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ABSTRACT

Full Name : Ali Hassan Mohammed AGawas

Thesis Title  : Fracture Detection Using AzimuthaiiPave Amplitude Variation witl
Offset (AVOA) in a Clastic Reservoir, EasteZentral Saudi Arabia

Major Field : Geophysics
Date of Degree: May 2015

The late Carboniferous clastic Unayz@heservoirin Eastern Central Saudi Arabia is a
potential deep, low porosity, possibly fractured reservoir. It is a challenge for the
geoscientist to map the top ahdttomof the UnayzafC reservoirdue to low signato-

noise ratio (SNR) and limited bandwidth iretbonventional 3D seismic data. A related
challenge is to delineate and characterize fracture zones within the Ui@yesérvoir

To overcome those challenges, 3D fag¢imuth broadband seismic data were acquired
using point receivers, low frequency sweelown to 2 Hz, and-Bm patch geometry.

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

data, which lead tonproved mapping of the tagf the UnayzafC.

Sincethe new dataset hasctangulampatch geometry withull inline offsets to 6000 m,
amplitude variation with offset and azimuth (AVOA) may be effective to delineate and
characterize fracture zones withimayzahA and UnayzalC reservoirs The current
study was undertaken to determitie improvement of wide azimuth seisndata in
fracture detectionespecially in clastic reservoirs. For this purpose, the results were
validated with available well data including borehole images, well testing and production

data inthe UnayzahA. There are no production data or borehole images witkie

Xi



UnayzaRkC, and for validation we had to refer to a comparison of alternative seismic

fracture detection methodsainly curvature and coheresmc

Anisotropy was found to be very wea both reservos, withan ellipticity ratio of less

than 1 which may be due to noise, clastic lithology and heterogeneity of the reservoirs.
Only afew locations havan ellipticity ratio of more than 1, which are located along the
western steep flank of the study ar@&ese may correspond to sorpetential NS
trending faults suggested by circulation loss and Hmesimage data in few wells h&
orientation of the ellipses is N\BE and is not in agreement with theS\structural trend.

No correlation was found betweenrvature, coherence and AVOA in Unayzalor
UnayzaRC reservoirsSome possible explanation for the low correlation between AVOA
ellipticity and natural fractures are noisy dataset, overburden anisotropy, reservoir

heterogeneity, granulation seams agetbdmation.
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CHAPTER 1

INTRODUCTION

Open fractures in low porosity media have a signifieafittence 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 charagzation of tightreservoirso optimize drilling locations

and plan futurdield 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 Amplitud
Variation with Offset and Azimuth (AVOA) technique in a dessgated clastic reservoir

in a gas field in Eastern Central Saudi Arabia.

One of the challenging tasks imayzahkC fractureevaluation is to map the top of these
low permeability and low pordy sandstones due to low sigrtatnoise ratio (SNR) for

very deep reflections in the seismic section. A related challenge is to delineate and
characterize open fracture zones within theayzahkC reservoirto optimize drilling
locations.Conventional naow azimuth 3D seismic data used in the past have failed to

resolve these issues due to limited bandwidth and low SNR from contamination by



interbed and surfaegenerated multiplegarticularly for the deepargetedUnayzahC
reservoir in the study aredn addition, the lack of fulazimuth information in the
conventional seismic data has limited the analysis of fracture detection techniques such as
AVOA. Now a new 3D fuHazimuth broadband seismic dataset is available and our study

is based on this nevath.



