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Abstract— In this study we present a step-by-step theoretical

modelling approach, using established seismic wave propagation

theories in anisotropic media, to generate unique anisotropic

reflection patterns observed from three-dimensional pure-mode

pressure (3D-PP), full-azimuth and full-offset seismic reflection

data acquired over a naturally fractured tight carbonate field,

onshore Texas, USA. Our aim is to gain an insight into the internal

structures of the carbonate reservoir responsible for the observed

anisotropic reflection patterns. From the generated model we were

able to establish that the observed field seismic reflection patterns

indicate azimuthal anisotropy in the form of crack induced shear-

wave splitting and variation in P-wave velocity with offset and

azimuth. Amplitude variation with azimuth (AVAZ) analysis also

confirmed multi-crack sets induced anisotropy which is character-

istic of orthorhombic symmetry, evident as multiple bright and

dim-amplitude azimuth directions as well as complete reversal of

bright-amplitude to dim-amplitude azimuth direction as the angle

of incidence increases from near (B15�) to mid (C30�) offsets.

Finally, we fitted the generated P-wave velocity into an ellipse to

determine the intensity and orientation (N26E) of the open crack

set as well as the direction of the minimum in situ stress axis

(N116E) within the reservoir. The derived information served as

an aid for the design of horizontal well paths that would intercept

open fractures and ensure production optimization of the carbonate

reservoir, which was on production decline despite reservoir

studies that indicate un-depleted reserves.

Key words: Full-offset, crack orientation, azimuthal aniso-

tropy, birefringence, bright and dim azimuth directions.

1. Introduction

Fractures with horizontal offset or thosewith small

vertical offset (\1/4 seismic wavelength) are poorly

resolved if at all detected on seismic records (Childs

et al. 1990). Seismic azimuthal anisotropy analyses

offer methods of delineating the orientation and the

intensity of these vital structural elements based on

P-wave polarization and S-wave splitting in azimuth-

ally anisotropicmedia, where the shear wave splits into

twomodes, the fast (S1) and slowmodes (S2) (Crampin

1981, 1985; Schoenberg and Sayers 1995; Tsvankin

2005; Grechka et al. 2007). The direction of polariza-

tion of the fast mode corresponds to the fracture strike

and the delay between S1 and S2 indicate the degree of

anisotropy (Yardley and Crampin 1991). These

underlying seismic properties enable indirect mapping

of micro-fractures whose detection and characteriza-

tion offer important information needful for well path

design, aiming at intersecting a larger number of per-

meable fractures, so sweep efficiency and hydrocarbon

recovery are improved (Finkbeiner et al. 1997; Bates

et al. 1999; Tsvankin and Grechka 2011).

The fundamental theories governing the propa-

gation of seismic waves in anisotropic media with

emphasis on velocities and polarization of plane

waves have been discussed by Musgrave (1970),

Helbig (1994), Schoenberg and Helbig (1997) and

others. Crampin (1984) established that most geo-

logic formations possess a certain degree of

anisotropy which can be classified into different

symmetry classes based on the structure of their

elastic stiffness tensors and the number of indepen-

dent components of the tensors (Thomsen 1986;

Tsvankin 2001; Tsvankin and Grechka 2011). Hori-

zontal layering in sedimentary rocks has been
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described to generate layer anisotropy known as

vertical transverse isotropy (VTI) (Hornby et al.

1994) while aligned vertical cracks would induce

horizontal transverse isotropy (HTI) (Tsvankin and

Grechka 2011). The occurrence of set (s) of stress-

induced aligned vertical micro cracks within hori-

zontal layered sedimentary formations would

combine layer-induced VTI and fracture-imposed

HTI to generate orthorhombic anisotropy (Fig. 1).

This will presents three mutually orthogonal mirror

planes of symmetry (Schoenberg and Helbig 1997),

but different principal axes. Orthorhombic symmetry

is defined by nine independent elastic tensors, six of

which are diagonal and the remaining three off

diagonal (Thomsen 2002). The Voigt elastic stiffness

matrix for VTI, HTI and Orthorhombic symmetries

are presented in Eqs. 1, 2 and 3.

