � =∑ � �� − � ��
�=  (4.5) 

 

where x is the volume concentration and subscripts m and i represent background (matrix) and 

inclusion materials, respectively, and 

 

 � = � � + �� + �  (4.6) 

 

Coefficients � and � are pore geometric factors that describe the effect of an inclusion 

material (i) in a background medium (m). For the ellipsoidal shape (penny cracks), � and �  are defined using equations 4.7, 4.8 and 4.9 (Berryman, 1995), with  as the crack or 

pore aspect ratio, representing the ratio between short axis length divided by long axis length. 
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 � = � + ���� + �� +  (4.7) 

 � = + ��� + � + + �� + �� + ��� + �� +  (4.8) 

 = � � + �� + �  (4.9) 

 

c) Determining a saturated rock model using Gassmann’s equation 

Gassmann’s equation is used to add the fluid mixture (oil and water) into the pore system of 

dry rock. The output of the calculation is the final effective elastic property of the saturated 

model. The equation is presented below (Gassmann, 1951). 

 

   � = �∗ + � − �∗�− � − �∗� + ����  (4.10) 

 

where �  is the saturated effective bulk modulus, �∗ is the dry bulk modulus of the porous 

rock frame, �� is the fluid bulk modulus and � is the porosity.  

The first step in modeling the rock physics of the Najmah Formation is to mix all minerals 

from the petrophysics result (calcite, dolomite, clay, anhydrite, kerogen) using the Voigt-Reuss-

Hill equation. The elastic moduli of minerals use common elastic rock properties from the 

literature as listed in Table 4.2 (Mavko et al., 2009). The output of this process is an average 

modulus of composite minerals. The porosity inclusion is performed using the differential effective 

medium from the Kuster-Toksöz equations with ellipsoidal pore shape to generate a dry rock 

effective modulus. Finally, the saturated rock effective modulus is calculated using Gassmann’s 

equation. Figure 4.8 shows the comparison of the compressional and shear velocities from the rock 
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physics model and borehole log. It can be observed from the figure that the model is able to 

produce a theoretical log with good correlation to the original borehole log. 

Table 4.2 Bulk modulus (K), shear modulus (�) and density (�) of minerals and fluids from 
literature that are used in this study. 

K (GPa) K (GPa) � (GPa) � (g/cc) 

Dolomite 95 45 2.87 

Calcite 77 32 2.71 

Clay 25 9 2.5 

Kerogen 2.9 2 1.4 

Water 2.2 - 1.03 

Oil 0.57 - 0.7 

 

 

Figure 4.8 Comparison of compressional and shear velocities from well log (blue) and rock 
physics model (orange) for the Najmah Formation interval. The predicted log from the rock 

physics model fits with the original borehole log. 
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4.4 Sensitivity Analysis 

The predicted log from the rock physics model fits very well with the actual borehole log. 

This indicates that the model can be used to predict the correlation of rock physical properties with 

the seismic response. Sensitivity analysis is conducted to determine how variations of oil-water 

saturation, porosity, pore shape geometry and calcite-dolomite composition impact a particular 

seismic velocity response under a given set of assumptions. The final output of the sensitivity 

analysis determines which rock property has most influence on the seismic data. The result will be 

used to assist the reservoir characterization in detecting the reservoir sweet spots for future 

reservoir exploration and development.  

4.4.1 Oil-Water Saturation Effect 

According to the petrophysical evaluation result, the reservoir units are saturated with oil 

and water. In each saturation case, the oil saturation (So) is equal to 1-water saturation (Sw). The 

density and bulk modulus of water are 1.03 g/cc and 2.2 GPa respectively, while the density and 

bulk modulus of oil (47º API) are 0.7 g/cc and 0.57 GPa, respectively (Mavko et al., 2009). Figure 

4.9 shows the compressional velocity variation due to various oil-water saturations. The orange 

dot is the original model saturation for each reservoir unit. For all reservoir units, the higher the 

water saturation, the higher the compressional velocity. The maximum compressional velocity 

variations for N1, N2 and N3 are 238 m/s, 441 m/s and 253 m/s respectively. The maximum 

velocity variation is calculated from the difference between the maximum case (red dot) and the 

minimum case (green dot). 

4.4.2 Porosity Effect 

The average porosity (�) from the 10 well logs shows that the porosity ranges of N1, N2 

and N3 are 2.8%-5.3%, 5.2%-6.4% and 2.2%-4.8%, respectively. The original model porosities 

are 4.5%, 5.65% and 4% for N1, N2 and N3, respectively. Sensitivity analysis is conducted by 

modifying the initial model porosity with the observed porosity ranges and keeping the other 

parameters constant. Figure 4.10 depicts the compressional velocity versus the porosity changes. 

In all reservoir units, the higher the porosity, the lower the velocity. The maximum compressional 

velocity variations for N1, N2 and N3 are 59 m/s, 41 m/s and 64 m/s, respectively. 
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Figure 4.9 Compressional velocity (Vp) variation due to saturation effect. The oil saturation is 
equal to 1-water saturation (Sw). The orange dot is the original model saturation. 

 

Figure 4.10 Compressional velocity variation due to porosity change. The minimum and 
maximum porosity values are defined from average porosity of each reservoir unit from all 10 

control wells. The low velocity variation is caused by relatively low porosity range. 
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Figure 4.11 Compressional velocity versus geometrical pore aspect ratio. The lower the aspect 
ratio, the longer the pore shape (penny-shaped). 

 

 

Figure 4.12 Compressional velocity change due to mineralogy composition (calcite-dolomite). 
The maximum and minimum mineralogy variation is based on the composition of calcite-

dolomite in each depth of all wells. The dolomite fraction is equal to 1-calcite. 
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4.4.3 Pore Shape Geometry Effect 

The carbonate pore geometry is complex due to various diagenetic and dolomitization 

processes during and after the deposition. The carbonate pore system is a mixture of moldic, vuggy, 

interparticle and intraparticle. Due to the brittleness nature of carbonate rocks, fractures are most 

likely to be developed. The complex pore system makes the porosity-velocity relationship highly 

scattered (Xu and Payne, 2009). This study utilizes ellipsoidal (penny cracks) pore geometry to 

simplify the pore system shape that may exist. The pore aspect ratio (�) is defined as the ratio of 

the short axis length over the long axis length of the ellipsoid. Basha et al. (2012) stated that a low 

pore aspect ratio can also represent fractures. Figure 4.11 depicts how the velocity changes due to 

pore aspect ratio variations. The lower the aspect ratio, the lower the compressional velocity. The 

maximum velocity variations are 3483 m/s, 3038 m/s and 2765 m/s for N1, N2 and N3, 

respectively.   