CHAPTER 2

SEISMIC FRACTURE PREDICTION

There are several techniquies indirectly extracting fracture information from seismic
such as measuring sheaave (S-wave) splitting, AVOA, azimuthal variations in
primarywave E-wave velocity, and poststack techniques such as coherence and
curvature analysis. Historically, seismic fracture prgdn has concentrated onvw&ve

data. The first to describe-®ave splitting caused by fractures from earthquake data was
Crampin et al. (198). Alford (1986)studied Swave splitting and concluded that when
processing Svave data, azimuthal anisotropy should be taken into consideration to
enhance data quality. He demonstrated that when -a@av8 propagates through a
fracture, it splits into a fast -ave parakl to the fracture and a slow-v&ave
perpendicular to the fracture, referred to awave splitting. Many studies of-Bave
splitting have been done onviave data for fracture analysis (e.g., Lynn and Themmns

1990; Lefeuvre et al., 1992; Thomsen etE95).

Unfortunately, recording and processingv8ve data is significantly more complicated

and expensive than the acquisition eivRve dataBesides, the Svave does not transmit
through fluid mediatherefore;they are not usable in offshore field skslunless an
ocean bottom cable (OBC) survey is useédr these reasons, the use ev®ve seismic

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

studies have been published on fracture analysis usimayve daa (e.g., Thomsen, 1986;



Riger and Tsvankin, 1997; Ahuhail, 1998; AHawas et al., 2003; Abhuhail, 2004;

Al-Shuhail, 2007Al-Dajani, 2008; Balhareth, 2008]gahtani and AlShuhail, 2013).

A combination of different techniques is the best approactadbieving confidence in
predictingfractures (Figure 2.1) sindBere is no particular technique that works best all
the time (Treadgold et al., 2008).-Marzoug et al. (2006) shad a large variation in
AVOA and a small azimuthal variation inWave véocity on two case studiga Saudi
Arabia They concluded that AVOA is more reliable than azimuthal variationsvita

velocityfor predicting anisotropy related to fracture presence.

_..Q,\s&,x :

Cu rvatu re

NI T

Coherence

Figure 2-1 - Combination of different techniques to predict fractures (Treadgold et al, 2008).



2.1 Amplitude Variation with Offset (AVO) Technique

When an incident #vave encounters an interface between two layers, a portion of its
energy is reflected and the rest of #mergy is transmitted to the lower medium. The
incident Pwave generates four different waves at the interface. These are reflected and
transmitted Rvaves and reflected and transmittedv@ ves ( Fi gurlaw 2. 2) .
explains the angles of differemtavegenerated modes as a function of their velocities.
Zoeppritz (1919) derived equations to explain the amplitudes of differentgemerated
modes as functions of theiriPave velocity, Svave velocity, density, angle of incidence,
angle of reflectionand 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. | willbe discussing only the reflectedaave case in this study.

For a normal incidence-Rave, Zoeppritz equation for tiiewavereflection coefficient
2 between two layers of densitiss andm and velocities and6 of the first and

second layer resptvely is simplified to:

2 — (1.1)

In the case of nenormal incidence, the Zoeppritz equasdiecomevery complicated.
The complexity of the Zoeppritz equations has resultednnmber of approximations
suchas thosaleveloped byAki and Richards (1980), Ostrander (1984) and Shuey (1985)

to simplify the relationship between the reflection coefficient and angle of incidence.



Aki and Richards (1980) simplifiethe Zoeppritz equation by assuming a small change
in elastic properties across the interfdmetween two layers and assuming that the
incidence angle was less than the critical an@lbe Aki and Richards(1980)

approximatiorbecomes

2 -p 1T—0Ej] — — — 1—0Ef — (1.2
where
36 6 6
36 6 6
M M M
6 6
6
C
6 6
6
C
M M
M
C
and
I
8
I q

Shuey(1985) modified Aki and Richards (1980) equatimnexpressing the properties in
terms of Poi s s onfAandsf dhisi led toa 3t er m Shueyds appr ox

Zoeppritzequations:



2] 2 "OEfj &OA] OE] (1.3)
where

2 - — — (1.4)
describeghe variation of reflection amplitudes at normal incidefice 0°)-

2 — (1.5)
describes he variation of reflectioO30)amplitudes
where

et oep Y — (1.6)

J ,-y j -~ (L7
and

& -— (1.8)

describeghe variation of refiction amplitudes at offsets approachthg critical angle.
Shueyfurthersimplified this approximatiorby assuming that the offset is smallewhthe

angle of incidences less than 30° so the third term (F) vgt to zeroleading to

2] 2 ' OE]| 1.9



This equation is called the AVO equatié@n. is called the AVO intercept aridis called
the AVO gradient. The AVO equation explains the amplitude variation with offset for an

isotropic medium.

