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Abstract: The velocity-deviation log, generated by combining the sonic log with the neutron-porosity log,

provides a tool for characterizing the predominant pore types and fractures in clastic drilled holes in the

Niger delta area. Five geophysical wireline logs comprising lithology and porosity logs were acquired for

the study. The velocity-deviation is calculated by converting neutron porosity-log data at a reasonable

(VT A) depth interval to a synthetic velocity using time-average equation while the sonic porosity-log data

(Vsonic) is converted to a sonic velocity by taking the reciprocal of the interval transit time ('t) at the same

(Vsonic) depth intervals of interest. The difference between the sonic velocity and the neutron log–derived

(VT A) synthetic velocity is utilized in generating the velocity-deviation log. The resulting velocity-deviation,

which could be ‘negative’ ‘zero’ or ‘positive’ log is the result of the variability of velocity at equal

porosity. It gives down-hole information, which is interpreted with respect to the predominant primary

poretypes and fractures. Positive velocity deviation (i.e zones where formation velocity is higher than the

synthetic velocity) marks zones where frame-forming poretypes are dominant. Zero deviation (approximate

VT A) equality of Vsonic and shows intervals where the rock lacks rigid frames such as in clastic formation

with high inter-particle poretype. Negative-deviation (low formation velocity) marks zones of cavernous

borehole wall, fracture, or high content of free gas. The study revealed that the penetrated clastic

formations largely exhibit zero deviation diagnostic of interparticle poretype structure. In addition, it shows

the applicability of the velocity-deviation concept in the identification of permeable zones. 
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INTRODUCTION

Porosity and permeability are among the important

parameters which help to define the commercial

viability  of  hydrocarbon  (oil or gas) accumulation.

In particular, reservoir rock permeability is an

important control on the flow rate (producibility) that

may be achieved from a reservoir. Both parameters are

used in the characterization of reservoirs and are

controlled by the existence and distribution of pores.

Acoustic study of carbonate samples by Anselmetti

and Eberli  reveals that sonic velocity is a function[2]

not only of total porosity, but also of the predominant

pore-type. In general, there is an inverse velocity-

porosity relationship, Anselmetti and Eberli  and[2]

Akintorinwa . However, significant deviations occur[3]

from this relationship for certain pore-types. According

to Choquette and Pray  and Lucia , five categories of[7] [16]

pore types were distinguished in sedimentary

formations. These include moldic, Intra-fossil, inter-

particle, micro porosity and low-porosity poretype.

Each of these poretypes forms groups with

characteristic clusters in the velocity-deviation log.

Thus, most velocity scattering at equal porosities was

attributed to the occurrence of these dominant

poretypes . In this paper, the velocity-deviation log[2 ,6]

has been employed to characterize poretypes and

fractures  in  clastic formation of the Niger Delta

basin, Nigeria.

The study reveals the determination of the

poretypes  using  the   sonic   and   neutron  logs.

The peculiarity of sonic log is used in the

sonicdetermination  of  the  sonic  velocity  (V )  i.e the

reciprocal of the interval transit time, 1 /Ät. The

T Asynthetic  velocity  (V )  is generated from neutron

log  via  the  Wyllie et al.  time-average formula.[26]

sonic T AThe term ‘velocity deviation’ (V -V ) is defined as

the difference between the measured acoustic velocity

and the velocity calculated from the porosity value by

applying the commonly used empirical time-average.

The plot of these against depth gives the velocity-

deviation log. The velocity-deviation log shows three

deviations i.e. ‘large’ positive, ‘zero’ and ‘large’

negative  deviations.  The  ‘large’ positive deviations
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indicate relatively high velocities in regard to porosity,

and are caused mainly by porosity, that are integrated
in a frame like fabric of the rock, such as in intrafossil

or moldic porosity . Small positive and negative[2]

deviation (± 500m/s or less) termed ‘zero’ deviation

represents formations that follow the predictions by the
time-average equation. These formations are dominated

by interparticle poretype . The ‘large’ negative[2 ,3]

deviations indicate other factors controlling the

velocity-deviations such as caving or rugosity of the
borehole wall, fracture and presence of free gas within

a formation.

