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Thesis Title : Fracture Detection Using Azimuthal P-wave Amplitude Variation with 

Offset (AVOA) in a Clastic Reservoir, Eastern Central Saudi Arabia 

Major Field : Geophysics 

Date of Degree : May 2015 

 

 

 

The late Carboniferous clastic Unayzah-C reservoir in Eastern Central Saudi Arabia is a 

potential deep, low porosity, possibly fractured reservoir. It is a challenge for the 

geoscientist to map the top and bottom of the Unayzah-C reservoir due to low signal-to-

noise ratio (SNR) and limited bandwidth in the conventional 3D seismic data. A related 

challenge is to delineate and characterize fracture zones within the Unayzah-C reservoir. 

To overcome those challenges, 3D full-azimuth broadband seismic data were acquired 

using point receivers, low frequency sweeps down to 2 Hz, and 6-km patch geometry. 

The new data show significant enhancement in continuity and resolution of the reflection 

data, which lead to improved mapping of the top of the Unayzah-C. 

Since the new dataset has rectangular patch geometry with full inline offsets to 6000 m, 

amplitude variation with offset and azimuth (AVOA) may be effective to delineate and 

characterize fracture zones within Unayzah-A and Unayzah-C reservoirs.  The current 

study was undertaken to determine the improvement of wide azimuth seismic data in 

fracture detection, especially in clastic reservoirs.  For this purpose, the results were 

validated with available well data including borehole images, well testing and production 

data in the Unayzah-A. There are no production data or borehole images within the 
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Unayzah-C, and for validation we had to refer to a comparison of alternative seismic 

fracture detection methods: mainly curvature and coherence.   

Anisotropy was found to be very weak in both reservoirs, with an ellipticity ratio of less 

than 1, which may be due to noise, clastic lithology and heterogeneity of the reservoirs. 

Only a few locations have an ellipticity ratio of more than 1, which are located along the 

western steep flank of the study area. These may correspond to some potential N-S 

trending faults suggested by circulation loss and borehole image data in few wells. The 

orientation of the ellipses is NW-SE and is not in agreement with the N-S structural trend. 

No correlation was found between curvature, coherence and AVOA in Unayzah-A or 

Unayzah-C reservoirs. Some possible explanation for the low correlation between AVOA 

ellipticity and natural fractures are noisy dataset, overburden anisotropy, reservoir 

heterogeneity, granulation seams and deformation.  
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ABSTRACT (ARABIC) 

 ملخص الرسالة
 
 

 : علي حسن محمد القواصاالسم الكامل
 

( في مكمن فتاتي، AVOAتباين سعة الموجة السيزمية مع اإلزاحة )الكشف عن الشقوق بإستخدام عنوان الرسالة: 
 شرق وسط المملكة العربية السعودية

 
 الجيوفيزياءالتخصص: 

 
 2015مايو تاريخ الدرجة العلمية: 

( المتكون في أواخر العصر الكربوويي فوي قورس واوم المماكور العربيور ال وعومكر  وو مكمون  ميو  Cمكمن العنيزة )

( ب وب  ايخفوا  C)  نيوزة وأاوف  مكمون. إيو  حدول لعوالل الليولو يوا لتعيوين أ او  وربما متشوق  ومنخفض الم امير

الترممي المدلوم في البيايات ال يزمير ثالثير األبعام التقايلكور.  و ر  النطاس( SNRالضوضاء )ي بر اإلقارة إل  

(. لاتغاو   او  حاول التدولكات، حول C) الشوقوس ماخو  مكمون  نيوزة وحدلكل منواق ذات الصار، وصف  ومن التدلكات

الدصوووع  اوو  البيايووات ال وويزمير ثالثيوور األبعووام ذات النطوواس الوااووا بااووتخلال يقطوور اإلاووتقباع، التوورمم الموونخفض 

 نلاور التصودي . وحشوير البيايوات الللكولة إلو  حد ون كبيور فوي إاوتمراركر  كول 6و رحز،  2االحتالالت وصوال إل  

 (.C) حد ين الخرائم لالزء العاوي من مكمن  نيزةالبيايات، مما كؤمي إل  

قل حكون فعالر  (Azimuthal Amplitude Variation with Offset)حقنير "حباكن اعر المو   ال يزمير" 

(. أ ركت اللراار الدالير لتدلكل حد ين C) ومكمن  نيزة( A) الشقوس ماخ  مكمن  نيزة وحدلكل مناق لوصف 

عر ال مت في ملاع الكشف  ن الشقوس، خصوصاً في المكامن الفتاحير. لهذا الغر ، حل البيايات ال يزمير واا

(، واختبار borehole imagesالتدق  من صدر النتائج ما البيايات المتاحر بما في ذلل صور أاف  اآلبار )

أو صور أاف  اآلبار (. ال حو ل بيايات  ن اإليتاج A) ( وبيايات اإليتاج في مكمن  نيزةwell testingاآلبار )

(، ولاتدق  من صدر النتائج كان  اينا مقاريتها ما يتائج أاالي  بلكار لاكشف  ن الشقوس C) ماخ  مكمن  نيزة

 (.curvature and coherenceبااتخلال البيايات ال يزمير مث  )

ماً ب ب  الضوضاء ، الذي قل ككون يا 1لقل و ل أن التباكن ضعيف  لا في ك  من المكمنين بن بر أق  من 

، 1في المكامن. فقم  لم قاي  من المواقا للكها ي بر اإل ايايلير أكثر من  و لل حلايسالصخركر  والخصائص التفتتير
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اللنوبي  -والتي حقا  ا  قوع اللهر الغربير الدامة لمنطقر اللراار. قل حتواف   ذه ما الصلع في االحلاه الشمالي 

 نوب قرقي ال كتف  ما االحلاه الهيكاي  –من اآلبار. احلاه الدذف  و قماع غربي ح   البيايات في  لم قاي  

المو   ال يزمير  وحباكن اعر( curvature and coherence ا  أي إرحباق بين ) ولل كعثر نوبي.  –قمالي 

(AVOA) نيزة في  (Aأو مكمن  نيزة ) (Cبعض التف يرات المدتمار لالرحباق المنخفض بين حبا .) كن اعر

 ي ارحفاع الضوضاء في البيايات ال يزمير، حباكن التثاق   ا   والشقوس الطبيعير (AVOAالمو   ال يزمير )

 .وحشوهالمكمن،  لل حلايس المكمن، قبقات التدبي  
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1 CHAPTER 1 

INTRODUCTION 

Open fractures in low porosity media have a significant influence on the movement of 

fluid during production. In addition, they may provide additional limited storage for 

hydrocarbon. Therefore, the prediction of fracture position, orientation and intensity has 

become important in the characterization of tight reservoirs to optimize drilling locations 

and plan future field development. 