VTI

Cmn ¼

C11 C11� 6C66 C13 0 0 0

C11� 6C66 C11 C13 0 0 0

C13 C13 C33 0 0 0

0 0 0 C55 0 0

0 0 0 0 C55 0

0 0 0 0 0 C66

2
6666664

3
7777775

ð1Þ

HTI

Cmn ¼

C11 C13 C13 0 0 0

C13 C33 C33� 2C44 0 0 0

C13 C33� 2C44 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C55 0

0 0 0 0 0 C55

2
6666664

3
7777775

ð2Þ

Orthorhombic

Cmn ¼

C11 C12 C13 0 0 0

C12 C22 C23 0 0 0

C13 C23 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C55 0

0 0 0 0 0 C66

2
6666664

3
7777775

ð3Þ

An oil-producing field located onshore western

Texas, in the United States of America which has

been producing from a naturally fractured, less por-

ous and permeable tight carbonate reservoir has

recently been experiencing production decline despite

reservoir analyses that suggested that the reserve is

un-depleted. The field production history also indi-

cates economically sustainable yield from some wells

which were thought to have intersected networks of

high-density macro-cracks. This background infor-

mation led to an initial study aimed at delineating the

high-density fracture network as well as determining

the orientation of the aligned macro-cracks for the

purpose of designing horizontal wells that will

intersect most of them.

This study presents the step-by-step modelling

approach adopted to establish the occurrence, orien-

tation and density of the stress-induced cracks in the

carbonate reservoir using the various established rock

physics models which indicate seismic wave propa-

gation patterns in anisotropic media. First, the

procedure for generating background isotropic mod-

els for the shale cap rock and the underlying

carbonate reservoir using P- & S-wave velocities and

densities derived from the specially processed azi-

muth sensitive data is presented. Thereafter, the

processes of building in layer-induced VTI into the

background isotropic shale and carbonate models

using the Thomsen anisotropic parameters obtained

by inverting the field data is also highlighted. The

gradual injection of two sets of stress-induced aligned

vertical penny-shaped cracks of different orienta-

tions, densities and aspect ratios into the already

established VTI carbonate model using Hudson

classic equivalent medium theory was conducted and

the resulting azimuth sensitive seismic reflection

patterns after fluid injection using Brown and Kor-

ringa model are presented).

Figure 1
Orthorhombic model due to aligned vertical fractures embedded in

horizontally layered medium (Tsvankin 2001)
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2. Geology of the Study Area

The study area is located in the Texas arm of the

Permian Basin which consists of Delaware, Central

Basin Platform and Midland sub-basins. It is an

onshore field situated in the western part of Texas in

the United States of America (Fig. 2). The geological

history of Texas is recorded in different rock expo-

sures scattered throughout the state; these records

indicate that Texas has undergone a long and

dynamic geological evolution, which includes mag-

matic episodes, structural deformation, and

sedimentary processes (Ross 1970). Different oro-

genic events, including those associated with the

collision and separation of the North American tec-

tonic plate and the African-South American plates as

well as some mountain building episodes (Grenville

orogeny of eastern North America) helped to shape

and generate many structural features (Dawin 1991).

These features include buried basins, structural highs

and sedimentary accumulations that host Texas’ lar-

gest hydrocarbon reserves (Darwin 1991). The

different tectonic events also resulted in a series of

structural deformation of the North American conti-

nental plate around the state of Texas and environs.

The structural deformation generated basin subsi-

dence, rifting, crustal uplift, thrusting, fold belts,

mountain ranges and other structural signatures seen

throughout the state (Adams 2003; Montgomery et al.

2005). Figure 2 is a geological map of Texas showing

different geological events within the state.

Different potential sources of hydrocarbon gen-

eration exist within the thick sedimentary units

deposited during the Paleozoic to recent; the promi-

nent source is the organic rich calcareous and shaly

limestone. The shale known as the Eagle Ford Shale

in some of the basins is the main source of hydro-

carbon generation in most part of Texas. The shale is

Cretaceous in age and up to 122 m (400 ft) thick.