Review of Geology of the Study Area: The Niger
Delta is situated in the Gulf of Guinea and extends

throughout the Niger Delta Province . It extends from[18]

about longitude 3° - 9°E and latitude 4°30` - 5°20`N

(Figure 1). The depobelt form one of the largest
regressive deltas in the world with an area of some

300,000km , a sediment volume of 500,000km ,2[14] 3[12]

and a sediment thickness of over 10km in the basin

depocenter . The Tertiary section of the Niger Delta[13]

is divided into three formations, representing

prograding depositional facies that are distinguished
mostly on the basis of sand-shale ratios. The type

sections of these formations are described in Short and
Stäuble . The Akata Formation at the base of the[23]

delta is of marine origin and is composed of thick
shale sequences and it is estimated that the formation

is up to 7,000 meters thick .[8]

The overlying Agbada Formation is the major

petroleum-bearing unit began in the Eocene and
continues into the Recent . The formation consists of[18]

paralic siliciclastics over 3700 meters thick and
represents the actual deltaic portion of the sequence .[18]

In the lower Agbada Formation, shale and sandstone
beds were deposited in equal proportions, however, the

upper portion is mostly sand with only minorshale
interbeds . The Agbada Formation is overlain by the[18]

third formation, the Benin Formation, a continental
latest Eocene to Recent deposit of alluvial and upper

coastal plain sands that are up to 2000 m thick .[5]

MATERIALS AND METHODS

The data used for this research consist of
composite logs (gamma ray, bit size, resistivity and

porosity (density, neutron and sonic) logs for five wells
herein named wells A, C, E, I, and K. The data

analysis involved qualitative interpretation of the
gamma ray logs for the delineation of the lithologies

penetrated by the wells. The resistivity logs provide
information on the nature of fluid type – water,

(Vsonic) hydrocarbon etc. The compressional velocity i.e.
the reciprocal of the interval transit time (1/'t)), was

determined  by digitizing the sonic interval transit

times ('t) at chosen depth intervals. Compressional

wave velocity log was subsequently generated by

(Vsonic) plotting the compressional velocity against depth.

The porosity log was produced by digitizing the
porosity values (ö) from the neutron and/or density

logs at same depth intervals. The Wyllie’s  time-[26]

average equation was employed in the computation of

the synthetic velocity (VTA), from the digitized
porosity  values  (ö)  above.  This was used to

produce the synthetic velocity log by plotting the
calculated compressional velocity (VTA), against depth.

(VT A) The synthetic velocity log was compared with the

(Vsonic) sonic velocity log and the difference, termed

velocity-deviation, was then plotted as normal log data
in plots of velocity-deviation versus depth using the

computer software package “GRAPHER” version 2.1.
The variation of this deviation is used in classifying

the pore types in the study area.

RESULTS AND DISCUSSION

The results obtained after data analysis were
presented as lithological sequence, sonic, porosity,

synthetic and velocity-deviation logs.

Lithologic Sequence: The lithological sequence, as
presented in Figure 3a and 3b, shows an intercalation

of sandstone and shale units over the depths penetrated.
There exist, lenses of sandy-shale and shaly-sand in

between the sand and the shale formations too thin to
be shown in the sequence. There is poor lithological

correlation between the wells, see Figure 3a and b.
This may be due to the large distances separating the

location of the wells. However, the lithological
sequence appears to correspond to the geologic

characteristics of the Agbada Formation of the Niger
Delta area.

