
 

 

Summary: 

 
We present a case study of fracture detection using a 3-D 

P-wave seismic dataset from the Xujiaweizi (XJWZ) fault 
depression in the northern Songliao Basin in China. With the 
discovery of more volcanic gas-bearing reservoirs in XJWZ 
fault depression, we have realized that the most critical 
uncertainty in optimizing reservoir production is the location 
and characterization of the natural fracture system. 
Traditionally, fracture information comes from well data, in 
particular, image log (FMI) and core. This paper describes 

how p-wave azimuthal anisotropy can extend the 
characterization of fractures in volcanic (and other) rocks to 
regions between the wells. 
 
A major aspect of this study is to compare and contrast on a 
common dataset the effectiveness of different seismic 
azimuthal attributes in characterizing fractures and quantify 
those differences. Results indicate this is an effective 

approach for fracture detection and characterization in 
volcanic rocks. The final fracture orientation and density 
maps calculated from the p-wave azimuthal anisotropy are 
consistent with FMI interpretation and coring data from 
drilled wells. 
 

Introduction: 

 

It is universally acknowledged that sub-vertical natural 
fractures can dramatically increase the permeability and (to a 
lesser extent) the porosity of reservoirs. In many cases 
fractures result in preferred directions of flow and are 
required for commercial gas or oil production. Because of 
increasing awareness of their importance, many methods 
have been used for fracture detection, such as tectonic stress 
analysis, shear-wave splitting, coherency, structural 
curvature, etc. 

 
This paper describes how to best use azimuthal anisotropy in 
3-D P-wave data to map the distribution of naturally 
fractures in a volcanic reservoir in the XJWZ depression of 
the Songliao Basin. Not surprisingly, we have noted a close 
relationship between the fractures and tectonic movements. 
 

Forward Modeling 

 
Aligned fractures in a reservoir, cause anisotropy in seismic 

attributes such as frequency, amplitude and impedance (see, 
for example, Al-Hawas et al.,2003). So, if we assume a 
single set of aligned vertical fractures in a deep volcanic 

reservoir is aligned and consists of one major orientation, the 
azimuthal differences of P-wave seismic attributes, such as 
velocity, frequency and amplitude, can be described as an 
ellipse (Li et al., 2003). Depending on the attribute being 
considered in this simple 2-D model, either the long axis or 
short axis of the ellipse indicates the fracture orientation. The 
relative ratio of the long to the short axes of this ellipse can 
be considered an indicator of fracture density, which 

represents the number of fractures that intersect a scan line of 
a given length. 
 
Since the seismic trace consists of changes in impedance 
contrast rather than velocity or density individually, we have 
to establish the link between the orientation of fractures and 
seismic impedance. We present two cases that are directly 
associated with the seismic. 

 
Case 1: Impedance A represents p-wave travel across the 
overlying formation. We assume that its value is  
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Figure 1: Forward modeling the seismic response of 

fractures in an elastic model of the reservoir. Seismic traces 
are forward modeling results as a function of azimuth but 
within the incidence angle of 30 degrees.  The ellipse shows 
the variation of the reflected amplitude with azimuth. The 
long axis is parallel to the fracture strike. The short lines 
indicate fracture (strike) orientation. 



Application of P-wave azimuthal anisotropy 

 

10,000m×g/(s×cm3), while impedance B representing 
p-wave travel across the fracture reservoirs is 14,000. If the 
direction of shot to receiver pairs is parallel to the fracture 
strike, amplitude and velocity will be influenced only 

slightly by the fractures, so the relative ratio of A to B might 
have very minor changes. However, if p-wave propagation is 
perpendicular to the fracture, impedance A will remain 
unchanged but B will be significantly lower than 14,000. 
Then we can use the ratio of the ellipse axes to indicate the 
differences of impedance between different azimuths. 
Therefore, we can conclude that in Case 1 the long axis of 
the ellipse indicates the fracture orientation. 

 
Case 2: On the contrary, if we assume the value of 
impedance A representing p-wave travel across the overlying 
formation is 14,000 and B is 10,000. The result of Case 2 in 
forward modeling is opposite that of Case 1. Thus the short 
axis of the ellipse represents the orientation of fracture. 
 
Apart from the fracture orientation that we can infer from 

impedance, the forward modeling of the XS21 well logs 
(Figure 1) indicates that the amplitude increases with 
increasing incidence angle, and the ratio of long short axes is 
1.106, indicating that the effect the fractures have on the 
response is small.  
 