Fracture detection and modeling can be conducted using well data successfully in mature 

fields, but in exploration or newly developing fields with few wells, seismic data is the 

main and perhaps the only means to predict fractures. There are several different 

approaches to extract fracture information from seismic and each has been widely applied 

with varying degrees of success.  The objective of this thesis is to test the Amplitude 

Variation with Offset and Azimuth (AVOA) technique in a deep-seated clastic reservoir 

in a gas field in Eastern Central Saudi Arabia.  

One of the challenging tasks in Unayzah-C fracture evaluation is to map the top of these 

low permeability and low porosity sandstones due to low signal-to-noise ratio (SNR) for 

very deep reflections in the seismic section. A related challenge is to delineate and 

characterize open fracture zones within the Unayzah-C reservoir to optimize drilling 

locations. Conventional narrow azimuth 3D seismic data used in the past have failed to 

resolve these issues due to limited bandwidth and low SNR from contamination by 
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interbed and surface-generated multiples, particularly for the deep-targeted Unayzah-C 

reservoir in the study area. In addition, the lack of full-azimuth information in the 

conventional seismic data has limited the analysis of fracture detection techniques such as 

AVOA. Now a new 3D full-azimuth broadband seismic dataset is available and our study 

is based on this new data. 
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2 CHAPTER 2 

SEISMIC FRACTURE PREDICTION 

There are several techniques for indirectly extracting fracture information from seismic 

such as measuring shear-wave (S-wave) splitting, AVOA, azimuthal variations in 

primary-wave (P-wave) velocity, and post-stack techniques such as coherence and 

curvature analysis. Historically, seismic fracture prediction has concentrated on S-wave 

data. The first to describe S-wave splitting caused by fractures from earthquake data was 

Crampin et al. (1980). Alford (1986) studied S-wave splitting and concluded that when 

processing S-wave data, azimuthal anisotropy should be taken into consideration to 

enhance data quality. He demonstrated that when an S-wave propagates through a 

fracture, it splits into a fast S-wave parallel to the fracture and a slow S-wave 

perpendicular to the fracture, referred to as S-wave splitting. Many studies of S-wave 

splitting have been done on S-wave data for fracture analysis (e.g., Lynn and Thomsen, 

1990; Lefeuvre et al., 1992; Thomsen et al., 1995).  

Unfortunately, recording and processing S-wave data is significantly more complicated 

and expensive than the acquisition of P-wave data. Besides, the S-wave does not transmit 

through fluid media therefore; they are not usable in offshore field studies unless an 

ocean bottom cable (OBC) survey is used. For these reasons, the use of P-wave seismic 

data has recently drawn greater attention for use in fracture detection and analysis. Many 

studies have been published on fracture analysis using P-wave data (e.g., Thomsen, 1986; 
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Rüger and Tsvankin, 1997; Al-Shuhail, 1998; Al-Hawas et al., 2003; Al-Shuhail, 2004; 

Al-Shuhail, 2007; Al-Dajani, 2008; Balhareth, 2009; Alqahtani and Al-Shuhail, 2013).  

A combination of different techniques is the best approach for achieving confidence in 

predicting fractures (Figure 2.1) since there is no particular technique that works best all 

the time (Treadgold et al., 2008). Al-Marzoug et al. (2006) showed a large variation in 

AVOA and a small azimuthal variation in P-wave velocity on two case studies in Saudi 

Arabia. They concluded that AVOA is more reliable than azimuthal variations in P-wave 

velocity for predicting anisotropy related to fracture presence. 

 

 

Figure 2-1 - Combination of different techniques to predict fractures (Treadgold et al, 2008). 
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2.1 Amplitude Variation with Offset (AVO) Technique 

 

When an incident P-wave encounters an interface between two layers, a portion of its 

energy is reflected and the rest of the energy is transmitted to the lower medium. The 

incident P-wave generates four different waves at the interface. These are reflected and 

transmitted P-waves and reflected and transmitted S-waves (Figure 2.2). Snell’s Law 

explains the angles of different wave-generated modes as a function of their velocities. 

Zoeppritz (1919) derived equations to explain the amplitudes of different wave-generated 

modes as functions of their P-wave velocity, S-wave velocity, density, angle of incidence, 

angle of reflection, and angle of transmission. The reflection coefficients are the ratio of 

the reflected wave amplitudes to the incident wave amplitude and the transmission 

coefficients are the ratio of the transmitted wave amplitudes to the incident wave 

amplitude. I will be discussing only the reflected P-wave case in this study.   

For a normal incidence P-wave, Zoeppritz equation for the P-wave reflection coefficient 

(R) between two layers of densities ρ1 and ρ2 and velocities VP1 and VP2 of the first and 

second layer respectively is simplified to: 

R =
ρ2VP2−ρ1VP1

ρ2VP2+ρ1VP1
     (1.1) 

In the case of non-normal incidence, the Zoeppritz equations become very complicated. 

