INTERNATIONAL JOURNAL OF NATURAL AND APPLIED SCIENCES (IJNAS), VOL. 2, NO. 2(2007); P . 115 – 123, 1 TABLE, 5 FIGS.

115

Velocity anisotropy in the Niger delta sediments derived from geophysical logs.
D.O. Ogagarue*1, J.O. Ebeniro1 and C. N. Ehirim1.
ABSTRACT
An investigation of velocity anisotropy was carried out using density and dipole sonic logs comprising compressional and shear interval
transit times, acquired between 2000 and 2002 in some well-spaced petroleum wells in the western part of the Niger Delta. The aim of the
study was to understand how seismic velocities vary laterally and vertically within the sediments, and obtain a trending of t he velocities.
The anisotropy was modeled by deriving stiffness constants at some depths in each well and relating them to the anisotropic parameter , 
and . The study shows that the Niger Delta sediments are clearly anisotropic; the values being higher in shale’s than in sands. Average Pwave anisotropy is concentrated between -3.5% and 5.7% while near-vertical P-wave anisotropy is concentrated between -3.5% and 4.9%.
The localized S-wave anisotropy is higher and concentrates between -4.3% and 7.4%. Seismic velocities decrease and increase laterally and
vertically respectively, towards the coast. These variations are attributable to the lateral and vertical change in the degre es of compaction
coastward and reduction in porosity with depth. Three zones of steep, moderate and slow velocity gradients, respectively, have been
identified in the study area. The velocities generally decrease SW towards the coastline and also towards the southern part of the delta. This
decrease can be attributed to a decrease in sediment compaction and the presence of synsedimentary structures, clay diapirs and other
structural features which become more pronounced coastward.

INTRODUCTION

Banik,1984, Vernik and Nur, 1992). Wang (2002) experimentally
studied in detail the anisotropy of rocks from different oil fields in the

In seismology, a layer is anisotropic if seismic waves propagate
through it at different velocities in different directions. Sedimentary
rocks possess some degree of intrinsic velocity anisotropy (Jones and
Wang,198l, Venik and Nur, 1992, Johnston and Christenson, 1995,
Jacobson and Johansen, 2000, Wang, 2002 and Liu, 2005) caused by
the presence of shales or preferential orientation of clay minerals and
fine layering of the sediments. Thus, when seismic waves propagate
through a stack of earth layering, such as a sequence of sands and
shales, they tend to propagate more quickly along the bedding than
perpendicular to the layer boundaries. As a result, seismically derived
velocities tend to be faster than vertical (well) velocities. If the
amount of velocity anisotropy is not quantified and accounted for in
seismic processing and imaging algorithms, subsurface images will be
mispositioned in both depth and lateral location (Vestrum et al., 1999.
Isaac and Lawton, 1999, Lawton et al., 2001). Alkhalifah and
Tsvankin (1995) explored the feasibility of inversion of anisotropy
parameters solely from surface seismic data by estimating  (eta) and

 (nmo). The drawback of this method is that it requires a layer with
at least two apparent dips. Successful estimation of  also depends on
the degree of moveout from the hyperbola. Velocity anisotropy

world, and showed that intrinsic anisotropy in sediments vary from
6% to 33% for P-waves and 2% to 55% for S-waves, with shales
generally having high anisotropy than sands and carbonates.
Alexandrov and Ryzhov (1961) calculated Thomsen’s ,  and 
Parameters from a single-crystal elastic constants of sediments and
obtained average value of 1.24% for , -0.39% for  and 6.12% for ,
respectively. Katahara (1996) also used laboratory measurements to
calculate an average P-wave anisotropy of 1.l4%, near-vertical Pwave anisotropy of between 0.39% and 0.08% and between 1.75%
and 2.49% for S-wave anisotropy. Laboratory measurements of
velocity anisotropy are carried out under ‘room dry’ or ‘vacuum dry’
conditions, leaving unconstrained key parameters

