
688

Feasibility Assessment of a Time-Lapse Seismic Survey for
Thermal EOR in Balol Field, India, Based on Rock Physics

and Seismic Forward Modeling
Asit Kumar & Shyam Mohan

Institute of Reservoir Studies, ONGC,  Ahmedabad

5th Conference & Exposition on Petroleum Geophysics, Hyderabad-2004, India  PP 688-695

ABSTRACT : Seismic wave velocities in a reservoir depend on physical properties such as elastic constants of the rock,
porosities, pore fluid characteristics, pore geometry, consolidations, hydrocarbon saturations and effective pressure. During a
thermal EOR process some of these parameters are changed resulting in changes in seismic velocity and acoustic impedance. Time-
lapse seismic is based on measuring the observed changes in seismic response to locate bypassed oil, water or gas fluid fronts and
heated zones. The changes in seismic response can be tremendous or subdued depending on relative predominance of one or more
of these rock and fluid properties. Because of the cost-implication of 4D seismic surveys, it is prudent to estimate the changes in
seismic response and then use that estimate to evaluate the feasibility of observing the changes in the reservoir that will be useful
in production/development decisions. In this paper, we present a procedure for estimating the reservoir fluid and rock physical
parameters that may control the seismic response of an in-situ combustion process in Balol field of Mehasana, India. We generate
and analyse pre- and post-combustion scenarios on the basis of rock physical calculations and Gassmann fluid substitution model.
This is followed by a forward modeling to generate synthetic pre- and post-combustion seismic sections for comparison and
analysis. We show that in-situ combustion process in Balol Field indeed gives rise to an observable change in seismic response and
it is possible to track the thermal front in successive repeat surveys. We finally discuss the usefulness and value addition that may
accrue due to 3D time-lapse seismic surveys in Balol for reservoir management and monitoring of thermal EOR.

INTRODUCTION

Time-lapse seismic reservoir monitoring has made
tremendous progress during the past decade. So much so
that it is becoming a vital reservoir engineering and
management tool. The utility of time-lapse seismic studies
hardly needs emphasis. Besides providing a direct imaging of
fluid flow, it can identify bypassed oil to be targeted for infill
drilling, monitor the progress of costly injected fluid
fronts(water, gas, steam, CO2, etc), map reservoir
compartmentalizations and fluid flow properties of faults and
thus add value to a field’s economic life (Lumley, 2001).

The success of a 4D seismic project depends on
critical reservoir rock and fluid properties, pressure and
temperature value and high fidelity seismic acquisition,
processing and interpretation (Lumley, 2001). A time-lapse
seismic study utilizes multiple 3D seismic survey to image
changes in acoustic properties caused by production/recovery
of hydrocarbon. Changes in composition of pore fluids,
temperature and pressure can all affect the acoustic properties
of rocks (Nur, 1989; Wang et al, 1991; Batzle & Wang, 1992).

During enhanced oil recovery, injected steam, water
or gas alters the fluid composition, temperature and pressure

conditions, which in turn affects the acoustic impedance of
the reservoirs (Nur, 1989; Wang,1991). Under favourable
circumstances these changes can be detected using seismic
methods. Changes in seismic response have been successfully
used to track and monitor propagation of thermal and steam
fronts (Greaves & Fulp, 1987; Eastwood et al, 1994 &1996;
Lumley, 1995).

(a) Balol Field

Balol field lies in the heavy oil belt in the north -
western part of the intra-cratonic rift graben of the Cambay
Basin. The major sands of Kalol formation are overlain at the
top by Tarapur shale. The shale at the bottom is represented
by Cambay Black Shale. The major pay sand is KS-I of Kalol
formation of middle Eocence age. KS-I sand, which is under
thermal EOR process, has oil-water contact around 1024 m.
The porosity of KS-I is in the range of 28-30% and permeability
varies from 8-15 darcy. The oil is asphaltic in nature. At
reservoir temperature of 72o C and pressure of 104 kg/cm2, the
viscosity of oil varies from 100-450 cp and its gravity is about
15.5 oAPI.

