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Abstract
For a typical marine shale reservoir in the Jiaoshiba area, Sichuan Basin of China, P-impedance is sensitive for identifying

lithology but not suitable for indicating good shale reservoirs. In comparison, density is an important quantity, which is

sensitive for identifying the organic-rich mud shale from non-organic-rich mud shale. Due to the poor data quality and

incidence angle range, density cannot be easily inverted by directly solving the ill-posed pre-stack seismic inversion in this

area. Meanwhile, the traditional density regularizations implemented by directly using the more robust P-impedance

inversion tend to be inaccurate for recovering density for this shale reservoir. In this paper, we combine the P-impedance

and the minus uranium to construct the pseudo-P-impedance (PIp) at well locations. The PIp is observed to be sensitive for

identifying organic-rich mud shale and has a good correlation with density in this area. We employ the PIp–density relation

into the pre-stack inversion framework to estimate density. Three types of regularization are tested on both numerical and

field data: These are no regularization, traditional regularization and the proposed approach. It is observed that the

proposed method is better for recovering the density of organic-rich mud shale in the Jiaoshiba area.
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1 Introduction

As an important unconventional exploration target in

China, the marine shale reservoir in the Jiaoshiba area,

Sichuan basin is sealed by the upper mid-Silurian Xiaoheba

siltstone and the lower Ordovician limestone (Chen et al.

2015a, b; Jiang et al. 2017). Sequence stratigraphic analysis

in this area suggests that this shale mainly consists of three

intervals with different reservoir qualities. The lowest

interval in particular is composed of black organic-rich

mudstone and clay-rich siliceous mudstone with the high-

est total organic carbon (TOC) and gas contents (Chen

et al. 2015a, b; Liang et al. 2016). For the identification of

this interval, traditional acoustic properties, such as P-wave

impedance (Ip) and S-wave impedance (Is), are incapable

of assessing the shale brittleness, TOC and hydrocarbon

content. In comparison, density is observed to be sensitive

to the radioactive properties of organic matter and exhibits

a significant correlation with reservoir quality. It is there-

fore desirable to invert for density from the seismic data in

such reservoirs.

For the recovery of density based on seismic data, the

full waveform approach (Jeong and Min 2012) often does

not work well for field applications. Besides, the joint

inversion using P–P and P–S data is also impossible due to

the common insufficiency of multi-component data in most

cases, even though density information is always present at

small P–S reflection angles (Gray 2003). For the more
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conventional and widely available P–P data, amplitude

variation with offset (AVO) is a function of four quantities:

(1) the background VP/VS; (2) the P-wave velocity contrast;

(3) the S-wave velocity contrast; and (4) the density con-

trast across the interface. These parameters cannot be

easily decoupled from one another in the AVO kernel. In

addition, density inversion usually suffers from a stronger

instability than the velocity or impedance inversion (Liu

et al. 2013). Given the fact that the density contrast has a

negligible influence on AVO at small incidence angles,

large offset data are often required to provide a reliable

estimation (Debski and Tarantola 1995). However, seismic

reflection events at large offsets are often seriously dis-

torted and need to be conditioned carefully due to normal

moveout (NMO) stretching and tuning effects (Zhang et al.

2012). For the very rare situations when density contrast is

a dominant contributor to the reflection coefficient, density

may be estimated from near and far offsets (Behura et al.

2010). For the majority of cases, density inversion using

field data is extremely ill-posed, as the data contain noise

and the results will be unstable (Downton et al. 2001;

Downton and Lines 2004; Alemie and Sacchi 2011).

In an effort to gain more stability and reduce non-

uniqueness, a variety of regularizations are usually imple-

mented during AVO inversion either explicitly or implic-

itly. Examples of these are the Bayesian approach of

Buland and More (2003) which strongly depends on the

choice of a prior probability distribution for the parameters

of interest. There are many forms of the prior distribution

to formulate the AVO inversion under a Bayesian frame-

work: Gaussian (Buland and More 2003), Laplace (Theune

et al. 2010), Cauchy (Downton 2005), Huber (Chen and

Yin 2007) and Trivariate Cauchy (Alemie and Sacchi

2011). More integrally, the inverted parameters including

P-, S-velocities or impedances and density are further

regularized by additional conditions, i.e., the Gardner or

Vp–Vs equations (Russell and Hampson 2007; Zhang et al.