In this study, an effort was made to directly compute velocity
anisotropy at different depths within each of 11 well-spaced
petroleum wells in the western Niger Delta from density and dipole
sonic log data. We derived the five independent components of the
elastic stiffness tensor with the assumption of vertical transverse
isotropy, and then related these parameters to the Thomsen’s
anisotropic parameters ,  and .

measurements have also been carried out in the laboratory on shales
or clay-bearing samples (Jones and Wang, 1981; Tosaya, 1982;
*

of in-situ

conditions.
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sands is variable but generally exceeds 6,000ft, while that of the

The Niger delta is a sedimentary basin formed by the built out and

paralic sequence is 10,000ft to 15,000ft at the center of the delta. The

up of sediments over a transitional crustal tract that was developed by

Akata Formation exceeds 4,000ft (Merki, 1972). These sediments

rift faulting during the Precambrian with outlines controlled by deep

thicken progressively towards the continental shelf and accumulated

seated faults associated with the rifting (Weber,1971). The delta

rather fast resulting in faulting contemporaneous with deposition. The

started as separate depocenters in the Bende-Ameki area, east of the

delta is characterized by synsedimentary faulting (growth faults)

delta and in the Anambra shelf, west of the delta in the mid-late

within the delta pile and lateral flowage of pro-delta sediments (clay

Eocene (Hospers, 1965). The two depocenters coalesced to form a

diapirs). There is evidence that only the Akata and Agbada

single united Niger delta sedimentary basin in the late Miocene to

Formations are so deformed by these structures, the Benin Formation

date. The delta has a tripartite lithostrgraphic succession in which a

being only slightly tilted regionally down (Weber, 1971)

regressive sequence is properly defined. The delta sequence is mainly
a sequence of overpressurized marine clays (Akata Formation)

MATERIALS AND METHODS

overlain by a paralic sediment sequence (Agbada Formation), that is

The data used for this study include a set of density and dipole sonic

predominantly sandy and shaly at the top and bottom, respectively.

logs comprising compressional and shear interval transit times,

These two formations were finally capped by continental gravels and

acquired between 2000 and 2002 in 11 well-spaced petroleum wells in

sands (Benin Formation). Of these three formations, the Agbada

the Niger Delta (Fig. 1).

Formation constitutes the main reservoir for hydrocarbon in the Niger
delta (Short and Stauble, 1967).
The maximum thickness of the sediments may be of the order of
40,000ft to the basement. The known thickness of the continental

Fig.1. Map of the Western Niger Delta showing approximate well locations.
The logs were rasterized, digitized at 0.5ft sample rate, and
resampled to have log digit at every 2ft along the entire depth of each

while Equation 3 was used to transform the density log to porosity log
in each well.

well. Using Equation 1 and Equation 2, the interval transit times were
transformed into vertical P-wave and S-wave velocity, respectively,

p =

(1)

Velocity anisotropy derived from geophysical logs.
s =

(2)

C11 = 4M – 4S + (1 – 2T)2
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(7)

R

 =

(3)

C13 = 1 – 2T

(8)

R
where
tp and ts are the interval transit times recorded by the

C33 =  + 2

(9)

C44 = 

(10)

 =density of fluid, taken to be 1.08 g/cc.

C66 =M

(11)

Velocity anisotropy modeling procedure

where,

compressional and shear sonic logs respectively.

ma = density of rock matrix, taken to be 2.65 g/cc.
b= formation bulk density recorded by density tool, and

The Niger Delta sediments are composed of a sequence of

M = 1 + (1- ) 2

(12)

predominantly sand and shale layers. As a result, we assume that
seismic anisotropy in the Niger Delta is transversely isotropic with

+

( + 21)

can be modeled by defining the parameters ,  and , which quantify
the degree of anisotropy of compressional and shear waves (Cholah



R=

vertical axis of symmetry (VTI). Velocity anisotropy in VTI media

(1 -  )

(13)

(2 + 22 )

