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Abstract
Seismic facies analysis is of great significance for the detection of residual oil in a sand-shale
interbed reservoir. In this study, we propose to predict spatial distribution of sand thickness over
a reservoir, based on seismic facies analysis. The target reservoir is a thin sand-shale interbed
layer, and the layer thickness varies between 2 and 10 m. The thickness of sand strata within the
reservoir layer appears to have a fragmentary distribution in lateral space. Thin thickness and
fragmentary distribution are two factors that cause difficulty in sand thickness prediction. To
tackle this problem, this study adopted a three-stage strategy. First, the reservoir over the entire
study area was classified into five different lithofacies, following sedimentary microfacies analysis
against the characteristics of gamma-ray logging data, and the corresponding seismic responses
were meticulously depicted. Then, exploiting these seismic responses, or seismic facies, the
spatial distribution of the gamma-ray values was evaluated within the thin sand-shale interbed
reservoir. Finally, the spatial distribution of the sand thickness was predicted according to the
spatial distribution of the gamma-ray values. The prediction was conducted independently for
each seismic facies, rather than in a non-discriminatory manner. Comparing the prediction to the
actual evaluation derived from well-logging data demonstrated that the thickness distribution
resulting from seismic data has a high accuracy, because of the facies-based analysis.

Keywords: reservoir prediction, sand-shale interbed, sand thickness, sedimentary microfacies,
seismic facies

1. Introduction

Seismic characteristics of thin sand-shale interbed reservoirs
are of great significance for residual-oil detection, especially
for a thin reservoir with a thickness less than 5 m. Widess
(1973) defined the thin layer when the thickness was less
than a quarter of the wavelength of seismic incident waves
propagating through the media. Koefoed (1980) noted that
there was a quasi-linear relationship between the thickness
of a thin layer and the amplitude of seismic reflection waves.

In reality, however, there are only a few isolated simple thin
layers in the subsurface strata, and most probably they are a
combination of thin layers or interbeds. Li (1987) noted that
the frequency characteristics of seismic waves depended on
the combination of sand and shale, and on the hydrocarbon-
bearing property of thin layers. Based on an approximate
linear relationship between the thickness of thin layers and
the amplitude of seismic reflection waves, Su (1988) pro-
posed to make a quantitative evaluation of the thickness of
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thin layers and the total thickness of multi-layer reservoirs.
Based on the concept of seismic sedimentology, Zeng et al.
(1998) and Zeng (2001) noted that it was the thin layer that
couldbedistinguished rather than the interfaceswithin a thin
layer.

In practice, the thickness of thin reservoirs can be calcu-
lated using the information of amplitude, mean frequency
and bandwidth. The calculated thickness is thus more ac-
curate than it is using only the amplitude. Adriansyah &
McMechan (2002) used the multivariate regression analysis
method to establish the statistical relationship between
seismic attributes and reservoir properties, and they used
the seismic attributes to predict the stratigraphic properties.
Guo et al. (2018) extracted seismic amplitude slices to depict
the lateral variation of a sand body.

Our prime objective in this paper is to present the predic-
tion of the spatial distribution of the sand thickness within a
sand-shale interbed reservoir. The study area is in themiddle
of an anticlinal structure, and the ultimate aim of this study
was the prospection of residual oils in the maturely devel-
oped reservoir in the Songliao Basin, northeast China. In
this work, the characteristics of the gamma-ray logging data
are analysed against the sedimentary microfacies and then
the reservoir over the entire study area is classified into five
different lithofacies models. Based on the seismic responses,
or seismic facies, of these lithofacies models, theoretical
gamma-ray values are predicted from seismic impedances.
Finally, the spatial distribution of the sand thickness is eval-
uated quantitatively within the target sand-shale interbed
reservoir.

One of the advantages of the methodology that we used
in this study is that both gamma-ray prediction and thickness
evaluation were conducted independently for each seismic
facies, rather than in a non-discriminatory manner. There-
fore, the sand thickness distribution resulting from analysing
seismic data has a high accuracy, in comparison to the actual
evaluation derived from well-logging data.

