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Summary 

The paper presents a case study from the Ordos Basin, where the weak impedance contrast between 
the overlying shale and the gas layer in the Lower Permian formation makes it difficult to separate gas 
sands from the surrounding rocks using traditional AVO intercept and gradient analysis. Laboratory 
data show an enhanced sensitivity to pore fluid and lithology from Lame and density parameters λρ 
and µρ, which are then applied to real data to map the gas sands in the basin.  

Introduction 

As a seismic lithology analysis tool, the amplitude versus offset (AVO) method has been applied in the 
petroleum industry over the last 20 years. Rutherford et al (1989) define three AVO types of gas sands 
based on the zero offset reflection coefficient at the top of the gas sand. Castagna et al (1997) further 
develop the intercept-versus-gradient crossplot method for identification of fluid anomalies.  

Due to the small impedance contrast between the overlying layer and the gas layer, the Type II gas 
sands have near zero value of zero-offset amplitude; the reflection magnitude may increase or decrease 
with the offset, and may reverse the polarity. In this case, AVO anomaly is hard to be determined 
using the intercept-versus-gradient crossplot method.  

Goodway et al (1997) and Russell et al (2003) show an enhanced sensitivity to pore fluid from Lame’s 
moduli and extract the lambda-mu-rho (λρ and µρ) from P- and S- wave impedance. We apply the 
method to this area, where by the post-stack impedance inversion and AVO analysis it is difficult to 
separate gas sand from the shale due to the weak impedance contrast between them.  

Baisc Biot-Gassmann theory  

Given an initial P-wave velocity Vp0 (and optional density ρ0) of a rock for known porosity φ0, water 
saturation Sw0, the P-wave and S-wave velocities at different porosities φ and water saturation Sw can 
be obtained if the densities and the bulk modulus of water (ρw and Kw), hydrocarbon (ρhc,and Khc) and 
matrix (ρm and Km),  and the dry rock Poisson’s ratio (σdry), bulk modulus (Kdry) and shear modulus 
(µdry) are known. Gregory (1977) points out that for most dry rocks and unconsolidated sands, σdry is 
about 0.1 and is independent of pressure. The calculated P-wave velocity is not very sensitive to the 
value of σdry. Assuming that the porous rock contains only one type of solid with a homogeneous 
mineral modulus and that the pore space is statistically isotropic, the P-wave velocity can be written in 
the low-frequency Gassmann’s (1951) formulation as, 
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where ρb is the bulk density of the rock and Kf is the bulk modulus of the fluid.  
The dry rock bulk modulus Kdry  and shear modulus µdry satisfy, 
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µdry is not affected by the pore fluid, and one has 
 )4(µµ =dry . 

Kf  satisfies that the equation 
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Kp is the bulk modulus of pore space, and is introduced for calculating Kdry at new porosity values.  
)6(),11( 00 mdryp KKK −= φ , 

where Kdry0 is the initial bulk modulus of the dry rock, which can be obtained with the following 
equation using Gregory’s (1977) formulation: 
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The S-wave velocity is not affected by the pore fluid and can be written as: 
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The bulk modulus K and Lame parameter λ for the fluid-saturated rock have the following relation: 
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From equations (1), (10) and (11), λρ and µρ have the following relations with the P- and S-wave 
impedance Ip (ρVp) and Is (ρVs):  
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Rock sample analysis 
The study area is situated in the western part of the Ordos Basin, China. The subsurface structure is 
flat-layered with the gas reservoir below 3000m. Potential reservoirs in the area are primarily fluvial 
sandstone in the Permian formation. Table 1 shows the physical parameters of the gas sand and shale 
from the acoustic and density log data of a gas-producing well. Average changes in σ, λρ and µρ 
are larger than those in Vp, Vs, Vp/Vs and impedance. The small average changes in velocity and 
impedance show that by velocity and impedance analysis it is difficult to distinguish gas sand from the 
shale. The sensitivity increases in Possion’s ratio σ, λρ and µρ.  