2015). Because the P-impedance or P-velocity inversion is

comparably more stable and accurate than the density

inversion even though the input data contain a certain

degree of noise, so density is often enhanced by the

P-parameter when they have an acceptable correlation

(Rusell and Hampson 2007; Zhang et al. 2015).

However, both the data quality in terms of S/N ratio and

the incidence angle range in the Jiaoshiba area are inade-

quate for directly recovering accurate density results.

Besides, the density is not correlated with P-impedance or

P-velocity in the shale interval. In this paper, we construct

the pseudo-P-impedance (PIp) curve by combining the

P-impedance (Ip) and the minus uranium (-U) logs based

on a proposed equation. The PIp is observed to be sensitive

for identifying organic-rich mud shale in this place and can

be inverted in a 3D space. Subsequently, the PIp that is

inverted under the post-stack framework is employed to

formulate the pre-stack density inversion of shale reser-

voirs. We also compared the inverted density results from

both the numerical and the field data examples with those

from the case of no regularization, a traditional approach.

2 Geology background

In the southeastern Sichuan Basin, central China, Lower

Silurian marine shale reservoirs actively produce gas and

are the target of an ongoing exploration effort by the

Sinopec Company. The thick Longmaxi shale in the

Jiaoshiba area was deposited in a passive continental

margin environment during the early Silurian (Jiang et al.

2017). The Longmaxi shale is underlain by thick, shallow

Ordovician marine limestone and capped by mid-Silurian

Xiaoheba siltstone (Liang et al. 2016) (Fig. 1). The

Jiaoshiba area experienced complex tectonic movements

and currently demonstrates an obvious NNE trend fault

zone in the Longmaxi Formation (Hao et al. 2008; Liang

et al. 2012). Several well-described outcrops, cores and the

log data in this area suggest that the lower Longmaxi shale

is mainly characterized by black mudstones and common

graptolite fossils (Member shale 3 in Fig. 1), whereas silty

mudstones and turbidite siltstones are present on the top of

this formation (Liang et al. 2016). Thick black shale

deposits are favorably preserved during the anoxic envi-

ronment caused by transgression. The considerably thick

shale in the Longmaxi Formation (ranging from 90 to

250 m) is extensively rich in organic matter and
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Fig. 1 Stratigraphic column for the study intervals in the Jiaoshiba

area (modified from Jiang et al. 2017; Liang et al. 2016)
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contributes significantly to the prospectivity for shale gas

exploration.

In particular, sequence stratigraphic studies indicate that

the Longmaxi shale Formation is a third-order sequence

including three members (Chen et al. 2015a, b). (1) The

lower interval mainly contains black organic-rich mud-

stones and clay-rich siliceous mudstones with high TOC

and brittle mineral contents, as well as the highest gas

content (pink in Fig. 2). (2) The middle interval is pri-

marily dominated by mixed siliceous mudstones and mixed

silty mudstones with moderate TOC and gas contents (red

in Fig. 2). (3) The upper interval is mainly composed of

organic-lean and mixed gray mudstones with the lowest

gas content (yellow in Fig. 2).

Logging identifications in this area reveal that the

Longmaxi mud shale reservoir is generally characterized as

low velocity, low density, high gamma ray and high ura-

nium (Yan et al. 2014) (Fig. 2). Referring to the shale

reservoir quality that is well characterized by TOC and gas

content curves, the density, GR and uranium logs are

capable of identifying the non-organic-rich mud shale from

organic-rich mud shale in this place (Yan et al. 2014). In

particular, the total porosity listed in Fig. 2 was calculated

based on P-velocity logging, which is sensitive for identi-

fying lithology, i.e., distinguishing the shale with low

P-velocity value from upper siltstone and lower limestone,

but not available for indicating good shale reservoirs

(Figs. 2, 3). In comparison, from the top to the bottom of

the Longmaxi shale formation, the increasing TOC and gas

contents produce an obvious drop on the compensated

density logging (Yan et al. 2014) (Figs. 2, 3). In fact, the
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Fig. 2 Logs for a typical well from the Jiaoshiba area, Sichuan Basin.
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Fig. 3 Cross-plot between Ip and q from Fig. 2. Different colors

represent different intervals
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shale density in the Jiaoshiba area has a linear correlation

coefficient of 0.75 when cross-plotted against brittleness, a

correlation of 0.90 with the TOC, and a correlation of 0.80

with the gas content. Therefore, it is desirable to invert for

density from the seismic data in such reservoirs. As the

contributor besides P- and S-velocities for the angle-de-

pendent reflectivity series, the density parameter can be

computed in theory under the current pre-stack seismic

system.