2. Stratigraphy and lithology of the thin reservoir

The study block lies from the top to the east part of an an-
ticline and is approximately 12 km2 in size, which is a part
of a rectangle with 5.9 × 3.27 km2 (figure 1a). The internal
structure of the block is relatively flat, with a stratigraphic dip
of about 1–2°. The study reservoir is on the eastern part of a
northwest-trending normal fault (figure 1b).

Table 1 describes the stratigraphy and lithology of the tar-
get reservoir. The Formations G, P and S in the study area
were formed under the background of large lacustrine-delta
facies from the Turonian–Coniacian stage in the Upper Cre-
taceous. TheTuronian andConiacian stages are also referred
to as the Yao-jia and Qing-shan-kou stages, respectively, by
regional geologists. During the deposition process, the chan-

Figure 1. (a) Time slice of 3D seismic data. The study area is approxi-
mately 12 km2. (b) Seismic section (the purple line in a) showing the anti-
clinal structure of the target reservoir. The two blue curves are the top and
the bottom of the reservoir. The study area is on the eastern part of a fault.

nel oscillated frequently, and the energy was strong. Within
Formation P, there are multiple oil-producing layers and our
study focuses on a thin sand-shale interbed, which is referred
to as Layer P12. Two blue curves on the seismic profile are
the top and the bottom of the reservoir (figure 1b). During
the sedimentary process of P12, this layer developed depo-
sitional microfacies such as main channel, abandoned chan-
nel and crevasse fan, etc. A channel sand bodywas developed
in a zonal distribution, showing a vertically positive rhythm.
When the rivermoved rapidly laterally, argillaceous and large
amounts of sandy sediments were deposited along the flood
plain. In addition, the interbed layer formed by the lateral ac-
cretion and abandoned channel caused a discontinuity of the
sand body locally. The thickness of Layer P12 generally varies
between 2 and 10 m.

Layer P12 experienced three sedimentary processes of
regression–transgression–regression. By comprehensive
analysis of logging data from more than 100 wells in the
study block, in conjunction with the characteristics of sed-
imentary microfacies, the gamma-ray logging data within
Layer P12 can be divided into five facies. The corresponding
five lithofacies models are determined in the next section.
The seismic responses, or seismic facies, are used as the basis
for the following evaluation of sand thickness distribution.
To our knowledge, this is the first time that this type of
analysis procedure has been applied to this study area.
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Table 1. Stratigraphic and lithologic properties of the Upper Cretaceous formations. The target oil reservoir
is Layer P1

2 within Formation P.

Oil-producing layer
Series Stage Sedimentary 

facies

Lithology

Formation Layer

S1
Large segments of dark-
grey, grey-green and black-
grey mudstone interbedded 
with silty mudstone.  S2Formation S

 S3

P1
2

Coniacian
(Yao-jia)

Delta facies
The upper part is the black 
mudstone and siltstone. The 
lower part is the 
interbedding of the dark-
grey and green-grey 
mudstone with the brown-
silty mudstone, argillaceous 
siltstone and siltstone.

P1
Formation P

P2

Upper 
Cretaceous

Turonian
(Qing-

shan-kou)

Deep 
lacustrine 

facies

Grey-black and dark-grey 
mudstone with a thin layer 
of black ostracoda. Formation G G1

3. Seismic facies analysis

3.1. Facies analysis of gamma-ray logging data

The logging data are divided into five facies, according to
the assemblages of sandstone in three sedimentary stages.
Figure 2 displays the selected gamma-ray logging curves
of Layer P12, where the black straight lines represent the
top and bottom of the target reservoir. In the gamma-ray
curves, low amplitudes correspond to the interval of high
sandstone content, and high amplitudes represent the in-
terval of shale. The amplitudes of sand and shale are very
different.

Facies I shows low values in the gamma-ray logging curve
over the entire depth window of the target layer. Its shape is
similar to a typical bell or box. It clearly indicates that Layer
P12 is a thick sandstone layer.

