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ABSTRACT : A pressing need has been felt for long by the hydrocarbon exploration and production industry to enable the

“picking” of optimal infill locations. Seismic attributes have been successfully used to demarcate porous hydrocarbon-bearing

zones for well placement in development fields. This methodology has been successful in silisiclastic reservoirs, where the

empirical relationship between porosity and permeability could be established. The challenge lies with carbonate reservoirs. The

challenge increases if, heterogeneity dominates the flow capacity, because establishing a relationship between porosity and

permeability becomes more complicated. Though extensive laboratory studies have established the relationships between changes

in acoustic property and the heterogeneity, the application of this relationship has not yet been tested. To overcome the complexity

in establishing the relationship, the heterogeneity signatures from well logs should be upscaled and mapped onto seismic attributes

through calibrated rock physics modeling. Borehole electrical imaging tools provide both high resolution and azimuthal borehole

coverage to resolve quantitatively the heterogeneous nature of the porosity component to a higher degree of accuracy. Using

nuclear magnetic resonance (NMR) technology, one can further characterize heterogeneity in terms of pore size, shape, and

connectivity. Sonic data and the heterogeneity information obtained from electrical images and NMR measurements helps to

establish a relationship between heterogeneity and acoustic signature at sonic frequency. This relationship can now be upscaled to

seismic domain using borehole seismic measurements thereby easing its migration to surface seismic with confidence. The paper

addresses the challenges that have been met so far and proposes a possible methodology to overcome the same.

INTRODUCTION

Hydrocarbon being a non-renewable resource and
with the continuous shrinkage of the favorable reservoirs,
developing the existing oil and gas fields is becoming a
burning issue for almost all the petroleum companies
worldwide. Coupled with this challenge there is also a usual
need for increasing the recovery factor of existing fields with
a cost effective technology.  Hence to address these issues,
perhaps the most important step towards success is to
optimally place the infill wells with high strike rate.

In general terms, majority of the hydrocarbon
reservoirs are either clastic or carbonate. Due to different
mechanisms of deposition, compaction and diagenesis,
porosity permeability relationships are different. The flow
characteristic of the reservoir depends on the permeability,
which is a function of porosity but not always in a linear
fashion. The size and shape, distribution of pore space and
its interconnectivity controls porosity and permeability
relation. The total porosity can be divided into two major
components: primary porosity and secondary porosity. The

components of secondary porosity could be broadly divided
on the basis of diagenetic processes leading to the formation
of vugs, moulds, diagenetic channels, super K etc., and
tectonic events yielding fault and fractures.  The resultant
signature on seismic is different for these two classes of
secondary porosity and resultant permeability – generated
due to fracture (Bryan et al., 2002) – generated due to
diagenesis (Pride et al., 2003)

Clastic reservoirs are generally rather homogeneous
and hold a relatively simple relation between porosity and
permeability. Hence, releasing successful well locations are
comparatively easier and consistent. Reservoir production
history generally strengthens this assumption over time. With
increasing heterogeneity in carbonates the relationship
between porosity and permeability becomes more and more
complicated. At the same time in carbonates, heterogeneity
and permeability holds a direct relation (Akbar et al., 2001).
Characterizing the heterogeneity at finer scales viz., core,
well logs, etc. and migrating the signatures to seismic for
mapping is the key to success.
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CARBONATE HETEROGENEITY

The heterogeneity of carbonate rocks presents
significant challenges that must be overcome to produce the
60% of known oil reserves they contain. A carbonate reservoir
could be layered or massive and its porous fraction could be
comprised of vugs, moulds, karsts, channels, patches of inter-
particle or intra-particle porosity or layers due to diagenesis,
bioturbation or preferential cementation. The main factor
contributing to the heterogeneous nature of a reservoir is
patchiness due to areas of different porosity and permeability.
This is caused by diagenetic processes or/and change in litho-
facies. For instance, it could be imagined as a mixture of
grainstone and packstone; where grainstone areas could be
less permeable due to cementation of the pore space and
packstone areas could be more permeable. Similarly, in
bioclastic limestone, shell fragments which are resistive /
dense, do not allow mud invasion and hence appear as
resistive spots or patches. On the other hand, the leached
parts of the same shells could be porous.

Textural analysis of a typical carbonate rock reveals
the presence of voids, irregular patches of loosely compacted
grain fragments and solution channels within a compact rock
matrix. In general, these features are the result of diagenesis
and alteration at a post depositional phase. Hence, with
respect to the rock, these are genetically considered to be
secondary. Also being a form of opening, these features
contribute to the porosity of the rock. This porosity is not an
inherent property of the rock, i.e. not a syndepositional
characteristic; but is a phenomenon imposed at a subsequent
phase by the secondary features referred above. Hence, the
porosity is termed as secondary porosity thereby making the
porosity heterogeneous in nature.

