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Abstract

We present an example of using converted-waves for characterizing onshore gas reservoirs in the Ordos basin

in Northwest China. The Ordos basin is the largest gas province in China. The main gas reservoirs (about 3 300 m in depth)
are in upper Paleozoic sandstone that has low or reversed P-wave impedance and is immediately above a coal seam. This

makes it very difficult to image the gas reservoirs using conventional P-wave data. Analysis of core, log and VSP data shows

a weak PP reflection but a relatively strong PS-converted wave reflection, or both strong PP- and PS-reflections but with op-

posite polarity from the gas bearing sands, which indicates the potential of using PS-waves to image the gas reservoirs in the

Ordos basin. Subsequently, thirteen seismic lines were acquired, processed and interpreted to verify the PP- and

PS-responses, and two corresponding attributes (PP- and PS- amplitude ratio and polarity ratio) are used to map the reser-

voirs through joint PP and PS analysis.
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1 Introduction

The Zoeppritz equations for P-wave and PS re-
flected seismic waves are simplified by Aki and Rich-
ards (1980) assuming small elastic contrasts at the layer
boundaries. The use of converted PS-waves to image
reservoirs with low P-wave impedance but high S-wave
impedance has attracted considerable interest in offshore
exploration (e.g., MacLeod et al, 1999; Stewart et al,
2003). There are some cases of shear wave velocity in-
version and stratigraphic inversion with PP and PS data
(Mace et al, 2005; Wei et al, 2007). Roche et al (2005)
provided an example of analysis for P-wave and con-
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verted-wave seismic data. However, such applications to
onshore basins have not been widely reported. We apply
converted-waves to detecting gas reservoir in the Ordos
basin in China. The Ordos basin is the largest gas prov-
ince in China (Liu and Yang, 2000), and intensive ex-
ploration activities are going on there.

For many years, P-wave data have been used to
image gas reservoirs in this area. However, there are
many arguments against the use of P-wave data. A fea-
sibility study using borehole data, including sandstone
core samples and wireline logs, was carried out (Wei
and Liu, 2003). The relationship between P- and S-wave
velocities and porosity, gas saturation was established
for the reservoir rock. Then some VSP data and surface
three-component (3C) seismic data were used to dem-
onstrate the characteristic P- and S-wave responses of
actual gas-bearing sandstone. The results indicated that
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the joint PS-wave and P-wave responses can be used to
detect gas reservoirs in the Ordos basin.

Thirteen lines of two-dimension (2D) three-
component (3C) seismic data were acquired, processed

and interpreted to evaluate the converted-wave technique.

The key steps for data processing are static correction,
noise attenuation and PS wave velocity analysis. For
data interpretation, synthetic records were used to iden-
tify P- and PS reflections and related to the correspond-
ing layer. Multicomponent wavefield attributes such as
amplitude and velocity ratios are used to map the reser-
voirs through joint PP and PS analysis. The results are
presented in this paper.

2 Geological settings

The Upper Paleozoic main reservoir systems in the
Ordos basin were developed in continental sand bodies
of the Shehezi group. The ancient landform is asymmet-
rical; material sources are relatively stable and abundant
continental debris gathered in the lake and basin center
continuously, resulting in widely distributed lake and
river delta deposit systems in the middle of the basin.
Because of the flat topography, the Lower Shehezi
group sands are commonly found in the middle of the
basin, and generally vary laterally. Owing to lateral ac-
cretion of meandering river sand bars, a near north-south
complex sand band is developed, but because of channel
migration, it shows great lateral variation. The reservoir
lithology is mainly quartz and mineral debris sand. Its
quartz content is on the low side, from 65% to 70%
generally; the mineral debris is mainly coal sand or
metamorphic rock and impurity content is high. The
average porosity is 8%—10%; permeability is only
0.2x107°-1.0x10~* pm?, and it is a typical low porosity
and especially low permeability reservoir. Owing to a
specific sediment source and diagenesis as well as depo-
sitional environment elements, a suite of thick sand res-
ervoirs occur at the bottom of the Lower Shehezi group;
cumulative sand thickness is 20 m or so generally, and
can be up to 40 m to 50 m. Reservoir lithology is mainly
coarse quartz sand or pure quartz sand; quartz content is
over 90% in general, and can be up to 95%; pores are
mainly inter-crystalline and inter-granular, but there are
solution pores and tiny fissures. The quartz sand average
porosity is 12%; permeability is 6.23x10 um’, and
may be up to 561x107° umz. It has medium porosity and
medium-high permeability.

