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DISCLAIMER 
 

This report was prepared as an account of work sponsored by the United States 

Government.  Neither the United States Government nor any agency thereof, nor 

any of their employees, makes any warranty, expressed or implied, or assumes any 

legal liability or responsibility for the accuracy, completeness, or usefulness of any 

information, apparatus, product, or process disclosed, or represents that its use 

would not infringe privately owned rights.  Reference herein to any specific 

commercial product, process, or service by trade name, trademark, manufacturer, or 

otherwise does not necessarily constitute or imply its endorsement, 

recommendation, or favoring by the United States Government or any agency 

thereof.  The views and opinions of authors expressed herein do not necessarily 

state or reflect those of the United States Government or any agency thereof. 
 



 2

 
P-wave and S-wave Seismic Attenuation for Natural Gas 

Exploration and Development 
Project  # DE-FG02-04ER86227 

 
Table of Contents 

 

DISCLAIMER ............................................................................................................................... 1 
Abstract ....................................................................................................................................... 3 
Introduction................................................................................................................................. 4 
Background................................................................................................................................. 4 
Development & Theory:  Seismic Attenuation as Gas Discriminator.................................... 5 

Velocity Dispersion and Wave Attenuation Theory ................................................................... 6 
Physical Mechanisms of Attenuation – The Link to Reservoir Characterization ....................... 8 

Discussion and Results ........................................................................................................... 11 
Task 1 - Rock Physics Attenuation Models for P Waves ........................................................ 11 
Task 2 - Rock Physics Attenuation Models for S-Waves ........................................................ 13 
Task 3 - Synthetic Raytracer with Q and Application to Well Data.......................................... 15 
Task 4 – Q Prediction from Seismic Data ............................................................................... 17 

Q Compensation .................................................................................................................. 18 
Mean Frequency Method ..................................................................................................... 19 
Frequency Shift Method....................................................................................................... 19 
Anomalous Absorption (AA) Method.................................................................................... 25 

Conclusions .............................................................................................................................. 27 
References ................................................................................................................................ 28 



Rock Solid Images                                                 Phase I STTR Final Report # DE-FG02-04ER86227 
 

 3

 

Abstract 
 
Using current methods, oil and gas in the subsurface cannot be reliably predicted from seismic 

data.  This causes domestic oil and gas fields to go undiscovered and unexploited, thereby 

increasing the need to import energy. 

 

The general objective of this study was to demonstrate a simple and effective methodology for 

estimating reservoir properties (gas saturation in particular, but also including lithology, net to 

gross ratios, and porosity) from seismic attenuation and other attributes using P and S-waves.  

Phase I specific technical objectives: 

• Develop Empirical or Theoretical Rock Physics Relations for Qp and Qs 

• Create P-wave and S-wave Synthetic Seismic Modeling Algorithms with Q 

• Compute P-wave and S-wave Q Attributes from Multi-component Seismic Data 

All objectives defined in the Phase I proposal were accomplished.  

 

During the course of this project, a new class of seismic analysis was developed based on 

compressional and shear wave inelastic rock properties (attenuation).  This method provides a 

better link between seismic data and the presence of hydrocarbons.  The technique employs 

both P and S-wave data to better discriminate between attenuation due to hydrocarbons 

versus energy loss due to other factors such as scattering and geometric spreading.  It was 

demonstrated that P and S attenuation can be computed from well log data and used to 

generate synthetic seismograms. 

 
Rock physics models for P and S attenuation were tested on a well from the Gulf of Mexico.  

The P and S-wave Q attributes were computed on multi-component 2D seismic data 

intersecting this well.  These methods generated reasonable results, and most importantly, the 

Q attributes indicated gas saturation. 
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Introduction 
 

The general objective of this study was to demonstrate a simple and effective methodology for 

using P and S waves to estimate reservoir properties from seismic attenuation and other 

attributes.  The most significant reservoir property to discriminate was gas saturation, followed 

by lithology, net to gross ratios, and porosity. 

