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To address the challenges of seismic attribute selection and the low accuracy of characterizing single-
phase river channels with a single seismic attribute, a 3D seismic attribute fusion technology based 
on lithology probability curve analysis has been developed. This method uses lithology probability 
curve analysis to optimally select amplitude attributes that highlight the distribution characteristics of 
sedimentary sand bodies and coherence attributes that emphasize variations in sand body boundaries. 
These attributes are then fused to form a new attribute volume, effectively solving the issues of 
seismic attribute selection and the low precision of single attributes in characterizing river channels. 
The approach enables precise identification of single-phase river channels and improves the sand 
body prediction accuracy in the study area by 20.2% points. The results have been applied to guide the 
optimization of 112 well interventions, resulting in an accumulated oil increase of 10,861 tons. This 
demonstrates favorable outcomes and provides a geological foundation for the accurate exploitation 
of residual oil in high-water-cut late-stage reservoirs.
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After years of technical development, seismic reservoir prediction methods have become relatively mature. Due 
to the different sensitivities of various seismic attributes to different geological phenomena, these methods have 
been widely applied in oilfield production to predict subsurface geological conditions, with favorable results1–16. 
However, there are still issues related to seismic attribute selection and the interpretation of single seismic 
attributes, such as ambiguity and multiple solutions, which require further improvement.

Currently, selecting a single seismic attribute is challenging. There are dozens of amplitude-type seismic 
attributes that reflect the changes in sandstone and mudstone, and selecting the best attribute from these to 
identify subsurface sandstone and mudstone reservoirs is difficult. Traditional methods typically involve 
projecting the sandstone and mudstone information from well data onto various seismic attribute slices for visual 
comparison17–20, or comparing seismic attributes with lithology isovalue maps from well data21–32. The seismic 
attributes that can distinguish sandstone from mudstone are qualitatively identified, and then each attribute is 
analyzed to determine its correspondence with well data. The attribute with the highest match rate is selected. 
This process is not only tedious and labor-intensive but also subject to human bias, leading to inconsistencies in 
the seismic attribute selection results from different technicians.

To address the challenges of identifying reservoir lithology using a single seismic attribute, many researchers 
have explored multi-attribute fusion techniques. These methods combine the advantages of different attributes 
to resolve the ambiguities in identifying lithology with a single attribute. Multi-attribute fusion technology 
can integrate the strengths of various attributes, providing more reliable information for reservoir prediction 
and improving prediction accuracy, which is essential for precise residual oil exploitation in high-water-cut 
late-stage reservoirs33,34. Current seismic multi-attribute fusion methods include clustering analysis based on 
mathematical methods35, linear regression36, iterative methods37, and other fusion techniques; color-space-
based RGBA fusion38, RGB rendering39, and RGB-IHS transformation40; as well as neural network-based fusion 
methods41. However, excessive human intervention in the original seismic data during the fusion process may 
introduce artifacts, leading to inaccurate interpretation results.

Given the variety of seismic attribute fusion methods and the lack of clear criteria for their applicability and 
quantitative assessment, effective and standardized fusion methods have not yet been established42,43.
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In the Daqing Changyuan area, the primary geological features are river-delta plains and inner delta front 
environments, characterized by thin sand bodies and rapid lateral facies changes. These features make it difficult 
to rely solely on well data and single seismic attributes for reservoir prediction44, which in turn affects oilfield 
development. Particularly in the late-stage high-water-cut production phase, the focus of fine geological studies 
is to accurately determine the boundaries and connectivity of river channels45. Therefore, this paper proposes 
a 3D attribute fusion technique based on lithology probability analysis. This method can quantitatively select 
the most effective seismic attributes from a wide range of seismic data and, during fusion, retain as much of the 
geological information reflected by the seismic data as possible, minimizing human interference and improving 
the accuracy and reliability of the geological interpretation. The technique provides technical support for 
accurate identification of single-phase river channel boundaries and enhances residual oil recovery in the late 
high-water-cut stage.

Research methods
Before performing seismic attribute fusion, it is first necessary to optimize individual seismic attributes. The 
specific steps are as follows: First, by analyzing the correlation between each seismic attribute and reservoir 
lithology, seismic attributes that are most sensitive to the different geological features in the study area are 
selected. Next, different attributes are fused, but only the portions above the sandstone threshold are retained, 
while mudstone parts below the threshold are filtered out. Finally, these seismic attributes, which have different 
sensitivities, are interpreted to describe the development characteristics of the underground reservoir.

Seismic attribute lithology probability curve analysis method
This study investigates seismic attribute lithology and microfacies encounter probability curve analysis 
techniques, and combines them with the correlation coefficient method to form a fast and accurate seismic 
attribute selection process. The first step is to extract dozens of seismic attributes for a particular layer. Then, 
through Pearson’s correlation coefficient analysis, the 3–5 seismic attributes with the highest correlation are 
initially selected. Next, the threshold values for sandstone and mudstone for these selected attributes are 
calculated, and probability curves are plotted to directly and quantitatively assess whether these attributes can 
identify sandstone and mudstone. Finally, the seismic attributes that show strong ability to identify sandstone 
and mudstone are selected.