4.4.4 Calcite-Dolomite Composition Effect 

The Najmah reservoir consists of heterogeneous minerals with calcite as the predominant 

mineral. Sensitivity analysis is conducted to test the variation of the calcite-dolomite composition 

in relation to elastic properties. The fractions of calcite and dolomite are calculated based on their 

presence in each depth of the well. Then, their fractions are summed up and normalized so that the 

fraction of dolomite is equal to 1-calcite. According to the well data, the normalized fraction ranges 

of calcite for N1, N2 and N3 are 06-1, 0.6-1 and 0.7-1 respectively. Consequently, the normalized 

fraction ranges of dolomite are 0-0.4, 0-0.4 and 0-0.3 for N1, N2 and N3, respectively. Figure 4.12 

shows the compressional velocity variation due to various calcite-dolomite composition scenarios. 

The maximum compressional velocity variations for N1, N2 and N3 are 204 m/s, 75 m/s and 103 

m/s, respectively. 

Table 4.3 Summary of compressional velocity variation due to change in saturation, porosity, 
pore aspect ratio and mineralogy from the rock physics model. 

 
ΔVp  (m/s) 

N1 N2 N3 

Saturation (oil-water) 238 441 253 

Porosity 59 41 64 

Pore Aspect Ratio 3483 3038 2765 

Mineralogy (calcite-dolomite) 204 75 103 
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4.5 Rock Physics Results 

The predicted compressional velocity variations due to changes in oil-water saturation, 

pore shape aspect ratio, porosity and calcite-dolomite composition are summarized in Table 4.3. 

For all reservoir units, the order of reservoir variations that most affect the compressional velocity 

change are pore shape geometry, saturation, calcite-dolomite composition and porosity. Changes 

in pore aspect ratio significantly affect the change in velocity. Ellipsoidal (penny cracks) pore 

shape represents a fracture geometry in which the lower aspect ratio is correlated with higher crack 

density. Therefore, it can be concluded that the fracture density variation will have the greatest 

impact on the seismic response. The plot of pore aspect ratio versus porosity and Vp/Vs ratio is 

shown in Figure 4.13. The lower Vp/Vs ratio correlates with higher porosity and lower pore aspect 

ratio (higher fracture density). According to the model, both compressional and shear velocities 

decrease with lower aspect ratios. The decrease of Vp/Vs ratio is due to the decrease of bulk 

modulus of reservoir rocks, that might be caused by the presence of higher fracture density or fluid 

with lower bulk modulus (volatile oil or gas). 

 

Figure 4.13 Correlation of Vp/Vs ratio, porosity and pore aspect ratio from rock physics 
modeling. Higher fracture density (high porosity and low pore aspect ratio) is correlated with the 

lower Vp/Vs ratio. 

Organic richness is an important factor in developing resources play. Organic richness is 

represented in terms of total organic carbon (TOC). The TOC can be calculated based on the 
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conversion of kerogen volume to TOC using Tissot and Welte’s (1978) equation.  This method 

requires values of kerogen volume (Vk), kerogen density ( �), formation bulk density (  and 

kerogen conversion factor (�� , typically 1.2 to 1.4). 

 

 � �% = ���� . �
 (4.11) 

 

The calculation of total organic carbon (TOC) is carried out for the N2 interval within the 

rock physics model. The calculated TOC shows that all N2 intervals contain excellent organic 

richness, ranging from 3.5 wt% to 19 wt%. The predicted TOC is then compared to the acoustic 

impedance from the well logs to observe the correlation (Figure 4.14).  The crossplot depicts that 

higher TOC content correlates very well to a lower acoustic impedance. With this correlation, 

higher organic richness can be identified by spotting lower acoustic impedance. 

 

 

Figure 4.14 Crossplot of TOC calculated using Tissot and Welte’s (1978) equation vs. acoustic 
impedance calculated from well logs for the N2 interval. In general, higher TOC correlates well 

with lower acoustic impedance. 
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4.6 Model Limitation 

This study investigates unconventional plays with the development of fractures in the 

reservoirs. The presence of fractures and shale layers generates an anisotropic effect. Hence, the 

anisotropic model should be considered in developing the rock physics model. However, due to 

the lack of dipole sonic log availability, the model is based on the isotopic carbonate model. With 

no dipole sonic log available for the study, the rock physics modeling does not incorporate crack 

density estimation from the fast and slow velocity or the anisotropic systems. The model represents 

the fracture potential based on the rock property rather than on the influence of the real fracture. I 

recommend for future study to use an anisotropy model once the dipole sonic logs are available. 

Furthermore, pore shapes are the dominant factor in carbonate rock physics modeling. More 

advanced log suites are necessary to determine the various porosity types and shapes. The 

predicted various porosity shapes facilitate the modeling of porosity inclusion during the 

differential effective medium process and reduce uncertainty.  
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CHAPTER 5 

SEISMIC RESERVOIR CHARACTERIZATION 

Seismic reservoir characterization of the Najmah Formation focuses on predicting the 

natural fracture density, orientation and distribution using various seismic analyses from the 

demultiple seismic dataset. The organic richness of the resource play interval is evaluated by 

integrating the rock physics model and reservoir elastic properties. Figure 5.1 summarizes the 

detailed seismic analysis framework. The workflow is divided into three major stages: data 

conditioning, seismic analysis and reservoir characterization. Various data conditioning processes 

include reprocessing 3D VSP, attenuating interbed multiple interference, generating common-

offset common-azimuth (COCA) gathers, applying trim statics, generating angle gathers, 

extracting statistical wavelets, performing seismic well tie and conditioning well logs. The seismic 

analysis is conducted through several investigations including azimuthal amplitude variation 

analysis, azimuthal velocity analysis and simultaneous pre-stack inversion. The output of the 

seismic analysis is reservoir elastic properties and fast-velocity azimuth for fracture 

characterization. Finally, an integrated analysis of elastic properties, rock physics modeling, 

geological interpretation and production test results was carried out to provide a final interpretation 

and recommendation. 