Reflected P-wave

]
|
1
|
|
|
1
|
Incident P-wave | Reflected S-wave
|
o

Transmitted P-wave

1
|
I
I
1
|
|
|
1 Transmitted S-wave
|
|
|
1
|
|
|

Figure 2-2 - Reflected and transmitted waves generated by an incident\wave.



2.2 Amplitude Variation with Offset and Azimuth (AVOA)

Technique

For an anisotrdp medium, the AVO equation (1).8as to be reformed to account for the
effect of anisotropy. Rigemnd Tsvankin1997) indicated that the effect of fractures will
be seen in the AVO gradient, but will not impact the AVO intercepty Teformed the
AVO equation (1.9to compute AVOA as:

2fm 2 AT & 1 OE]f (1.10
for angles of incidence lssthan or equal to 30%here 2 [ is the reflection
coefficient as function of incidence angle andthe sourceeceiver azimuthin , 2 is
the AVO intercept’' is theisotropic AVO gradient and is anisotropicAVO
gradienty is the azimuth perpenlilar to the fracturdirection
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 anothdfigure 2.3 illustates the impact of a fractured
reservoir over AVO and AVOA on the stack response (Williams and Jenner, 2002).
Figure 2.4illustrates the effect of aligned fractures on the elasticity and reflectivity of a
medium and clarifies the 2D AVO and AVOA conceptialf et al., 2002). To clarify the
concept of AVOAfurther, Figure 2.5 showsVOA 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).



-0.02

-0.04

Incidence angle (°)

Figure 2-3 - The amplitude response versus incidence angle for a particular carbonat&arbonate interface.
When wave propagation direction is parallel to the factures or if both layers are nonfractured 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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a)

Preferentially aligned i
vertical fractures T

slower seismic velocities

<—Offset —>

Azimuthal anisotropy

Velocity variations
with azimuth Ryp(0) = A + Bsin 20 + Csin 20 tar?

Amplitude Yariation with
offset and Azimuth (AVOA)

&9(9.(’) = A+ (B + Dcos2¢)sin?0 +
(C + Ecos2¢ + F cos4¢)sin?0 tan?0

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 dafa at top reservoir for a CDP gather (Nevesteal.,
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. perform the ellipse fitting technique, wation
(1.10) has to be modified using the polar coordinate system. Jenner (2002) obtained the
following from equation (1.10):

2[m 2 7 AT O® ¢7 AIn@BEl 7 OEH OEf (@(1.1m)
where the three coefficien® h7 and7 represent an azimuthally varyifg/O
gradientellipse andh is the sourceeceiver azimuthThen equation (1.10) and (1.11) are

related as follow (AMarzoug et al., 2006):

12



r OAIl (1.12)

' -7 7 7 7 17 (1.13)

' -7 7 7 7 17 (1.14)

wherer is the minimum gradient () azimuth from zero azimuth (north direction),

represents the major ellipse axis and represents the minor ellipse axiEgure

2.6).

Now we can measure the ellipticity (Eyhich is the measure of anisopy that could be

related to the presence of fractures by the ratio:

% — (1.15)
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Figure 2-6 - The AVOA curve-fitting technique.

2.4 Other Seismic Technigues

Coherence and curvatuedtributes are produced from petack 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 decreasesgnificantly 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

14



CHAPTER 3

METHODOLOGY

3.1 Workflow

The top of thdUnayzahC reservoir is mapped using the newly acquired 3Ddaimuth
broadband seismic dat@he mapped surface is used in the AVOA analisidetermine
areas of high fracture potentiddrea. The resudt achieved through theAVOA

methodologyshould constrain the existence of fractures away from well control.