(1) Pearson’s correlation coefficient analysis method
The seismic attributes extracted for a particular layer are analyzed by comparing the attribute values at well 
locations with the thickness of the sandstone at those points. Pearson’s correlation coefficient is calculated, 
and the top 3–5 seismic attributes with the highest correlation are selected. In the study area, the correlation 
between seismic attributes and sandstone thickness is typically below 0.4. It is observed that when the correlation 
between seismic attributes and sandstone thickness is greater than 0.3, the attribute can identify river-channel 
sands to some extent. However, when the correlation is below 0.3, the attribute has little utility for identifying 
river-channel sands. Therefore, seismic attributes with a Pearson correlation coefficient greater than 0.3 with 
sandstone thickness should be selected initially, and further refinement can be carried out.

(2) Lithology or sedimentary microfacies probability analysis method
Using the initial selection from the Pearson’s correlation coefficient analysis, a more refined selection is made 
using lithology or microfacies probability analysis, based on seismic attribute data and well data. This method 
allows for a more intuitive representation of which attributes are most effective in identifying sandstone and 
which are better for identifying mudstone, making the attribute selection process more accurate and convenient.
This method can intuitively characterize which attribute has a strong ability to identify sandstone and which 
attribute is more effective for identifying mudstone, thereby facilitating a more convenient and accurate selection 
of seismic attributes. It addresses the previous approach, which involved comparing various seismic attributes 
with sandstone isopach maps based on well data for a specific layer, qualitatively determining the attributes that 
distinguish sandstone from mudstone, and then analyzing the consistency of these attributes at well points. This 
process required statistical analysis of well point consistency rates to determine whether the seismic attributes 
could effectively identify sandstone and mudstone. The traditional method was highly complex, involved 
significant workload, and was prone to substantial human influence.

First, the relationship between seismic attribute values at well locations and sandstone thickness or 
sedimentary microfacies is analyzed. A scatter plot of seismic attribute values versus sandstone thickness is 
drawn to determine the correlation between the seismic attributes and both sandstone and mudstone.

Next, the lithology and microfacies probabilities for each seismic attribute value are calculated. For example, 
taking the SIII9 amplitude attribute as an example in the Fig. 1, since amplitude is negatively correlated with 
sandstone thickness, when a threshold value X is used, the interval [Xmin, X] corresponds to the sandstone zone, 
where sandstone thickness is greater than 1 m, but the threshold can be adjusted as needed, and the interval (X, 
Xmax] corresponds to the mudstone zone.

The sandstone probability at X is defined as the ratio of the number of wells in the sandstone zone with 
seismic attribute values between Xmin and X to the total number of wells in the sandstone zone. Similarly, the 
mudstone probability is defined as the ratio of the number of wells in the mudstone zone with seismic attribute 
values between X and Xmax to the total number of wells in the mudstone zone. The meaning of the sandstone 
probability in the sandstone zone is that if the attribute values between Xmin and X are considered as representing 
the sandstone zone, then the probability of encountering sandstone in this zone is SX, while the probability of 
encountering mudstone in the mudstone zone with attribute values between X and Xmax is NX. At this point, the 
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ratio of wells in the sandstone zone is the ratio of the total number of wells in the sandstone zone to the total 
number of wells used in the probability calculation; similarly, the ratio of wells in the mudstone zone is the ratio 
of the total number of wells in the mudstone zone to the total number of wells used in the probability calculation.

Finally, when all seismic attribute values are used as threshold values, probability curves for sandstone, 
mudstone, combined sandstone-mudstone, and the proportion of wells in the sandstone and mudstone zones 
are plotted. The resulting sandstone and mudstone probability curves intuitively show how the seismic attribute 
value at a given threshold X divides the seismic data into two regions: the sandstone zone and the mudstone zone. 
These curves also represent the predictive probability of lithology and the area proportions of the sandstone and 
mudstone zones, allowing for a quick and accurate judgment of the seismic attribute’s ability to predict sandstone 
and mudstone.

The advantage of using probability curve analysis for seismic attribute selection is that it automatically 
calculates the probabilities of encountering sandstone or mudstone in different attribute ranges and the 
probabilities of encountering specific microfacies in river-channel, river-interfluve or termination zones. 
The method provides an intuitive, quantitative, and precise representation of attribute characteristics, is not 
influenced by human bias, and improves the accuracy and convenience of interpretation. This greatly enhances 
the efficiency and quality of seismic attribute selection.