Although the specific seismic acquisition system, i.e.,

wide azimuth angles, small intervals, high folds and long

spread, as well as serious data processing, was applied to

improve the seismic image precision for this shale reservoir

(Chen et al. 2016), the seismic data quality is varying

across the whole research area with an average S/N ratio

about 5. The largest incidence angle at the target shale

reservoir is about 30�. These data may be beneficial for

structural interpretation but are not appropriate to directly

invert acceptable density results. Besides, the traditional

effort that is regularized by utilizing the Ip–q relation is

also incapable of enhancing density results.

3 Pre-stack density inversion constrained
by pseudo-P-impedance

To reasonably improve density inversion precision under

regularized pre-stack inversion framework, a comparably

stable parameter—the pseudo-P-impedance instead of the

P-impedance—was explored to formulate a better con-

straint in this paper. As shown in Fig. 4, this method

includes three major approaches, including pseudo-P-

impedance (PIp) curve construction, pure P-wave data

computation and PIp inversion, as well as pre-stack

inversion.

3.1 Pseudo-P-impedance (PIp) curve
construction

Normally, P- and S-slowness, density, GR and uranium

logs are measureable surrounding a borehole and are rel-

atively more accurate than other interpreted curves such as

TOC, brittleness, total porosity. In particular, the uranium

curve, that is showing energy-filtered borehole-side

radioactivity, is observed to be capable of differentiating

organic-rich shale from non-organic-rich shale (Fig. 2).

Taking the example of well JY8 from the southern

Jiaoshiba area (Fig. 5), the good shale (shale 3, pink color

in Fig. 5a–i) accumulated with the most organic matter

content often signifies a prosperous shale gas content and

produces an obvious response in the U log (Fig. 5b). By

contrast, the P-impedances of the three sets of shale are

quite similar (Fig. 5a), as well as those of the upper

argillaceous sandstone—as demonstrated in the superim-

posed histogram distribution in Fig. 5h. Although the

P-impedance (Ip) attribute has the highest precision during

the AVO inversion and can be computed in a post-stack

inversion framework, it appears to be lacking the ability to

identify a good shale reservoir.

In comparison, the pseudo-log recomposition technique

based on multiple well logs is often proposed for logging-

constrained inversion for the purpose of reservoir predic-

tion (Yin et al. 2014a). Yin et al. (2014b) rebuilt the

pseudo-acoustic logs to quantitatively predict the high-

quality shale reservoirs in the Jiaoshiba area, on the basis

of the interpreted TOC and original acoustic logs. In this

paper, we construct the pseudo-P-impedance (PIp) curve

by combining the P-impedance (Ip) and measurable minus

uranium (-U) curves, under the uniformization scale:

normðPIpÞ ¼ a normðIpÞ½ � þ b normð�UÞ½ � ð1Þ

where norm(x) represents the function of normalization

applied on x. a and b are the weight parameters, and

a ? b = 1. In detail, the Ip and minus U curves (Fig. 5a, b)

are, respectively, normalized to [0, 1] (Fig. 5c, d) at first

and are subsequently combined to form norm(PIp)

(Fig. 5e) by using the tested weight parameters (a = 0.6;

b = 0.4) based on Eq. (1). The two weight parameters are

selected on the principle that: (1) The constructed PIp

should be competent for distinguishing good shale reser-

voirs, and (2) the norm(PIp) and norm(Ip) should have

similar seismograms in the seismic band. The combined

data are further extended to the same range with Ip by

utilizing the reversed function of normalization (Fig. 5f).

As one of the most direct indicators for organic matter

and hydrocarbon content in the shale layer, the uranium

logging essentially indicates the accumulated uranium

element content, which is associated with organic content.