The complexity of the Zoeppritz equations has resulted in a number of approximations 

such as those developed by Aki and Richards (1980), Ostrander (1984) and Shuey (1985) 

to simplify the relationship between the reflection coefficient and angle of incidence.  
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Aki and Richards (1980) simplified the Zoeppritz equation by assuming a small change 

in elastic properties across the interface between two layers and assuming that the 

incidence angle was less than the critical angle. The Aki and Richards (1980) 

approximation becomes: 

R(θ) = [
1

2
(1 − 4

VS
2

VP
2 sin2 θ)]

Δρ

ρ
+ [

1

2 cos2 θ
]

ΔVP

VP
− [4

VS
2

VP
2 sin2 θ]

ΔVS

VS
  (1.2) 

where  

ΔVP = (VP2 − VP1) 

ΔVS = (VS2 − VS1) 

Δρ = (ρ2 − ρ1) 

VP =
(VP2 + VP1)

2
 

VS =
(VS2 + VS1)

2
 

ρ =
(ρ2 + ρ1)

2
 

and 

θ =
(θ2 + θ1)

2
. 

Shuey (1985) modified Aki and Richards (1980) equation by expressing the properties in 

terms of Poisson’s ratio σ and Δσ. This led to a 3-term Shuey’s approximation of 

Zoeppritz equations:  
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R(θ) = R0 + G sin2 θ + F(tan2 θ − sin2 θ)  (1.3) 

where 

R0 =
1

2
[

ΔVP

VP
+

Δρ

ρ
]     (1.4) 

describes the variation of reflection amplitudes at normal incidence (θ = 0°),  

G = A0R0 +
Δσ

(1−σ)2
     (1.5) 

describes the variation of reflection amplitudes at intermediate offset (θ ≤ 30°),  

where  

A0 = B − 2(1 + B)
1−2𝜎

1−𝜎
    (1.6) 

B =
(∆VP VP⁄ )

(∆VP VP⁄ )+(∆𝜌 𝜌⁄ )
     (1.7) 

and 

F =
1

2

ΔVP

VP
      (1.8) 

describes the variation of reflection amplitudes at offsets approaching the critical angle. 

Shuey further simplified this approximation by assuming that the offset is small when the 

angle of incidence is less than 30° so the third term (F) will go to zero leading to:    

R(θ) = R0 + G sin2 θ     (1.9) 
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This equation is called the AVO equation. R0 is called the AVO intercept and G is called 

the AVO gradient. The AVO equation explains the amplitude variation with offset for an 

isotropic medium. 

 

 

Figure 2-2 - Reflected and transmitted waves generated by an incident P-wave. 
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2.2 Amplitude Variation with Offset and Azimuth (AVOA) 

Technique 

 

For an anisotropic medium, the AVO equation (1.9) has to be reformed to account for the 

effect of anisotropy. Rüger and Tsvankin (1997) indicated that the effect of fractures will 

be seen in the AVO gradient, but will not impact the AVO intercept. They reformed the 

AVO equation (1.9) to compute AVOA as: 

R(θ, ϕ) = R0 + [Giso + Ganis cos2(ϕ − β)] sin2 θ   (1.10) 

for angles of incidence less than or equal to 30°, where R(θ, ϕ) is the reflection 

coefficient as function of incidence angle (θ) and the source-receiver azimuth (ϕ), R0 is 

the AVO intercept. Gisois the isotropic AVO gradient and Ganis is anisotropic AVO 

gradient. β is the azimuth perpendicular to the fracture direction.  

If there is no azimuthal anisotropy then the AVO response will be the same for all 

azimuths. However, if there is azimuthal anisotropy then the AVO response will be 

different from one azimuth to another. Figure 2.3 illustrates the impact of a fractured 

reservoir over AVO and AVOA on the stack response (Williams and Jenner, 2002). 

Figure 2.4 illustrates the effect of aligned fractures on the elasticity and reflectivity of a 

medium and clarifies the 2D AVO and AVOA concepts (Hall et al., 2002). To clarify the 

concept of AVOA further, Figure 2.5 shows AVOA curves for a target horizon for a CDP 

gather for a range of azimuths. Notice the large variation in the AVO gradient with 

azimuth (Neves el al., 2003).  
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Figure 2-3 - The amplitude response versus incidence angle for a particular carbonate-carbonate interface. 

When wave propagation direction is parallel to the fractures or if both layers are non-fractured then there is a 

little AVO response (red curve). When wave propagation is perpendicular to the fractures then a strong AVO 

response (green curve) is observed (Williams and Jenner, 2002). 
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Figure 2-4 - a-b) The effect of aligned fractures on the elasticity and reflectivity of a medium. c) 2D AVO 

principle. d) AVOA principle (Hall el al., 2002) 
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Figure 2-5 - Variation of AVOA computed from seismic data at top reservoir for a CDP gather (Neves et al., 

2003) 

 

2.3 Ellipse Fitting Technique 

 

Grechka and Tsvankin (1998) were the first to apply an ellipse fitting technique in the 

field of azimuthal seismic anisotropy. To perform the ellipse fitting technique, equation 

(1.10) has to be modified using the polar coordinate system. Jenner (2002) obtained the 

following from equation (1.10):  

R(θ, ϕ) = R0 + [W11 cos2 ϕ + 2W12 cos ϕ sin ϕ + W22 sin2 ϕ] sin2 θ (1.11) 

where the three coefficients W11, W12 and W22 represent an azimuthally varying AVO 

gradient ellipse and ϕ is the source-receiver azimuth. Then equation (1.10) and (1.11) are 

related as follow (Al-Marzoug et al., 2006): 
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β = tan−1 [
W11−W22+√(W11−W22)2+4W12

2

2W12
]   (1.12) 

Gmax =
1

2
(W11 + W22 + √(W11 − W22)2 + 4W12

2 )  (1.13) 

Gmin =
1

2
(W11 + W22 − √(W11 − W22)2 + 4W12

2 )  (1.14) 

where β is the minimum gradient (Gmin) azimuth from zero azimuth (north direction),  

Gmax represents the major ellipse axis and Gmin represents the minor ellipse axis (Figure 

2.6). 