5.1 Data Conditioning 

A preliminary step before performing the seismic analysis is to prepare the data in order to 

meet the quality for further processing. The seismic data have undergone several seismic 

conditioning processes during the study. The first process was seismic data processing to improve 

the imaging of the reservoir interval. As discussed in Chapter 3, the seismic data of the Najmah 

Formation suffer from interference by coherent noises. The 3D VSP was reprocessed with a focus 

on noise attenuation to improve the imaging of the reservoir interval. Furthermore, model-based 

interbed multiple attenuation was carried out in the image domain of both 3D VSP and 3D surface 

seismic to further improve the correlation with the synthetic seismogram. 
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For azimuthal analysis, the data conditioning consists of generating COCA gathers and 

performing trim statics on the surface seismic PSTM gathers. COCA gathers display subsets of 

increasing azimuth data within increasing offset panels in the same sections. They show azimuthal 

data variation within a certain offset and are good to observe velocity variations due to the 

anisotropy effect. The process of generating COCA involves creating a super gather using a newly 

defined offset range and rolling window stack from surrounding offset bins to improve the signal 

to noise ratio. The original PSTM gathers data for this study consist of 496 traces per bin, with 

offset ranges 0-8485 m and full azimuth ranges 0-360°. COCA gathers were generated using 18 

azimuths centered at 0-170° each 10° (combined bi-direction), rolling windows of 3x3 inline 

crossline and 27 offset groups centered at 157-8328 m (grouping each 302.6 m). This process 

creates COCA gathers with 301 traces per bin. Figure 5.2 (a, b) shows the rose diagram and polar 

histogram from the resultant COCA gathers. The rose diagram shows a one-dimensional histogram 

of azimuthal frequency for a bin, while the polar histogram shows a 2D version with the addition 

of the offset distribution. It can be observed from the histogram that the dataset has a very good 

azimuthal data distribution. The offset range seems lack distribution within very near and far 

offsets. For the purpose of azimuthal velocity analysis, I limited the offset range to 1500-6500 m 

to provide equal offset ranges for each azimuth. Figure 5.2 (c) shows the equal offset distribution 

for each azimuth after applying the limitation. 

 

Figure 5.1 Overall reservoir characterization workflow consists of three major stages: data 
conditioning (red), seismic analysis (blue) and integrated analysis (green). 
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Figure 5.2 a) Rose diagram of COCA gathers, b) Polar histogram of COCA gathers and c) Polar 
histogram of selected offset range for azimuthal analysis of the surface seismic. 

 

Figure 5.3 PSTM gathers before (left) and after (right) COCA and trim statics correction. 
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A trim statics correction was then applied to the COCA gathers for an amplitude variation 

with azimuth (AVAZ) analysis. Amplitude variation with azimuth is performed on reflection 

events, hence the continuity of the reflector is necessary in order to detect the variation of 

amplitude without the interference of a travel time effect. The trim statics process corrects for the 

time alignment problem. The process attempts to determine an optimal shift for each trace in the 

gather. The shift was defined by a cross-correlation between each trace with the CDP stack as a 

reference. This process is only for azimuthal amplitude analysis and not for azimuthal velocity 

analysis. Figure 5.3 shows the seismic section before and after the COCA and trim statics 

processes. It can be observed from the sections that the reflector continuity improved significantly 

after trim statics correction. The yellow banding represents the individual azimuth range for each 

offset. 

For pre-stack simultaneous inversion, data conditioning consists of generating angle 

gathers, extracting angle-dependent wavelets, performing seismic well tie and conditioning well 

log. The angle gather process is necessary for an offset pre-stack data which is intended for pre-

stack inversion since the inversion is running in the angle domain. In this study, three available 

angle stacks (0-15°, 15-30° and 30-45°) were transformed into angle gathers, with each trace 

corresponding to a particular incidence angle. The angle-dependent wavelets were then extracted 

using the statistical method and constant phase assumption. Those wavelets assist to counter the 

frequency-dependent absorption and residual move-out stretch that lowered the frequency of the 

far angle wavelet. Figure 5.4 shows all extracted wavelets and frequency spectrums from the 

statistical extraction of near, mid and far angle stacks. The far angle wavelet shows low frequency 

caused by frequency-dependent absorption and NMO tuning. Finally, the seismic well tie was 

conducted using the above extracted wavelets for all 10 wells. The well log conditioning was 

conducted by KOC through a normalization process to maintain the overall data consistency of all 

wells (Narhari (2017), personal communication). 
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Figure 5.4 Extracted wavelets (upper) and frequency spectrum (lower) from statistical extraction 
of near (red), mid (blue) and far (green) angle stacks. 

5.2 Azimuthal Amplitude Analysis 

Azimuthal anisotropy analysis has gained popularity for its ability to characterize fractures. 

The main objective of using azimuthal information is to predict fracture density and orientation. 

A P-wave seismic propagation through a set of fractures will experience amplitude and velocity 

variation. The fractures retard the seismic wave that passes through perpendicular to the fractur 

strike, hence the fast velocity in the azimuthal seismic data corresponds to the fracture direction. 

Fracture intensity can be defined depending on how large the ratio is between fast and slow 

velocity. Naturally fractured reservoir can be modeled as an isotropic medium with horizontal 

transverse isotropic symmetry. Recently, various methods have been developed to detect fractures 

using P-wave azimuthal amplitude and velocity variations (Tsvankin, 1997; Grechka and 

Tsvankin, 1998; Rüger, 1998; Gray et al., 2000). 