The primary recovery of viscous oil from Balol is 10-
12%. Therefore, in-situ combustion (ISC) process is being
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carried out in the field for improving the recovery of oil from
the reservoir. Spatial changes in pressure, temperature, fluid
saturation and presence of effluent gases in the reservoir
during ISC can cause changes in seismic response. Detecting
and measuring these changes as a function of time can lead to
a better understanding of the movement of fire-front and fluid
flow dynamics which in turn can help optimize the production
and injection strategy for EOR.

(b) Feasibilty Study of a 4D project

It is important to perform a feasibility study before
acquiring 4D seismic data. Lumley et al (1997) have developed
a quick spread sheet analysis technique to assess the 4D
seismic projects. Further feasibility analysis requires log
analyses, rock physics and seismic modeling which is what
we have attempted in this study. As pointed out by Wang
(1997), the feasibility of time-lapse seismic monitoring consists
of two aspects- physical and seismic. The former can be studied
through rock physics which focuses on the effect of
production/recovery process on seismic properties of reservoir
rocks. The latter includes selection of seismic methods,
acquisition design and parameters, seismic resolution etc. This
paper discusses only the physical aspect.  Rock physics forms
the basis for determining the feasibility of seismically detecting
the combined total effect of all the changes in the reservoir at
a given seismic resolution. It also provides the much-needed
link between seismology and reservoir engineering by
transforming seismic properties to reservoir properties (Wang,
1997).

THEORY

Gassmann Equation

Fluid substitution modeling based on Gassmann
theory is the most commonly used approach for predicting
the changes of seismic velocities in rocks that result from
changes in pore fluids. Gassmann (1951) showed that when a
rock is a closed system (undrained), macroscopically isotropic
and homogeneous with connected pore network, the following
relation holds among rock parameters :
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where K
u
  is the saturated (undrained of pore fluid)

bulk modulus of a fluid filled rock, K
m
, the bulk modulus of the

solid grains(mineral matrix), K
f 
, the bulk modulus of the fluid

mixture occupying the pore space,  K
d
 , the dry bulk modulus

of the rock frame and φ is  porosity of the rock. The Gassmann’s
equation is a low frequency approximation of elastic wave
propagation in porous media, which assumes a homogeneous
mineral modulus and statistical isotropy of the pore space.  It
is generally valid at seismic frequencies (<100 Hz) such that
the induced pore pressure is equilibrated throughout the pore
space.

Fluid substitution using equation (1) involves the
determination of following four components (Smith, 2003): (1)
porosity of the rock, (2) properties of fluids that occupy the
pore space, viz.,  elastic moduli and densities, (3) bulk modulus
of the solid grains, i.e., mineral modulus, and (4) bulk modulus
of dry porous rock frame.

(1) Porosity

Porosity can be calculated from core data or from the
analysis of wireline logs or assumed a constant value on the
basis of available data.

(2) Fluid Properties (Elastic moduli and densities of fluids)

Normally a reservoir is occupied by three types of
fluids: water, oil and gas. The properties of these fluids depend
on their composition, temperature and pressure. The modulus
and density of each fluid type at reservoir conditions must be
known to compute the undrained bulk and shear moduli as
well as the fluid-saturated density of the reservoir. The
parameters can be determined by PVT analysis and core studies
in the laboratory. Otherwise, these can be approximated given
common fluid information, reservoir pressure and reservoir
temperature (Bentley et al, 2000).

If specific gravity of gas at standard conditions is
known, equation (1) of Vasquez and Beggs (1980) can be used
to correct specific gravity for separator temperature and
pressure.  The  bulk  modulus  (Ke

g
)  and  density  (e

g
)  of  the

gas  at  the reservoir pressure and temperature may be
estimated using the corrected specific gravity and equation
(10) of Batzle and Wang (1992). Likewise, the bulk modulus of
oil may be computed from equations (18) and (19) of Batzle
and Wang (1992) or from empirical relationship of Vazquez
and Beggs (1980) for undersaturated oil above bubble point
pressure. The density of the oil at reservoir conditions (e

o
)

may be computed from mass balance equation if the densities
of oil and gas at saturated conditions are available. For known
salinity of water at a given temperature and pressure of the
reservoir, water density (ρ

w
) may be approximated using
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equation (27) of Batzle and Wang (1992). The water bulk
modulus (K

W
) may be approximated using equations (28) and

(29) of Batzle and Wang (1992).