3 Geophysical characteristics

The geophysical properties of a sand reservoir, as
well as the contrasts above and below the reservoir layer,
form the basis of all geophysical exploration and esti-
mation of reserves. The analysis of the reservoir’s
physical properties is a very important process in seis-
mic inversion and correct identification of the geological
meaning of seismic response.

The acoustic interval transit time in the sand reser-
voir layer is 230-260 ps/m in general; density is be-
tween 2.3 g/em’ and 2.5 g/em’; velocity is 3.8-4.4 km/s;
average wave impedance is 0.88—1.1 g-m™>-s™". The ultra-
sonic transit time for mudstone (mud content over 80%)
is 220240 um/s; density is 2.6-2.7 g/em’; velocity is
4.2-4.5 km/s; average wave impedance is 1.11-1.25
gm s . Average velocity in siltstone is 4.55—4.70
km/s; density is 2.6-2.65 g/cm’; wave impedance is

1.18-1.25 g-m_zs_l (Tables 1-3).

Table 1 Geophysical characteristics of various rock types in
Shan 2 sequence, Yulin area
Acoustic  Density Velocity Impedance
Type of rock /usm™ /grem™ /kmes™ /gm s
Sandstone 210 2.5 4.75 0.9-1.2
Mudstone 220-260 2.3 3.5-45 0.8-1.04
Coal and mudstone  400-450  1.8-2.2 22-2.8 0.4-0.6
with coal

Table 2 Geophysical characteristics of various rock types in He
2 sequence, Uxin Qi area

Type of stone Acoustic  Density Velocity Impedance
P /usm™ /grem™ fkm's™ /gm s
Sandstone 215-225  2.5-2.6 4.4-4.65 1.1-1.2
Muddy sandstone 230-240 2.5 4.2-4.5 1.06-1.13
Mudstone 250-265 2.4 4.0-4.25 0.96-1.02

Table 3  Geophysical characteristics of various rock types in He
2 sequence Sulige area

Type of stone Acoustic  Density Velocity Impedance
P Jus'm™" /g-em™ fkm-s™" /gm™s™!
Quartz sandstone 230-260 2.3-2.5 3.8-4.4 0.88-1.1
Muddy siltstone 220-210  2.6-2.65 4.55-4.7 1.18-1.25
Mudstone 220-240  2.6-2.7 4.2-45 1.1-1.25

The quantity of gas in sandstone has a very large
influence on its P-wave impedance. Figure 1 shows that
there can be a wide variation in the characteristics of the
reflected P-wave. When sand porosity increases, the
velocity and density decrease, and P-wave impedance
decreases accordingly. For porosity and permeability
properties in the area, when the porosity of sandstone
rises from 10% to 14%, P-wave velocity decreases from
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4.0 km/s to 4.4 km/s generally, and density changes
from 2.35 g/em’ to 2.45 g/em’. For the gas layer, the
P-wave velocity of high permeable sandstones may de-
crease to 3.8 km/s. Therefore sandstone cannot be dis-
tinguished from pure mudstone. However, for sandy
mudstone or muddy sandstone with mud content 20% to
80%, the P-wave velocity is usually 4.3-4.6 km/s, and
density is 2.5-2.6 g/cm’. Thus, the rapid decrease of
P-wave impedance provides a method for identifying
high porosity-permeability gas reservoirs in P-wave im-
pedance profiles.
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Figure 1 PP-wave Reflection waveforms from the gas reservoir.