Amplitude variation with azimuth has been successfully applied by Nurhasan (2017) to 

analyze the time-lapse anisotropic change in the Niobrara reservoir of Wattenberg Field. In this 

part of the thesis, I investigate whether azimuthal amplitude analysis can be used to characterize 

natural fractures in this study. I performed the azimuthal amplitude analysis using the Hampson-

Russell software. The program is based on Rüger’s equation that linearized the Zoeppritz equation 
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for the case of isotropy half-space over a horizontal transverse isotropy (HTI) half-space (Rüger, 

1998). This assumption fits the common hydrocarbon reservoir system sealed by an overlying 

isotropic layer as a cap rock. This impervious cap rock tends to be unfractured and relatively 

homogeneous in order to act as a seal. In the upper Najmah Formation reservoir (N1), the overlying 

tight anhydrite of the Gotnia Formation can be assumed to be an isotropic medium (Narhari et al., 

2015). 

The ultimate output of azimuthal AVO analysis used for this study is the direction of 

isotropy plane (Az) and anisotropy gradient (Bani). The azimuth of the isotropy plane represents 

the dominant fracture orientation, while the anisotropy gradient is a measure of fracture density. 

The greater the anisotropy gradient, the greater the difference between the highest amplitude and 

the lowest amplitude, and the greater the fracture density. In this investigation, a COCA gather of 

surface seismic located in well B was selected since this well has the most data including walkaway 

3D VSP and image log data interpretation.  

Figure 5.5 shows the result of the azimuthal amplitude analysis. The analysis display shows 

that more than one fracture orientation exists in the well location, as indicated by more than one 

sinusoid peak or isotropy plane. This leads to an inaccurate prediction of the anisotropy gradient 

and isotropy plane azimuth. The azimuth at the well location on the map is about -5º or the average 

of two isotropy planes in the analysis display. This analysis result is confirmed by the image log 

data and another study in the nearby area. According to the image log interpretation within the 

Najmah interval (Figure 5.6), there are multiple open fractures in well B with multiple directions. 

The borehole breakout orientation is toward NW-SE, suggesting a maximum horizontal stress 

direction in NE-SW. Furthermore, core studies by Al-Qaod (2017) in nearby Sabriyah Field 

observed multiple fracture sets almost perpendicular to each other. This indicates that fractures in 

the area involve multiple sets and directions. The analysis result suggests that the application of 

azimuthal amplitude analysis for Najmah reservoirs with multiple fracture directions in one 

location provides an inaccurate estimation of fracture density and orientation. 
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Figure 5.5 Azimuthal amplitude variation (AVAZ) analysis display of the top of Najmah at the 
Well B location shows more than one fracture orientation indicated by more than one isotropic 
plane within the 180° azimuthal direction (left). These multiple fractures generate inaccurate 
calculations of the anisotropy gradient and azimuth of the isotropy plane in the well location 

(right). 

 

Figure 5.6 Open fractures (a) and borehole breakout (b) interpreted from image log within the 
Najmah Formation interval in well B. The borehole breakout indicates a present-day maximum 

horizontal stress direction of NE-SW (blue arrow). 
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5.3 Azimuthal Velocity Analysis  

With multiple fracture orientations in the area, I focus the azimuthal analysis to only predict 

the isotropic plane or maximum horizontal stress direction using the fast velocity direction from 

azimuthal velocity analysis. The magnitude of fracture intensity will be predicted using 

geomechanical properties from the pre-stack simultaneous inversion. The main difference between 

azimuthal velocity and amplitude analyses is that the velocity attribute is a layer property while 

the amplitude is an interface property. Due to this different physical basis, both attributes provide 

unique and independent information. 

The velocity variation with azimuth (VVAZ) analysis was conducted around Well B as per 

the previous azimuthal amplitude analysis. The focus interval was from the top to the bottom of 

the Najmah Formation horizons. The a priori direction of regional maximum horizontal stress was 

toward N45E. The surface seismic COCA gathers used in this analysis were limited to an offset 

range of 1500-6500 m for equal data distribution of all azimuthal directions. Partial CDP stack 

from this range was used as a reference with a spatial rolling window of 3x3 inline crossline and 

background velocity information from the seismic processing. Figure 5.7 shows the analysis result. 

The azimuth of the fast interval velocity in the well location coincides with the direction of 

maximum horizontal stress from the image log interpretation. It can be explained that within a 

multiple fracture sets with multiple directions, the fracture set in the direction of maximum 

horizontal stress is most likely to remain open. Hence, the fast velocity tends to align with the 

direction of maximum horizontal stress. According to Narhari et al. (2015), if significant horizontal 

stress anisotropy exists, the orientation of natural fractures that exhibit compliance tends to be 

aligned with maximum horizontal stress. 

Further azimuthal anisotropy investigation was conducted using the azimuthal walkaway 

3D VSP data. The survey geometry and detailed processing of the 3D VSP are presented in Chapter 

3. A first break travel time map can be used to see the overburden anisotropy up to 9000 ft below 

the surface where the receiver array is located. According to the map (Figure 5.8), almost zero 

azimuthal anisotropy effect from above the receiver level. A bit of travel time variation can be 

observed in the northwest part that may be related to the scattering effect of near-surface condition 

noise as described earlier in Chapter 3. The limited aperture of the receiver array located 5000 ft 

above the reservoir interval is not ideal for the parameterization of anisotropy within the Najmah 
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reservoir. A possible way to interpret the reservoir anisotropy in this scenario is by looking at the 

azimuthal variation in velocity from the up-going wave field. 

 

Figure 5.7 Fast interval velocity azimuth around well B from the azimuthal velocity analysis of 
the 3D surface seismic data. The contour is the top of the Najmah depth structural map. The red 

dashed circle is approximate image area of 3D VSP. 