Phase I specific technical objectives: 

• Develop Empirical or Theoretical Rock Physics Relations for Qp and Qs 

• Create P-wave and S-wave Synthetic Seismic Modeling Algorithms with Q 

• Compute P-wave and S-wave Q Attributes from Multi-component Seismic Data 

All objectives defined in the Phase I proposal were accomplished and have been adequately 

demonstrated.  This section describes the work and results of the Phase I research. 
 

Background 
Current methods used to detect subsurface hydrocarbon accumulations from P-wave 3D 

seismic reflections are often inadequate to resolve subtle differences between water saturated 

and gas or oil saturated sandstones.  This failure of established methodology results in many 

US oil and gas deposits being undeveloped, leaving valuable energy resources untapped.   

 

During the last two decades, a number of useful strategies have emerged for detecting 

hydrocarbons (particularly gas) from seismic data.  Most of these are based on rock elastic 

properties – travel time, impedance, amplitudes, and AVO (amplitude variation with offset).  

When P-wave and S-wave data are recorded using modern multi-component seismic 

acquisition systems, gas-filled porous rock can sometimes be discriminated from water-filled 

rock based on the ratio of P-wave velocity to S-wave velocity (or elastic impedance). 

 

In spite of these successes, practical problems of quantifying natural gas indicators remain, and 

tend to stem from two sources:  1) the difficulty of accurately extracting attributes such as 

velocities and impedances from seismic data and 2) interpretation ambiguity.  Velocity and 

impedance are certainly affected by the pore fluids that comprise the detection target, but also 

by variations in porosity, clay content, pore pressure, temperature, and stress.  In other words, 

most methods depend on estimates of no more than two or three fundamental seismic 

properties (P-velocity, S-velocity, and density, or a combination), while yet more lithologic and 

fluid uncertainties can exist. 
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All actual rocks deviate from simple elasticity, in the form of frequency-dependent wave 

velocities (velocity dispersion) and intrinsic wave attenuation.  Beginning in 1940, laboratory and 

theoretical work illustrated that attenuation, in particular, can be extremely sensitive to rock and 

fluid properties.  Yet, attenuation has seldom been applied to commercial interpretation of 

seismic images, owing in part to the difficulty of estimating attenuation from seismic but also 

resulting from the lack of an integrated well log, rock physics, and seismic analysis strategy.  

One exception is shown in Figure 1 (Walls, et al, 2003) where P-wave seismic attenuation 

corresponds to the location of a gas-producing well in the Gulf of Mexico. 

 

Figure 1: Time-slice through P-wave Anomalous Absorption volume.  Red areas 
are high absorption (seismic attenuation).  Well 1 is a gas producer at the level of 
the seismic time slice. 

 

Development & Theory:  Seismic Attenuation as Gas Discriminator  
A prototype methodology was developed for extracting seismic attenuation attributes from multi-

component P-wave and S-wave seismic data and relating these to reservoir rock and fluid 

properties, in particular to the presence of natural gas. The approach combined three elements:  

(1) robust algorithms that extract P-wave and S-wave attenuation attributes from seismic data 

(2) synthetic seismic models that identify the relative contributions of scattering and intrinsic 

inelasticity to apparent Q attributes and (3) a synthesis of cutting-edge rock physics theory that 

relates rock inelasticity, rock type, pore microstructure, pore fluid types, and stress.  

Well 1 
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Recognizing the pitfalls of measuring attenuation in-situ, relative attenuation anomalies were 

calibrated to well log information, incorporating empirical and theoretical constraints from rock 

physics. 

Velocity Dispersion and Wave Attenuation Theory 
 
Figure 2 illustrates the expected behavior for any real, inelastic rock.  The horizontal axis 

represents normalized wave frequency. The left vertical axis is wave attenuation, 1/Q, and the 

right vertical axis signifies rock modulus, M, which is related to velocity and density as 

M = ρV2
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Figure 2.  Schematic representation of how attenuation and modulus vary with frequency in 
an inelastic rock.  The very narrow attenuation peak is somewhat unrealistic and would only 
be expected with extremely homogeneous pore geometries. 

 
 

Q and velocity can refer to those of either the P or S-wave.  In general, intrinsic inelasticity is 

expected to cause a complex modulus and the modulus or velocity to increase with frequency.  