Now we can measure the ellipticity (E), which is the measure of anisotropy that could be 

related to the presence of fractures by the ratio:  

E =
Gmax−Gmin

Gmin
     (1.15) 

 



14 

 

 

Figure 2-6 - The AVOA curve-fitting technique. 

2.4 Other Seismic Techniques 

 

Coherence and curvature attributes are produced from post-stack seismic data that can 

assist the analysis of fracture detection. Coherence is a measure of the similarity of a 

trace to its surrounding traces (Sheriff, 2002). Therefore, the coherence along 

discontinuities decreases significantly highlighting structural fractures and faults and 

stratigraphic channels and reefs on the seismic data. Curvature is computed to emphasize 

the changes in shape of the surface corresponding to faults, fractures, folds and 

depositional features. 
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3 CHAPTER 3 

METHODOLOGY 

3.1 Workflow 

 

The top of the Unayzah-C reservoir is mapped using the newly acquired 3D full-azimuth 

broadband seismic data. The mapped surface is used in the AVOA analysis to determine 

areas of high fracture potential area. The results achieved through the AVOA 

methodology should constrain the existence of fractures away from well control. 

The Unayzah-C reservoir was never mapped directly using the original conventional 3D 

seismic data due to contamination from interbed multiples, limited bandwidth, and the 

resultant low SNR. There was no seismic signature to define the top and base of the 

reservoir, because the seismic data were obscured by interbed multiples and random 

noise. As an alternative, the base of the Khuff carbonate reflection was used as a proxy 

for the top of the reservoir (Wallick and Giroldi, 2013). In addition, delineation and 

characterization of fractures have not been directly measured from stacked seismic 

amplitude volumes to date.  

In 2010, a new 3D full-azimuth broadband seismic dataset was acquired over the study 

area. The uplift in bandwidth and improved SNR are a result of improved acquisition 

parameters and include the use of point receivers allowing high-density wavefield 

sampling to 12.5 m, low frequency sweeps down to 2 Hz, and full-azimuth offsets to 

6000 m in a full-azimuth patch (Pecholcs et al, 2012; Wallick and Giroldi, 2013). The 
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acquisition parameters were designed to enhance imaging of the subsurface data and to 

reveal reservoir properties information. The symmetric sampling of the data is 

appropriate for offset vector tile (OVT) sorting (Cary, 1999; Vermeer, 2002), which was 

used in the processing workflow to preserve azimuthal information in the PreStack Time 

Migration (PSTM) gathers for AVOA analysis. 

 

3.2 Presentation of Results 

 

The AVOA technique was applied to Unayzah-C and Unayzah-A reservoirs and the 

results are presented as three fundamental maps: 

1. Ellipse long axis as sticks 

2. Anisotropy ratio as color code 

3. Anisotropy orientation as color code 

The results are also displayed on seismic profiles to show vertical anisotropy and 

orientation variation.  

 

3.3 Validation 

 

Seismic techniques do not provide direct fracture information but only indicators, which 

must be validated and calibrated with actual data. The two main parameters provided by 

anisotropy analysis are anisotropy ratio and orientation of the anisotropy ellipse at each 

grid location.  Borehole image logs provide actual fracture orientation and density and 

hence are the best means to validate anisotropy ellipses as fracture density and strike 
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indicators. Well testing is another important source of fracture information.  Well tests 

identify not only faults but also diffuse fractures and their permeability, porosity and 

matrix block size, which can be correlated with seismic anisotropy (Ozkaya, personal 

communication).  Wells with homogeneous matrix interpretation cannot have fractures 

within the radius of investigation. Initial productivity index is among several other 

fracture indicators and can be correlated with seismic anisotropy.  

Unfortunately, image logs and dynamic data are available only from the Unayzah-A 

reservoir, which is the main producing reservoir, and little or no well data are available 

from the Unayzah-C reservoir.  Therefore, it was decided to correlate fracture anisotropy 

results with other seismic fracture indicators such as curvature and coherence over the 

reservoir zone. The primary objective of coherence and curvature is detection of faults, 

but because faults are often associated with fractures, these methods could provide 

information of fault related fracture orientation and density variation. 

Several overlay maps were also generated, displaying anisotropy sticks along with rose 

diagrams from borehole image logs, anisotropy ratio, an overlay of homogeneous matrix 

wells from well tests for the Unayzah-A reservoir. Comparative maps were prepared 

showing curvature and coherence maps along with anisotropy maps for Unayzah-C 

reservoir. In addition to maps, the long axis of anisotropy ellipses were extracted and rose 

diagrams were prepared to compare with the actual fracture rose diagrams from borehole 

image logs. 
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4 CHAPTER 4 

GEOLOGICAL SETTING 

4.1 Reservoir Description 

 

In Eastern Central Saudi Arabia, the late Carboniferous-early Permian Unayzah 

Formation is underlain by rocks of the Devonian-Carboniferous Jubah Formation and 

overlain by the Permo-Triassic Khuff Formation (Melvin and Sprague, 2006). The 

Unayzah Formation is bounded by two major unconformities that separate it from the 

underlying and overlying formations. The lower bounding contact is the Hercynian 

unconformity and the upper bounding contact is the pre-Khuff unconformity (Melvin and 

Sprague, 2006; Melvin and Norton, 2013). The Unayzah Formation is widespread in the 

Greater Arabian basin and is subdivided into four members from oldest to youngest: 

Unayzah-C member, Unayzah-B member, Unnamed Unayzah member and Unayzah-A 

member (Melvin and Sprague, 2006, Melvin et al., 2010). All four members of the 

Unayzah Formation in the subsurface are bounded by depositional hiatuses (Melvin and 

Norton, 2013). In this thesis, I only focus on the Unayzah Formation over a study area in 

Eastern Central Saudi Arabia. 