 

Figure 5.8 Average first break travel time map from each source location. Minor variations 
suggest very little anisotropy associated with the overburden. A bit of travel time variation can 

be observed in the NW area which may related to near surface noise. 
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The reservoir azimuthal anisotropy investigation workflow consists of selecting the 

appropriate azimuthal gathers for horizon interpretation, interpreting the top and bottom of the 

reservoir interval and calculating the apparent interval velocity. Figure 5.9 illustrates how the 

scattering affected the azimuthal gathers in offset ranges 5102 ft and 7067 ft with low amplitude 

response as highlighted in red. By using a previous surface seismic amplitude map as explained in 

Chapter 3, the maximum offset that is free from scattering can be defined up to 4000 ft offset with 

illumination on the reservoir level in a radius of 1133 ft (Figure 5.10). Interpretation of the top and 

bottom of the Najmah Formation was then performed on all offset-limited receiver gathers. 

Horizons were smoothed since the seismic gathers may still contain noise and the nature of the 

geological layers appears to be generally smooth. The interval velocity was calculated by dividing 

the total ray path length (as a function of reservoir thickness and incident angle) with related travel 

time from the interpreted horizons. The data were interpolated within the illuminated area to 

display the overall data trend around the well location. 

Figure 5.11 displays the apparent travel time and velocity maps within the illuminated area 

around the well. The maps show overall fast velocity in direction of NE-SW. An interpretation of 

the interval velocity variation can be associated with fractures, lithology or porosity. Since 

lithology doesn’t abruptly change spatially and porosity is extremely low with very small variation, 

then the velocity variation is most likely due to fractures. When multiple fractures exist in the well 

location, the maximum horizontal stress controls the open fracture condition. In this case, the 

fractures tend to remain open in the direction of maximum horizontal stress. Hence, the fast 

interval velocity trend indicates a dominant fracture orientation or the maximum horizontal stress 

of NE-SW. Lower interval velocity in the west area might be due to higher fracture intensity 

compared to the east. The geometric attributes of surface seismic data at the Najmah level coincide 

with this interpretation (Figure 5.12). Both curvature and variance attributes correspond closely to 

interpreted higher intensity fracturing in the west with dominant fracture orientation of NE-SW. 

Further analysis of fracture intensity can be made by using the reservoir isochore map. A cross 

plot in Figure 5.13 clearly demonstrates the correlation between the interval velocity and reservoir 

thickness. The thicker the reservoir, the slower the velocity. The thinner brittle beds in the west 

have a greater propensity for fracturing than the thicker ones in the east. Since fracture generation 

is controlled by a combination of rock mechanical properties and structural setting, the thickness 

analysis is only valid in an area with the same geomechanical properties and tectonics. In general, 
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the azimuthal velocity analysis using 3D VSP and 3D seismic shows consistent results and 

coincides with the interpretation of the image log and seismic attributes. 

 

Figure 5.9 Azimuthal VSP gathers for several horizontal offset sources showing the lower 
amplitude in the northwest area at 5102 ft and 7067 ft offsets (highlighted in red). 

 

Figure 5.10 Najmah isochore map with an illustration of the source offset location and an 
illumination area of the Najmah Formation. 
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Figure 5.11 a) Seismic travel time calculated from near top to bottom of the Najmah Formation 
interpretation. b) Interval velocity calculated from formation thickness and travel time maps. 

Both maps show the fast velocity direction as NE-SW. 

 

Figure 5.12 Seismic geometric attributes of 3D curvature (a) and variance (b) of the top of the 
Najmah Formation from surface seismic data show general fracture intensity and orientation. 

The white dashed circle illustrates the area of the velocity map in Figure 5.11. 
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Figure 5.13 Crossplot of interval velocity and isopach of the Najmah Formation within the 
interval velocity map in Figure 5.11. 

5.4 Simultaneous Pre-stack Seismic Inversion 

The ultimate purpose of pre-stack simultaneous inversion is to determine acoustic 

impedance, shear impedance and density from pre-stack CDP gathers and well logs. The inversion 

algorithm is based on the Zoeppritz equation and modified Aki-Richard equation by Fatti (Aki and 

Richard, 2002; Fatti et. al, 1994; Zoeppritz, 1919). The process is started by developing an initial 

low-frequency model to be used as a background during the inversion. The model is more 

representative of the geological strata rather than a seismic reflector. The low-frequency model 

was constructed using sonic and density logs from 10 wells and interpreted horizons for the Hith, 

Gotnia, Najmah and Sargelu Formations. A filter with a highcut frequency of 15-20 Hz was 

applied. Then the inversion analysis was conducted to determine the best parameters. After an 

iterative inversion process using a combination of different number of wells, the optimum result 

was defined using 10 wells. Figure 5.14 shows the elastic properties of the initial model, original 

log, inverted log and synthetics from the inversion process at Well J. Figure 5.15 shows the 

extraction of acoustic impedance, shear impedance and density from the Najmah Formation 

interval. In general, the acoustic impedance map shows a similar trend with the shear impedance 

map. The density map shows a N-S lower density trend around the main N-S faults. 
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Figure 5.14 Well J pre-stack simultaneous inversion results show elastic properties for initial 
low-frequency model (black), calculated log (blue) and inverted log (red). 

5.5 Demultiple Effect on Seismic Inversion 

In Chapter 3, the result of model-based multiple attenuation demonstrated better image 

continuity and correlation with synthetics compared to the original seismic. This improvement is 

expected to also impact the inversion results. To further evaluate the impact of the demultiple 

process on generating elastic properties, a pre-stack simultaneous inversion was conducted using 

both the original and demultiple seismic datasets. The purpose of this evaluation is to quantify the 

difference in the results using both seismic datasets. All the same inversion parameters and 

procedure were applied to both datasets. The only difference during the inversion process is the 

data input of angle gather and extracted wavelet. As expected, the inversion results show a better 

correlation can be achieved using demultiple seismic. 
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Figure 5.15 Elastic properties maps of the Najmah interval from simultaneous pre-stack 
inversion results: (a) acoustic impedance, (b) shear impedance and (c) density. Contour is the top 

of the Najmah depth structure map. 
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Figure 5.16 Comparison of the cross plot of calculated impedance from well logs (x-axis) vs. 
inverted impedance (y-axis) using original seismic (a) and demultiple seismic (b). Applying 

multiple attenuation improves the correlations for both the acoustic impedance (upper) and shear 
impedance (lower). 
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Figure 5.16 shows the crossplot between the calculated impedance from well logs with 