When identifying a gas reservoir from well-log
data, a low impedance layer correlated with existing
wells is interpreted as the gas layer. But a low velocity
strip separated by high impedance should be treated
carefully, because it is highly possible that this is caused
by increased errors. A P-wave impedance decrease due
to gas is similar to that due to high permeability of water
bearing, so it is possible to mistake one for the other
without additional information. Since S-wave imped-
ance is hardly influenced by the presence of gas, joint
PP and PS studies have great significance in this area.
For this purpose, a feasibility study of full-wave model-
ing based on core and well-logs has been carried out to
evaluate the potential of using converted-waves for
characterizing gas sands.

4 Feasibility study

4.1 Core analysis

Forty-five core samples (Figure 2) were tested in
the laboratory, as measured by Institute of Geology and
Geophysics, Chinese Academy of Sciences, for Changqing
Research Institute, China National Petroleum Corpora-
tion. The cores were filled with four degrees of gas
saturation: 100%, 65% to 75%, 35% and 0% (100%

water saturation). Both P- and S-wave velocities were
measured at efficient pressure (confining pressure minus
pore pressure) between 35 MPa and 42 MPa, and tem-
peratures between 78 °C and 100 °C. Experimental fre-
quencies were 800 kHz and 600 kHz for P- and S-waves,
respectively. Testing was carried out as follows: @ eight
core samples numbered 1 through 8 were tested under
90 °C temperature and 42 MPa efficient pressure; @
eighteen core samples numbered 9-20 and 25-30 were
tested under 95 °C temperature and 45 MPa efficient
pressure; @ seven core samples numbered 21-24 and
41-43 were tested under 100 °C temperature and 47
MPa efficient pressure; @ twelve core samples num-
bered 31-40, 44 and 45 were tested under 78 °C and 30
MPa efficient pressure.

Figure 2 Typical core samples for velocity measurements.

The variation of measured P- and S-wave velocities
with porosity is shown in Figure 3 for all four different
saturations. Even if there is lot of scatter in the data
from different samples, the variation trends in seismic
wave velocity is consistent with Gassmann predictions
for gas saturation. The P-wave velocity clearly decreases
as the porosity increases, and also decreases as the gas
saturation increases. However, there is less variation in
the S-wave velocity than that in P-wave velocity. Oth-
erwise, it shows some small random variations in
S-wave velocity as saturation changes.

4.2 Well log data analysis

We have also examined the relationship of the P-
and S-wave velocities with porosity and saturation by
using log data. Wireline logs from eleven boreholes are
examined to identify the log characteristics of the gas
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reservoirs. Figure 4 shows the cross plot of the P- and
S-wave sonic velocities against the logged porosity.
Again it shows a clear decrease of the P-wave velocity
and S-wave velocity as porosity increases. However,
there is less variation in the S-wave velocity than that in
P-wave velocity. This confirms the findings of core data
analysis. Figure 5 shows the variation of P-wave sonic
velocity for gas and water saturations. The P-wave ve-
locity saturated with gas decreases more rapidly than
that saturated with water.
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Figure 3 Variations of P- and S-wave velocities with
porosity and gas saturation from core measurements.
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Figure 4 Variations of P- and S-wave velocities with
porosity from wireline logs.

5 Application to field data

5.1 Data acquisition

The P-wave reflected energy from the coal seam
can be observed in the vertical component and the cor-
responding PS conversion can be observed in the hori-
zontal component. There are several kinds of noise on
the records. For example, ground rolls and refracted
waves are obviously present. Because the near-surface
in the area is characterized by low velocity loose soil,
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Figure 5 Variation of P-wave velocity with gas and wa-
ter saturations.

this causes the presence of a significant amount of
ground rolls and refracted waves, as well as complex
statics in the data. These are key issues that affect the
quality of the stacked sections. However, on the other
hand, the presence of the low-velocity near-surface also
gives rise to a natural separation of PP- and PS-waves in
the vertical and horizontal components, which simplifies
wave-field separation. The reason is that the rays of re-
flection wave are nearly vertical in low-velocity layer
near surface from deep layers, so all PP-wave energy is
almost in vertical component and PS-wave energy in
horizontal components. Despite the strong coherent
noise, converted-waves can be observed from interme-
diate to far offsets even in raw shot records of the hori-
zontal component. Note that there are no converted-
waves in the near-offsets, as expected.