In the study area (Figure 4.1), the Unayzah-C member is comprised of quartz-cemented 

sandstones that were deposited during a retreat phase of the earliest stages of late 

Paleozoic Gondwanan glaciation (Melvin and Sprague, 2006 and Melvin and Norton, 

2013). Figure 4.2 shows that the Unayzah-C member is underlain unconformably by the 
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Silurian Qusaiba member of the Qalibah Formation and overlain unconformably by the 

Permian Unayzah-A member (Melvin and Sprague, 2006). Following the glacial retreat 

phase, several phases of glacial advances, retreats, and re-advances of the ice sheets 

occurred (Melvin and Sprague, 2006 and Melvin et al., 2010).  During these phases, 

sediments were deposited and thrust over each other forming a number of stacked, low-

angle thrusted, push moraine features separated by distinct shear zones (Melvin et al., 

2010; Melvin and Norton, 2013). According to Melvin and Sprague (2006) and Melvin et 

al. (2010), the distinctive sub-horizontal shear zones in the Unayzah-C member have 

been observed in cores in several wells in Central Saudi Arabia and range in thickness 

from 2 ft to over 20 ft. These shear zone features have not been observed in the adjacent 

rock units (Melvin and Norton, 2013). The distinct shear zone features of the Unayzah-C 

member may act to compartmentalize hydrocarbon within the reservoir (Melvin and 

Norton, 2013). Unayzah-C member appears as a poorly bedded and very heterogeneous 

unit on borehole image logs (Figure 4.3)  

The Unayzah-A member is very different from the glacial deposits of Unayzah-C 

member and consists mainly of cross bedded eolian dune sandstones, which grade to fine 

grained ephemeral lake sediments toward the south (Melvin et al. 2010; Wallick and 

Giroldi, 2013). Unayzah-A member is divided into two sub-units. The lower unit is 

mainly sandstone deposits in fluvial, coastal plain grading to estuarine or shallow marine 

depositional environment. The Upper unit is mainly eolian sandstone. Figure 4.2 shows 

that the Unayzah-A member is underlain unconformably by the Carboniferous Unayzah-

C member and overlain unconformably by the marginal marine basal Khuff clastics. 

Unayzah-A member cross bedding is very clear on borehole image logs (Figure 4.4). In 
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contrast to Unayzah-C member, Unayzah-A member is very well bedded. Unayzah-A 

member is the main reservoir in this field.  Currently all the gas production is from 

Unayzah-A member and hence all image logs, well tests and other dynamic data are 

confined to Unayzah-A member. 

 

4.2 Structural Setting 

 

The study area is a small field at the SE corner of the giant Ghawar field. The field 

produces from clastic reservoirs Unayzah-A and Unayzah-C, but mainly in the Unayzah-

A reservoir. The field structure is an asymmetric anticline, with a steeper western flank. 

Tectonic evolution based on flattened seismic profiles demonstrates that there were at 

least three phases of deformation: one in Pre-Khuff times, one in Late Cretaceous, and 

one in Late Tertiary (Figure 4.5). The field consists of two dome-shaped lobes. The main 

structural high is in the south, which is the focus of this thesis (Figure 4.6). 
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Figure 4-1 - Map of the study area in Eastern Central Saudi Arabia. 
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Figure 4-2 - Stratigraphic column of rock units in the study area (Wallick and Giroldi, 2013). 
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Figure 4-3 - Unayzah-C appears as chaotic and  irregular with no or very weak bedding on borehole image logs.  

The glacial shear zones mentioned in literature cannot be differentiated because of the high degree of 

heterogeneity but are marked by high Thorium in spectral GR logs. 
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Figure 4-4 - Cross bedding in Unayzah-A from borehole image log of WELL-I. Dominant cross bedding azimuth 

is N100E. 
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Figure 4-5 - A-EW seismic profile through the field. B- Cross section flattened at Arab-D level. 

 

Figure 4-6 - Structure map of top of Unayzah-C member. 
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5 CHAPTER 5 

SEISMIC DATA ACQUISITION 

In 2010, full-azimuth broadband 3D seismic data were acquired over a gas field in 

Eastern Central Saudi Arabia. The acquisition survey design geometry was orthogonal 

with high-density wavefield sampling, point receivers, full azimuth, and a vibroseis 

sweep from 2 Hz to 94 Hz. The spacing of source and receiver lines was 125 m. The 

spacing of source and receiver group interval was 12.5 m. The patch consisted of 48 

receiver lines with maximum inline and maximum crossline offset of 6,000 m. The 

survey resulted in 46,080 channels at 960 channels per receiver line at a sample rate of 4 

ms with a record length time of 6 sec and a nominal fold of 9,216. Table 5.1 lists the 

detailed acquisition parameters for the survey and Figure 5.1 shows the survey layout. 

More information about the acquisition can be found in Pecholcs et al. (2012), Wallick et 

al. (2012) and Wallick and Giroldi (2013).  

For the AVOA analysis, the maximum offset was reduced from 8,500 m to around 6,000 

m in each bin to achieve the same maximum offset in all azimuths (Figure 5.3 and 5.4). 

This is an essential step to avoid errors in computing the fracture orientation and intensity 

due to uneven offset vs azimuth distribution. 

  



27 

 

Table 5.1 - Survey Acquisition Parameters. 

Spread type 
WAS-1 Single Sensor 3D - Symmetric Split-

Spread 

Number of active receiver lines 48 

Number of active stations per receiver line 960 

Number of traces 46,060 

Distance between source lines 125 m 

Distance between receiver lines 125 m 

Source station interval 12.5 m 

Receiver station interval 12.5 m 

Inline offset 

Maximum offset ± 6,000 m 

Minimum offset ± 6.25 

Crossline roll 1 receiver line after each swath 

Nominal fold 9,216 

Sweep length 12 sec 

Frequency range 2-94 Hz 

Recording sample rate 4 ms 

Record length, uncorrelated 18 sec (12 sec sweep + 6 sec listen) 

Record length, correlated 6 sec 
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Figure 5-1 - Source and receiver line and station configuration 

 

 

Figure 5-2 - Offset vs. azimuth rose diagram for a CMP bin in the study area. Note that an even distribution is 

reached if we used no more than 6,000 m offset. 
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Figure 5-3 - Offset vs. azimuth distribution for a CMP bin in the study area. Note that an even distribution is 

reached if we used no more than 6,000 m offset. 