Some parts of the shale units contain up to 70%

carbonate content (Ball 1995). Oil and natural gas

have been found to be hosted in a variety of rocks

within the state. Ball (1995) indicated that the

reservoir rocks within the basin are usually porous

limestone, dolomite, dolomitized mudstone and

wackestone, and smaller amounts of fine-grained

clastics which are frequently associated with evapo-

rates. The carbonate rocks were deposited on

platforms and at platform margins, and are naturally

of low porosity and permeability. However, reservoir

Figure 2
Geological Map of Texas State (Source: Bureau of Economic Geology, The University of Texas at Austin; www.beg.utexas.edu 2016)
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quality is enhanced by fracturing, dissolution and

selective dolomitization which increased porosity and

permeability to 12% and 18 millidarcies, respectively

(Ball 1995).

3. Data Acquisition and Processing Techniques

for Anisotropy Preservation

The initial investigations led to the acquisition of

new sets of full-azimuth full-offset 3D PP seismic data

by WesternGeco. The data were acquired using a

vibroseis source and WesternGeco UniQ integrated

point-receiver Geophone Accelerometers (GAC). The

receivers consisted of 1-C accelerometers which were

laid in parallel lines at a line spacing of 300 m and

receiver points spacing of 6 m. The source lines were

370 m apart with 60 m spacing separation. The

source—receiver pattern enabled the acquisition of

symmetric, full fold, long-offset azimuthal data capable

of preserving both transverse and azimuthal isotropy

necessary for anisotropic analysis in this study.

The acquired data were specially processed using

offset-vector-tile azimuthal Prestack depth migration

(OVT-PSMD) to preserve velocity variation with

azimuth as well as other azimuthal anisotropic

information (Calvert et al. 2008). This is essential

because the convectional time migration method

assumes an isotropic symmetric media where velocity

is invariant with orientation. Thus the Taylor series

expansion of the ray-traced two-way travel time is

truncated after the second-order term to estimate the

hyperbolic P-wave normal-moveout (NMO) (Taner

and Koehler 1969). However, while this approxima-

tion is sufficient to handle the hyperbolic moveout

equation for short offsets of a homogeneous isotropic

plane layer with zero dip and offset-depth ratio\1, it

is insufficient for anisotropic media and long offset

data with offset-depth ratio[1, such as required for

this study (Alkhalifah and Tsvankin 1995; Tsvankin

and Thomsen 1994).

Finally, the processed data (Fig. 3) were inverted

to extract parameters such as interval velocities

(VINT-FAST and VINT-SLOW) in the fast and slow

Figure 3
Offset vector tile (OVT) Prestack depth migrated PP- gathers
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directions, azimuth of the fast and slow directions,

interval anisotropy, percentage anisotropy, Thomsen

anisotropic parameters and other information neces-

sary to achieve the study’s objectives.

4. Methods

The direct interpretation of anisotropy from seis-

mic data is difficult because defining the nine

independent orthorhombic elastic constants is chal-

lenging. An indirect method of defining the Earth

model which generated the observed seismic

responses offers a relatively simpler method of

obtaining credible information about the crack net-

work, orientation and density of a naturally fractured

reservoir. This approach involves establishing the

background transverse isotropic model and thereafter

iteratively updating the model until the azimuthal

anisotropy observed in the field data is obtained. The

modelling exercise was performed in three stages.

First, background isotropic Earth models for the shale

cap rock and the underlying carbonate reservoirs

were constructed. Then layer-induced VTI was built

into the background models using the Thomsen

(1995) anisotropic parameters. Dry aligned vertical

penny-shaped ellipsoid cracks sets were injected into

the carbonate reservoir model to generate

orthorhombic symmetry. Finally, the dry crack sets

were saturated with formation fluid in order to model

the field scenario. Several existing rock physics

models capable of generating elastic stiffness tensors

for both transverse and azimuthal anisotropy were

employed using rock unix (RU) codes developed by

the Edinburgh Anisotropy Project (EAP) unit of the

British Geological Survey (BGS) in Edinburgh. The

RU code was developed from existing basic rock

physics theories and it runs on Seismic Unix (SU) in a

Linux environment (Stockwell and Cohen 2008).