Azimuthal Gather Stacking 

 
In order to make the differences caused by fractures more 

evident, some gathers of small azimuthal angles (0°–8° and 
172°–180°) should be abandoned to generate a stronger 
anisotropy. In following discussion of how to stack seismic 
traces, we use the results of the forward modeling as a guide.  

 
The wide-azimuth data could be divided into a number of 
narrow-azimuth volumes. For this study we chose six bins 
with unequal azimuthal ranges, (8°–47°, 47°–70°, 70°–90°, 
90°–110°, 110°–133° and 133°–172°) with 0° indicating the 
direction of north. In this way a more reliable result of 
fracture prediction can be achieved.  After NMO correction, 
we can initially analyze the variations of frequency and 

amplitude at the same CDP.  Figure 2 shows the traces and 
variations in amplitude (highlighted with the red ellipse) for 
different azimuthal bins for the same section (2420ms). The 
frequency and amplitude at the same CDP have a bit of 

phase shift, probably caused by the fractures. 

 

Fracture Characterization 
 
The forward modeling results for the XS21 well suggest that 
the amplitude attribute can be used to map the orientation of 
fractures.  We also found from rigorous model testing of 
various attributes that the frequency attribute, at 85 percent 

of energy, can be used to determine the density of fractures. 
In summary, we use the azimuthal anisotropy of the 
amplitude and frequency to characterize and map the 
direction and density of the fractures. 
 

The final fracture map from azimuthal anisotropic 
calculation is shown in Figure 3. The rose diagrams show the 
fracture strikes, which are dominantly N-S, parallel to the 
major faults in the field. 
 
Figure 4 shows the results of fracture density determined 
from azimuthal variations of frequency, with the warm 
colors indicating high fracture density. Regions of high 

fracture density as determined from the seismic correlate 
well with analyses of FMI log data in the wells The fracture 
density is highest in the eastern area near Well XS21, and the 
western area near the Well XS23.  
 
The cross sections of the reservoir interval in Figure 5 show 
that gas is distributed throughout the reservoir. However, 
experience has shown that fractures are required for 

Figure 2: Azimuthal amplitude variation. The target zone is 

highlighted with a red ellipse. 

Figure 3: Orientations of fractures mapped for this study. 
The strikes of the major faults in this field are indicated for 

comparison.  
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Figure 4:  Fracture density determined from the seismic and 

representative FMI log data from the wells. 

Figure 5: Density profiles of fractures. 

commercial production. Core from a newly drilled well, the 
XS211, designed before the beginning of this project, 
indicated a fairly low density of fractures. This is consistent 
with the seismic predictions, suggesting that azimuthal 
anisotropy may prove very helpful in minimizing risk for 
new wells. 
 

Geological Analyses 

 
If a close relationship exists between fracture density and 
structure, for example structure curvature and/or faulting, 
then locating infill wells becomes much easier. 
 
Figure 6 shows the structure at the top of the volcanic 
reservoir layer. Superimposed on this map is the fracture 

density where the warm colors represent higher fracture 
density. While all of the data do not necessarily agree, a 
strong case can be made that regions of high fracture density 
are related to regions of high curvature, where curvature 
likely reflects faulting in this normal faulted basin.  This 
relationship has been commonly observed in fractured 
reservoirs.  
 

 

 

 

 

 

Conclusions 

 
This study of a 100km2 3D seismic dataset from the XJWZ 
fault depression in the northern Songliao Basin in China 
demonstrates the use of azimuthal variations in the frequency 
and the amplitude attributes to characterize fracture direction 

and density in a volcanic gas reservoir.  
 
Forward modeling log data from one well provided a guide 
for stacking azimuthal gathers. Gathers were stacked in 
azimuthal bins of different sizes, and some of the gathers of 
small angle were discarded to make the anisotropy more 
visible. Amplitude and frequency attributes were used for 
calculating respectively two fractural parameters, fracture 

direction (strike) and density. Azimuthal variation in those 
attributes was used to generate fracture intensity maps. 
Results of seismic fracture detection are consistent with FMI 
interpretation and coring data, suggesting that this is a viable 
technique for detecting and characterizing fractures between 
wells and ahead the drilling. The fractures seem to be related 
to high curvature or zones of normal faulting in the basin. 

Figure 6. Effects of structural location on the fracture density. 


