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ABSTRACT 
The study performs fluid substitution and seismic modeling of an Iranian oil fields to validate Xu-Payne (2009) 
and Gassmann (1951) equations for carbonate reservoirs. Laboratory rock physics test and modelling are 
integrated in order to detect seismic response due to fluid changes in the target reservoirs. 13 core plugs from 
the target reservoir zones are tested in the laboratory. The Xu-Payne model is used to predict elastic logs. Then, 
Xu-Payne and Gassmann equations are used to build different reservoir scenarios for brine, oil and gas 
saturations. The fluid substitution results are compared and verified with the core measurements. This step is 
followed by forward modeling (generation of pre-stack seismic traces) based on the modeled saturation 
scenarios, and comparison of the modeled logs with the actual seismic response at the well location. The results 
of the fluid substitution confirm the applicability of the models to discriminate different fluid responses in the 
field. Moreover, this approach helps to identify the in-situ pore fluid within the carbonate field. 
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INTRODUCTION 
Seismic technologies have been recently evolved into a central position in reservoir characterization and 
monitoring with the recent improvements and its cost efficiency. In this regards rock physics play an essential 
role by connecting seismic data to the presence of in-situ hydrocarbons. Modeling the effects of pore fluids on 
rock velocity and density is an essential part which normally is used to detect the influence of pore fluids on 
seismic signature (Han et al., 2004). In recent years, one of the most important developments in rock physics has 
been the fast progress toward quantifying the relations between geologic processes and geophysical signatures. 
This quantification is normally done through application of different types of rock physics models: theoretical, 
empirical and hybrid models. Theoretical models normally describe effective properties of a rock as a 
mechanical system of mineral grains, pores, and pore fluids (Mavko et al., 2006, Avseth et al., 2010) while 
empirical models normally use core and well data to derive some specific relationships between velocities and 
reservoir properties. Hybrid model are seeking such relationships by combining different rock physics model 
(theoretical and empirical) to get a suitable model for practical purposes. However, the outcome from any type 
of these models is a tool to calculate saturated rock velocities (P- and S-wave velocities). Furthermore, fluid 
substitution methods make it possible to predict the elastic response of a rock saturated with one type of fluid 
from the elastic response of the same rock saturated with another fluid. This infers that seismic wave velocity 
could be predicted in geological formations for any possible hydrocarbon signature based on the measured 
velocities in the counterpart water-saturated formations. Therefore, fluid substitution is an important part of any 
seismic rock physics analysis (e.g., Amplitude Versus Offset and time lapse studies), and can provides an 
efficient tool for fluid identification and quantification in a given reservoir. Fluid substitution commonly 
performed by using Gassmann’s equation (Gassmann, 1951). Several authors (e.g. Batzle and Wang, 1992; 
Berryman, 1999; Wang, 2001; Smith et al., 2003; Russell et al., 2003; Han and Batzle, 2004) have already 
discussed the Gassmann assumptions and its validity. In general, Gassmann applicability is questionable in 
carbonates as it can under-predict, over- predict or even correctly predict seismic velocity changes by changing 
pore fluids. This is normally attributed to the violation of some of the Gassmann assumptions like their pore 
space connectivity in carbonates. The goal of this study is to perform fluid substitution and seismic modelling 
on one of the Iranian carbonate oil field to investigate validity of Xu and Payne (2009) for the carbonate field. 
Xu and Payne (2009) proposed a rock physics model based on the Xu and White (1995) model which includes 
the effects of fractures. This model generally emphasizes the behavior of rocks related to different pore types. 
First, Xu and Payne (2009) model is used to predict elastic logs (petrophysics-rock physics workflow), Then, 
this rock physics model are used to build different scenarios for brine, oil and gas filled reservoirs. Fluid 
substitution results are then compared and verified with the laboratory measurements of core sample taken from 
the same reservoir intervals. This step is followed by forward modeling (generation of pre-stack seismic traces) 
on different saturated modelled logs, and comparison with the actual seismic response at the well location (rock 
physics-seismic workflow).    
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Case Study  
The carbonate oil field is located in the SW of Iran. The field has already produced oil from the Cretaceous Ilam 
Formation deposited during the Santonian – Campanian stages. The Ilam formation consists of up to 190 m of 
limestone with interbedded shale and some minor amounts of dolomite. The base of Ilam formation is another 
carbonate layer which is called as Sarvak formation. The depth of reservoir ranges between 2800 to 3000 m. 
One of the well from 4 production wells penetrating these layers (well # 4) is chosen for this study. This is a 
well which is penetrated in a brine column with some portion of heavy oil of about 40 m of the whole reservoir 
thickness. This well also passes through a weak formation where borehole instability and collapses (high Caliper 
log value) are reported. These environmental factors have affected the measured logs as well as their 
interpretation in a way that some significant errors can be observed in the interpreted logs. Therefore, the 
petrophysics-rock physics workflow has been used on this well in order first to correct elastic logs for the bad-
hole effects.  
 