4.1. VTI Models for Shale and Carbonate Reservoirs

Generating VTI models involves the computation

of the elastic tensors of the layered media, which

reflects VTI anisotropy. The initial isotropic model

for the shale and carbonate layers were generated

from the vertical P-wave velocity (Vp-

shale = 4.176 km/s, Vp-carbonate = 5.852 km/s),

the vertical S-wave velocity (Vs-shale = 2.53 km/s,

Vs-carbonate = 3.292 km/s) and density (qsha-
le = 2500 kg/m3, qcarbonate = 2610 kg/m3). The

parameters were determined from azimuthally iso-

tropic prestack elastic inversion of the field seismic

record. For the isotropic starting models, the Thom-

sen parameters epsilon (e), delta (d) and gamma (c)
were set to zero (e, c, d = 0). The obtained elastic

stiffness tensors have the form C11 = C22 = C33 and

C44 = 55 = C66.

Subsequently, vertical transverse anisotropy was

introduced into the isotropic models by incorporating

the field measured Thomsen VTI parameters for both

the shale and carbonate layers. The VTI Thomsen

parameters 0.1, 0.075, 0.12 and 0.013, 0.012 and 0.05

representing the epsilon (e), delta (d) and gamma (c)
values for the shale unit and the carbonate rock

modified the isotropic elastic symmetry to a form

where C11 = C22[C33 and C44 = 55[C66.

4.2. Orthorhombic Model for Carbonate Reservoirs

The VTI models were used as background models

upon which sets of aligned vertical cracks were

injected to create the orthorhombic anisotropy, sus-

pected to be responsible for the observed seismic

attributes extracted from the field data acquired over

the carbonate field. The a priori geological informa-

tion for the basin as well as other analytical studies

suggests two sets of aligned vertical cracks (aligned

along NE direction) in the carbonate reservoir

(Friedman and Wiltschko 1992). The cracks are

believed to be induced along the principal axes of the

regional paleo tectonic stress fields that acted on the

sedimentary basin. The Schoenberg (1980) linear-slip

theory was employed to generate the effective

azimuthal isotropic medium for the carbonate reser-

voir, while the Hudson (1981) penny-shaped crack

model was used to inject vertical ellipsoidal shaped

cracks of crack density (Cd) into the background

model. The crack density is an expression of the

number of cracks per unit volume, multiplied by the

cube of the crack’s radius:

Cd ¼
N

V
r3 ¼ 3;C

4pa
; ð4Þ
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where N
V
is the number of cracks per unit volume, r is

the crack radius, a is the crack aspect ratio and ;C is

the crack porosity. The aspect ratio, a measure of the

degree of crack thinness/fatness, is the ratio of the

major and minor radii of the penny-shaped crack.

Two sets of aligned vertical penny-shaped cracks

(one micro-crack aligned along N95E direction and

the second macro-crack in N20E direction), having

different crack densities and aspect ratios

(Cd = 0.003 & 0.1, a = 0.001 & 0.01, respectively),

were injected into the VTI background model. The

crack orientations, crack densities and aspect ratios

of the two crack sets were derived through painstak-

ing and careful trial of different parameters, until the

theoretical modelled anisotropy matches that

observed in the field. The modelling operation was

constrained by the degree of measured anisotropy of

0.037 (3.7%) at 45� angle of incidence from the

field record. Thomsen (1995) model was used to

compute the elastic stiffness tensors for the gener-

ated medium where the initial tensor distribution in

the VTI medium changes the form where

C11 = C22[C33 and C44 = 55[C66, into an

orthorhombic case where C11 = C22 = C33 and

C44 = C55 = C66.