V e lo c i t y  a n d  P o r o sity  D is tr ib u t io n :  T h e

soniccompressional  wave  velocity (V )  logs  (figures
4a - 8a)  show the velocity distributions down the

wells. The velocity distribution is presented in table 1.
As shown in the table, the velocity values range

between 2780m/s and 4824m/s in well A, 1575m/s and
3565m/s in well C, 2485m/s and 4432m/s in well E,

2603m/s and 4685m/s in well I, and between 2448m/s
and 6074m/s in well K. These ranges of velocities

document a high velocity scatter down the wells.
The produced porosity (ö) logs, produced mainly

from neutron logs, for each of the wells analyzed are
shown in figure 4b - 8b. The porosity values as

derived from the logs are presented in table 2. Again,
the range of porosity values range from 13-51% in well

A, 6-65% in well C, 12-53% in well E, 14-51% in
well I and from 3-52% in well K. This also documents

a wide range of porosity downhole.
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Fig. 1: Location map of the Niger Delta Showing the Study Area.

Fig. 2: Base map of the study area showing the wells.
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Fig. 3a: The Lithological Sequence of Well A, C and E

T AThe synthetic velocity (V ) logs derived from the

time-average formulation are shown in figures 4c - 8c.

The logs show the distribution of the computed

velocity down the well and the velocity values are

presented in table 3. The range of velocities as shown

in table, gives a velocity range of 2722m/s to 4662m/s

in well A, 2360m/s to 5367m/s in well C, 2663m/s to

4752m/s in Well E, 2722m/s to 4577m/s in well I and

2704m/s to 5713m/s in well K. This range of velocities

also documents a wide range of velocity down the

wells. There is qualitative similarity between the VTA

sonicand V  values.

Velocity-Deviation and Primary Poretypes: Figure 9

shows the crossplot of the average velocity against

porosity. The plot reveals a distinct inverse velocity-

porosity relationship; i.e. velocity decreasing with

increasing  porosity. Despite the inverse trend with

high (0.90) coefficient of correlation for the

(Vsonic) crossploting of the average sonic velocity with

porosity (Figure 9), the scattering of velocities at equal

porosities can be high. The observed strong velocity

scatter is possibly attributed to secondary porosity, in

particular to vugs and fractures . Brie et al.[21 ,22 ,4] [6]

pointed out that the sonic response, as measured with

the Secondary Porosity Index (SPI), is controlled by

pore geometry rather than by geological secondary

porosity formed after deposition. The analyzed wells in

this research offer the opportunity to investigate in

more details, which poretypes contribute from a micro

fabric point of view to the secondary porosity as

measured with SPI.

The  velocity-deviation  log as shown in figures

4d-8d is the result of the variability of velocity at equal

porosity. This gives down-hole information, which can

be interpreted with respect to primary poretypes in

clastic formation, as applied by Ansselmetti and

Eberli  in carbonate formation. According to this[2]

work, there are three deviations in velocity-deviation

log: large positive, zero and large negative deviations.
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Fig. 3b: The Lithological Sequence of Well I and K

son icTable 1: Velocity (V ) ranges in each of the wells analyzed as

established from velocity logs produced from sonic logs

Well Depth Range (m) Velocity Range (m/s)

A 1650 – 2147 2780 – 4824

C 1312- 1899 1576 – 3565

E 1650 – 2188 2485 – 4432

I 2001 – 3182 2603 – 4686

K 2034 – 3280 2448 – 6074

Table 2: Porosity (ö) ranges in each of the wells analyzed.

Well Depth Range (m) Range of Porosity (%)

A 1650 – 2147 13 – 51

C 1312- 1899 6 – 65

E 1650 – 2188 12 – 53

I 2001 – 3182 14 – 51

K 2034 – 3280 3 – 52

TATable 3: Velocity (V ) ranges in each of the wells analyzed as

established from velocity logs produced from Time-

Average Equation

Well Depth Range (m) Velocity Range (m/s)

A 1650 – 2147 2722 – 4662

C 1312 – 1899 2360 – 5367

E 1650 – 2188 2663 – 4752

I 2001 – 3182 2722 – 4577

K 2034 – 3280 2704 – 5713

Table 4: Zones of Negative Deviation in each of the wells
analyzed.