Describing the internal geometry of the formation
is particularly important in carbonate reservoirs where
porosity heterogeneities control, permeability and recovery
efficiency.

CHARACTERIZATION OF HETEROGENEITY AND
PERMEABILITY

Borehole Electrical Images

In conjunction with open hole logs, the borehole
electrical images can be used to examine the internal
organization or rock fabric of reservoir units. Being resistive,
the dense limestone areas or porous areas with residual
hydrocarbon have lighter shades on the images; whereas

shale, mud invaded porous rocks, vugs, and moulds have
darker shades due to their conductive nature.

High resolution imaging of the formation along the
borehole wall compliments traditional volumetric analysis.
The goal of high-resolution imaging is not only to assess the
percentages of the rock fraction but also to characterize their
spatial arrangement. For instance, in vuggy carbonates,
quantifying both the vug percentage and the vug
connectedness through channels, cracks or fractures from
borehole electrical images allows the interpreter to derive
more realistic porosity / permeability transforms (Akbar,
2002).

To achieve this, specialized image texture extractors
have been developed to highlight geological objects such as
vugs or patches in the images. Each object is then characterized
by  attributes such as percentage in image, apparent size, shape
and orientation. The information is further condensed into
summary logs to facilitate comparison and integration with
standard logs, well test data and production logging surveys
(Nurmi et al., 1990).

MAGNETIC RESONANCE

Nuclear Magnetic resonance (NMR) looks at the
fluid filled part of the rock to generate porosity information,
which is generally lithology unaffected. The NMR signature
is mainly indicating two things; firstly a porosity distribution
and a fluid type encompassing all different type of
hydrocarbon and water.  The methodology primarily depends
upon the free hydrogen or proton in the fluid. Polarization
and relaxation mechanism yields a porosity value and the
relaxation characteristics tell about the porosity distribution
and fluid as mentioned earlier. Difference in pore size bears
a direct relationship with the relaxation time. The relaxation
as computed from the inversion of the responses received
from the pores of different size and shapes, cluster together
in the distribution to tell about the variation of pore size at
certain depth frame. For example, a unimodal distribution is
a characteristic of the presence of a single size pore mainly.
Heterogeneity could be well understood if one encounters
multi-modal distributions.

Clastic rocks generally shows unimodal distribution
depending upon the shalyness in the formation. One can
easily separate the percentage of porosity that is associated
with the clay/Shale from the total porosity using a partition
in the distribution. Unlike clastics, carbonates generally have
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combination of more than one type of pores viz., Intragranular,
Intergranular, Vugular/Fracture (the secondary porosity
enrichment).

Transverse relaxation or T
2
 distribution changes

significantly for different carbonates facies from mudstone
to grain stone. In fact, the NMR physics could differentiate
this facies variation on the basis of porosity distribution.
Though the relaxation distribution depends heavily on the
transport mechanism of magnetic moment from within pore
space to diffusion between pore-to-pore, one can carry out
an inversion of the relaxation distribution to get pore
geometry. NMR based facies analysis, clubbed with
permeability estimation in carbonate could be calibrated with
all possible data including electrical images to get a realistic
and meaningful observation.  (Ramakrishnan et al., 1998
& 2001)

Sonic Measurements: Heterogeneity and Permeability

In the course of discussion on carbonates and its
influence on different measurement techniques based on
completely different physics, we will try to look into pore-
wave (sonic) interaction and its signature on the acquired
data. Sonic measurement, for example, is texture sensitive
and responds differently to different pore shapes.

Presence of a wide range of porosity types in
carbonates, unlike clastics, could pose serious challenge to
explain the wave propagation on the basis of grain contacts.
The structure of carbonates present quite a different picture.
In carbonates the area of contact between grains are normally
large and these are no longer weak links that is generally
assumed for clastics. Rather, it is the pores, with their
particular shapes, such as spherical in the case of vugular
carbonates, that affects elastic property and hence the velocity
of the sonic wave. This swiss-cheese nature of carbonate
demands a different interaction theory which is called a
scattering model that deals in the long wavelength limit,
with no preferred orientation of the long axis of the spheroidal
spaces in the frame, which is having some intergranular
spaces. This type of model could handle a whole variety of
pore shapes with different aspect ratios – spheres, ellipsoids,
needles, flat plates etc. This model makes it possible to
investigate the effect of pore shape and heterogeneity on the
acoustic velocity. More sophisticated models account for
scattering from both solid inclusion and pores, and can
handle higher porosities in the model. Clubbed with its
counterpart, electrical measurements, investigation has been