The UnayzakC reservoir was never mapped directly using the original conventional 3D
seismic data due to contamination from interbed multiplestdombandwidth, 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 refleatas 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 fulazimuth brodband 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-daghity wavefield
sampling to 12.5 m, low frequency sweefsvn to 2 Hz, and fulazimuth offsets to

6000 m in a fullazimuth patchPecholcs et al, 2012; Wallick and Giroldi, 2018he
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acquisition parameters were designed to enhance imaging of the subsurface data and to
reveal reservoir properties informatiomhe symmetric sampling of the data is
appropriate for offset vector tile (OVT) sortiiGary, 1999; Vermeer, 2002\hich was

used in the processing workflow to preserve azimuthal informatidmeifPteStack Time

Migration (PSTM) gathers for AVOA analysi

3.2 Presentation of Results

The AVOA technigue was applied tdnayzahC and UnayzahA reservoirs and the
results are premted as three fundamental maps:

1. Ellipse long axis as sticks

2. Anisotropy ratio agolor code

3. Anisotropy aientation as color code
The results are also displayeoh 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 dake two main parameteovided 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 validateoarpy 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 canebcorrelated withseismic anisotropyOzkaya personal

communicatiop Wells with homogeneous matrix interpretation cannot have fractures
within the radius of investigation. Initial productivity index is among several other

fracture indicators and can berrelated with seismic anisotropy.

Unfortunately, image logs and dynamic data are available only fronUtiagzahA
reservoir, which is the main producingservoir,andlittle or no well dataare available
from the UnayzalC reservoir Thereforejt was decided to correlate fracture anisotropy
results with other seismic fracture indicators such as curvature and ce@heraicthe
reservoir zoneThe primary objective of coheremand curvature is detection of faults,
but becausefaults are often assote 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, anisotropipyan overlay of homogeneous matrix
wells from well tests for the Unayzah reservoir. Comparative maps were prepared
showing curvature and coherence maps along with anisotropy maps for Uayzah
reservoir. In addition to maps, the long axis of anisgteppses were extracted and rose
diagrams were prepared to compare with the actual fracture rose diagrams from borehole

image logs.
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CHAPTER 4

GEOLOGICAL SETTING

4.1 Reservoir Description

In Eastern @ntral Saudi Arabia, the late Carbonifer@assly Permia Unayzah
Formation is underlain by rocks of the Devonfaarboniferous Jubah Formation and
overlain by the Permdriassic Khuff Formation (Melvin and Sprague, 2006). The
UnayzahFormation 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 theikiimeff unconformity (Melvin and
Sprague, 2008ylelvin and Norton, 2013). ThenayzahFormation is widespread in the
GreaterArabian basin andis subdivided into four members from oldest to youngest:
UnayzahC member,UnayzahB member, Unnametdnayzahmember andJnayzahA
member (Melvin and Sprague, 2006, Melvin et al., 2010). All four members of the
UnayzahFormation in the subsurface are bounded by depositional hiatuses (Melvin and
Norton, 2013). In this thesis, | only focus on theayzahFormation overl study area in
Eastern Central Saudi Arabia.

In the studyarea (Figure 4.1xhe UnayzahC member is amprised of quartcemented
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 showthat theUnayzakhC memberis underlain nconformably by the
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Silurian Qusaibanemberof the Qalibah Formatioand overlain unconformably by the
PermianUnayzahA member (Melvin and Sprague, 2006). Following the glacial retreat
phase, several phases of glacial advances, retreats, -addareces fothe 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 didtieat sonegMelvin et al.,
2010;Melvin and Norton, 2013). According to Melvin and Sprague (2006) and Melvin et
al. (2010), the distinctive stftoorizontal shear zones in thénayzahC member have
been observed in caén several wells in Central Saudi Arabia andga 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 OhtnezahC
member may act to compartmentalize hydrocarbon within thervais (Melvin and
Norton, 2013).UnayzahC memberappears aa poorly bedded and very heterogeneous
unit on borehole imagegs (Figure 4.3)