Fluid Mixture Properties

If gas, oil and water exist in the pore spaces with
saturations S

g
, S

o
 and S

w
, respectively, the bulk density of

fluid mixture is given by volume average:
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where ρ
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 are the densities of oil, gas and

water respectively. The bulk density of the sandstone
reservoir is simply the weighted-volume average of the
constituent densities:
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where ρ
m
 is the mineral density of the solid rock. The

bulk modulus of the fluid mixture (K
f
) depends on the details

of the small-scale fluid distribution (Mavko and Mukerji, 1998).
If the fluids are mixed uniformly at a very fine scale, the
saturation weighted harmonic average (Reuss model or iso-
stress average) yields bulk modulus of an appropriate
equivalent fluid given by

(4)

For relatively undisturbed reservoirs, the uniform
fluid distribution assumption will often be valid and the
harmonic average will be appropriate (Bentley, 2000).

(3) Mineral Modulus

The bulk modulus of the mineral matrix can be
calculated from the known composition of the rock such as
from core studies or from an assumed mineralogy of the
constituents which the rock is supposed to be composed of.
For a simple rock consisting of two minerals only, for example,
a sandstone consisting of quartz matrix with minor clays, Reuss
averaging method gives
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Where F
1
, F

2
, are the volumetric fractions and K

1
, K

2
are the bulk moduli of the component minerals. Reuss (or
harmonic) averaging is more appropriate if the compliant
minerals are located at grain contacts (Wang, 2001).

(4) Bulk Modulus of Dry Frame

If seismic velocities in a rock saturated with initial
pore fluid (or gas) is known from laboratory measurements or
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from wireline logs, the bulk modulus of the saturated rock can
be calculated from the following relationships (Mavko, 1995):
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where V
p
, V

s
 are compressional and shear velocities

and ρ
b
, ρ

f
,, ρ

m
, are the densities of the rock, the pore filling

phase(air or fluid) and mineral phases respectively. In practice,
fluid substitution is performed by extracting the bulk and shear
moduli, K and µ from eqns. (6) to (8) and then using backward
Gassmann equation (Wang, 2001) for assumed or known
properties of fluid mixtures and mineralogy of the rock. Once
K

d
 is known, the bulk modulus of the rock saturated with new

or desired pore fluid can be calculated by using eqn. (1) again
and the new velocities may be reconstructed. We thus find
that fluid replacement modeling is a two-part process (Mavko,
1995) wherein eqn. (1) is called twice-first to go from the initial
fluid saturated modulus to K

d
 and then from K

d
 to the new or

desired fluid saturated bulk modulus. Both K
d
 and µ are held

constant during the course of a fluid substitution process. K
d

may be determined by several methods.

However, a commonly encountered problem in fluid
substitution is the lack or unavailability of shear velocity
information. If V

s
 is not known, K

u
 cannot be extracted from

eqn. (6) and eqn. (1) cannot be strictly applied. However, there
is a workaround, as suggested by Gregory (1977) to compute
K

d by assuming a dry rock Poisson’s ratio and invert or iterate
eqn.(1) for the desired fluid. This method is described below:

Gregory’s Method

For most dry rocks and unconsolidated sands,
Poisson’s ratio (σ) is about 0.1 and is independent of pressure.
Fortunately, the calculated V

p
 is not very sensitive to the value

of σ and no great error is introduced by guessing its value. If
we introduce P-wave modulus given by

M=K+   µ4
3 (9)

and note that shear modulus of the rock is not affected
by fluid saturations, such that

µ
sat

 = µ
d

(10)

then, in terms of P-modulus eqn. (1) can be rewritten
(White, 1965) as :
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After some algebraic manipulations, eqn. (11) can be
transformed into the following quadratic expression for a term
that involves K
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We note that

K
d
 = (1-y) (14)

Having solved eqn (12) for y, we can substitute in
eqn. (11) to obtain M for any other fluid and then find P-
wave velocity by using

Μ
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PROCEDURE

The objective of our modeling study is to predict the
changes in seismic response that will occur when gas/air is
injected into the reservoir. As the combustion progresses, the
fire front moves ahead leaving behind a high temperature fully
burnt zone devoid of oil and water. The temperature distribution
in this zone is complex depending on reservoir properties,
injection parameters and kinetics of combustion. All
calculations have been done at reservoir pressure (1480 psi)
and temperature (72o C) conditions. Field history does not
indicate any appreciable change in the reservoir pressure due
to strong aquifer support.