a) Rock Physics Modelling 
Different rock physics models (e.g. Kuster and Toksoz, 1974, Self-consistent, DEM, Xu and White, 1995 and 
Xu and Payne, 2009) are tested and compared against the measured logs for the intervals of good Caliper log 
(no washouts). The comparison confirms that Xu and Payne (2009) model shows a better match with the 
measured data compared to any other models. This match reduces as the Caliper log value increase and vice 
versa. This is a good indication of the borehole effects on the measured logs especially on elastic logs. 
Therefore, sonic logs cannot be trusted for these intervals with bad borehole condition (washout zones with high 
value of Caliper) and necessary to correct the effect using the selected rock physics model. Furthermore, Xu and 
Payne (2009) model parameters such as aspect ratio are tuned based on the best match with measured Sonic logs 
in the intervals with most accurate Caliper reading (almost no washouts). Finally, this tuned process is applied 
along the entire well path to model sonic log. Note that this tuned process is being calibrated within the brine 
saturated intervals and fluid substitution is needed in order to have the saturated rock response with in situ fluids 
for the intervals with different fluids. Therefore, fluid substitution is necessary in order to investigate the fluid 
effects on the modelled logs and also correct them for such effects in the intervals with hydrocarbon content. 
  In order to estimate the saturated bulk modulus at a given reservoir condition, it is needed to estimate bulk 
modulus of the frame, minerals and pore fluid. Then, Xu and Payne (2009) equations are used in order to model 
different saturation scenarios (100% brine, 100% oil and 100% gases) for the target formation. The properties of 
different hydrocarbon fluids are gathered from other wells within the reservoir. The final output of fluid 
substitution is saturated bulk modulus, shear modulus and density for either of the defined saturation scenarios 
(Figures 1). These two figures confirm that fluid changes can be detected on elastic properties in this formation, 
and rock frame within this reservoir rock allow for a clear fluid response. 
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Figure1.(a)The relationship between porosity and Vp/Vs, (b) variation of P-impedance versus Vp/Vs.The big circles 
are ultrasonic data for dry and saturated conditions. 
 
 

b) Laboratory Rock Physics Test 
Fluid substitution results are compared and verified with the high-pressure ultrasonic velocities, measured from 
the cores that are taken from the same intervals. 13 core plugs from the selected formations were prepared and 
tested. These core plugs were first cut along the original cores with a length ranging from 10 to 12 cm and 
diameter of 5 cm. Then, they were dried in a vacuum oven for about 24 hours at a temperature of about 80°C 
and then kept in desiccators before velocity measurement perform. The conventional pulse transmission 
technique was used to determine Vp and Vs at ultrasonic frequencies (f ~500 ~ 1000 kHz) on the core samples. 
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Pore pressure was controlled by the addition/removal of a 220,000 ppm NaCl solution. The goal for selecting 
the components for the ultrasonic system was to maintain the broadest possible range of temperature and 
pressure. Once the sample located in the pressure vessel, then measurements at each temperature step were 
made for different effective pressures of from 5 to 60 MPa and reservoir in situ stress. This is followed by 
measuring the variation of P- and S-wave velocities versus confining pressure in dry and saturated conditions. In 
situ stresses of sample are estimated by geomechanical study using geological, well test and drilling data. The 
final output of rock physics test is Vp, Vs and density for dry and saturation conditions (Figures 1). This well is 
penetrated in a brine column with some portion of heavy oil. The results confirm that rock physics test has good 
agreement with petrophysical well log data and rock physics modelling. 
 

c) Seismic modeling 
The final step is to investigate detectability of these fluid changes on seismic traces. This is an important step for 
the purpose of any reservoir monitoring study using elastic properties (like time-lapse studies). Therefore, 
modelled logs with different saturations were converted into synthetic trace using Zoeppritz (1919) equations. 
The Zoeppritz equations are a set of non-linear equations which describe seismic responses at a plane boundary 
separating media with different acoustic properties as a function of the incidence angle. These equations are the 
basis for different analysis for interpretation and discrimination between lithology’s and pore fluids using 
seismic data (e.g., Amplitude Versus Offset studies). Here, synthetics are generated for the three mentioned 
fluid scenarios with a 1ms sample rate through convolution of the reflectivity derived from the Zoeppritz 
equations. The wavelets extracted from all of the studied wells are dominant frequencies of 35 Hz. Figure 2 
depicts the results of this step in which pre-stack data are generated for different pore fluid content (100% brine, 
100% oil and 100% gases). This picture also compares the results of seismic modelling with the measured 
seismic at the well location. These results can be used to detect fluid effects on seismic traces. It can be seen that 
for most of the intervals brine saturation gives a better match which may infer that this well is penetrated in a 
water bearing zones of the reservoir. 
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Figure 2.The result of synthetic seismic modeling using fluid substitution and rock physics modeling.(a) measured 
seismic at the well location, (b) pre-stack for 100% brine, (c) pre-stack for 100% oil, (d) pre-stack for 100% gas. 
 
 
CONCLUSIONS 
This study considers a workflow to fluid substitutionfluid sensitivity analysis on elastic logs in a carbonate 
reservoir. With calibrated parameters using the original logs and core data, the Xu and Payne (2009) model is 
the preferred one to predict fluid sensitivity of studied carbonate reservoir compared to other models. Ourresults 
show that Xu and Payne (2009) can be used onthe studiedreservoir when its parameters being adjusted using 
other source of information like ultrasonic measurements. Furthermore, this model was used in order to model 
frame bulk modulus as an input into the fluid substitution purposes. The results of the fluid substitution confirm 
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the applicability of the introduced approach to discriminate different fluid responses in this field. The 
comparison between measured and synthetic traces confirms the applicability of Xu and Payne (2009) to detect 
fluid changes on seismic signature for the carbonate field.  
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