Facies II shows a serrated shape in the gamma-ray logging
curveover thewholeof the reservoir,with teethprotruding in
the middle of the box. It represents an interbedding configu-
ration of sand-shale-sand. The purple hashed lines divide the
layer into three sedimentary stages.

Facies III shows low amplitudes in the gamma-ray logging
curve in the middle part. It corresponds to a thin interval of
sandstone.

Facies IV shows high amplitudes in the gamma-ray log-
ging curve at the bottom half and low amplitudes at the top
half. The abrupt change in between represents an interface
between the lithological variation from shale to sand.

Facies V shows low amplitudes in the gamma-ray logging
curve at the bottom half and high amplitudes at the top half.

It represents the lithological variation from the sand to the
shale.

3.2. Lithofacies models

Analysing the sedimentary microfacies, five lithofacies mod-
els (figure 2), corresponding to the five logging facies noted
previously, can be drawn as follows.

Lithofacies-model I depicts a large set of sandstones in the
course of sedimentation. This deposition represents a main-
channel sedimentary microfacies. The set of sandstones has
a good stability, and within the sandstone deposition there
is a relatively low shale content. The background stratum is
mudstone on the top and beneath the bottom.

Lithofacies-model II depicts deposited sandstone, mud-
stone and sandstone from the bottom to the top. This de-
position reflects the process of hydrodynamic variation from
strong to weak and to strong again, and it has a mainly dis-
persed distribution along the edge of the channel.

Lithofacies-model III depicts deposited mudstone, sand-
stone and mudstone from the bottom to the top. The mud-
stone that was deposited in the earlier stage was partially
washed out and partially retained. Then, a thin sandstone
was deposited gradually during water regression. In the later
stage, mudstone formations began to be deposited because
of transgression and a weak hydrodynamic condition. This
mud-sand-mud sedimentary structure canbe classified as un-
derwater distributary channel microfacies.

Lithofacies-model IV retains a part of the mudstone layer
in the early stage and deposited sandstone in the later stage
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Figure 2. Fivemicrofacies, the corresponding gamma-ray logging curves, lithofacies models and the seismic responses extracted from near-well seismic
traces. Two horizontal straight lines are the top and the bottom of the target Layer P1

2.

on top of the mudstone layer. This sedimentary characteris-
tic reflects the process of hydrodynamic variation from weak
to strong, and it represents the sedimentary microfacies of
either an underwater distributary channel or an underwater
crevasse fan.

Lithofacies-model V depicts the development of a scour-
ing surface in the bottomhalf anddepositedmudstoneon the
top. This sedimentary characteristic represents sedimentary
microfacies of either anunderwater abandoned channel or an
underwater distributary channel.

Table 2 lists the physical parameters of the five lithofacies
models. These parameters aremeasured from logging data of
sample wells. The velocity is measured from sonic logging,

not from seismic data. The velocity of sandstones is lower
than the velocity of mudstones, while the density of sand-
stones is also lower than thedensity ofmudstones.Therefore,
the seismic impedance of sandstone is obviously lower than
the impedance of mudstones (Yan &Han 2018).

3.3. Seismic facies

Seismic facies, or seismic responses, of five lithofacies mod-
elswithin Layer P12 (figure 2) have obvious differences in the
characteristics of compositedwaveforms. Seismic facies anal-
ysis has been widely applied in reservoir geophysics (Liu &
Wang 2017; Song et al. 2017; Liu et al. 2018; Yin et al. 2018).
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Table 2. Physical parameters of five lithofacies models. These parameters are measured from sample wells.