The overall increase in modulus between the low frequency and high frequency limits is 

described as the modulus defect, ΔM /M ≈ 2ΔV /V .  A peak in attenuation or energy 

dissipation is associated with the modulus increase. At any given frequency, the wave 

attenuation is given by 
1
Q
=

MI

MR

 



Rock Solid Images                                                 Phase I STTR Final Report # DE-FG02-04ER86227 
 

 7

 

where MR and MI  represent the real and imaginary parts of the complex modulus.  Formally, the 

attenuation (1/Q) and modulus as a function of frequency must be related via the Hilbert 

Transform (Mavko et al. 1998): 

 

 MR (ω ) − MR (0) =
−ω
π

Q−1(α )MR(α )
α−∞

∞

∫
dα

α − ω( )  (1) 

 

where ω  is the angular frequency.  Qualitatively, the attenuation is largest at the frequencies 

where the modulus is changing most rapidly with frequency (i.e., the modulus has the steepest 

slope).  The modulus-Q relation in Figure 2 represents the narrowest possible attenuation peak; 

its occurrence should be expected only when pores are virtually identical.  A more 

representative distribution of pore geometries spreads out the peak, as shown in Figure 3. 
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Figure 3.  The nearly constant Q model - a slightly more realistic representation of how 
attenuation and modulus vary with frequency in a real, inelastic rock.  The spreading of the 
peak results from variations in pore geometries. 

 

A useful result derived from equation (1) is that the peak attenuation 1/Q( )max  is related to the 

modulus defect,  ΔM /M .  The narrow peak in Figure 2 is represented by: 
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1/Q( )max =
1
2
ΔM
M

≈
ΔV
V

 

 

The broader peak in Figure 3 is represented by: 

 

 1/Q( )max ≈
π

2ln( f2 / f1)
ΔM
M

≈
π

ln( f2 / f1)
ΔV
V

 (2) 

 

where f1  and f2  represent two different frequencies of interest in the range where Q is 

approximately constant.  Both ΔM /M  and ΔV /V  should now be interpreted as the fractional 

change in modulus and velocity between these two frequencies.   

 

A simple illustration using equation (2) to model laboratory measurements of attenuation in gas-

bearing rocks is provided in the next section.  This is critical, since we often have either more 

measurements or simpler theories for velocity, which can be used to predict Q. 

 

Physical Mechanisms of Attenuation – The Link to Reservoir Characterization 
 
Velocity dispersion and wave attenuation become useful for reservoir characterization and 

hydrocarbon detection the physical mechanisms involved are understood.  A wide range of 

mechanisms have been considered (Knopoff, 1964; Mavko et al., 1979; Johnston, 1981; Mavko 

et al. 1998), including inelasticity of the mineral grains in the rock, frictional sliding at grain 

boundaries, thermo-elastic effects, and wave-induced motions of the pore fluids relative to the 

porous solid rock frame.  For reservoir rocks, the measured intrinsic dispersion and attenuation 

dominates the wave-induced fluid-solid motion. Physically, the stress and acceleration of the P- 

and S-waves cause motion of the viscous fluid relative to the solid frame; energy is dissipated in 

the viscous fluid, converting mechanical wave energy into heat.   

 

The amount of wave attenuation and the frequencies where it is important depend on the 

mechanics of how wave motion translates into fluid motion within the pore space.  Many authors 

have attempted to describe these mechanisms theoretically (e.g. Biot, 1956; Mavko and Nur, 

1979; White, 1975; Dutta and Ode, 1979; Akbar and Nur, 1993; Mavko and Jizba, 1991). What 

these models generally show is that the attenuation depends on properties of both the pore fluid 

(its viscosity and compressibility) and the rock microstructure (porosity, permeability, pore 
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shape, and rock stiffness).  Differences exist between P and S-wave attenuation, resulting from 

disparities in compressional and shear stresses that the waves apply to the rocks.  Hence, 

schemes have been proffered that involve field measurements of P and S-wave Q (or velocity 

dispersion) as indicators of rock permeability (Yamamoto et al., 1995; Akbar and Nur, 1993), 

saturation and temperature changes (Dilay and Eastwood, 1995), and gas (Klimentos, 1995). 

 

The dependence of attenuation on gas is the most striking. As such, it was a primary focus of 

this project.  Figures 4 and 5 show low frequency laboratory data measured by Cadoret (1993).  