 Vp Vs ρ Ip Is Vp/Vs σ λρ µρ λ/µ 
Shale 4367 2509 2.38 10393 5971 1.74 0.25 36.7 35.7 1.03 
GasSand 4202 2562 2.44 10252 6251 1.64 0.20 26.8 39.1 0.68 
Ave  % 3.9 2.1 2.5 1.4 4.5 6.1 25 37 10 51 
Table 1: Rock properties from a gas-producing well, showing relative large change 
in λρ and µρ  (Vp, Vs in m/s, ρ in g/cc, λ and µ in Gpa.)  

Different types of core samples from 15 wells including gas sands, water sands, and shaly sands from 
the Lower Permian formation were measured to get Vp, Vs and density data under different gas 
saturations (0%, 35%, 65% and100%). These data have been used to calculate Vp/Vs ratio and lambda-
mu-rho.  Figure 1 shows the lithology and fluid effect using λρ and µρ. For the porous sand samples 
with 100% gas saturation, λρ values are less than 33 Gpa × g/cm3 and are less than the µρ values. The 
λρ value increases with decreasing gas saturation. λρ values for shaly sand are generally larger than 
those of the porous sand with the same gas saturation. Tight sand has the higher µρ values, and the 
shaly gas sand has the same µρ value range as the porous sand.  

Well-log data analysis  
Using the well log data (Figure 2a) and the fluid replacement modeling equations 1 to 10, AVO 
synthetics using Aki and Richards’s approximations were built for wet sand and gas sand models as  
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shown in Figures 2b and 2c. In Figure 2d, the 
flat gradient causes blank reflections at the 
target top and base (around 1790ms) for the 
gas model in the Intercept-gradient section, 
and no AVO anomaly can be seen in this section.    

We convert the Vp, Vs, and density logs to λρ 
and µρ curves (Figure 3a) and crossplot them 
in Figure 3b. As expected, the λρ values of 
the gas layer shown in the pink zone Z1 
decrease and can be separated with the 
surrounding rocks. The µρ values of the gas 
layer increase compared with the overlaid 
shale (green Z4). This makes sense because 
the sand matrix has a higher value of shear 
modulus than the shale matrix. The tight 
sands (orange Z3) have the highest µρ- 
values, and the shaly sands (blue Z3) have 
similar µρ values to the gas sand.  

    
(a) The blocked log curves (b) wet sand model (c) gas sand model (d) AVO analysis  

Figure 2: (a) From left to right are: P-wave velocity, density, P-wave impedance and Gamma Ray logs. Gas 
layer is shown in the grey square. (b) AVO synthetic for wet sand model (c) AVO synthetic for gas sand 
model. The bottom graphs of (b) and (c) show the picked amplitudes (blue curve) of the target base with 
gradient analysis (red curve). The trend of the picked amplitudes value of the target base becomes flat for gas 
sand model.  (d) Intercept-gradient analysis: intercept is shown in black traces, the product of the intercept 
and gradient is shown in colour. The first 5 traces are for the wet sand and the last 5 traces for the gas model, 
and no AVO anomaly can be seen in this section for the gas model. 

Seismic data analysis  
A model-based impedance inversion was used to invert the 
reflectivity Rp0 and Rs0 from the AVO data to P- and S- wave 
impedance, Ip and Is. Figure 4 show the P- and S-wave 
impedance inversion sections. There is an impedance drop 
below horizon 2 in the P-wave section due to the contrast 
between the low impedance shale/gas sand and the overlying 
high impedance tight sand.  The inserted curve is the 
Gamma Ray log. The S-wave impedance drops below 
horizon 2 because the overlaid tight sand has a higher shear 
modulus value.  