PIp is by nature a combination of the shale radioactivity
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and acoustic properties. As shown in Fig. 5f and 5a, this

contrast between PIp with Ip demonstrates that the PIp is a

much better identifier of good reservoir intervals. We

observe a qualitative similarity between the density and the

PIp (Fig. 5f, g), clearly better than the comparison between

density and Ip (Fig. 5g, a). Quantitatively, the cross-plot

analysis further indicates an acceptable linear regression

between density and the PIp with a correlation coefficient

of 0.93 at the shale layer (Fig. 6b), while the Ip only

exhibits low correlation (coefficient of 0.31) with the

density (Fig. 6a).
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Normally, P-impedance has the highest robustness

among all the inverted parameters during AVO inversion,

and the stability of density inversion is often enhanced by

implementing suitable regularizations—such as the Ip–q
relation (i.e., the Gardner equation) mentioned above

(Zhang et al. 2015), especially when they have a well-

defined relationship (Zhang et al. 2015). A regional or

statistical equation between P-impedance and density is

definitely more preferable. Nevertheless, for this particular

shale reservoir, the hard constraints directly constructed

from P-impedance (Fig. 7a) are inappropriate to guide

density inversion, especially in good quality reservoir

layers (Fig. 7b). This is because the radioactivity and

acoustic properties of good shale reservoirs are often not

correlated with each other, and as described previously that

PIp is a better parameter to use. Benefiting from the good

correlation between PIp and density (Fig. 7b), a reasonable

initial value (the fine green line in Fig. 7d) and hard con-

straints (the bold green lines in Fig. 7d) for density inver-

sion can be built from PIp.

To illustrate the effectiveness of PIp inversion com-

paring with Ip inversion in the shale reservoir, we com-

pared their reflectivity series (Fig. 8c, d) and synthetic

seismograms (Fig. 8e, f) at the seismic band (using the

Ricker wavelet for modeling, dominant fre-

quency = 25 Hz). The Ip and constructed PIp curves, as

well as their reflectivity series, might trend differently, but

their seismograms in the finite seismic band show a sub-

stantial similarity, which suggests that the PIp attribute can

be inverted by using the post-stack impedance inversion

with appropriate initial models and constraints.

3.2 Pure P-wave data computation and PIp
inversion

To attack the contamination of AVO effects on post-stack

data in this area, we compute the P-wave data based on

Eq. (2) (Gidlow et al. 1992; Sun 1999; Zhang et al.

2011, 2013):
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Rp ¼ 1

2

Dq
q

þ DVp

Vp

� �
; Rs ¼

1

2

Dq
q

þ DVs

Vs

� �
; ð3Þ and Vp, Vs and q are the average P-wave velocity, S-wave

velocity and density of the reflection boundary,
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respectively. h is the average of incidence and transmission

angles. Rpp(h) is the elastic reflectivity with the ray path of

incident angle, and Dq/q is the density gradient. Vs/Vp is

the S-to-P-wave velocity ratio. If we use seismic ampli-

tudes of CRP gathers to substitute Rpp(h), then the com-

puted corresponding Rp results are the zero-offset P-wave

reflection data. Compared to conventional full-stack data,

the computed P-wave data have higher resolution and are

more beneficial for reservoir prediction (Zhang et al. 2013)

and pseudo-P-impedance inversion within the post-stack

inversion framework.

3.3 Regularized pre-stack inversion

The pre-stack inversion is found to be efficient for

extracting elastic parameters that are crucial for subsurface

reservoir or fluid prediction (Connolly 1999; Hampson

et al. 2005; Shamsa and Lines 2010; Yin et al. 2015).

However, the actual pre-stack inversion problems for

seismic exploration are ill-posed, and the objective func-

tion simply based on the least square error between syn-

thetics and seismograms is difficult to be steadily and

rationally solved. To gain more stability and reduce non-

uniqueness, numerous regularizations are usually imple-

mented during inversion either explicitly or implicitly, for

instance, the Bayesian approach of Buland and More

(2003) which strongly depends on the choice of a prior

probability distribution for the parameters of interest. The

Ip–q relation, i.e., Gardner equation, is often employed to

form a density constraint during pre-stack inversion, since

P-impedance is comparably more stable (Zhang et al.

2015). Instead, we use the PIp–q relation to formulate

density in this paper.

4 Results

4.1 Numerical data testing

The well model constructed from well JY8 (Fig. 9a–c) is

utilized for the validation of the proposed inversion

method. We also test no regularization and traditional

regularization based on the Ip–q relation against the pro-

posed regularization based on the PIp–q relation methods.