Well Depth Rages (m)

A 2094 – 2132
C 1343 – 1429

1524 - 1581
1714 – 1800
1819 -1829

E 1653 – 1683
1765 – 1818
1938 – 2005

I 3065 – 3095
K (Poor Data Quality) 2095 – 2150

2320 – 2452
2640 – 2752
2885 – 2998

Large Positive Deviation: Large positive deviation
ndicates relatively high velocities in regard to porosity,
and are caused mainly by porosity that are integrated
in a frame-like fabric of the rock, such as in intrafossil
or moldic porosity . They are generally characterized[2]

by pores within a dense, cemented matrix, where the
pores commonly are not connected . Figures 4d-8d[2 ,3]

reveal that this poretype is not common in the study
area, being clastic in origin. They occur as spikes in
each of the wells analyzed.
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Fig. 4: Logs Generated from Well A

Fig. 5: Logs Generated from Well C
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Fig. 6: Logs Generated from Well E

Fig. 7: Logs Generated from Well I
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Fig. 8: Logs Generated from Well K

Fig. 9: Average Velocity-Porosity Crossplot (Well A, C, E, I& K)

‘Zero’ Deviation: Small positive and negative

deviation (± 500m/s) or less represents formations that

obey the predictions of the time-average equation.

These formations are dominated by interparticle

poretype . These zones are prevalent at various[2 ,3]

depths in each of the wells analyzed. It covers a total

thickness of 482m (98%) out of total thickness of

492m in well A, (Figure 4d), 377m (66%) out of total

thickness of 574m analyzed in well C (figure 5d),

435m (81%) out of the of 538m analyzed in well E

(Figure 6d); 1 122m (95%) out of the total thickness of

1 181m analyzed in well I (Figure 7d ); 785m (63%)

of the total thickness of 1246m analyzed in well K

(Figure 8d). From the above analysis, it is revealed that

small positive and negative velocity-deviation patterns

dominate the wells studied in the area. This shows that

the dominant primary poretype in the study area is

interparticle in nature. This poretype is well described

by the time-average equation and agrees with the

deduction of Kupecz et al. .[15]
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Large Negative Deviation: According to the empirical

concept of the time-average equation, the total rock

porosity is the summation of the interval transit times

of solid and fluid phases of the rock, Wyllie et al. .[26]

That is, no rock should have a velocity below the

prediction based solely on the porosity. Only the

velocity in high-porosity rocks (porosity >40%) may be

overestimated by the equation, Pallet and Cheng .[20]

However, the studied velocity-deviation logs show

zones where deviations were consistently negative

(Figures 4d-8d), indicating that other factors other than

lithology control the pore structure in the area. There

are three possible explanations of this observation,

Anselmetti and Eberli :[2]

C Caving or irregularities of the borehole wall.

Examples are the irregularities caused during

drilling yielding unfavorable well conditions

resulting in artificial low velocities on the sonic

log. Correct porosity value from sonic log but too

low velocity from the same log can produce a

large negative velocity-deviation .[21]

C Several studies, Gardner et al. ; Anselmetti and[9]

Eberli , showed that fracturing decreases velocities[1]

both on a small scale, and on a large scale,

Guadagna and Nunziatam, . The large scale[10]

fractures can be detected with the logging tools

and yield lower velocities than the undisturbed

rock. In addition, buried fractures are normally

closed or, in regard to total porosity, are relatively

insignificant so that the neutron porosity is not

significantly reduced. As a result, fracturing

produces large negative deviations.

C Large negative deviation also could be caused by

a high content of free gas. Free gas has a strong

negative effect on the velocity-deviation log

because  gas  drastically  reduces velocity, Nur

and  Simmons   and  results in a reduced[19]

neutron-porosity  reading  due  to the lower

content of hydrogen in the fluid phase, Hilchie .[11]