Figure 4 shows velocity (extensional wave velocity from a resonant bar) versus water saturation 

(gas-water mix) in a limestone.  

 

 

2500

2550

2600

2650

2700

0.5 0.6 0.7 0.8 0.9 1

Velocity vs. Water Saturation

Coarse Scale -  UnRelaxed 
Fine Scale - Relaxed

Ve
lo

ci
ty

 (m
/s

)

Water Saturation
 

 
Figure 4.  Low frequency velocity vs. water saturation measured by Cadoret, showing 
velocity dispersion related to the scale at which gas and water are mixed in the rock. 
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Figure 5.  Low frequency attenuation vs. water saturation measured by Cadoret.  Predictions 
are made from the velocity dispersion in Figure 4. 
 

Velocity certainly depends on the gas-water mix, but the surprising result is that the relationship 

is non-unique.  The variation is a form of velocity dispersion.  The velocities tend to be relatively 

high when the gas and water are mixed at a coarse scale and wave-induced pressure gradients 

do not have time to equilibrate during a seismic period. The velocities tend to be low when the 

gas and water are mixed at a fine scale and the pressure gradients relax.  This phenomenon 

has been discussed, for example, by White (1975), Dutta and Ode (1979), Mavko and Mukerji 

(1998).  Similar behavior can be seen in any multiphase mixture of pore fluids, but it is largest 

when one of the phases is gas, hence, the importance of dispersion as a gas indicator. 

 

Figure 5 shows attenuation corresponding to the same measurements in Figure 4.  The open 

circles are the observed values, and the black dots are modeled.  The striking feature is the very 

pronounced peak in attenuation at gas saturations in the range 5-25%.  Even though energy is 

being dissipated in the viscous water, the attenuation at full saturation is actually less than in 

partial saturation.  The reason is that the presence of gas exaggerates the mobility of the water.  

The model predictions in Figure 5 are made using equation (2), where the change in velocity is 

taken as the difference between the relaxed and un-relaxed curves in Figure 4. 
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The attenuation peak in Figure 5, which shows an anomalous attenuation of P-waves relative to 

S-waves, is the key to using attenuation attributes as a seismic indicator of gas. 

 

Discussion and Results 
This section describes the work done and the results of Phase I research. 

 

Task 1 - Rock Physics Attenuation Models for P Waves 
 
Wave-induced variations of pore pressure in partially-saturated rock or fully-saturated elastically 

heterogeneous rock result in oscillatory liquid flow.  The viscous losses during this flow are 

responsible for wave attenuation.  The same viscous effects determine the changes in the 

dynamic elastic moduli of the system versus frequency.  These changes are necessarily linked 

to P-wave attenuation via the causality condition.  The low-frequency compressional modulus of 

partially-saturated rock was estimated by means of theoretical fluid substitution. This was 

accomplished using the rock’s dry-frame modulus and the harmonic average of individual fluid 

moduli components as the effective bulk modulus of the pore-fluid mix.  The high-frequency 

compressional modulus of partially-saturated rock was estimated by assuming a patchy fluid 

distribution, where some large-scale patches are fully water-saturated while others contain gas.  

The difference between the low-frequency and high-frequency moduli was translated into the 

inverse quality factor by adopting a viscoelastic model (e.g., the standard linear solid). 

 

The same causality link between the modulus-frequency dispersion and attenuation was used to 

estimate the latter in fully-saturated rock.  The necessary condition for attenuation is elastic 

heterogeneity in rock.  The low-frequency compressional modulus was calculated by 

theoretically substituting the pore fluid into the spatially averaged rock’s dry-frame modulus. The 

high-frequency modulus is defined as the spatial average of the heterogeneous saturated-rock 

modulus.  The difference between these two estimates results in measurable P-wave 

attenuation where elastic heterogeneity of the rock is substantial.  Examples used in this project 

and based on this model provided realistic values for the inverse quality factor (5 to 10) in a gas 

reservoir and in the background non-reservoir sediment (50 to 100).   
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Figure 6 illustrates these examples, which indicate that attenuation is large in gas sands and 

small in non-reservoir rocks.  Project results were compared to those derived from an empirical 

relation by Koesoemadinata and McMechan (2001).  The latter underestimates attenuation in 

the reservoir and overestimates it in the non-reservoir sections.  The theories developed during 

this project provide more realistic estimates as they better match laboratory and field data (e.g., 

Klimentos, 1995; Cadoret, 1993; Murphy, 1982; and Winkler, 1980). 