Synthetic traces (Fig. 9d) are generated with the exact

Zoeppritz equation. A Ricker wavelet with a dominant

frequency of 25 Hz was used for modeling, and random

noise was added to form noisy data (Fig. 9e). Under the

condition that the modeled data have the minimum least

square error with the input data, the non-regularized
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Fig. 10 Comparison between the P-impedance (Ip) and density (q) inversion results from the non-regularized (a, b), traditional (c, d) and

proposed (e, f) regularization inversion methods for data uncontaminated with noise
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inversion primarily searches the results based on the

objective function which only solves the minimum least

square error between synthetics and seismograms. The

second inversion method that is used in this paper is that of

Zhang et al. (2015) which optimizes by adding Ip–q
(Fig. 6a) regularization, while the proposed method

employs the PIp–q relation (Fig. 6b) to form new density

constraints (Fig. 7d).

For clean data, high accuracy or resolution with subtle

variations is achieved for the three P-impedance results

(Fig. 10a, c, e) even though they started from smooth

models (the fine green lines), while all the density results

display the correct trend but lack fine-scale definition

(Fig. 10b, d, f). Overall, all of the three methods are cap-

able of obtaining similar and acceptable results. For noisy

data (signal-to-noise ratio of 5), the non-regularized density

inversion that lacks any prior information rapidly becomes

incorrect. The presence of noise produces more severe

perturbations for the density result (Fig. 11b) compared

with that for P-impedance (Fig. 11a). This can be attributed

to the fact that the density has a poorer solvability (Zhang

et al. 2013). Unavoidably, this method will lead to an

inappropriate characterization for the shale reservoirs in

most cases. With the employment of necessary prior

information, the inversion technique is implemented under

a variety of regularizations to obtain a stable solution. We

observe a significant stability for the two sets of regularized

results (Fig. 11c–f). These P-impedance results (Fig. 11c,

e) are close to the results without noise, except for some

minor deviations (from the 280th to the 320th samples)

near the lithology interface. The similarity between the

P-impedance results (Fig. 11c, e) is derived from the use of

the same input and constraints. However, the Ip–q relation

that is utilized in the traditional regularization guides

density to be similar to P-impedance during the inversion

process. For the sweetest shale reservoir that is rich in

organic matter and renders a clear density decrease, the

relatively weak P-impedance deflection is inferior as a

guide for the density distribution (from the 280th to the

320th samples, marked by the dark arrowhead in Fig. 11d).

In comparison, pseudo-P-impedance (PIp) that is reshaped

by combining the acoustic and radioactivity properties

possesses a better correlation with density, and the corre-

sponding constraints have made a significant contribution

to enhance density precision. The updated density result

appears to be more accurate, especially for the good shale

area (marked by the dark arrowhead in Fig. 11f).
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f) regularization inversion methods for noisy data with a signal-to-noise ratio of 5. The good shale area is marked by the dark arrowhead
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4.2 Field data application

The pre-stack time migrated data in the Jiaoshiba area are

chosen for further analysis. The accuracy of inversion for

any reservoir principally relies upon the quality of input

data. Successful data processing in this area focuses on

preserving the true amplitudes in the whole processing

workflow, for example, amplitude compensation, noise

attenuation, resolution enhancement and pre-stack migra-

tion (Chen et al. 2016). The key criterion for preserving

amplitude is that the AVO characteristics between syn-

thetic and data gathers should be similar. Using previous

work from angle scanning and inversion testing (Su et al.

2016), four angle stacks (3�–9�, 9�–12�, 12�–18� and 18�–
30�) are chosen for AVO inversion in this area. Wavelets

are estimated based on the principle that their convolutions

with reflectivity series form a best match with seismic

traces. The input data are close to zero phase and gradually

decrease in energy from the near to far stacks (Fig. 12).

The large velocity variation from the shale to carbonate has

created an obvious peak on the seismic section, which can

be clearly observed and tracked on the stacked data

(marked by the dashed line in angle stack 4).

Based on accurate horizon calibration and structural

interpretation, it is a key procedure to build a low-fre-

quency model for pre-stack inversion because it can greatly

influence the inversion result. The structure in this area is

simple, and it is easy to build a structural framework.

Integrated with logging data and the geology framework,

low-frequency models are built to include the P-impedance

(Ip), S-impedance (Is) and density (q) models. We con-

ducted the three previous inversion tests for each type of

regularization. Further, the pseudo-P-impedance (PIp)

model is constructed to aid and constrain the density

solution as described previously.