These effects theoretically cause a strong negative

signal in the velocity-deviation log, Ansselmetti

and Eberli . To be certain about which of the[2]

explained factors is predominant, the velocity-

deviation may be correlated with other logs like

density and caliper logs. If the large negative

velocity-deviations are due to the high content of

free gas, the density log will give high density

deflection as a result of gas effect . If the large[22]

negative velocity-deviation is as a result of caving

or irregularity in the wall of the borehole, caliper

log will give relatively high deflection. In the

absence of these, the results of large negative

velocity-deviation may be due to the presence of

secondary (fracture) porosity. In respect of the

above deductions, the large negative velocity-

deviation (>500m/s) as reflected within some

depths in the study (Table 4), which correspond to

less than 40% porosity values (Figures 4 – 8) may

be due to the presence of secondary (fracture)

porosity. The spikes of high negative deviation

within the zone are diagnostic of interparticle

poretype and may be due to caving and

irregularities in the wall of the boreholes.

Poretypes, Permeability and Fracture Identification

Using Velocity-deviation Log: The five major pore

types observed in the studied sedimentary formation are

moldic pores, intrafossil pores, interparticle pores,

micro-porosity and low-porosity pores; Anselmetti and

Eberli . As analyzed in this research, large positive[2]

deviations indicate relatively high velocities in regard

to porosity, and are caused mainly by porosity that are

integrated in a frame like fabric of the rock, such as in

intrafossil or moldic porosity. Zones with small

velocity deviations (± 500m/s) in the velocity-deviation

log represent sections that follow the predictions of the

time-average equation. These zones are dominated by

either interparticle or high micro porosity.

Permeability in sediments is more affected by

poretypes and their connectivity than by the total

amount of porosity . The large variety of poretypes in[17]

sedimentary formation results in highly variable

permeability values. It was shown that large spikes of

positive velocity-deviations are a result of low-porosity

cemented lithologies. Consequently, rocks with large

positive velocity-deviation show generally low

permeability values . In contrast, interparticle poretype[2]

is characterized by well-connected pores and thus high

permeability is shown on the velocity-deviation log

with small positive and negative deviation, which is

predominant in all the wells analysis with the

exceptions of the zones established in table 4.

Fracture as secondary porosity which influence the

degree of permeability in a formation are shown on the

velocity-deviation log as large negative deviations.

Conclusion: An extensive geophysical well log

analysis of five drilled holes in a clastic formation has

revealed the characteristics of poretypes and fractures

in parts of the Niger delta area. The study revealed

wide range of velocity and porosity distribution with

depth. Poretypes and fractures cause significant

scattering in the velocity-porosity relation, so that most

analyzed velocity and porosity zones show deviations

from an average velocity-porosity trend. The term

“velocity-deviation”  was  defined  as  the deviation

(or difference) between the sonic log-derived and time-

average-derived velocity. As with secondary porosity

index (SPI), this approach quantifies the difference
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between the true acoustic and the theoretical time-

average velocity behavior in clastic sediments. Because

porosity controls velocity and not vice versa, the

resulting velocity deviations were quantified rather than

the porosity anomalies.

The Velocity-deviation was established by

subtracting the time-average velocity (VTA) from the

sonicsonic velocity (V ) and the difference plotted against

depth to give the velocity-deviation log. This log

displays a continuous record of velocity-deviation

values, which allows the characterization of the

predominant poretypes in clastic formation. The

velocity-deviation is zero to small positive and negative

values for lithologies with interparticle poretype which

is best described by the time-average equation. Low-

porosity sediments that are intensely cemented and are

integrated in a rock frame and yield high elastic

properties of rock, cause large positive deviations

which are a result of higher velocity values than

expected from porosity. !!!The large negative

deviations, which are results of factors other than

lithology e.g. fracture, rugosity in the wall of the

borehole and presence of gas that are controlling

velocity-deviation in clastic formation.

The results of this research have revealed the

predominant primary poretype in the study area to be

interparticle poretype which gives a good velocity-

porosity relationship. Intrafossil or moldic porosity is

rare in the area and only occurs in form of occasional

spikes in the logs. In addition, the research shows that

fracture and permeability can be identified in

sedimentary formations using the velocity-deviation log.

Absolute  downhole permeability identification

however, needs additional information or additional

lithology logs.
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