4.3. Fluid Injection

The defined orthorhombic model up until now

was a rock matrix with dry crack sets; however, in

order to simulate the field scenario as closly as

possible, large, high crack density fractures (N20E)

were injected with brine, oil and gas using the Brown

and Korringa (1975) fluid substitution theory

expressed in Eq. 5:

Csat�Csð Þ�1¼ Cdry�Cs

� ��1þ ;ðCfl � C;sÞ½ ��1
;

ð5Þ

where compressibilities Csat =
1

Ksat
, Cdry =

1
Kdry

,

Cs =
1

Ks
and C;s ¼ 1

K;s
. For a homogeneous mineral

phase approximation, Ks = K;s = Kmineral and

Cs = C;s = Cmineral =
1

Kmineral
. Kmineral is the bulk

modulus of the mineral and Kfl is bulk modulus of the

fluid.

Figure 4 presents diagrams illustrating the differ-

ent modelling steps taken to build the seismic

reflection attributes defining the orthorhombic aniso-

tropy in the field data.

5. Interpretation and Discussion of Results

A geological model consisting of a fine-layered

shale cap rock and an underlying naturally fractured

carbonate reservoirs was generated. Some angle-de-

pendent and azimuth-varying seismic attributes such

as P- and S-wave velocities (in the individual mod-

elled geological units) and the seismic reflection

amplitude at the shale-carbonate interface were

computed and presented below.

Upon the introduction of the Thomsen anisotropic

parameters for the purpose of creating VTI media,

two types of velocity anisotropy became evident. The

first is that both the P- and S-waves became angle

dependent as the velocities now vary with angle of

incidence (Figs. 5, 6). The second noticed anisotropic

effect is that the S-wave splits into two (Vs1 & Vs2).

The plot of Vp, Vs versus incident angle for shale

(Fig. 6) indicates an increase in P-wave velocity

(4.17–4.58 km/s).

The splitting of S-wave into two orthogonal

polarizations in a transversely anisotropic medium is

a typical characteristic splitting described by Cram-

pin and Peacock (2008) and it is caused by fine-

layering in stratified formations, where polarization is

controlled by the faster direction of wave propaga-

tion. S-wave splits into SV and SH with vertically

polarized part of the wave (SV) travelling faster

within the layers, while SH travels slower across the

fine thin sedimentary layers (Crampin and Peacock

2008). However, the observed fine-layering-induced

S-wave polarization does not reflect azimuthal ani-

sotropy as both the Vp and Vs (Vs1 & Vs2) are

azimuthally invariant.

The introduction of aligned vertical cracks into

the carbonate reservoir generated azimuth-dependent

anisotropy, which exhibits two kinds of seismic P-

and S-waves’ anisotropy. The first anisotropic effect

is that P- and S-waves became azimuth dependent,

here P- and S-waves’ velocities vary at different

azimuth directions unlike in layer-induced transverse

anisotropy (Figs. 7, 8 and 9), where both velocities (P

& S) remain constant at all azimuthal directions. The

4142 Osinowo et al. Pure Appl. Geophys.



observed anisotropic effect due to aligned vertical

crack is azimuthally aligned shear wave splitting

which agrees with Crampin (1989) suggestion that

the degree of P-wave anisotropy depends on the

orientation of parallel vertical micro-cracks, crack

density and to a small extent, changes in crack

aspect-ratio.

The polar plots of azimuthal variation with

velocities (Vp, Vs1 and Vs2) are presented in Figs. 8a–

d and 9a–d, respectively. Azimuthal velocity varia-

tions are caused by vertical fracture sets oriented

N95E and N20E. The plots indicate no significant

azimuthal anisotropy effect at zero offset distance, as

all the velocity components remain constant with

azimuth. Small degree of azimuthal variation is

observed at the near offsets and this gradually

increases as the offset angle increases. The azimuthal

anisotropic effect is more significant in the

Figure 4
Diagrams illustrating stepwise modelling procedure to generate orthorhombic anisotropy in the carbonate reservoir

Figure 5
Velocity variation with Angle of Incidence for VTI medium (shale) at 0�, 45� and 180� azimuth directions
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compressional wave than for the shear wave. Another

very visible effect in the polar plots is that the

velocity ellipse is aligned along the crack orientation

where the maximum velocity is observed parallel to

the crack axis. This agrees with the observation

recorded by Hsu and Schoenberg (1993) and Hudson

(1981) that during polarization in an anisotropic

medium, the fastest P-wave velocity travels in a

direction parallel to the orientation of the aligned

fractures.