Facies Lithology Thickness (m) Velocity (m s−1) Density (g cm−3)

I Mudstone 3030.3–3225.8 2.10–2.35
Sandstone 6–10 2702.7–3125.0 1.90–2.10
Mudstone 2985.1–3225.8 2.10–2.35

II Mudstone 2985.1–3225.8 1.80–2.00
Sandstone 1–5 2631.6–2857.1 1.95–2.10
Mudstone 0.1–4 3030.3–3125.0 2.20–2.30
Sandstone 1–5 2597.4–2857.1 1.95–2.10
Mudstone 2898.6–3125.0 1.85–2.00

III Mudstone 2985.1–3205.1 2.25–2.35
Mudstone 1–4 3030.3–3333.3 2.20–2.35
Sandstone 2–4 2739.7–2985.1 1.90–2.05
Mudstone 1–4 2898.6–3076.9 2.20–2.30
Mudstone 2857.1–3125.0 2.23–2.33

IV Mudstone 2941.2–3174.6 2.30–2.40
Sandstone 2–6 2631.6–2857.1 2.05–2.20
Mudstone 1–6 2898.6–3846.2 2.35–2.45
Mudstone 2941.2–3125.0 2.25–2.35

V Mudstone 3030.3–3333.3 2.00–2.05
Mudstone 1–5 2941.2–3448.3 2.30–2.40
Sandstone 1–5 2666.7–2985.1 2.00–2.20
Mudstone 3076.9–3333.3 2.00–2.03

The seismic data have been processed using resolution
enhancement by seismic inverse-Q filtering (Wang 2002,
2006). Therefore, the dominant frequency of seismic data
is as high as around 70 Hz. Seismic waveforms at well loca-
tions are taken as the seismic responses of lithofaciesmodels.
These waveforms appear in a generalized form, rather than
as an idealized Ricker wavelet (Wang 2015). It is simply the
result of the superposition of seismic wavelets that are re-
flected fromdifferent interfaces between layers with different
thicknesses. In the seismic responses, two horizontal straight
lines correspond to the top and the bottom of Layer P12
(figure 2).

For Facies I, the seismic reflection coefficient at the
top of the lithofacies model is negative, while the reflec-
tion coefficient at the bottom of the lithofacies model is
positive. Because of its large thickness (6−10 m, listed in
Table 2), the trough and peak of the waveforms are clearly
preserved.

For Facies II, the existence of a thin mudstone interbed
affects the waveform that appears in Facies I. The seismic re-
sponse of Facies II is a composited waveform, in which the
top and bottom reflections of the mudstone interbed cannot
be separated to make each one independent of the other.

For Facies III, the seismic response of the thin sandstone
interbed appears as an interference to the seismic response of
themudstone background. Thewaveformpattern does show
a trough, but does not accompany any immediate peak, either
on the top of or beneath the trough.

For Facies IV, the top of the seismic response shows a
trough that is similar to the top of the seismic response of Fa-
cies I. However, the bottom of the seismic response appears
to be a shifted stack of two peaks, instead of a single peak in
the seismic response of Facies I.

For FaciesV, inwhich a thin segment of sand body is in the
bottom half of the layer, the trough of the waveform corre-
sponds to the top of this sand body and the peak of the wave-
form corresponds to the bottom of this sand body and the
bottom of Layer P12. The peak of the waveform has a strong
amplitude, due to a high impedance difference between the
sand body and the surrounding rock outside Layer P12.

Seismic facies are the basic data for reservoir predic-
tion, and different seismic waveforms correspond to differ-
ent reservoir characteristics. When applying these five seis-
mic facies to cross-correlate each seismic trace individually, a
spatial distribution of seismic facies in Layer P12 is produced,
as shown in figure 3. In the study area, facies I, IV and V are
the dominant facies. Facies I shown in orangey red represents
the main-channel sedimentary microfacies. Facies IV in pur-
ple represents an underwater distributary channel and an un-
derwater crevasse fan sedimentary microfacies. Facies V in
turquoise represents an underwater abandoned channel and
anunderwater distributary channel sedimentarymicrofacies.
Facies II and III are randomly scattered in the facies distribu-
tion map. Facies II (in yellow) represents the edge of a river
channel, and facies III (in green) represents an underwater
distributary channel sedimentary microfacies.
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Figure3. Spatial distributionof seismic facies ofLayerP1
2. Five facies rep-

resented by orangey red, yellow, green, purple and turquoise, respectively,
are: (I) the main-channel sedimentary microfacies, (II) the edge of river
channel, (III) underwater distributary channel sedimentary microfacies,
(IV) underwater distributary channel and underwater crevasse fan sedi-
mentary microfacies and (V) underwater abandoned channel and under-
water distributary channel sedimentary microfacies.