The UnayzahA member is very different from the glacial deposits WrfiayzakC
memberand consists mainly of crogdded eolian dune sandstonekich grade to fine
grained ephemeral lake sedimtge towardthe south (Melvin et al. 2010; Wallick and
Giroldi, 2013). Unayzal® memberis divided into two suunits. The lower unit is
mainly sandstone deposits in fluviagastal plain grading to estuarine or shallow marine
depositional envirament. The Upper unit is mainlyokan sandstoneFigure 4.2 shows

that theUnayzahA memberis underlain unconformably by the Carboniferdirsayzah

C memberand overlain unconformablipy the margial marine basal Khuff clastics.

UnayzahA membercross bedding is very clear on borehole imiaggs (Figure 4.4)In

19



contrast toUnayzahC membey UnayzahA memberis very well beddedUnayzahA
member is the main reservoir in thigld. Currently all the gas production is from
UnayzahA memberand hence all image logs, well tests and other dynamic data are

confined toUnayzahA member.

4.2 Structural Setting

The study areas a small field at the SE corner tife giantGhawarfield. The field
produces from clastic reservoithayzahA and UnayzahC, but mainly in the Unayzah
A reservoir Thefield structure is an asymmetranticline,with a steeper western flank.
Tectonic evolution based on flattened seismic profiles demorsstisethere were at
leastthreephases of deformation: one in Afauff times one in Late Cretaceouand
one in LateTertiary (Figure 4.5). The field consists of two dest@ped lobes. Thaain

structural high is in theosith, which is the focus of thisehis (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 - UnayzahC 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 UnayzakA from borehole image log of WELL-I. Dominant cross bedding azimuth
is N10OE.
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Figure 4-5 - A-EW seismic profile through the field. B Cross section flattened at ArabD level.

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

SEISMIC DATA ACQUISITION

In 2010, fullazimuth broadband 3D seismic data were acquired avgas field in
Eastern Central Saudi &bbia The acquisitiorsurvey design geometry was orthogonal
with high-density wavefield sampling, point receivers, full azimutind a vibrseis
sweep from 2Hz to 94 Hz The spacing of source and receiver limes 125 m The
spacing of source and receivgroup interval was 12.5 m.The patch consisted of 48
receiver lineswith maximum inline and maximum crosslira#fset of 6,000 m. The
surveyresulted in 46,080 channeds 960 channels per receiver liaea sample rate cof
ms with a recordlengthtime of 6 secand a normal fold of 9,216.Table 5.1 listshe
detailed acquisition parameters for the suraeyg Figure 5.1 ows the survey layout.
More information about the acquisition can be found in Pecholcs et al. (20aRick 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 achievthe samemaximumoffset in all azimuthgFigure 5.3 and 5.4).
This is an essential step to &lerrors in computing the fracture orientation and intensity

due to uneven offset vs azimuth distribution.
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Table 5.1 - Survey Acquisition Parameters.

WASL1 Single Sensor 3C5ymmetricSplit

Spread type Spread
Number of active receiver lines 48
Number of active stations per receiver ling 960
Number of traces 46,060
Distance between source lines 125m
Distance between receiver lines 125m
Source station interval 125m
Receiver statiointerval 125m
Inline offset
Maximum offset + 6000 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 4ms
Recordength, uncorrelated 18sec (12 sec sweep + 6 sec listen)
Recordength, correlated 6 sec
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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.
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CHAPTER 6

RESULTS AND VALIDATION

In this chapter, the results from aniggy analysis are presented amampared with
curvature and@¢oherencen UnayzahC reservoir and withmage log and well test data in