Figure 9 expresses the effect of fracture-induced

anisotropy (azimuthal anisotropy) in the form of

variation in P- and S-waves’ velocity with angle and

S waves birefringence.

The crack-induced azimuthal S-wave splitting is

different from S-wave splitting induced by fine lay-

ering. While Vs1 and Vs2 S-wave splitting caused by

the layering remains invariant with azimuth, the

velocities of slow and fast S-waves due to azimuth-

ally aligned shear wave splitting vary for

measurements taken at different azimuths. In addi-

tion, there is also splitting of S-wave at zero and very

low angle of incidence (\5�), which did not charac-

terise layer-induced S-wave splitting. Therefore, this

Figure 6
Velocity versus angle of incidence for VTI medium (carbonate reservoir) at 0�, 45� and 180� azimuth directions

Figure 7
Polar plots of azimuthal variation in velocities (Vp, Vs1 and Vs2) due to vertical aligned crack set N95E

4144 Osinowo et al. Pure Appl. Geophys.



suggests that the splitting is not layer-induced but

crack-related. The azimuthally aligned shear wave

splitting occurs when shear wave propagates through

a medium that includes stress-aligned parallel vertical

micro-cracks, which are highly compliant to small

changes in stress (Crampin and Peacock 2008). The

two split shear waves (S1 and S2) are both vertically

propagating (Lynn and Thomsen 1990). S1 is polar-

ized parallel to the fracture and travels at a velocity

similar to what would be observed in an isotropic

medium (Lynn and Thomsen 1990) and thus faster

than S2 which is polarized perpendicular to the

fracture set orientation and delayed by fractures. Wild

and Crampin (1991) defined crack-induced aniso-

tropy as extensive dilatancy anisotropy (EDA), when

combined with the layer-induced or lithologic ani-

sotropy that yields an orthorhombic anisotropic

symmetry with three mutually perpendicular planes

of symmetry (Bush and Crampin 1991).

The degree of P-wave anisotropy due to different

crack densities (Cd = 0.001, 0.01, 0.1 and 0.2) in the

modelled carbonate reservoir as observed in Fig. 10a,

b is significant, recorded as azimuthal variation in

P-wave velocity and has an increasing relationship

Figure 8
Polar plots of azimuthal variation in velocities (Vp, Vs1 and Vs2) due vertical aligned crack N20E

Figure 9
Velocity versus azimuth for orthorhombic carbonate medium (two dry cracks sets) at 0�, 45� and 180� incident angles

Vol. 174, (2017) Modelling Orthorhombic Anisotropic Effects 4145



with the crack density. The degree of observed

P-wave anisotropy is highest for the model with

highest crack density. This is related to the fact that

the presence of aligned fractures/cracks naturally

makes a medium more compliant (Schoenberg and

Helbig 1997); hence, cracks with very small crack

density will introduce small compliance. However,

high crack density will introduce large amount of

preferentially oriented compliance, which will result

in azimuthal velocity anisotropy.

Aspect ratio, which measures the degree of fat-

ness/thinness of the crack, shows little or no

significant effect at low crack densities and very

small anisotropic effect in both the P- and S-waves,

even at high crack density (Fig. 11). The polar plots

of azimuthal variation of P- and S-wave’s velocities

with aspect ratio indicate no significant variation in

velocity with azimuth at low crack densities; no

significant azimuthal variation effect was noticed

with increasing aspect ratio from 0.001 to 0.2 at low

crack density (crack density B0.01). However, at

higher crack densities, (C0.1) the effect of increasing

aspect ratios became slightly noticeable (Fig. 11b). It

is worth to note here that the azimuthal contribution

of crack’s aspect ratio to azimuthal anisotropy is

small even at high crack density, recorded as very

small variation in P-wave anisotropy at aspect ratio of

0.001 compared to that at 0.2.