4. Prediction of sand thickness distribution

For the prediction of sand thickness distribution, relation-
ships among seismic impedance, the gamma-ray value and
thickness of the sand body need to be established.

4.1. The relationship between the gamma-ray value and
seismic impedance

The relationship between the gamma-ray values in sample
wells and seismic impedances nearby is established by using
linear regression on the cross-plots (figure 4). The linear re-
gressions for the five facies are given as per the following:

𝛾 = −518.200 + 0.10100z,
𝛾 = −102.134 + 0.03063z,
𝛾 = −104.650 + 0.03075z,
𝛾 = −116.875 + 0.03125z,
𝛾 = −223.435 + 0.05005z,

(1)

where z represents seismic impedance, and 𝛾 is the gamma-
ray value. The correlate coefficients for facies I-V are 0.52,
0.51, 0.90, 0.67 and 0.69, respectively. Note that the correlate
coefficient for facies III might be too optimistic since there
are only a few samples available.

If using all sample wells together, and not using sample
wells according to different seismic facies, the cross-plot
(figure 5a) shows that the correlation coefficient between
the gamma-ray data and seismic impedance data is 0.41.

Note that samples used in figure 5a are the sum of all samples
used in figure 4. Obviously, the correlation coefficients based
on samples of any individual facies (figure 4) are higher in
value than the correlation coefficient when using all samples
in a non-discriminatory manner (figure 5a).

In this study, the consideration of seismic facies has sig-
nificantly improved the accuracy of the predicted gamma-ray
values. In figure 5b, the horizontal axis shows the well num-
bers that are arbitrarily assigned, and the vertical axis shows
the relative error between the theoretically predicted gamma-
ray value and the actual gamma-ray logging value of a sample
well. In this case study, 58 wells were selected as sample wells
from more than 100 wells that were analysed. The red dots
denote the relative errors for the prediction using the rela-
tionships for five seismic facies separately. The black dots are
the relative errors of predictions using the relationship that
was established from all sample wells together. Obviously, all
of the black dots are higher in value than the red dots. The rel-
ative errors of predicted gamma-ray values after dividing seis-
mic facies aremostly less than 10%. Therefore, consideration
of seismic facies can improve the accuracy of the following
reservoir characterization of thin sand-shale interbeds.

4.2. The relationship between the sand thickness and the
gamma-ray value

The lithology within Layer P12 consists of mainly mudstone
and siltstone. Given that gamma-ray logging data are a sensi-
tive parameter to distinguish sandstone and mudstone, the
sand thickness of each facies can be estimated statistically
from the gamma-ray logging values of sample wells. The esti-
mation canbedivided into three steps: (i) an average gamma-
ray value of sandstone and mudstone is calculated over a
target segment of gamma-ray logging data; (ii) sandstone is
determined at a depth if the gamma-ray value is below the av-
erage value and(iii) the thicknesses of sandstone are summed
vertically to produce the total thickness.

Then, the empirical relationships between the average
gamma-ray values and the thickness of the sand body within
the reservoir are established for five facies, respectively
(figure 6). They are produced by using linear regression over
the cross-plots at the positions of samplewells. The empirical
relationships for the five facies are given as per the following:

H = 25.23134 − 0.26144𝛾 ,
H = 25.15034 − 0.24887𝛾 ,
H = 213.59467 − 2.45798𝛾 ,
H = 50.7605 − 0.56002𝛾 ,
H = 49.21971 − 0.46315𝛾 ,

(2)

where H is the thickness of the sand body. Note that the
empirical relationship for facies III is not reliable, since there
are only three samples available for linear regression.
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Figure 4. Cross-plots between the gamma-ray values and seismic impedances for seismic facies I, II, III, IV and V.