carried out to identify the spherical inclusions are connected
or insulated from the rest of the porous network (Dutta et al.,
1999) Secondary porosity partitioning could be computed and
compared with the other sources mainly Neutron-Density
versus Sonic, or NMR, or Electrical images (Spherical Porosity
Index, SPI). Inversion approach has also been tried to generate
a synthetic wave to quantify the secondary porosity fraction
upon comparing with the acquired data similar to fluid
replacement. Change in velocity with the presence of vug
fraction could be a model-based approach and used later on
the acquired data. Sometimes, contrasts in the acoustic
properties are even helpful to generate heterogeneity
information. Quantification of the amount of secondary
porosity and underlying connectivity could provide an
important piece of information especially in heterogeneous
carbonates. (Brie et al., 1985; Brie, 2001; Knight et al., 1998).
Eberli et al., (2003) have reported that pore geometry is a
crucial factor in controlling acoustic properties in carbonates
with the consequence that the velocity scattering at equal
porosities can be attributed to the occurrence of a dominant
pore type. This knowledge of the complicated pore type/
porosity-velocity correlation in carbonates can be used to
exploit porosity-velocity data sets to predict the trend of pore
types, their associated diagenesis, and permeability trends.

In addition to velocity the attenuation of sonic wave
also changes with change in fluid  (Klimentos, 1995), saturation
(Cadoret et al., 1998), and heterogeneity (Lucet et al. 1992).

Therefore, sonic wave attenuation and velocity both
carry the signature of heterogeneity.The heterogeneity as
described by borehole electrical images and nuclear magnetic
resonance, could be correlated with sonic wave velocity and
attenuation to generate representative transforms between
reservoir heterogeneity and sonic wave velocity and
attenuation.

SEISMIC AND PERMEABILITY

Can permeable zones be identified and predicted from
seismic data in carbonate reservoirs? This question has been
around since Maurice Biot, working for Shell in the 1950s,
introduced the idea that seismic waves induce fluid flow in
saturated rocks due to fluid-pressure equilibration between
the peaks and troughs of a compressional wave (or due to
grain accelerations in the case of a shear wave). Biot (1956)
established a frequency-dependent analytical relation between
permeability and seismic attenuation. However, laboratory,
sonic log, crosswell, VSP, and surface seismic have all

Permeable Zones In Carbonate Reservoir
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demonstrated that Biot’s predictions often greatly
underestimate the measured levels of attenuation—
dramatically so for the lower-frequency measurements. Yet,
if an unresolved link truly exists between seismic amplitudes
and permeability, the potential benefit to the oil industry is
enormous.

In fractured reservoirs, siliciclastic or carbonates, it
is reasonable to postulate that any locally determined seismic
anisotropy defines a symmetry class for the geologic material
that must also be satisfied by the permeability tensor.  Such
material-symmetry constraints to hydrological modeling are
not discussed. Reservoir engineers in constructing and
constraining their reservoir model routinely use three-
dimensional seismic images and time-lapse seismic
monitoring. Neither are such imaging applications of seismic
surveys discussed.

In homogeneous poroelastic systems, the
permeability tensor practically does not influence propagating
seismic waves in the low frequency range (0–1000 Hz; see,
e.g., Schmitt, 1989; Gelinsky et al., 1996). Shapiro (1999),
show that this situation changes in heterogeneous systems.
Due to the heterogeneities of poroelastic structures, the
attenuation of P-waves is influenced by the permeability in
an enhanced way.

The focus here is only on whether the permeability
of the heterogeneous carbonate rocks through which seismic
waves propagate directly influences the decay of the wave
amplitudes with distance. Key to addressing this question is
an up-to-date discussion of the likely attenuation mechanisms
operating in the exploration seismic band (10-103 Hz). Recent
discussions on this issue suggest that seismic amplitude and
its attenuation behavior do contain information about the
permeability of reservoir (Pride et al., 2003; Diaz et al., 2003).

Hackert et al. (2001) created a log of intrinsic
dispersion and attenuation for the Antelope Shale formation
of the Buena Vista Hills field, San Joaquin Valley, California.
High dispersion (or low Q) values correlate with thin sand
and carbonate beds within the Antelope Shale. These beds
are at least ten times as permeable as the host shale formation,
so this effect provides a possible avenue for seismic prediction
of permeability. The dispersion log is formed through
comparison of crosswell seismic velocities (measured at
approximately 1 kHz) and sonic log velocities (measured at
approximately 10 kHz).