In this study we have generated synthetic seismic
model at well-A (Fig.-2) which is very close to the wells selected
for air-injection/in-situ combustion for thermal EOR project.
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Figure 1: Index map of Balol Field.

Figure 2 : Structure map at KS-1 sand top in Balol Field
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The choice of the study well has mainly been guided by the
availability of logs and especially VSP data that can be used
subsequently for calibrating time-lapse seismic data planned
to be acquired later under 4D project. The modeling exercise
was carried out using Hampson-Russell software package.

The velocity and density structure of the model was
defined by the well log data. The sonic and density logs were
median filtered and check-shot corrected with T-D data from
VSP. A wavelet was extracted from corridor stack of VSP,
applied to the corrected logs and zero-offset synthetic traces
were generated and tied with prominent markers in the area.
The correlation co-efficient of synthetic section with VSP
corridor stack was found to be very good over a sufficiently
large interval (750m to 1030m) covering the reservoir
zone(996m-1029m). Bulk modulus and density of the rock matrix
were calculated from assumed mineral composition (95% quartz
with 5% clay).  Properties of fluid (oil, gas/air and brine) at
reservoir conditions (72 deg, 1480 psig) both for pre and post-
combustion cases were computed by using available PVT data
in equations of Batzle and Wang(1992), Vasquez and Beggs
(1980) and volume averaging. We assumed porosity to be
constant during in-situ combustion process. As S-wave logs
were not available, we assumed constant Poisson’s ratio (0.1)
for dry rock and made use of Gregory’s method to calculate
drained bulk modulus of the rock, i.e., K

d
. With all the relevant

parameters now available, we applied Gassmann’s equation
(1) to estimate the changes in the seismic properties as gas/air
replaces oil and water in the reservoir rock. Fluid replacement
modeling in the study well was performed in two steps-first
the water was substituted for oil in the entire pay-zone and
then the water was replaced with gas/air. This was done to
circumvent the limitation of software which allows only one
hydrocarbon type to be modeled at a time.

Further exercise was done by introducing systematic
changes in the pay zone, that is, KS-1 sand from 996m to 1028
m starting initially with a zone thickness of 0m and then
incrementing in steps of 4m upto 32m. Four saturation levels
ranging from 25% to 100% have been calculated. Synthetics
without any change introduced would serve as the base survey
and those with systematic changes would form monitor survey.
In essence the base survey is a volume of identical synthetic
traces created prior to any modeling in the same format or
geometry as the output volume containing the modeled
changes.

RESULTS AND ANALYSIS

The correlation of various markers with synthetic
seismogram generated at the well is shown in Fig.-3. Fig.-4
shows original and the simulated P-wave log response over
the portion of  KS-1 reservoir indicating pre- and a possible
post-combustion scenarios. Fluid replacement has been done
only within the pay zone, that is, between 996m to 1028m. The
modified P-wave, density and impedance logs are over-plotted
on the original logs and are visible in red colour over the pay
zone. The decrease in P-wave velocity with the addition of
gas phase varies between -4% to -16% over the reservoir
interval. The corresponding changes in impedances range
from -14% to -30%. It is obvious that the bulk moduli of the
pore fluids decreased with the addition of a gas phase, resulting
in decrease of P-wave velocity. However, if we look at these
changes in conjunction with Fig.-5, we note that the effect on
fluid saturated elastic moduli and velocities chiefly depends
on the magnitude of dry elastic moduli of the rock. The smaller
the dry elastic moduli, the larger are the change in velocity
and acoustic impedance. Fig.-7 depicts a simulated synthetic
seismic section. The calculated velocity log is displayed in
color underneath the synthetic trace response of the predicted
change. The velocity reduction (increase of light blue color)
in the reservoir zone is obvious along with the corresponding
change in seismic character.
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Figure 3: Synthetic calibration with prominent markers using VSP
data of Well-A.