 

  



30 

 

6 CHAPTER 6 

RESULTS AND VALIDATION 

In this chapter, the results from anisotropy analysis are presented and compared with 

curvature and coherence in Unayzah-C reservoir and with image logs and well test data in 

Unayzah-A reservoir.  

 

6.1 Results 

 

Anisotropy azimuth and intensity are presented as color-coded maps in Figure 6.1 for 

Unayzah-C reservoir. The long axis of the anisotropy ellipse is displayed on a structural 

contour map for Unayzah-C reservoir in Figure 6.2 for all ellipses and for only the 

highest anisotropy intensity (values greater than 1). The same maps are displayed in 

Figures 6.3 and 6.4 for Unayzah-A reservoir. The maximum ellipticity (anisotropy 

intensity) ratio is 4.21 (421%) for Unayzah-C reservoir and it is 3.97 (397%) for 

Unayzah-A reservoir. Curvature and coherence attributes were also extracted for both 

Unayzah-C and Unayzah-A reservoirs for comparison and validation purposes (Figure 

6.5).  

In both Unayzah-C and Unayzah-A reservoirs the highest anisotropy intensity is located 

along the relatively steeper western flank of the field structure. Orientation of the ellipses 

looks very chaotic in both reservoirs. A key question to answer is how well the 

anisotropy captures the actual fracture density and orientation from well data. For this 
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purpose we examine the fracture relevant data first and then compare the results from 

AVOA analysis with well data in Unayzah-A, after that we compare curvature and 

coherence attributes with AVOA analysis in Unayzah-C reservoir. 

 

6.2 Timing and Types of Fracturing and Faulting 

 

Only one or two image logs cover some section of Unayzah-C reservoir, and no fractures 

could be identified. Image log coverage and almost all the fractures detected are in 

Unayzah-A reservoir. Most of the fractures encountered in image logs are nonconductive 

(Figure 6.6). They are most probably cemented fractures but some could also be 

granulation seams, which are common in clastic sediments. Granulation seams are 

actually fractures that are filled with sand and clay gouge and have lower permeability 

than in the matrix. There are also a small number of conductive layer bound fractures 

(Figure 6.7).  The cemented fractures may belong to the early Paleozoic or Cretaceous 

deformation pulses and the open fractures belong to the Late Tertiary Zagros orogeny. 

A reverse fault was interpreted within Unayzah-A reservoir in WELL-K (Figure 6.8). 

Total losses were encountered in WELL-L within Jilh and a reverse fault was inferred 

which extends down to Unayzah-C reservoir. The presence of reverse faults on the steep 

western flank and the westward asymmetry of the field structure suggest a compressional 

deformation during Paleozoic when the structure was first formed.  It is also possible that 

compression and reverse faulting was reactivated during the Late Cretaceous NW-SE 

Oman compression. 
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6.3 Fractures from Borehole Images 

 

Image logs are available only from vertical wells and very few fractures are encountered 

in these logs. There are a total of 23 fractures in 7 wells (Figure 6.9). Two of the wells 

have no fractures at all. A total of 13 fractures are nonconductive. Only 10 conductive 

fractures are present and these are actually very small layer bound fractures in only two 

wells (WELL-L and WELL-H). Fractures in WELL-A are not included since the few 

fractures intersected are within carbonate reservoirs far above the Unayzah-A reservoir. 

Even so only 13 very small fractures are picked in this well. 

The overall strike of conductive fractures is NE-SW and of nonconductive fractures is N-

S. Although fractures strike NE-SW and NW-SE in WELL-K, the small reverse fault is 

oriented NNW, parallel to the steep flank of the structure supporting the hypothesis that 

the western flank is faulted. 

 

6.4 Fractures from Well Testing 

 

Out of eight wells with well testing, only WELL-I intersects a fracture zone or small 

conductive fault. All the remaining seven wells are interpreted as homogeneous matrix 

wells, which means there cannot be any fracturing or fracture corridors within the radius 

of investigation of these wells (Figure 6.10). 
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6.5 Fractures and Fault Overview 

 

No total losses were reported in wells within the Unayzah formation. The latest 

simulation runs achieved a good history match without any fractures and faults within 

Unayzah-A reservoir. The image logs, losses and well testing suggested possible faulting 

on the steep western flank of the field (WELL-K and WELL-L). The only other well with 

fracture intersection away from the steep western flank was well WELL-I on the eastern 

flank.  The overall impression is that the Unayzah-A reservoir is not a fractured reservoir. 

This may be attributed mainly to the friable nature of the eolian sands. Borehole stability 

reports indicate sand flow, which means the sand is not well cemented and hence difficult 

to fracture. The mild structural relief could also be an additional explanation why the 

reservoirs in the field are not fractured. Compared to nearby Ghawar, this field is a very 

low-lying flat structure. 

It is difficult to assess the degree of fracturing of Unayzah-C reservoir but the overall 

structural configuration of the field and the heterogeneous nature of the reservoir also 

suggest the Unayzah-C may also be devoid of fractures, except perhaps along the faulted 

steep western flank. 

One additional drawback for seismic fracture detection is the dominance of 

nonconductive fractures. Even if the Unayzah-C reservoir was highly fractured, it would 

be difficult to detect the fractures from anisotropy if the fractures are mostly cemented or 

filled with sand-clay gouge. 
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Figure 6-1- Unayzah-C anisotropy azimuth (top) and intensity (bottom) maps. 
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Figure 6-2 - Unayzah-C display of long axis of anisotropy ellipses on structural contour map.  The lower map 

shows only the sticks with the E values greater than 1. 
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Figure 6-3 - Unayzah-A anisotropy azimuth (top) and intensity (bottom) maps. 
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Figure 6-4 - Unayzah-A display of long axis of anisotropy ellipses on structural contour map. The lower map 

shows only the sticks with the E values greater than 1. 
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Figure 6-5 - Examples of curvature (top) and coherence (bottom) maps (Unayzah-A). 
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Figure 6-6 - Nonconductive fractures in Unayzah-A in WELL-H. Gray tadpoles represent bedding and pink 

tadpoles represent cemented fracture. 
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Figure 6-7- Few layer-bound conductive fractures in Unayzah-A WELL-L. Green tadpoles represent conductive 

fracture. 