Figure 5 shows the λρ and µρ section computed from the P- 
and S-wave impedance shown in Figure 4. The λρ section shows a decrease in the gas filled layer.  
The µρ section shows an increase in the gas filled layer, which can be understood since the shear 
modulus of the sand matrix is higher than that of the shale matrix. Figure 6 shows a crossplot between 
λρ and µρ section from horizon 2 to the coal horizon. We can see a low value λρ and medium value 
µρ zone in pink color, where the λρ value is less than the µρ value. The pink zone can be interpreted 
as the gas zone, and the higher value λρ zone as non-gas zone. Accordingly, the pink area is plotted on 
the seismic section in Figure 7, and the gas zone is shown as expected. 
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Figure 1: λρ (Incompressibility × Density) versus µρ 
(Rigidity × Density) for porous sand, shaly sand and tight 
sand under gas saturation 0%, 35%, 65% and 100%.  High 
gas-saturated sand can be separated from mid-to-low gas-
saturated sand by λρ, and tight sand by higher µρ. 

  
(a) λρ     µρ (b) λρ versus µρ 
Figure 3: (a) the calculated log curves of 
λρ and µρ from Figure 2a for 3200-
3300m. (b) Crossplot of λρ versus µρ, z1 
stands for gas sand, z2 for tight sand, z3 
for shaly sand and z4 for shale.  
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Figure 4a: The P-wave impedance Ip, by inverting 
the Rp estimates. Horizon 2 is picked near the top of 
the gas layer. The inserted curve is the Gamma Ray 
log. 

Figure 4b: The S-wave impedance Is, by inverting 
the Rs estimates. Horizon 2 is picked near the top of 
the gas layer. The inserted curve is the Gamma Ray 
log. 

  

Figure 5a: The λρ section by combining the Ip and Is 
inversions of Figure 4 

Figure 5b: The µρ section by combining the Ip and 
Is inversions of Figure 4 

  
Figure 6: A crossplot between λρ and µρ 
section of Figure 5 from horizon 2 to the coal 
horizon 

Figure 7: The pink zone is the gas sand area where expected. 
The inserted curve is the Gamma Ray log 

Conclusions 
The small P-wave impedance contrast between gas sand and shale makes it difficult to separate gas 
filled sand from the shale in this area. Traditional AVO intercept and gradient analysis cannot 
determine the AVO anomaly due to a Type II AVO for gas sand in the studying area. The Ordos 
laboratory core data indicate that Lame moduli and density parameters are sensitive to the variation of 
fluid content and can be used to separate gas sands from shaly and tight sands in this area. λρ can be a 
direct indicator for gas saturation, µρ has less ambiguity in lithology. The real data confirm the 
laboratory analysis and show that the λρ value has an improved sensitivity over impedance for the gas sand. 

Acknowledgement 
The authors thank PetroChina for permission to show the data. This work is supported by the 
Edinburgh Anisotropy Project (EAP) of the British Geological Survey, and is published with the 
approval of the Executive Director of BGS and the EAP sponsors.   

Reference 
Biot, M. A., 1941, General theory of three-dimensional consolidation:J. Appl. Physics, 12, 155–164 
Castagna, J., and Swan, H., 1997 Principles of AVO crossplotting, The leading edge Apr, P337-342 
Gassmann, F., 1951, Uber die Elastizitat poroser Medien:Vierteljahrsschrift der Naturforschenden 

Gesellschaft in Zurich, 96, 1–23 
Goodway, B., Chen, T., and Downton, J., 1997, Improved AVO fluid detection and lithology 

discrimination using Lamé petrophysical parameters; "Lambda-Rho", "Mu-Rho", & "Lambda/Mu 
fluid stack", from P and S inversions: 67th Annual International SEG Meeting, P183-186 

Gregory, A.R., 1977, Aspects of rock physics from laboratory and log data that are important to 
seismic interpretation, AAPG memoir 26 P15-46 

Russell, B., Hedlin, K., and  Hilterman, F. 2003 Fluid-property discrimination with AVO: A Biot-
Gassmann perspective Geophysics, V68, P29–39 

Rutherford S.R. and Williams R.H. 1989 Amplitude-versus-offset variations in gas sands Geophysics 
Vol54 No6 P.680-688 