 

 

 
 
Figure 6.  Log curves in gas wells. From left to right – gamma-ray; water saturation; total 
porosity; P-wave impedance; Poisson’s ratio; bulk density; and the inverse quality factor. 
The red curve in the inverse quality factor frame is calculated according to Koesoemadinata 
and McMechan (2001) whereas the black curve is computed from project-based theories. 
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Task 2 - Rock Physics Attenuation Models for S-Waves 

 

A new model for S-wave attenuation was also developed.  Some previous laboratory and field 

data (albeit very sparse) indicated that S-wave attenuation in a sediment sample (a) weakly 

depends on water saturation and (b) approximately equals the P-wave attenuation at 100% 

water saturation (e.g., Klimentos, 1995, Figure 7).  Project theoretical models confirmed these 

observations (Figure 8 and 9). 
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Figure 7.  P and S-wave attenuation calculated from full-waveform sonic and dipole log data 
in medium-porosity sandstone with oil, water, gas, and gas condensate.  (After Klimentos 
1995). 

 

 
 
Figure 8.  Well log display with the inverse quality factor shown in the last frame (P in 
blue and S in red). 



Rock Solid Images                                                 Phase I STTR Final Report # DE-FG02-04ER86227 
 

 14

 
Figure 9.  Inverse quality factor ratio from Figure 8 versus velocity ratio for a gas well 
color-coded by water saturation.  The arrow indicates the data for a wet sand interval. 

 

For the new model, it was assumed that (a) the S-wave inverse quality factor is related to the 

shear-modulus-versus-frequency dispersion by the same viscoelastic relation as the P-wave 

inverse quality factor (the standard linear solid) and (b) the shear-modulus-versus-frequency 

dispersion is linked to the compressional-modulus-versus-frequency dispersion.  To model the 

latter link, a reduction in the compressional modulus between the high and low-frequency limits 

was assumed as a result of a hypothetical set of aligned defects or flaws (cracks).  The same 

set of defects was assumed to be responsible for the reduction in the shear modulus between 

the high and low-frequency limits.  The shear-modulus-versus-frequency dispersion was linked 

to the compressional-modulus-versus-frequency dispersion via Hudson’s theory for cracked 

media. Most importantly, this project demonstrated that the proportionality coefficient between 

the two is a function of the P-to-S-wave velocity ratio (or Poisson’s ratio).  This coefficient falls 

between 0.5 and 3.0 for Poisson’s ratio contained in the 0.25 to 0.35 range, typical for saturated 

earth materials. 

 

Figure 9 illustrates that the low Vp /Vs typical of gas sand coincides with a large Qp
−1 /Qs

−1 value.  

These attributes as well as their hybrids, when extracted from the project’s seismic data, served 

as hydrocarbon indicators.  In the wet, low-gamma-ray sand, Qp
−1 /Qs

−1 is small, although the 

Vp /Vs (and Poisson’s ratio) contrast between this sand and the surrounding shale is negative 

but not as strong as in the gas sand.  This negative contrast produced an AVO anomaly that 

could have been mistakenly attributed to a gas reservoir.  Under such circumstances and in this 

project, the attenuation ratio (Qp
−1 /Qs

−1) provided a unique hydrocarbon indicator. 
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Task 3 - Synthetic Raytracer with Q and Application to Well Data 
 
A synthetic-seismic raytracer was created specifically for this project to estimate the effects of 

the elastic rock properties and attenuation on the seismic amplitude and attributes.  This 

raytracer produces P-to-P as well as P-to-S (converted shear) gathers.  The algorithm takes into 

account both P- and S-wave attenuation by means of a Q-filter. 