 

Figure 6-8 - A nonconductive reverse fault within Unayzah-A in WELL-K. Gray tadpoles represent bedding and 

pink tadpole represents small fault. 
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Figure 6-9 - Fracture azimuths from borehole image logs in Unayzah-A 
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Figure 6-10 - Fractures and exclusion zones from well testing. 

 

6.6 Regional In-Situ Stress and Critically Stressed Fractures  

 

Drilling induced fractures from various wells consistently has a NE-SW strike (Figure 

6.11). Similarly, breakouts are oriented in NW-SE direction (Figure 6.12). Both 

breakouts and drilling induced fractures indicate a NE-SW maximum in-situ stress 

(Figure 6.13). A total of 197 induced fractures and 14 breakouts are measured. The in-

situ stress orientation from borehole image logs of the Unayzah-A wells is consistent 

with the in-situ stress orientation derived by GeoMechanics International (GMI) in 

Tuwaiq Mountain formation in the region (GMI, 2010).  GMI also compiled data on the 

magnitudes of the present day in-situ stresses. Accordingly in the WELL-A: 
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Vertical stress is Sv = 153.2 lb/ft3. 

Maximum horizontal stress is Shmax = 206.7 lb/ft3. 

Minimum horizontal stress is Shmin = 134.6 lb/ft3. 

Pore pressure is Pp = 91.0 lb/ft3. 

With these data, the field falls within a strike slip tectonic regime (Ozkaya, personal 

communication). 

Present-day in-situ stress is important for two reasons. First, fractures that are nearly 

parallel to maximum horizontal in-situ stress are more likely to be fluid conductive. The 

second reason is the connection between seismic anisotropy and in-situ stress. In the 

absence of any fractures, difference in maximum and minimum horizontal stress may 

create seismic anisotropy because of micro cracks that form parallel to maximum in-situ 

stress.   

A GMI study in different reservoirs and wells including WELL-A, WELL-B, WELL-L, 

WELL-G and WELL-J failed to show existence of any critically stressed fractures in the 

area (Figure 6.14). This means fluid conductive fractures, which are the focus of interest, 

are unlikely in this field. This in a way supports the conclusion pointed by production 

data, simulation, well tests and available borehole image logs. Since WELL-A and 

WELL-B are on the steep western flank where faults are supposed to exist, the 

conclusion by GMI is discouraging because conductive fractures are not expected even 

within the potentially faulted northern flank of the field. 
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Figure 6-11 - Drilling induced fractures. Gray tadpoles represent cross bedding and blue mark represent 

drilling induced fractures. 

 
Figure 6-12 - Breakout example. 
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Figure 6-13 - Maximum in situ stress direction from breakouts and induced fractures. 

 

 
Figure 6-14 - Stress values and analysis of critically stressed fractures (GMI, 2010). 
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6.7 Comparison of Fractures from Well Data and AVOA 

 

A combination of borehole image logs and well test data suggests there are only very 

sparse conductive fractures in the field within Unayzah-A reservoir and these fractures 

strike NE-SW. There are two or three cemented faults/fracture zones; two of which are 

located within the relatively steep western flank of the field structure (Figure 6.15).  

These faults/fracture corridors strike nearly N-S parallel to the structural trend on the 

western flank. Unfortunately, neither the intensity nor the orientation and distribution of 

AVOA anisotropy ellipses reflect the fracture data from well data. The field is almost 

devoid of conductive fractures as indicated by well testing, image logs, and simulation 

results. For the limited number of conductive fractures, fracture strike from well data has 

no agreement with strike of maximum anisotropy direction from seismic data. 

Although there is some agreement with the concentration of high anisotropy on the west 

flank of the structure, the orientation of the ellipses is NW-SE, not in alignment with the 

N-S trend of structures and small nonconductive faults. 

 

6.8 Comparison of Anisotropy with Other Seismic Fracture 

Indicators 

 

No borehole image logs or dynamic data are available within Unayzah-C reservoir to 

enable comparison of anisotropy with well data. It was therefore decided to generate 

curvature and coherence maps and compare the results with anisotropy. Coherence and 



47 

 

curvature maps were also prepared for Unayzah-A reservoir to see how these attributes 

correlate with well data. 

There was no visual or statistical correlation between ellipticity, curvature and coherence 

(Figure 6.16 and 6.17). Although there seemed to be some visual correlation between 

curvature and coherence, no statistical correlation was found.  

Both curvature and coherence maps from Unayzah-A reservoir look very similar to those 

from Unayzah-C reservoir (Figure 6.18 and 6.19). Neither the curvature nor the 

coherence maps have any correlation to borehole image data from well data that suggests 

very sparse or no fracturing in the field within Unayzah-A reservoir. 
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Figure 6-15 - Comparison of fracture data from wells (top) and AVO (bottom). The lower map shows only the 

southern lobe of the field structure. The rose diagram at the top shows the strike of conductive fractures from 

borehole images.  
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Figure 6-16 - Comparison between a) AVOA ellipticity b) AVOA ellipticity with values greater than 1, c) 

curvature and d) coherence maps. 
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Figure 6-17 - Scatter diagrams between ellipticity, curvature and coherence. 
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Figure 6-18 - Coherence maps of Unayzah-A (above) and Unayzah-C (below). 
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Figure 6-19 - Curvature maps of Unayzah-A (above) and Unayzah-C (below). 
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7 CHAPTER 7 

CONCLUSION AND DISCUSSION 

Delineating and characterizing fractures within the clastic reservoirs, Unayzah-C and 

Unayzah-A reservoirs, in Eastern Central Saudi Arabia is a challenging task to 

geoscientists. AVOA method was implemented on 3D full-azimuth broadband seismic 

data over a study area. The results were validated with available well data such as 

borehole images, well testing and production data in the Unayzah-A. For Unayzah-C, 

there were no borehole images or production data to validate the results. For that reason, 

curvature and coherence were used as alternative seismic fracture detection methods.  