inverted impedance for both compressional and shear waves using original seismic (a) and 

demultiple seismic (b). The crossplot of demultiple seismic has steeper slope that closer to the 

actual logs data. Applying multiple attenuation to the seismic data improves the cross-correlation 

of the compressional shear wave from 0.704 to 0.766, as well as improves the cross-correlation of 

shear wave impedance from 0.712 to 0.757. For the individual well crossplot, the result shows a 

variation in correlation improvement. Figure 5.17 displays the correlation comparison of inverted 

impedance from 10 wells. The plot shows that eight wells are improved in correlation, while the 

other two wells (D and G) are decreased. Note that the correlation decrease in the two wells is very 

small compared to the significant improvement in the other eight wells. The comparison of both 

inverted results in the seismic section is presented in Figure 5.18. The demultiple seismic shows 

better impedance continuity within the Najmah Formation along the section compared to the 

original seismic. Furthermore, the demultiple seismic improves the inverted impedance correlation 

at Well J from 0.776 to 0.862. 

 

Figure 5.17 Correlation comparisons of all ten wells calculated impedance vs. inverted 
impedance using original seismic and demultiple seismic datasets. Demultiple processing 
improves the correlation for eight wells and slightly decreases for two wells (D and G). 
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Figure 5.18 Comparison of acoustic impedance sections using original seismic (a) and 
demultiple seismic (b). Based on the crossplot of well log vs. inverted log, the acoustic 

impedance within the Najmah interval at well J has a better correlation in demultiple seismic 
(0.862) compared to the original seismic (0.776). 
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Figure 5.19 Calculated geomechanical properties of the Najmah interval using inversion results 
of the demultiple dataset: (a) Young’s modulus, (b) Poisson’s ratio and (c) brittleness index. 

Contour is the top of the Najmah depth structure map. 



77 
 

5.6 Geomechanical Properties 

Exploiting unconventional reservoirs requires horizontal well drilling and hydraulic 

fracturing stimulation in order to optimize hydrocarbon recovery. Both wellbore drilling and 

fracturing are greatly influenced by stress magnitude and direction as well as the mechanical 

properties of the rock itself. Geomechanical property quantifies how the rock will respond to 

applied stress or pressure. A brittle rock tends to break easily, while a ductile rock will experience 

deformation before breaking. Brittle rock is more likely to respond well to hydraulic fracturing 

treatment and more likely to be naturally fractured (Rickman et al., 2008). The estimation of rock 

brittleness combines Young’s modulus and Poisson’s ratio. In rock mechanics, Young’s modulus 

is defined as a ratio of stress to strain, while Poisson’s ratio is a ratio of lateral strain to axial strain 

in the uniaxial stress state. Brittleness reflects the rock’s ability to fail under stress (Poisson’s ratio) 

and maintain a fracture (Young’s modulus) once the rock fractures (Rickman et al., 2008). Hence, 

a brittle rock exhibits a higher Young’s modulus (E) and lower Poisson’s ratio (v). The reservoir 

geomechanical properties can be derived from elastic properties using equations 5.1, 5.2 and 5.3, 

where Vp is compressional wave velocity, Vs is shear wave velocity, ρ is density, Zs is shear 

impedance, BRI is brittleness index, vmax is maximum Poisson’s ratio, vmin is minimum Poisson’s 

ratio, Emax is maximum Young’s modulus and Emin is minimum Young’s modulus. 

 

= (��� ) −(��� ) −  

(5.1) 

 � = � +  
(5.1) 

 � = .  ( � −� − � + � − � �� � − � � ) 
(5.3) 

 

This brittleness index is derived from the rock elastic properties and more representing a 

lithology indicator. In fact, the brittleness index is more complicated due to differential stress 

condition and local structural setting. In a highly faulted zone, fault plane acts as a detachment 

surface and yields a brittleness value in the opposite meaning. In this case, the highly faulted zone 

depicts a higher Poisson’s ratio, lower Young’s modulus and lower brittleness index. Hence, care 
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should be taken when interpreting this brittleness map, particularly in an extensively faulted area. 

Figure 5.19 shows maps of Young’s modulus and Poisson’s ratio and the brittleness index of the 

Najmah interval respectively. The Young’s modulus map shows an overall similar trend as the 

impedance map (Figure 5.15). Higher Poisson’s ratio values can be observed around the N-S 

Jurassic fault trend and in the mid-west area. This higher Poisson’s ratio indicates highly deformed 

zones around the fault trends. The brittleness map tends to have a similar trend with Young’s 

modulus map and indicates that the brittleness index is more influenced by Young’s modulus than 

the Poisson’s ratio values. As expected, the high brittleness values are not always correlated with 

fault zones. 

5.7 Integrated Interpretation 

Integrated analysis to characterize the fracture sweet spot of the Najmah Formation is 

conducted using the results of a rock physics model, pre-stack seismic inversion, geomechanical 

properties calculation and azimuthal velocity analysis. According to the rock physics model, all 

N2 intervals contain excellent organic richness. Higher TOC content correlates very well to lower 

acoustic impedance. The velocity variation is most influenced by pore geometry, which in this 

model case is a penny-shaped crack. This shape can be assumed to be representative of fractures. 

The lower the pore aspect ratio value, the higher the crack density. Hence, it can be concluded that 

the fracture density variation will have the greatest impact on the seismic response. According to 

the rock physics modeling, both compressional wave and shear wave velocities decrease with low 

pore aspect ratio values. Figure 4.13 summarizes the correlation of pore aspect ratio, porosity and 

Vp/Vs ratio. The lower Vp/Vs ratio correlates with higher porosity and lower pore aspect ratio. 

This rock physics model coincides with the brittleness index values that are calculated from the 

pre-stack simultaneous inversion result, where lower Vp/Vs ratio correlates to higher brittleness. 

Figure 5.20 displays the Vp/Vs ratio and brittleness index maps extracted from the upper Najmah 

interval side-by-side. It can be observed from the maps that the trend of the Vp/Vs ratio is similar 

to the brittleness. To quantify this correlation, a crossplot of the values of both properties within 

the upper Najmah interval is presented in Figure 5.21.     