 

The results of synthetic seismic modeling with and without taking attenuation into account are 

displayed in Figures 10 and 11.  The P-to-P amplitude (Figure 8) was noticeably affected by the 

attenuation for both normal-incident and offset traces.  This project result implied that the P-

wave attenuation (Qp
−1) can be extracted from real seismic data.  The converted-wave (P-to-S) 

traces in Figure 11 reflect the fact that the S-wave attenuation is small – the synthetic amplitude 

computed with attenuation is not very different from that computed without attenuation.  To test 

whether Qs
−1 indeed affects the converted-wave amplitude in this synthetic modeling, a far-offset 

trace was computed with Qs
−1 ten times that predicted by the project’s rock physics modeling 

(Figure 11, separate frame at base).  The apparent effect of attenuation on the amplitude is 

large, which signified that the S-wave attenuation (Qs
−1) could be successfully extracted from 

real seismic (converted-wave) data. 
 

 
Figure 10.  Synthetic raytracer modeling at 40 Hz in well shown in Figure 8.  P-to-P 
reflection.  From top to base – impedance; PR; normal-incidence trace; and offset trace 
versus P-wave TWT.  Blue traces in the bottom two frames are calculated without 
attenuation while red traces are calculated with taking the P-wave attenuation into account. 
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The newly-developed rock physics model allowed for estimating P and S-wave attenuation from 

standard well log data.  It implied that while the P-wave attenuation is noticeably affected by the 

presence of hydrocarbons, the S-wave attenuation is not.  The model predicted that the ratio of 

these attenuation values could be used as a hydrocarbon indicator. 

 

A huge benefit of the model developed by this project is that it allows consistent forward 

modeling of attenuation depending on the properties and conditions in the subsurface to 

supplement and extend existing real data.  Such rock-physics-based “what-if” forward modeling 

provides a powerful seismic interpretation tool, currently used extensively with elastic properties.  

The project’s new theoretical development helps extend this approach into the inelastic domain. 
 

 
 

 
Figure 11.  Same as Figure 10 but for P-to-S reflections.  The red traces are calculated with 
taking the P- and S-wave attenuation into account.  The separate frame at the bottom also 
displays the far-offset trace calculated for the S-wave attenuation ten times that predicted by 
the rock physics model (bold red trace). 
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Of course, attenuation can be used in exploration and development only if it can be extracted 

from real seismic data.  To test whether such extraction is viable, synthetic seismic traces for P-

to-P and P-to-S amplitudes were created using the rock physics predictions.  In this synthetic 

modeling the new raytracer tool designed specifically for this task was utilized.  The results 

proved that amplitude is indeed affected by attenuation. By inference, it was concluded that the 

seismic P and S-wave attenuation could be measured in the field and eventually used for the 

purpose of direct hydrocarbon indication. 

 

Any future development could include additional comparison using real seismic and well log 

data to further calibrate and validate the proposed methods of reservoir characterization as well 

as to chart the areas of their applicability.  

 

Task 4 – Q Prediction from Seismic Data 
 
Prior studies of seismic Q and related attributes were researched and experiments conducted 

using a number of Q related computational methods. The large quantity of absorption-dispersion 

models generally indicated the difficulties in predicting Q.  An ongoing discussion as to whether 

Q is (or is not) constant over the seismic band was discovered and debated.  A major outcome 

was the Q compensation method.  It was recognized that while Q compensation operators could 

easily be computed or Q compensation performed by spectral balancing, it was more difficult to 

obtain predictions of the Q values themselves.  

 

In addition to all of the uncertainties, absorption type effect was found to occur in two different 

ways, namely intrinsic and extrinsic Q.  The purpose of Q analysis is to compute the intrinsic Q, 

which results from the loss of wave energy.  This project focused on those methods that were 

applicable to the seismic data and measured both intrinsic and extrinsic Q.  Separating these 

two Q modes was a focal point of research and computation during this project. 