The insignificant effect of varying aspect ratio on

azimuthal anisotropy as explained by Thomsen

(1995) is due to the insensitivity of crack compliance

to aspect ratio at low frequency. This modelling

experiment is a low frequency experiment and

assumed crack scale length that is less than the

seismic wavelength. At low frequency, there is

enough time for fluid to equilibrate locally between

adjacent cracks and pores (Chapman 2003; Mavko

and Jizba 1991); this implies that seismic waves will

cause flow of fluid across interfaces (squirt flow)

from compliant into less compliant/stiffer adjacent

cracks and pores, especially in non-isolated cracks

(Muller et al. 2010). This will make the effect of

different aspect ratios insignificant. At high fre-

quency, however, there is no time for squirt flow and

fluid equilibration, which implies that the effect of fat

or thin cracks will be more visible (Mavko and Jizba

1991; Dvorkin et al. 1994, 1995; Chapman 2003).

Saturating the cracks with fluid (brine, oil and gas)

contributes significantly to the azimuthal anisotropic

effect of P-wave velocity (Fig. 12); however, the

highest azimuthal effect was recorded with gas. This is

because a compliant empty isolated crack will be

Figure 10
a, b Polar plots of azimuthal variation in velocity (Vp) with crack density of aligned vertical cracks N95E and N20E, respectively
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stiffened by incompressible fluid and this will make

the medium stiffer (Thomsen 1995). For connected

cracks, however, especially if connected to less com-

pliant equant pore spaces, P-wave propagation will

cause the fluid to squirt into adjacent pore spaces and

thus make the cracks less compliant. This is respon-

sible for P-wave anisotropy due to fluid saturation.

Since gas is the most compressible fluid of the three,

the effect is significant for both isolated and connected

cracks.

A very subtle but visible difference in the degree

of anisotropy as a result of injecting the cracks with

oil (Fig. 13) is visible, especially when compared

with the dry crack anisotropy effect. Also the degree

of anisotropy observed in the resultant oil-saturated

Figure 11
a–d Polar plots of azimuthal variation in velocities (Vp & Vs1) with aspect ratio at low and high crack densities (N20E)

Figure 12
Polar plot of azimuthal variation with different fluid types
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model is approximately equal to that recorded by the

field data presented in Fig. 3.

Amplitude Variation with Angle analysis results

obtained using the Aki and Richards’ modified/sim-

plified form of Zeoppritz equation (Aki and Richards

1980) is presented in Fig. 14a–c indicating a subtle

variation in P-wave reflection coefficient (Rpp) with

angle of incidence. This variation in the form of a

slight reduction in Rpp from zero offset to near, mid

and far mid offsets (around 40� angle of incidence)

causes a dimming of amplitude with offset, which is a

case of class I AVO/AVA defined by Rutherford and

Williams (1989).

5.1. Amplitude Variation with Azimuth (AVAZ)

Azimuthal variation in seismic reflection ampli-

tude is apt at establishing the presence of aligned

vertical cracks (Crampin 1993), thus very useful in

identifying HTI, orthorhombic and other higher

symmetric media. The AVAZ results indicate signif-

icant variation in Rpp with azimuth and incident

angle. Figure 15a–f presents the plots of seismic

reflection amplitude at 7�, 15�, 30�, 45�, 75� and 90�
against azimuth. The recorded variation in amplitude

with azimuth is a reflection of azimuthal anisotropy

due to the presence of stress-induced aligned vertical

cracks (Crampin 1993). However, for HTI with a

single set of aligned vertical cracks, the variation is

expected to be steady in the form of a stable increase

or reduction (depending on crack orientation) in

amplitude with azimuth, which predicts largest

azimuthal variation at far offset angles and expected

to decrease with azimuth (Lynn 2014; Sayers 2002).

The variation in amplitude as shown in Fig. 16a–f is

not steady; the amplitude value rather increases or

decreases depending on azimuthal direction.