After predicting the fracture density using the Vp/Vs ratio and brittleness index, azimuthal 

analysis is used to estimate the maximum horizontal stress orientation that controls the fracture 

behavior. In section 5.3, the results of the azimuthal velocity analysis of the well B area using 3D 
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VSP and 3D surface seismic data coincide with the wellbore image log interpretation of maximum 

horizontal stress. The azimuthal velocity analysis was then applied to the whole 3D surface seismic 

COCA gathers using the same procedure and parameters. Figure 5.22 plots the predicted azimuths 

combined with the brittleness of the Najmah interval as magnitude; the green color indicates a 

higher brittleness index. The map is overlaid by a depth structure map of the Najmah top and 

interpreted faults to see the trend of the predicted fracture behavior toward structural configuration. 

The image log interpretations are shown next to the map to enable direct visual comparison. Of 

the ten wells within the study area, eight have open fracture interpretation and six of them have 

information of borehole breakout or drilling-induced fracture. 

According to the rose diagrams, four wells have a good fracture intensity (Well A, B, C 

and E) and the other four have limited fracture intensity (Well J, G, D and H). It can be observed 

from the open fracture frequency in the rose diagrams that in general wells with higher fracture 

intensity correlate with higher brittleness and wells with lower fracture intensity correlate with 

lower brittleness. However, Well A shows an anomaly from the general trend: the rose diagram 

shows higher fracture intensity but lower brittleness. As discussed in the geomechanical properties 

section, the location of Well A in a highly faulted zone may generate low brittleness index. The 

predicted maximum horizontal stress direction in the Well A coincides with the image log 

interpretation, where the dominant fracture direction is almost perpendicular to the direction of the 

maximum horizontal stress. This condition may make the effective open fracture only limited to 

the fractures that are oriented in the direction of maximum horizontal stress. This case is similar 

to Well B as discussed in detail in section 5.3. Well C has the highest fracture intensity, with a 

dominant orientation in line with the maximum horizontal stress direction of NW-SE. The map at 

the well C location shows a similar direction and high brittleness value. In general, the maximum 

horizontal stress direction from the image log interpretation is similar to the predicted values from 

the azimuthal analysis. High variation of maximum horizontal stress direction indicates stress 

compartmentalization exist in the area. Fractures development may relate to sub-seismic faulted 

areas (indicated by radical change in horizontal stress direction) and areas where faults curve and 

intersect. 

The sweet spot map of the Najmah Formation can be defined using the seismic analyses 

results. Because there are different reservoir types, different reservoir properties are used for 

comparison. N1 and N3 utilize a brittleness map to target possible higher fracture density, while 
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N2 utilizes acoustic impedance to target a higher TOC area. To validate these sweet spot maps, 

initial production test information from several wells is compared to the predicted reservoir 

properties. Figure 5.23 depicts the reservoir properties maps with related production test results. 

The green color represents higher brittleness (N1 and N3) and higher TOC content (N2). 

According to the composite log, production tests were conducted in five wells (Well C, A, J, H 

and I). Wells J, H and I were in a pending status. According to the maps, these wells have low 

brittleness and TOC content. Well C was producing oil and gas from N3 during the production 

test. This test result coincides with the high brittleness values of N1 and N3 and the high TOC 

content of N2 at well C. The presence of higher fracture density in Well C is confirmed by the 

image log interpretation as discussed earlier (Figure 5.22). The location of Well C in the down dip 

structure suggests that water leg is not a problem in this unconventional reservoir. Well A was not 

flowing during the production test at N2 and N3. The highly faulted zone around the Well A that 

is continuous up to the Gotnia level may indicate leakage potential (Figure 5.24a). This 

interpretation is supported by maps of Gotnia attributes (Figure 5.24b, c and d) that show areas 

around Well A with thinner formation, low acoustic impedance and low Vp/Vs ratio. Furthermore, 

semblance maps at top of Najmah (N1) and top of Gotnia Anhydrite 3 levels depict potential 

continuous fault development from the Najmah to the Gotnia (Figure 5.25). A clay smear near the 

fault plane may hinder the Najmah reservoir quality at Well A. Overall, the production test results 

are in agreement with the brittleness index and TOC content values. 

It is intriguing to observe the general pattern of the fracture intensity distribution. 

According to the image log interpretation and seismic analysis result, the north-west area has a 

lower fracture intensity. The paleo-structure map of the Najmah Formation (Figure 2.10a) shows 

that the north-west area is structurally low during the deposition of Najmah. Basinal areas with 

fluid that is rich in magnesium ions are more likely to trigger dolomitization process. As confirmed 

by petrophysical data from 10 control wells, the west area is more dolomitic compared to the east. 

Furthermore, the thickness of Gotnia Formation (Figure 5.24b) also influences the stress state 

within the underlying Najmah Formation. The north-west area has thicker Gotnia’s salt that 

indicates lower overburden stress and might preserve open fractures. However, the north-west area 

experiences low tectonic activities that may result in low fracture development. It indicates that 

structural deformation has more influence on fracture generation in the area compared to lithology 

composition. In another side, the paleo-high area in the east might experience aerial exposure that 
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supports karstification process and improves the reservoir brittleness. Karstification process and 

tectonic activities go hand in hand in shaping the fracture development. To optimize contact with 

the natural fractures and future hydraulic fracturing job, a horizontal well should be drilled 

perpendicular to the maximum horizontal stress direction within N1 or N3 units. 

 

Figure 5.20 Maps of the N3 brittleness index (a) and Vp/Vs ratio (b) show a very similar pattern. 
The high values of the brittleness index coincide with the low Vp/Vs ratio values. Contour is the 

top of the Najmah structure map. 