 

The selected methods were applied to both PP and PS seismic data at PS time, thereby 

ensuring no corruption of the PS data waveform.  The figures below compare the PP and PS 

raw data and selected attributes from the completed project that provide Q anomalies in a 

relative sense.  The resulting PP and PS data are shown at the same vertical time scale, 

signifying that the PS data is compressed relative to the PP data (since it is at PS time).   
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In addition to the input data, four attenuation attributes were discussed: 

1) Q compensation using minimum phase inverse method 

2) Mean frequency estimate using Spectral Balanced data  

3) Frequency shift estimate using Gabor-Morlet decomposition 

4) Anomalous Absorption Method 

 

Q Compensation 

The Q compensation method corrects both the phase and the amplitude spectra of the seismic 

wavelets, without changing the overall amplitude relations of the whole trace.  Minimum phase 

inverse of the source wavelet was computed, either by specifying the source wavelet or by 

developing a wavelet from the shallow part of the data to form the wavelet template.  The 

minimum phase inverse wavelets were computed from the actual data at the zero crossing 

increments specified by parameter input.  These minimum phase, inverse wavelets contain 

additional Q effect with respect to template wavelet. By dividing the local wavelet by the 

template wavelet, the Q compensating operator was directly obtained.  The operators were 

applied to the data in a time-varying fashion. 

 

W(z) represents the template wavelet in equation 3. The deeper wavelet is changed by the Q 

effects between the shallow (template) and the deeper wavelet, W(z).q(z) , where q(z) 

represents the Q effects.  Since the minimum phase inverse equivalent of the actual wavelet 

was easily obtained by the Wiener-Levinson algorithm, a number of these wavelets were 

computed along the time axis at regular intervals. The template wavelet follows the form: 

 

 )(1 zWMP
−   and the deeper wavelets will be of the form;  )().( 11 zqzWMP

−−   (3) 

 

By dividing (de-convolving) the deeper wavelet by the wavelet template, Q compensation 

operator was derived: 

  

 )()(/)().( 1111 zqzWzqzW MPMP
−−−− =        (4) 

 

This process was equivalent to forming the spectral ratio in the frequency domain.  

 



Rock Solid Images                                                 Phase I STTR Final Report # DE-FG02-04ER86227 
 

 19

Mean Frequency Method 

The mean frequency method computes the spectral balance data and compares it with the 

original data. The frequency shift is measured using the O’Doherty complex trace time domain 

mean frequency, starting with the statistical description of the mean value of power spectrum; 

 

 

∫

∫
∞

∞

=

0

0

)(

)(.

dfffP

dffPf
f          (5) 

where the denominator is the frequency domain representative of complex auto-correlation and 

the numerator is similar to its derivative.  P(f) is the power spectrum and  f the frequency. By 

substituting these into equation (1) we get; 

 

 )]0(/[]/)0([ iAddAf τ=         (6) 

 

where A is the autocorrelation. Or simply: 

 

 

 )0('φ=f           (7) 

 

This provides the phase rate change at zero lag, which is used to estimate the mean frequency. 

 

Frequency Shift Method 

The frequency shift method uses the Gabor-Morlet decomposition to generate the joint 

time/frequency spectra.  Since the seismic data is assumed stationary, this method provided the 

project with the time varying nature of the seismic data.  Joint-time frequency decompositions 

were generated before and after the spectral balancing, to form the difference. The mean and 

RMS frequencies were computed for both input and output data and the mean frequency shifts 

generated.  The Gabor-Morlet decomposition was generated by convolving the data with 

GABOR wavelets; 

 

 g j (t) = exp(−bjt
2).exp(iω j t)         (8) 
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They were Gaussian weighted using a cosine function. If the weighting was infinitely long, then 

the Fourier transform was derived. The frequency domain response of these wavelets is: 

 

 G j (ω) = g j (t)
−∞

∞

∫ exp(−iωt)dt = π
bj

exp{−(ω −ω j )
2 /4b j}    (9) 

 

Our experiments used 11 sub-bands starting at 8 Hz. up to 84 Hz. to ensure that the main 

frequency content of the data was covered. Mean frequency was computed as: 

 

 ∑ ∑= )(/)(.~ fGfGff j         (10) 

 

which generated the frequency shift between the input and output.   