693

Feasibility Assessment of a Time-Lapse Seismic Survey

Figure 4: P-wave logs before (in blue) and after (in red) fluid
substitution in KS-1 sand along with synthetics.

Figure 5: P-wave before (in blue) and after fluid substitution
(in red) in KS-1 sand along with dry as calculated from
Gregory’s Method.

Figure 6: Synthetic section before (original) and after fluid
substitution in KS-1 sand at the study well.

Figure7: Synthetic section before (original) and after fluid
substitution in KS-1 sand at the study well. P-wave is
shown in colour underneath the trace response. Note the
reduction in velocity within the reservoir zone.

Modeled synthetic responses can further be examined
to reveal the differences in amplitudes caused by fluid change
and increasing saturation. Fig.-9 shows the predicted
synthetic trace response at saturation levels from zero to
hundred percent with variable gas thickness. The background
colour indicates the corresponding amplitude changes
computed after subtracting the modeled synthetic (monitor
survey) from the original (base survey) synthetic responses.
It is seen from these figures that introduction of gas within
few metres even with a 25% saturation over the reservoir zone
(32m) gives rise to detectable amplitude anomaly, which is of
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course expected in case of gas ( Domenico Effect ). The

amplitude anomalies become more and more pronounced with
the increase of gas saturation initially (0-50%) as more and

more gas thickness is added but eventually flattens (75-100%).

However, the extent of these anomalies in the difference survey
can be a good indicator of the gas sweep and therefore of the

size or geometry of the burnt zone. As the reservoirs are

generally heterogeneous, the combustion will seldom progress
radially outwards. Available data and experience of in-situ

combustion in Balol Field also suggest the same.

Thus, by identifying the areas of burnt zone as well
as the direction advance of flood front for KS-1 sand  through

time-lapse studies, one should be able to optimize the number

of injectors and producers and achieve a higher rate of return
for a given thermal EOR project. The success of EOR project

will depend on the extent of understanding of the propagation

of flood front within the reservoir and to what extent production
techniques can influence in removing the skewness of the

front.

CONCLUSION

Time-lapse seismic can provide significant leads in

reservoir monitoring of a thermal EOR process like in-situ
combustion (ISC) in Balol. In ISC the region behind combustion

front contains fully air/gas saturated zone which can be

modeled by fluid substitution of reservoir oil/water by gas/air
using well logs and available reservoir parameters from PVT

and core studies. These modeling studies based on rock

physics can be used as part of a feasibility study for specific
reservoir monitoring objectives. These studies can also be

useful in interpreting the time-lapse data that may be acquired

at a later stage. As the cost implications of 4D projects are
substantial, it is important to conduct a feasibility study based

on rock physics and forward modeling to analyse the types of

changes that may take place due to   production/injection and
assess if these changes are sufficient enough to be observed

seismically. Therefore, seismic-based reservoir monitoring

holds significant promise for adding value to reservoirs and
reservoir management. The value thus added can be realized

through enhanced recovery as well as reduced development

cost.
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Figure 8: Difference amplitude section computed from before
(original) and after fluid substitution synthetics in KS-1
sand at the study well.

Figure 9: Synthetic response at different gas saturations. Color data
shows amplitude difference between base and monitor
synthetics.
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Table 1 : Reservoir Parameters used in Calculations.

Reservoir temperature : 72°C
Reservoir Pressure : 1480 psi
Bubble Point Pressure: 1395 psi
Water saturation : 30%
Oil saturation: 70%
Bulk modulus of oil : 1.6 GPa
Bulk modulus of water/brine : 2.5 GPa
Bulk modulus of gas/air : 0.02 GPa
Density of oil : 0.91 gm/cc
Density of water/brine : 1.08 gm/cc
Density of gas/air : 0.1 gm/cc
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