 

Figure 5.21 Crossplot of the brittleness index and Vp/Vs ratio for the N3 interval shows a higher 
brittleness index correlated with the lower Vp/Vs ratio. 
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Figure 5.22 Map of fast interval velocity azimuth with the magnitude (in color) of the brittleness index for the Najmah interval. The 
map is overlaid by a contour map of the Najmah depth structure and interpreted faults. The rose diagrams are open fracture azimuths 

from the interpretation of image logs. The blue arrows in the rose diagram are the maximum horizontal stress directions from borehole 
breakout and drilling-induced fractures. The variation of maximum stress orientation may related to sub-seismic faults.  
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Figure 5.23 Production test results of the N1 brittleness index map, N2 impedance map and N3 brittleness index map respectively. 
Contour is the top of the Najmah depth structure. The maps coincide with the production result where the good result (well C) is 

located at a higher brittleness index (N1 and N2) and a lower amplitude of N2 (higher TOC content). The other no-flow and pending 
tests are located within a relatively low brittleness index (N1 and N2) and higher acoustic impedance or lower TOC content.
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Figure 5.24 The seismic section (a) shows the Well A is located around continuous faults that are 
developed from the Najmah to the Gotnia levels. The Gotnia attribute maps (b, c and d) show 
thinner formation, low Vp/Vs ratio and low acoustic impedance around the Well A location. 
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Figure 5.25 Semblance geometrical attribute at top of N1 (a) and top of Gotnia Anhydrite 3 (b) 
levels show the continuity of low semblance values of faults around the Well-A location. This 
indicates fault continuity from the Najmah to the Gotnia that may contribute to a fluid leakage. 

  



86 
 

 

CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

This research demonstrated an integration of seismic data processing, coherent noise 

attenuation and reservoir characterization through seismic analysis, rock physics modeling and 

geological interpretation to deliver rigorous study results. Several conclusions resulted from the 

research: 

1. The 3D VSP data suffer from noise related to surface conditions and multiples. 

Additional seismic processing with a focus on noise attenuation using designature and 

selecting certain offset and frequency ranges improve the data quality. 

2. The reflection continuity and amplitude at the reservoir interval is significantly altered 

by destructive interference of a short period interbed multiple associated with the 

overlying anhydrite layer in the Gotnia Formation.  Model-based interbed multiple 

attenuation improves the seismic imaging and correlation with synthetics and leads to 

better seismic inversion results and interpretation. 

3. The Najmah interval seismic response varies with thickness, porosity, pore geometry, 

lithology and fluid saturation. The largest change in velocity is dominated by fractures. 

Both compressional and shear wave velocities decrease with higher fracture density. The 

higher the fracture density, the lower the Vp/Vs ratio. 

4. The N2 interval contains excellent organic richness. The higher the TOC value the lower 

the acoustic impedance. 

5. Due to the multiple fracture orientations that exist in the Najmah, the detection of fracture 

density using azimuthal amplitude analysis does not provide optimum results. Velocity 

variation can be observed from the azimuthal data and primarily is related to the 

maximum horizontal stress direction in the area. 

6. Fracture density and orientation can be predicted by integrating the geomechanical 

properties from the pre-stack simultaneous seismic inversion and the fast velocity 

direction from the azimuthal velocity analysis, respectively.  



87 
 

7. Fracture effectiveness is controlled by maximum horizontal stress orientation. 

8. Hydrocarbon sweet spots could be defined by a combination of high brittleness index 

(N1 and N3) and high TOC content (N2).  

6.2 Recommendations   

The following recommendations are made: 

1. The model-based interbed multiple attenuation in this thesis was conducted in the image 

domain (post-stack data). I recommend that future researchers extend the algorithm using 

the data-driven method in the pre-stack data. The data-driven method may provide more 

accurate results, particularly since the method preserves the azimuthal information 

needed for azimuthal seismic analysis. Furthermore, different structural dips may 

contribute different multiple interference results.  

2. According to the production test result, the Najmah reservoirs rely on a fracture network 

in order to produce hydrocarbon. The presence of a fracture network will impact the rock 

physics model. It is recommended to use an anisotropic model in modeling the rock 

physics. Additional dipole sonic logs will assist the modeling through well log crack 

density analysis. 

3. Laboratory experiments and core measurements of rock mechanics are necessary in order 

to define the static mechanical properties of the reservoir rock. The laboratory results will 

support the rock physics modeling as well as improve the reservoir characterization 

targeting fracture sweet spots. 

4. Facies heterogeneity impacts the seismic response. The Najmah Formation facies 

heterogeneity spans calcite, dolomite, anhydrite, kerogen, clay and water or oil 

saturation. Therefore, incorporating prior knowledge of the facies model may improve 

the inversion results. A seismic inversion study by El-Khoury (2018) in the Red River 

reservoirs of the Cabin Creek field in Montana revealed that incorporating facies-based 

pre-stack inversion provided better results compared to the simultaneous pre-stack 

inversion. 

5. The area has undergone various tectonic episodes with different stress directions and 

mechanisms. These events created deformation related to the wrenching system up to 

and above the reservoir interval as observed in the seismic section. It is necessary to 
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further evaluate the timing of hydrocarbon generation and migration in order to identify 

potential leaking above the Najmah Formation. This evaluation will also open up an 

opportunity for upside potential within the Hith or Gotnia Formations. 

6. The geometry of 3D VSP survey plays the main role in providing reliable data for seismic 

analysis. A short receiver array provides a limited imaging area, reduces the ability for 

interbed multiple identification, reduces seismic data type for reservoir anisotropy 

parameterization, and limits the quality of 3D imaging. It is recommended to use longer 

receiver arrays covering the reservoir interval and circular patterns of source locations if 

3D VSPs are acquired in the future. This geometry will provide up-going and down-

going wavefields around the reservoir interval, as well as better signal to noise ratio. 

7. The study utilizes available angle stacks to generate angle gather for pre-stack 

simultaneous inversion. I recommend future works to utilize angle gathers with azimuthal 

variation to investigate any anisotropy effects on the seismic dataset. 

8. The next researchers in this project should consider building a cellular geologic reservoir 

model (N1, N2 and N3) based on an integration of geological structure, stratigraphy, 

facies, fluid, etc. The seismic inverted properties can be utilized to statistically populate 

geocellular model with constraints from well and seismic data. This geological model 

assists the reservoir engineers to create a representative flow model and test various 

hypothetical fracking and completion techniques to quantify the value of this 

unconventional play. 
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