S =  11 + (1 -)22

(14)

T = 1 + (1 - )2

(15)

 = (vp/vs)2

(16)

and Schmitt, 2003; Jones et a!., 2003, Wang, 2002; Berrymann et. al.,
1999; Kabaili and Schmitt, 1995; Thomsen, 1986). These parameters
are given by:
=

(4)

 = (C13+ C44) – (C33  C44)
2

2

(5)

2C33(C33  C44
 = C66  C44

(6)

2C44
where
C11, C13, C33 and C66 are elastic stiffness tensors, and the parameters ,
 and  denote P-wave anisotropy, near-vertical P-wave anisotropy

where  denotes the Lame’s constant and  denotes the shear
modulus of the medium, respectively, and  is the porosity.
To become suitable for this study, we modified the above set of
equations into the form:
Ci11=

i

-

4

(17)

C33i =

(18)

and S-wave anisotropy respectively.
Following Backus (1962) and Brittan et al. (1995), we define the
parameters M, R, S and T in terms of the Lame parameters  and.
the volume fraction  and the ratio  of compressional and shear

(19)

velocities in a medium, for a stack of two layers. The parameter M is
governed by the porosity of the upper layer, and the shear moduli of

(20)

each layer; R is influenced by the porosity of the upper layer, bulk and
shear moduli of the layers; S is a dimensionless parameter which is
influenced by porosity, Vs to Vp, ratio and the shear moduli of the

(21)
With:

layers; and T is a parameter defined in terms of porosity and velocity
ratio only. We relate these parameters to the stiffness constants as

=

(22)

follows:
where i and i + 1 represent the present depth and the next depth level,
respectively.
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Using equations 18 - 22, we derived stiffness constants at every 2ft

decreases SW towards the coastline and in the NS direction. P-wave

along hole for each well, and using equations 4- 6, we computed the

velocity generally varies vertically from 2,100 m/s to 4,000 m/s in the

anisotropy parameters at these depth levels.

central part, and from 2,400 m/s to about 3,500 m/s in the sediments
further south of the study area. Sediments around the coastline in the

RESULTS AND DISCUSSION
Based on the computed results, we investigated how seismic
velocities vary vertically and laterally within the Niger Delta.

south-western part of the area have a low P-wave velocity gradient;
the velocity varies vertically from 2,300 m/s to 2,600 m/s in the upper
part and from approximately 3,200 m/s to 3,900 m/s in the lower part.

The variation of velocities with depth shows a generally moderately

The computed shear velocities are generally about 40% to 50% lower

scattered trend of increasing seismic velocity. This is also confirmed

than the compressional velocities. These decreases may be due to the

by the dipole sonic logs. This increase may be due to compaction

decrease in the degree of compaction and the pronounced presence of

which also causes a general reduction in porosity with depth. Three

synsedimentary structures and clay diapirs in the sediments

distinct zones of high, moderate and low velocity gradient have been

coastward.

identified for the Niger Delta sediments (Fig. 2). The central part of
the study area has a steep increase in velocity with depth, and this

Fig.2. Velocity gradient map of the study area.
part of the area, and decreases SW towards the seashore. This is
We constructed velocity maps at subsurface depths of 2,000 m,

however, in accordance with the trend of the Benue valley which is a

2,200 m, 2,500 m, 2,800 m, 3,000 m and 3,100 m to investigate the

continuation of the Niger delta offshore (Short and Stauble, 1967).

lateral variation in compressional and shear velocities at various

The sediments of the delta thickens progressively in this trend with

depths in the Niger Delta. This interval is chosen for interpretation

lateral and vertical variation in compaction and pronounced influence

because majority of drilling and petroleum production activities in the

of synsedimentary structures (Growth faults) and clay diapirs towards

study area are concentrated within this interval. Similar features were

the coast which affects seismic P- and S-velocities.