 

 
Figure 12: PP seismic input 
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Figure 13: PP Q-compensation 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

   

 

Figure 14: PP Mean Frequency estimate 
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Figure 15: PP Frequency Shift estimate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: PS seismic input 
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Figure 17: PS Q-compensation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: PS Mean Frequency estimate 
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Figure 19: PS Frequency Shift estimate 

 

The well analyzed for the rock physics study was assumed to target the strong reflection events 

circled in Figure 12 and shown to be pay sands by the well log analysis.  From Figure 13 the PS 

events were predicted to be at PS time of about 3900 milliseconds but were not located at 

precisely the same common mid-point (CMP) number.  The events exhibited a different 

structural character compared to the PP events.  These deviations represented challenges 

when reconciling PP and PS results generated from 4C seismic data.  On Figure 19, the PS 

section shows some deeper events (dashed circle) that exhibit anomalous attenuation attribute 

responses. 

 

The Q compensation section was produced to summarize the total Q effect, both intrinsic and 

extrinsic, and because it formed the basis of the other two attributes shown in the report.  The 

PP section in Figure 13 shows amplitude boost at higher frequencies especially well-illustrated 

by the deeper events, on the left hand side.  The PS section (Figure 17) is not so well imaged, 

indicating the need of further refinement. However, the event imaging agrees with the PS 

imaging in Figure 16 and shows a response in the vicinity of the well location. 
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The mean frequency estimate for the PP data (Figure 14) shows higher mean frequencies 

above the well location but lower frequencies around the well location.  Deeper events below 

the well location and along the left-hand-side also exhibit lower frequencies – an effect expected 

from absorption.  The PS data (Figure 18) was determined to be noisier than the PP attribute 

but supports lower frequencies at the well and below but not on the deeper events. 

 

The frequency shift estimate for the PP data (Figure 15) indicates a more continuous attribute 

but at a lower resolution (the usual trade-off between noise and resolution) supporting the well 

location response and deeper events.  The PS attribute (Figure 19) response is stronger for the 

deeper events below rather than at the well while the deeper events are not responding.   

 

Anomalous Absorption (AA) Method 

Another Q attribute called Anomalous Absorption (Taner, et al, 1979, 2002) was computed on 

the 2D line from the Seitel data set. Anomalous absorption was computed by comparing the 

local rate of energy loss over a small time window (~80 ms) to the background energy loss over 

a large window (~1 second).  Figure 20 shows the AA attribute for PP data.  Figure 15 shows 

the AA attribute for the PS-data.  Note the large attenuation anomaly around 2.5 seconds in the 

PP-wave data corresponding to the gas sand at well 2700 (green circle).  On the other hand, the 

PS-wave Q anomaly is weak at the corresponding time of about 3.75 seconds in Figure 21.  

 
Figure 20:  Q attribute, AA method, PP data.  Green circle shows gas sand. 
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Figure 21:  Q attribute, AA method, PS data.   Green circle shows gas sand. 
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Conclusions 
 
In this Phase 1 project, multi-component 3D seismic data have been used to generate P-wave 

and S-wave attenuation volumes (Qp and QS). Three specific technical objectives were 

achieved in Phase I. 

 

• Developed Empirical or Theoretical Rock Physics Relations for Qp and Qs 

• Created P-wave and S-wave Synthetic Seismic Modeling Algorithms with Q 

• Computed P-wave and S-wave Q Attributes from Multi-component Seismic Data 

 

This technology was determined to be both technically and economically feasible because the 

methods have become well-established.  Additionally, the cost of conducting P and S wave 

attenuation studies are minor compared to the cost of obtaining the multi-component 3D seismic 

data.  As seismic data quality continues to improve, as exemplified by the Schlumberger “Q 

marine” approach, the use of attenuation-based methods will become much more common. 

 

All of the Q attributes utilized in completing the project and illustrated in this report are relative 

and need calibration to well log data in order to represent actual in-situ attenuation.  PS to PP 

registration is also required to move the PS data to PP time and reconcile the data laterally to 

minimize variations in 3D seismic imaging.  Finally, well ties between PP and PS data and their 

synthetics provided the basis for interpreting the presence of gas pay.   The most important 

result of this analysis is that the seismic data shows a significantly stronger P-wave Q anomaly 

than S-wave Q anomaly at the presumed gas bearing interval, consistent with the rock physics 

models.  The relevance is that using converted wave data with both P and S attenuation 

attributes can help discriminate gas pay as distinct from other seismic anomalies, thereby 

reducing exploration risk.   
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