The AVOA ellipticity maps portray both Unayzah-C and Unayzah-A reservoirs as highly 

fractured reservoirs. Although the orientation and distribution are different, both 

curvature and coherence attributes also predict fractured reservoirs. The well data, 

production data, and simulation results show the opposite for Unayzah-A reservoir. The 

AVOA technique has been successfully applied in many fields around the world (e.g., 

Lee et al., 2010; Gray, 2000; and Sun et al., 2012). There are also few papers on fracture 

detection by AVOA in Saudi Arabia (Neves et al., 2003; Al Hawas et al., 2003; 

Balhareth, 2009; Burnstad and Keho, 2011). It is important to understand why the AVOA 

method was not very successful in this particular case. Below we will first survey 

shortcomings of the method in general and uncertainties particular to the Unayzah 

reservoirs in the study area. 
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AVOA is an umbrella of various slightly or very different techniques and methods. The 

only common aspect of all is their starting point: usage of velocity or amplitude 

anisotropy. Different techniques have different advantages and disadvantages. The 

literature is full of papers each advocating a particular approach or how variation in some 

aspects of analysis improves fracture detection. Sayers (2007) presents an overview of 

AVOA shortcomings, which include stumbling blocks such as multiple fracture sets, 

difference between in-situ stress orientation and dominant fracture strike, fracture 

compliance and gas saturation. Sayers (2007) emphasizes that “… constraints from logs, 

borehole images, and production data are essential in interpreting measurements on 

fractured reservoirs …” 

Among the complications not mentioned by Sayers (2007), I may add the effect of 

overburden anisotropy (Liu et al., 2011), heterogeneity of the formations and 

disagreement between velocity anisotropy and amplitude attenuation (Liu et al., 2007).  

Sen et al. (2007) showed a case study where AVOA signature does not show the variation 

expected from the Cadotte formation in the Lynx field, Alberta, Canada. They suggested 

that the reason for such a behavior could be the tuning effect. The deep Falher formation 

shows an unexpected large AVOA signature that could have been transmitted from the 

upper Cadotte formation. The effects of transmission through an anisotropic overburden 

are generally ignored. Jenner (2001) concluded that the results from AVOA and 

azimuthal velocity analysis are not the same due to the impact of different characteristics 

of the subsurface geology. The AVOA has higher vertical resolution and is more 

sensitive to rock properties across the reservoir. The azimuthal velocity variation is 

affected by the bulk rock properties over a more localized vertical and horizontal extent. 
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The striking aspect of the current study is the disagreement between AVOA or curvature 

and coherence and well data.  Seismic data indicates an abundance of fracture lineaments, 

but both borehole images and production data do not support this finding in Unayzah-A 

reservoir, which according to production data and image logs, is an essentially clastic 

reservoir with only few small conductive fractures. A similar abundant fracturing is 

conveyed from seismic data in Unayzah-C reservoir. In this case, there is no production 

or image data to counter or support seismic fractures. Curvature and coherence attributes 

in both Unayzah-A and Unayzah-C reservoirs cast doubt on the validity of the fractures 

detected by seismic analyses especially if one remembers that Unayzah-C reservoir is an 

extremely heterogeneous glacial clastic deposit. 

One possible explanation that can be offered is the weakness of anisotropy in the 

Unayzah clastic reservoirs. The maximum ellipticity (anisotropy intensity) ratio is 4.21 

(421%) for Unayzah-C reservoir and it is 3.97 (397%) for Unayzah-A reservoir. Most 

values are less than 1 (weak anisotropy). Values greater than 1 are few and are confined 

to the steep western flank where few faults have been documented by image logs and loss 

of circulation and where coherence and curvature indicate some faulting. If the values 

less than 1 are eliminated (assuming it is related to background noise from seismic) then 

the method is in agreement with well data in the sense that there is no major fracturing in 

the field within the Unayzah-C and Unayzah-A reservoirs.  It is likely that in most 

locations the anisotropy is below the noise level. One sign of this is the seemingly 

random and incoherent orientations of anisotropy ellipses. 

In both Unayzah-C and Unayzah-A reservoirs the highest anisotropy intensity is located 

along the relatively steeper western flank of the field structure, which is also in 
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agreement with curvature and coherence attributes which also show maximum fracturing 

along the steep western flank of the field structure. Otherwise, there is no correlation 

between AVOA, curvature and coherence results. I see that the general strike of the 

anisotropy ellipses is discordant to the main structural trend.  

The ellipticity values greater than 1 is arbitrary and it may change with reservoir 

lithology and heterogeneity, depth, seismic data quality. There are two other possible 

explanations — besides weakness of anisotropy — for the low correlation between 

ellipticity and natural fractures: 

1. Granulation. 

2. Reservoir heterogeneity.   

Granulation seams and deformation bands are far more common in clastic reservoirs than 

open fluid conductive fracture zones. These features are filled with sand and clay gouge 

and have a lower permeability than the matrix. As such they do not impart significant 

amplitude or velocity anisotropy.  

Unayzah-C reservoir is an extremely heterogeneous glacial deposit with some shear 

bands associated with glacial advance and retreat.  Unayzah-A reservoir is a cross bedded 

eolian sandstone. The heterogeneity and cross bedding may adversely affect the seismic 

anisotropy.  For future research work, it is suggested to carefully process the input data 

using the approach by Burnstad and Keho (2011) to eliminate to some extent the 

stratigraphic effects and hence enhance the results of the AVOA method (Sayers, 2007).  
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