observed in all of the maps at the various depths. P-wave and S-wave

A summary of the P-wave and S-wave anisotropy computed at the

velocity map at 3,000 m subsurface depth is shown in Fig. 3. The

above depths is given in Table 1. Average P-wave anisotropy (the

maps show a general NE-SW trend of decreasing seismic velocity

Epsilon parameter) varies from -7.6% to 16.8% within this interval in

within the delta. Seismic velocities are relatively high in the central

the study area, but most of the P-wave anisotropy is concentrated

Velocity anisotropy derived from geophysical logs.
between -3.5% and 5.7%. The near-vertical anisotropy ranges

anisotropy parameters over the entire depth of each well shows that

between -11.7% and 16%, with most of the anisotropy concentrating

anisotropy is generally higher in shale than in sands. The higher

around -3.5% and 4.9%. The localized S-wave anisotropy is generally

anisotropy observed in the shales may be due to the preferred clay

much larger, and varies between -12% and 13.2%, with most of the S-

mineral orientation, growth faults, and clay diapiric structures

wave anisotropy concentrating at -4.3% and 7.4%. Investigation of the

associated with shale’s at this depth.

Fig.3. Velocity map of the study area (a) P-wave; (b) S-wave
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Table 1. Summary of Anisotropy parameters computed at Depths
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P-wave and S-wave anisotropy maps were also constructed at the

of clastic basin fill and have intrinsic velocity anisotropy. The oil

above mentioned depths within the area. The maps also exhibit

prolific areas correlate well with the trends of velocity and anisotropy

similar features at each depth. Figs. 4 show P-wave and S-wave

observed in this study. Also, Weber (1987) indicates that the oil

anisotropy maps of the area.

prolific areas coincide with a concentration of synsedimentary

The observed trends in velocity and anisotropy are supported by the

structures. These may also be responsible for the changes in the lateral

geology of the Niger Delta. Evamy et al, 1978; Ejedawe, 1981, Doust

velocity variation in the area, and these have direct effects on velocity

and Omatsola, 1990, have identified the oil prolific belt of the Niger

anisotropy.

Delta. These areas have high thickness of sediments and also have the
highest oil maturity per unit depth (Fig. 5). Shales constitute about

Fig.4. Anisotropic Velocity map of the study area (a) P-wave; (b) S-wave

Fig. 5.

Schematic showing the location lobes of the early Niger Delta prolific oil centers, and shale prone areas. Modified from Ejedawe
(1981) and Reijers et al (1997).
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CONCLUSION
Using well log data alone, we have computed velocity anisotropy in

Evamy, B.D., Haremboure, J., Kamerling, P., Knaap, W.A., Molloy,

the western Niger Delta. The computed anisotropy parameters are

F.A., and Rowlands, P.H. (1978). Hydrocarbon habitat of Tertiary

comparable to the values recorded so far for horizontally stratified

Niger delta. American Association of Petroleum Geologists

sediments (Alexandrov and Ryzhov. 1961: Katahara. 1996 and Wang

Bulletin, 62: 277-298.

2002). The results show that the Niger Delta sediments are
seismically anisotropic, the anisotropy ranging from weak to
moderate. These are due to the preferred alignment of clay minerals,

Hospers, J. (1965). Gravity field and structure of the Niger delta,
Nigeria, West Africa. Geol. Soc. of Amer. Bulletin, 76: 407-422.

varying degrees of sediment compaction, presence of synsedimentary
structures and clay diapers which are pronounced coastward in

Isaac, J.H. and Lawton, D.C. (1999). Image mispositioning due to

agreement with the tectonics of the delta as the continuation of the

dipping TI media: a physical seismic modeling study. Geophysics.

Benue trough offshore. There is therefore a need to account for the

64: 1230-1238.

degree of the anisotropy in migration algorithms in the processing of
data acquired in the Niger Delta basin.

Jacobsen, M. and Jehansen, T.A.(2000). Anisotropic approximation
for mudrocks: a seismic laboratory study. Geophysics, 65:1711
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