Figures 13 and 14 show a typical line across the shale

reservoir in the Jiaoshiba area. The structure plunges from

the left toward the right, with a slight slope. The marine

shales of the Ordovician Wufeng Formation to the Silurian

Longmaxi Formation in this area are deposited above a

tight carbonate and always produce a detectable interface

(dashed line in Figs. 12, 13, 14). The shale exploration
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intervals with total thicknesses ranging from 90 to 250 m

are producing gas. During the early Silurian, the deposi-

tional environment changed from deepwater continental

shelf to shallow-water continental shelf, and these shales

gave a good quality reservoir that is rich in organic matter

and graptolite fossils with an average thickness of 38 m.

The subsequent shale depositions (with an average thick-

ness of 170 m) are composed of gray mudstone and

argillaceous siltstone with a generally inferior quality (He

et al. 2015; Yang and He 2015).

Generally, shale reservoirs are characterized as having

lower P-impedance and density values compared with

those of the underlying limestone. As shown in Fig. 13, all

the three listed inversion methods present relatively

stable P-impedance (Ip) results, displaying a generally

similar sedimentary pattern including the overlying shale

(lower Ip values, from the green to red color) and under-

lying limestone (steady large values, blue color). Due to the

focus on obtaining high data quality, the P-impedance that

is calculated from the non-regularized inversion also ade-

quately reflects the general sedimentation, albeit with a

slightly inferior resolution compared to the regularized

results (marked by the dark arrowheads). However, the

non-regularized method is obviously incapable of coping

with this level of noise and provides a poor density result

(Fig. 14a). This density result shows severe distortions in

both lateral and vertical directions, with an unreasonable

density range (2380–2850 kg/m3) that is larger than its

counterparts (2560–2700 kg/m3) in Fig. 14b, c. This

method will lead to an inaccurate shale characterization for

this case.
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Fig. 13 Comparison of three inverted P-impedance results based on

the non-regularization (a), traditional (b) and proposed (c) regulariza-

tions. Red and yellow areas in these figures indicate good quality

shale reservoirs. The three inverted P-impedance results at the well

location (blue line in a–c, sample 580–641) were, respectively,

extracted and compared with logging data at the seismic band on the

right. The resolution difference between three inverted results is

marked by the dark arrowheads
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We observed that the methods that are under the con-

straints of prior information can significantly improve the

stability of the inversion (Figs. 13b, c, 14b, c). For density

that is inverted by using traditional regularization methods

(Fig. 14b), the resultant pattern is quite similar to that of Ip

(Fig. 13b) due to constraints from the Ip–q relation.

Although it has successfully achieved the desired resolu-

tion, the whole shale layer above the carbonate sediments

is inaccurately assessed as a similar quality. In comparison,

the sweetest shale reservoirs during the early Silurian are

fairly well determined (red and yellow color in Fig. 14c),

by utilizing the constraints of the PIp–q relation. The

overlying shales are demarcated by an inadequate deflec-

tion on the density result, revealing an inferior shale for-

mation marked by the ellipse in Fig. 14c. Overall, the

general scenario suggested from Fig. 14c is more consis-

tent with the exploration results and is validated by well

parameters, where the early shale deposition is richer in the

organic matter and graptolite fossils, while the subsequent

deposition is composed of gray mudstone and argillaceous

siltstone with a generally inferior quality rock (He et al.

2015; Yang and He 2015).

5 Conclusions

For ill-posed pre-stack inversion in the field area, espe-

cially for those unconventional reservoirs that require

precise density determination, appropriate prior informa-

tion is absolutely necessary to guide the optimization of the

inversion process. A non-regularized AVO inversion tends

to provide a noisy and distorted density result, while uti-

lizing improper constraints will also generate an incorrect

estimation of the reservoir distribution. For the shale gas
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Fig. 14 Comparison of three inverted density results based on the

non-regularization (a), traditional (b) and c proposed regularizations.

Red and yellow areas in these figures indicate good quality shale

reservoirs. The three inverted density results at the well location (blue

line in a–c, sample 580–641) were, respectively, extracted and

compared with logging data at the seismic band on the right
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reservoir in the Jiaoshiba area, we found the P-impedance

can be efficiently solved by the pre-stack seismic inversion,

albeit the non-regularized result has a slightly inferior

resolution compared to the regularized results. Neverthe-

less, the non-regularized method provided a poor density

result with severe distortions in both lateral and vertical

directions. Although the traditional regularization based on

the Ip–q relation successfully achieved the desired reso-

lution, the whole shale layer above the carbonate sediments

is inaccurately assessed as a similar quality. However, the

proposed method based on the PIp–q relation is capable of

highlighting the organic-rich shale interval from the gen-

erally inferior quality rocks.
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