UnayzahkA reservoir

6.1 Results

Anisotropy azimuth and intensity are presentedasr-codedmaps in Figure 6.%or
UnayzaRC reservoir. The long axis of the anisotropy ellipse is displayeal structural
contour map for Unayza@ reservoir inFigure 6.2 forall ellipses and for only the
highest anisotropy intensity (values greater than 1). The same maps are digplayed
Figures 6.3 and 6.4 fonayzahA reservoir. The maximum ellipticity (aragopy
intensity) ratio is 4.21 (421%) for Unayz&h reservoir and it is 3.97 (397%) for
UnayzahkA reservoir. Curvature and coherence attributes were also extracted for both
UnayzahRC and Unayzat®\ reservoirs for comparison and validatipanrposes (Figure

6.5).

In both UnayzalC and UnayzatiA reservoirs the highest anisotropy intensity is located
along the relatively steeper western flankleef field structureOrientation of the ellipses
looks very chaotic in both reservoirs. A key question to answenows 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, after that we compare owature and

coherence attributes with AVOA analysis in Unaygaheservoir.

6.2 Timing and Types of Fracturing and Faulting

Only one or two image logs cover some section of Unagzabservoir, and no fractures
could be identified. Image log coverage and amall the fractures detected are in
UnayzahkA 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 sauBneGranulation 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 lraehares
(Figure 6.7). The cemented fractures may belong to ¢laely Paleozoic or Cretaceous
deformation pulses and the open fractures belong to the Late Tertiary Zagros orogeny.

A reverse fault was interpreted within Unayzalreservoir inWELL-K (Figure 6.8).

Total losses were encountered in WELLwithin Jilh anda reverse fault was inferred
which extends down to Unayz&hreservoir The pesence 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 fivasformed. It is also possible that
compression and reverse faulting was reactivated during the Late Cretacee8& NW

Oman compression.
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6.3 Fractures from Borehole Images

Image logs are available only from vertical wells and very few fracturesnaintered

in these logs. There are a total of 23 fractures in 7 wells (FiguyeTev® 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 layed b@ctures in only two
wells (WELL-L and WELL-H). Fractures in WELA are not included since the few
fractures intersected are within carbonate reservoirs far above the Uifayeaérvoir.

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

The overall strike of conductive fractures is &V and of nonconductive fractures is N
S. Although fractures strike NEW and NWSE in WELL-K, the small reverse fault is
orientedNNW, parallel to the steep flank of the structure supporting the hypothesis th

the western flank is faulted.

6.4 Fractures from Well Testing

Out of eight wells with well testing, only WELL intersects a fracture zone or small
conductive fault. All the remainingevenwells are interpreted as homogeneous matrix
wells, which means #re cannot be any fracturing or fracture corridors within the radius

of investigation of theseells (Figure 6.0).
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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 good history match without any fractures and faults within
UnayzahkA reservoir. The image logs, losses and well testing suggested possible faulting
on the steep western flank of the field (WEKLand WELL-L). The only other well with
fracture intersectiomway from the steep western flank was well WHL&n the eastern
flank. The overall impression is that the UnayZaleservoir is not a fractured reservaoir.
This may be attributed mainly to the friable nature of the eolian sands. Borehole stability
repors indicate sand floywhich 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 felekig

low-lying flat structure.

It is difficult to assess the degree of fracturing of UnayZafteservoir but the overall
structural configuration of the field and the heterogeneous nature of the reservoir also
suggest the Unayzab may also be devoid dfactures, except perhaps along the faulted

steep western flank.

One additional drawback for seismic fracture detection is the dominance of
nonconductive fractures. Even if the Unayfameservoir was highly fractured, it would
be difficult to detect ther&ctures from anisotropy if the fractures are mostly cemented or

filled with sandclay gouge.
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Figure 6-1- Unayzah-C anisotropy azimuth (top) and intensity (bottom) maps.
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Figure 6-2 - UnayzahC 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 - UnayzahA 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).
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Figure 6-6 - Nonconductive fractures in UnayzahA in WELL -H. Gray tadpolesrepresent bedding and pink

tadpoles represent cemented fracture.
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Figure 6-7- Few layerbound conductive fractures in UnayzahA WELL -L. Green tadpoles represent conductive
fracture.