4.3. Distribution of the sand thickness

The previous subsections established the relationship be-
tween seismic impedances and gamma-ray values and the re-
lationship between gamma-ray values and the thickness of
the sandbodywithin the target reservoir. These relationships
were established for each seismic facies separately. Applying
these relationships, the thickness of the sand body within
Layer P12 can be predicted.

Seismic inversion was implemented to obtain seismic
impedance data. A logging-constrained sparse spike inver-
sion method was adopted (Debeye & van Riel 1990; Wang
2016; Alebouyeh & Chehrazi 2018; Liu & Wang 2020).
Figure 7a is the inverted seismic impedance. The impedance
is an average value over the depth window of each individual
seismic trace.

When applying the first group of relationships corre-
sponding to individual facies, the average gamma-ray value at
each trace position canbe evaluated and the result is shown in
figure 7b. Then, the average gamma-ray values are converted
to the sand thicknesses. Merging these individual thickness
maps into a single map creates the distribution of the sand

thickness of Layer P12 over the study area, as shown in
figure 7c.

Three distributionmaps in figure 7 showhigh correlations
because of the linear relationships that were used in the pre-
dictions. When comparing the results to the amplitude slice
(figure 1a), the (anti-)correlation is not that strong, since the
strength of seismic impedance is not directly related to the
amplitude of seismic waveforms.

Figure 8 validates the thickness prediction, in comparison
with the actual thickness of the sand body, within 481 wells
over the entire study area.Regarding the test positions, 31.4%
have relative errors less than 10%, 60.1% have relative errors
less than 20%, 86.3% have relative errors less than 30% and
96.5%have relative errors less than 35%.These relative errors
reflect the high accuracy of the sand thickness prediction.

Although we have established the relationship between
the gamma-ray value and seismic impedance and the re-
lationship between the sand thickness and the gamma-ray
value, both relationships obtained by linear regression are
subject to further refinement using, for instance, a bivari-
ate non-linear regression method. Nevertheless, these linear
relationships will be reliable references for the investigation
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Figure 5. (a) Cross-plot between the gamma-ray values and seismic impedances of all wells. Note the samples in (a) are the sum of samples in figure 4.
(b) Gamma-ray relative error of whole prediction and separated seismic facies prediction at Layer P1

2.

Figure 6. Relationship between the average gamma-ray value and the thickness of sand body within Layer P1
2.

of multivariate relationships between the sand thickness and
multiple geophysical attributes that include the gamma-ray
value and seismic impedance. For transforming multiple at-
tributes to the sand thickness, an artificial neural network al-
gorithm might be more effective than the sequential inter-
pretation presented in this study (Wang 2012; Farfour et al.
2015; Abdulaziz et al. 2019).

5. Conclusion

We have analysed well-logging data against the local strati-
graphic and lithologic information. Based on the charac-
teristics of gamma-ray logging data, we have constructed
five lithofacies models that represent different combina-
tions of sedimentary microfacies such as main river channel,
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Figure 7. (a) Spatial distribution of inverted seismic impedance within Layer P1
2. (b) Spatial distribution of predicted gamma-ray values within Layer

P1
2. (c) Spatial distribution of the sand thickness within Layer P1

2.

Figure 8. Validation of sand thickness prediction within Layer P1
2. The

horizontal axis is the actual sand thickness measured from well-logging
data, and the vertical axis is the predicted sand thickness evaluated from
seismic impedance data.

abandoned river channel, crevasse fan, etc. Correlating with
the seismic responses of these models, we have predicted the
distribution of seismic facies of the target reservoir over the
study area.

We have successfully predicted the spatial distribution
of sand thickness within the target reservoir, by exploiting
the relationship between the gamma-ray logging data at sam-
ple wells and seismic impedances for five seismic facies, and
the relationship between the average gamma-ray value and
the thickness of the sand body within the reservoir. Because
these relationships are evaluated for each seismic facies in-
dependently rather than in a non-discriminatory manner, we
have obtained the prediction of the sand thickness with high
accuracy, if comparing the prediction result fromseismic data
to the actual evaluation from the gamma-ray logging data.
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