5.2 Data processing

For PS-converted wave data, there are three key
steps in the processing flow: static correction, noise re-
duction and non-hyperbolic velocity analysis.

Static correction is a major challenge for seismic
exploration in mountains and desert terrain with loose
rocks or soil. For PS-converted waves, it is even more
important in data processing. A special method is de-
veloped for static correction in loose terrain, which util-
izes a continuous velocity model (Wei and Liu, 2002).

PS-wave statics is a big issue for land PS data. In
this area, the second arrival energy presents on horizontal
component data (Figure 6). We think this is PS-converted
refraction wave. The waves travel down-going and slid-
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ing along refracted layer with P-wave velocity but
up-going with S-wave velocity. So this wave can be
used to calculate S-wave velocity during P-S wave re-
ceiver statics. The first step is to pick the PS-refracted
arrivals, and then estimate the S-wave velocity from the
PS-arrival at the near surface. The last step is to calcu-
late the S-wave static values for each receiver. Figure 6
shows the improved shot records of the horizontal com-
ponent after applying PS-wave static correction.
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Figure 6 Effects of applying PS-wave static corrections for
the horizontal component.

There are several types of noises in the PS records.
Conventional velocity filters are used to suppress the
coherent noise, and the success of this step mainly de-
pends on the prior velocity functions. In this case, the
VSP data are used to extract the prior velocity functions
for filtering purposes.

Non-hyperbolic moveout analysis is required to
handle the converted-waves in the intermediate to far
offsets. The three-term non-hyperbolic moveout equa-
tion (Li and Yuan, 2001) is used to fulfill this purpose.
Time-variation CCP (common converted point) gather is
used in PS velocity analysis and PS mapping. One ex-
ample of semblance with super CCP gather is shown in
Figure 7.

Using these steps described above, the quality of
the stacked sections is quite good (Figure 8). Compari-
son of the PS-wave stacked section with the PP-wave
stacked section shows that reflected events appear more
clearly, particularly between 1 000 ms to 2 000 ms .

5.3 Data analysis and results

PP and PS event registration is very important in

PP and PS joint interpretation. At first, we chose two

Figure 7 Converted-wave velocity analysis. Left panel is ve-
locity spectrum and right panel is moveout corrected gather.

P

Figure 8 PP- and PS-wave stack sections.

strong events (Figure 8) as standard layers, where the
main objects are situated. The coal-seam reflection im-
mediately below the target (HES) is very strong, and
presents over the whole area in both PP- and PS-sections
(Figure 8). It acts as a good reference horizon and sim-
plifies the analysis procedure, such as event registration
and amplitude normalization as well as layer tracking.
Reservoir HE8 is immediately above the coal seam,
making horizon tracking easier. Then according to log-
ging and VSP data, P- and S-wave interval velocities in
depth domain are determined and used in synthetic re-
cords. The interval velocities are adjusted iteratively to
make synthetic records best matching with real PP- and
PS data. The optimized P- and S-wave velocities are
used in depth conversion.

After the coal-seam event is registered and the am-
plitude is normalized for both the PP- and PS-sections,
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two attributes are calculated for identifying gas sands
along the target horizon. The attributes are relative am-
plitude ratio (aps—ap)/aps and relative polarity. Note that
the PP and PS-reflections have the same polarity as the
background matrix of sand and mudstone. The velocity
ratio can also be used to deduce the fluid in a reservoir.
Figures 9 and 10 show the correlation of P- and S-wave
velocities for different lithology and inversion results of
velocity ratio from real data respectively.

The combinations of these attributes are good indi-
cators of six types of rock and their pore content (Table
4). The first type is high quality gas sands characterized
by strong PP and PS amplitudes (PP stronger than PS)
with opposite polarity, where the presence of gas is so

Velogity ratio inversion

Figure 10

Table 4 PP- and PS indicators for gas sands

significant that the velocity of the gas bearing sands is
lower than the overlying mudstone (a polarity reversal).
In this area, the porosity should be 14% for this case.