This pattern of seismic reflection amplitude

response to variation in azimuth is an indication of

multiple crack systems, where depending on whether

the azimuthal direction is parallel or perpendicular to

the crack system, the amplitude increases or

decreases, respectively (Lynn 2014). This observa-

tion characterises an orthorhombic or higher

symmetry media with multiple sets of aligned vertical

cracks (Lynn 2014; Crampin 1993; Wild and

Crampin 1991). The second significant seismic

reflection amplitude anisotropy observed in the

AVAZ result is a polarity reversal as the angle of

incidence increases from near (B15�) to mid offset

(C30�). The observed polarity reversal is attributed to

the fact that P-wave intersects embedded fractures at

low angle azimuthal directions but propagates paral-

lel at high angle azimuthal directions ([50o). Lynn

Figure 13
Velocity versus azimuth for orthorhombic medium (carbonate reservoir with oil saturated cracks) at 0�, 30� and 60� angles of incidence
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(2014) attributed this flip to orthorhombic nature of

the carbonate reservoir, specifically due to the

magnitude of VTI and HTI anisotropy in both the

carbonate reservoir and the shale overburden.

Finally, the resultant velocity attribute, Vp, from

the Earth model was fitted to a velocity-ellipse curve

(Fig. 16) for estimating the orientation of the open

crack that will store and support the flow of oil. The

orientation of the major axis of the fitted velocity

ellipse as well as the magnitude of the major and

minor ellipse axes allows the determination of the

direction of alignment of crack. It also assisted in the

determination of the average crack intensity, which

has a linear relationship with the crack density within

the modelled carbonate reservoir. The ellipse curve

fitted to P-wave velocity data has its major axis

oriented N25.6E and this represents the direction of

Vp-fast which according to Bratton et al. (2006) is

parallel to the fracture system. This implies that the

resultant cracks within the carbonate reservoir are

aligned in N25.6E direction.

The resultant crack direction within the carbonate

reservoir was then used to determine the direction of

minimum in situ stress, which is perpendicular to the

general orientation of cracks within the reservoir. The

direction of minimum in situ stress, which was

determined from the study to be N115.6E, represents

the direction of minimum resistance within the

carbonate reservoir and thus essential to guide

effective and cheap hydraulic fracture stimulation

(fracking). Fracking along this direction should be

effective and should be achieved at cheaper cost since

less energy would be required to generate hydrostatic

force necessary to exceed formation pressure for

fracture to open.

6. Conclusions

An indirect method was adopted to generate an

Earth model consisting of fine-layered VTI shale and

underlying orthorhombic naturally fractured carbon-

ate reservoir. Seismic attributes such as P- and

S-wave velocities as well as seismic reflection

amplitude were extracted from the model. Both the

velocity and amplitude attributes confirmed the

occurrence of crack-induced azimuthal anisotropy in

the carbonate reservoir. Azimuthal anisotropy is

presented as variation in velocity with angle of inci-

dence and azimuth, where the P-wave velocity is

maximum (Vp-fast) in direction parallel to the crack

and minimum (Vp-slow) in direction perpendicular to

it. Azimuthally induced shear wave splitting into two

vertically propagating S1 and S2 waves also

Figure 14
Variation of seismic reflection amplitude with incident angle at shale cap rock (VTI)—carbonate reservoir (orthorhombic) interface at near,

mid and far offsets
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established the occurrence of stress-induced aligned

vertical cracks. The seismic reflection amplitude

established the occurrence of azimuthal anisotropy

which suggests the presence of stress-induced fluid-

saturated vertical cracks. AVA indicates a classical

class I AVO, while AVAZ did not only confirmed the

occurrence of azimuthal anisotropy due to aligned

vertical cracks, but also established a multi-crack

case within the carbonate reservoir in the form of

non-steady increase in azimuthal anisotropy with

incident angle. This is also accompanied by a polarity

reversal of bright-amplitude to dim-amplitude azi-

muth directions from near to far offset angles. This

pattern has been identified through this modelling

exercise to be related to the occurrence of multiple

stress-induced aligned vertical cracks which defines a

clear case of orthorhombic or higher symmetry.

Finally, P-wave velocity ellipse curve fitting estab-

lished the orientation of the ellipse axis which

corresponds to the orientation of the macro-cracks.

Figure 15
a–f Variation of seismic reflection amplitude with azimuth at shale (VTI)—carbonate reservoir (orthorhombic) interface at 07�, 15�, 30�, 45�,

75� and 90� angle of incidence
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