B E WD . 90

Bedding

Small Fault

UNZ-A

3 feet

Figure 6-8 - A nonconductive reverse fault within UnayzahkA in WELL -K. Gray tadpoles represent bedding and
pink tadpole represens small fault.
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Figure 6-9 - Fracture azimuths from borehole image logs in Unayzalh
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Well Test: homogeneous
matrix no fractures.

Small faults from well tests.

Figure 6-10- Fractures and exclusion zones from well testing.

6.6 Regional In-Situ Stress andCritically Stressed Fractures

Drilling induced fractures from various wells consistently has aS\¥Estrike (Figure
6.11). Similarly, breakouts are oriented INVWWNSE direction (Figure 6.2). Both
breakouts and drilling induced fractures indicate a-NE maximum insitu stress
(Figure 6.8). A total of 197 induced fractures and 14 breakouts are measured.-The in
situ stress orientation from borehole image logs of the Unakzalells is consistent
with the insitu stress orientation derived by GeoMechanig®rhational (GMI) in
Tuwaiq Mountain formation in the region (GMI, 2010GMI also compiled data on the

magnitudes of the present daysitu stresses. Accordingly in the WEIA:
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Vertical stress is\S= 153.2Ib/ft3.
Maximum horizontal stress isu&w= 206.7 Ib/ft.
Minimum horizontal stress is\&n = 134.6 Ib/ft.
Pore pressure is Pp = 91.0 IB/ft

With these data, the field falls within a strike slip tectonic regi@ekaya personal

communication).

Presentday insitu stress is important for two ress. First, fractures that are nearly
parallel to maximum horizontal 4situ stress are more likely to be fluid conductive. The
second reason is the connection between seismic anisotropy -aitd stress. In the

absence of any fractures, difference inxmmum and minimum horizontal stress may
create seismic anisotropy because of micro cracks that form parallel to maxipsiim in

stress.

A GMI study in different reservoirs and wells including WER, WELL-B, WELL-L,
WELL-G and WELLJ failed to show exishce of any critically stressed fractures in the
area (Figure 64). Thismeans 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 testand available borehole image logs. Since WHALland
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 northeftank 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.
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Figure 6-12 - Breakout example.
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Figure 6-13- Maximum in situ stress direction from breakouts and induced fractures.
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Figure 6-14- Stress values and analysis of criticajl 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 Unayaateservoir and these fractures
strike NESW. There are two or three cemented faults/fracture zones; two of wiich a
located within the relatively steep western flank of the figidicture (Figure 65).

These faults/fracture corridors strike nearlySNparallel to the structural trend on the
western flank. Unfortunately, neither the intensity nor the orientatidndastribution 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, fracitrike 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-SB/ not in alignment with the

N-S trend of structures and small mamductive faults.

6.8 Comparison of Anisotropy with Other Seismic Fracture

Indicators

No borehole image logs or dynamic data are available within Undyzadservoir 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
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curvature maps were also prepared for Unay&ateservoir to see how these attributes

correlate with well data.

There was no visual or statistical correlation between ellipticity, curvature and coherence
(Figure 6.5 and 617). Although there seemed to be sowisual correlation between

curvature and coherence, no statistical correlation was found.

Both curvature and coherence maps from Unayxabservoir look very similar to those
from UnayzakC reservoir (Figure 6.18ard 6.19. Neither the curvature nor the
coherence maps have any correlation to borehole image data frooateethasuggests

very sparse or no fracturing in the field within UnayZareservoir.
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Well Test: homogeneous
matrix no fractures.

Very few and small conductive
fractures.

Small faults from well tests.

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 Unayzath (above) and UnayzakC (below).
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