Recently, Brown et al. (1997) proposed using velocity
dispersion as a tool for reservoir characterization. Dispersion,
the dependence of seismic velocity on frequency, is
mathematically related to seismic attenuation through the
Hilbert transform (Aki and Richards, 1980). Therefore,
measurements of dispersion and attenuation are equivalent,
and measurements of velocity can be simpler than
measurements of amplitude. The equivalence of dispersion
and attenuation measurements is quantitatively demonstrated
in the Sams et al. (1997) study of data from the extensively
characterized Imperial College (UK) borehole test site. They
compared velocities and attenuation from four frequency
regimes [vertical seismic profiling (VSP), crosswell, sonic
logging, and core measurements] to establish dispersion and
attenuation profiles as a function of frequency. They observed
a distinct peak in attenuation versus frequency, implying that
one relaxation mechanism (Aki and Richards, 1980) is
responsible for the majority of the observed attenuation.

The attenuation of seismic waves also seen to be
dependent on saturation and its distribution (Dutta 1981).
The attenuation is minimum at 100%water or gas saturations
and is more for partial saturation reaching maximum at fiz
water scenarios. Cadoret (1998) shows that for heterogeneous
distribution of saturation, which is very much likely for
heterogeneous systems, the attenuation increases. Therefore,
the seismic amplitude and so all the seismic attributes,
assumed to be corrected for all other effects through calibrated
rock physics (Tyagi, 2003), do carry information for reservoir
parameters lithology, porosity, saturation and permeability.

The permeability information is modulated in
seismic wavefield as frequency dependent velocity and
attenuation. The frequency dependent attenuation and
velocity both affect the amplitude of the seismic event for a
particular horizon. Spectral analysis that uses orthogonal base
consisting of polynomials (Oldham et al., 1955), derives a
spectral representation for interval of interest in the
subsurface. Each trace is characterized in terms of its
eigenvalue (spectral attribute) and the associated eigenvector
(orthogonal polynomial) to approximate the reflection
amplitudes along the trace in a least square sense. The
spectral attribute map C0 (Coefficient 0) is the bias of the
trace, C1 the linear trend, and so on upto the exact
reconstruction of the observed trace. In other way, the spatial
variation in magnitude of C0, C1, C2, etc. reflects change in
strength of a particular frequency and so a potential attribute
that might be carrying information of permeability.

Permeable Zones In Carbonate Reservoir
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However, the identification of potential attribute or
set of attributes of seismic data is not a trivial task. The
relationship is very complex and non-linear requiring
techniques like ANN for ensuring success of any attempt for
predicting permeable zones from seismic. A detailed
discussion on superiority of ANN for such an inversion has
been discussed by (Tyagi et al., 2003).

METHODOLOGY AND APPLICABILITY

Based on the above discussions, a stepwise
methodology for predicting permeable zones by integrating
well and seismic data may be proposed as follows:

1. Quantification of heterogeneous components from
borehole electrical images.

2. Quantification of heterogeneous components from
NMR logs.

3. Calibration of heterogeneity/permeability results of step
1 and 2 with core in at least one key well.

4. Migrating the results to the un-cored wells in the same
geological domain using ANN.

5. Establish relationship between sonic and heterogeneity
from step 4.

6. Rock physics analysis and modeling to upscale the
relationship obtained in step 5 to seismic domain.

7. Identification of seismic attribute from step 6 sensitive
to heterogeneity.

8. Mapping heterogeneous permeable zones using
appropriate inversion technique.

Application of this methodology requires a good
population of well controls to define representative transform
between heterogeneity and permeability in the reservoir
thereby helping to establish the relationship with seismic
data.  This would lead to map the permeable volumes. The
permeable volume then can be used for optimal infill well
locations, which at present are primarily driven by porosity
volumes. This can be an additional risk minimization tool
in development of heterogeneous carbonate reservoirs.

CONCLUSION

The permeability of carbonate reservoir is dependent
on heterogeneity, which is the product of secondary processes
to which a particular reservoir has been subjected after
deposition. The heterogeneity of these reservoirs can be described
successfully with the help of core-calibrated studies of borehole
electrical images and nuclear magnetic resonance logs.

The theoretical developments and field observations
support that heterogeneity affects attenuation and velocity
of acoustic waves in sonic and seismic domain both. However,
due to complex nature of relationships no practical approach
exists for direct inversion of seismic attribute into
heterogeneity and so the permeability.

A practical methodology has been proposed, that
uses latest advancement in logging and computation
techniques, in which the reservoir heterogeneity can be linked
to sonic velocity and attenuation at well locations and can
further be upscaled and correlated with seismic response with
the help of borehole seismic measurements. Having achieved
proper upscaling and correlation for sufficiently large number
of well controls the representative seismic attributes can be
identified and used to map permeable zones using suitable
inversion techniques e.g. ANN.
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