3.8 4.0 1.2 1.4 1.6 1.8 5.0 5.2
vp/kmes!
e Sand saturated gas

4 Sand saturated water = Muddy stone

Figure 9 Correlation of P- and S-wave velocities
for different lithologies.

Inverted P- and S-wave velocity ratios from PP- and PS stacked sections.

Types PP-wave PS-wave Polarity of PP and PS vp/vs Frequency Contents
1 Strong Strong Opposite Low Low Gas (best)
2 Weak Strong Opposite or same Low Low Gas (good)
3 Intermediate Weak Opposite or same Low Low Gas (good)
4 Intermediate Strong Same Intermediate Intermediate Gas (less) or water
5 Strong Strong Same high High Dry
6 Weak Weak Opposite or same high High No sand
1327 1307 1287 1267 1247 1227 1207 The second type is medium-quality gas sands
\bn‘. 1430 1420 1410 llf)l) 0 40 13 8 h . k li
| = characterized by weak PP amplitude but strong PS am-
b 1/ . . . . .
L. 74 plitude with the same polarity. The velocity of P-wave is
1. 8 . .
21,9, nearly the same in gas-bearing sands and mudstone. The
g: ']’ porosity of gas-bearing sands would be about 11% in the
22 studied area.
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Figure 11 Seismic responses showing a strong P-wave and
weak PS-wave response indicates sandstone grit surrounded
by siltstone, the third type of gas reservoir in Table 4.

The third type is special gas sand, sandstone grit
saturated with gas covered by siltstone. It is character-
ized by strong PP and weak PS amplitudes. Figure 11
shows the corresponding seismic characteristics.

The fourth type is poor quality gas-bearing sands
characterized by strong PS amplitude and intermediate
PP amplitude with the same polarity for PP and
PS-waves. The porosity is about 8% or lower. Some-
times this may indicate water-bearing sands.
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The fifth type is dry sand (no gas), characterized by
strong PP and PS amplitudes with the same polarity,
reflecting the background matrix, where no gas is pre-
sent to alter the velocity of the sand.

If both of PP-and PS-wave amplitudes are weak,
normally this indicates no sands present (sixth type — all
mudstones). Therefore, a basic strategy for mapping gas
sands can be formulated as follows: Firstly, search for
strong amplitude reflections from both PP and
PS-sections but with opposite polarity. A weak PS-wave
amplitude but strong PP-wave amplitude may also indi-
cate gas reservoirs.

6 Discussion and conclusions

We have performed an integrated study of the
seismic response of the gas reservoirs in the Ordos basin
using core, log and seismic data. The feasibility study
shows that it is difficult to predict gas-bearing sandstone
using P-wave only, but it is possible using both P-wave
and PS-wave responses. High quality P- and converted
PS-wave sections are a precondition. There are three key
steps in processing PS-converted data in the area, that is,
near surface static correction, noise attenuation and
non-hyperbolic velocity analysis. Analysis of the core
and logging data shows that the variation in porosity and
gas saturation has a strong effect on the P-wave velocity
of the reservoir sandstone (the sandstone gas reservoirs
are surrounded by mudstone or siltstone), whereas the
effect on the S-wave velocity is small.

The core and log analysis as well as field data in-
dicates that it may be possible to identify six types of
sandstones in the studied areas by joint PP and PS
analysis: O a strong PP- and PS-wave response but with
opposite polarity indicates a high-quality gas sand; @ a
weak PP-wave but strong PS-wave response with the

same polarity indicates a fairly good gas-bearing sand;
® a weak PS-wave energy but strong PP-wave energy
indicates a special type of gas reservoir consisting of
sandstone grit surrounded by siltstone; @ an intermedi-
ate PP-wave and strong PS-wave response with the
same polarity indicates a poor gas-bearing sandstone or
water-saturated sandstone; ® strong PP- and PS-waves
responses with the same polarity indicates dry sand with
no gas; ® both weak PP- and PS-waves responses indi-
cate mudstones containing little sand.
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