Moreover, based on the actual requirements and prediction accuracy for different reservoirs, suitable 
threshold values can be read directly from the lithology probability curves for reservoir prediction. Multiple 
threshold values can be set to define regions with different prediction accuracies, thereby guiding more accurate 
subsurface reservoir prediction. For example, if the predicted accuracy for sandstone thickness in a target layer 
based on well data is 70%, then the attribute ranges with a probability greater than 70% can be used for reservoir 
prediction. Additionally, multiple thresholds, such as 70%, 80%, or 90%, can be set, and the reservoir prediction 
can be adjusted according to the prediction capabilities of each interval, thus improving the overall prediction 
accuracy as much as possible.

Coherence attribute calculation methods
The lithology probability-based method is effective in distinguishing between sandstone and mudstone; 
however, since the transition between these two is gradual, accurately delineating sandstone boundaries can be 
challenging. To address this, seismic coherence attributes can be preferentially used to identify the boundaries 
of sandstone bodies. Coherence attributes are particularly effective in capturing boundary delineation. There are 
several coherence algorithms, each with varying strengths in identifying different subsurface geological bodies.

Currently, coherence algorithms primarily include the cross-correlation algorithm, similarity coefficient 
algorithm, intrinsic structural analysis algorithm, and multi-operator coherence algorithm based on sub-body 
attributes. Each method has its own strengths and limitations, making them suitable for different geological 
conditions.

Cross-correlation algorithm: This algorithm calculates the correlation coefficient between the main survey 
line and the connecting survey lines and then synthesizes the results. It is computationally efficient and easy to 
implement, but it has limited noise resistance.

Fig. 1.  Sandstone and Mudstone Probability Curves.
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Similarity coefficient algorithm: This algorithm calculates the coherence between multiple seismic traces and 
is highly stable and noise-resistant. Additionally, it allows for adjustable window lengths. However, it does not 
account for the effects of layer dip, which can affect its applicability.

Intrinsic structural analysis algorithm: This method calculates coherence directly from the 3D seismic data, 
without requiring layer constraints, and offers higher resolution. However, it does not consider layer dip and 
azimuth, which can reduce its accuracy under certain geological conditions.

Multi-operator coherence algorithm based on sub-body attributes: This algorithm uses multiple coherence 
operators applied to sub-body attributes, enabling multi-information detection. It offers higher resolution and is 
particularly advantageous for identifying complex geological bodies, such as narrow river channel sand bodies.

Coherence analysis parameters primarily include window size, number of seismic traces, dip angle, spatial 
arrangement of seismic traces, and the orientation of the seismic data. The selection of these parameters directly 
impacts the calculation speed and the effectiveness of predicting river channel sand body boundaries.

Number of seismic traces: Increasing the number of seismic traces reduces noise and improves the signal-to-
noise ratio. However, using too many traces can reduce the lateral resolution of the coherence attribute.

Coherence window size: If the window is too small, the resulting coherence data will primarily reflect noise. 
Conversely, a larger window reduces noise but lowers resolution, causing geological features to become blurred.

Optimization of window placement: By adjusting the coherence window within the search range, the central 
seismic trace can be optimally aligned with adjacent traces. This helps to select the best parameter values and 
mitigates the impact of layer dip on the seismic coherence results.

Through experimentation with various parameters, including seismic trace count, dip angle, and window 
size, we identified the key parameters that influence the results of coherence analysis. Using 3D seismic data 
in the time domain, we calculated the coherence parameters for the study area and summarized the prediction 
results for different parameter combinations (Table 1).

When selecting 4 traces with a window of +/−1 ms, the seismic data becomes too noisy, making it impossible 
to identify the river channel (Fig. 2a). With 1 trace and a window of +/−6 ms, the seismic information is overly 
smoothed, preventing clear identification of the river channel (Fig. 2b). However, using 2 traces with a window 
of +/−3 ms yields the best results (Fig. 2c). Based on this analysis, the optimal choice is 2 traces with a window 
of +/−3 ms, as it provides the clearest and most accurate identification of the river channel.

The figures are generated by using the version 6 of Generic Mapping Tools ​h​t​t​p​s​:​/​/​w​w​w​.​g​e​n​e​r​i​c​-​m​a​p​p​i​n​g​-​t​
o​o​l​s​.​o​r​g​/​​​​​.​​

Three -dimensional seismic attribute fusion
In response to the development characteristics of different reservoirs, a three -dimensional seismic attribute 
meeting fusion and transparency control fusion method have been developed, which can well realize the fine 
identification of different sand bodies of underground reservoirs.

(1) Three -dimensional seismic attributes fusion technology
Give a fixed value, add this fixed value to the amplitude body to form a new fusion. This fusion method has 
changed the value of some fusion boundaries and strengthened some weak boundaries.

Complete the advantages of conventional strata slices on the overall display trend of the reservoir of the river 
sand body and the compatible body’s advantages in the boundary detection of the river sand body border, and the 
fusion body slices further improve the accuracy of the reservoir forecasting on the basis of the formation of the 
strata; Value is equivalent to enhancing part of the phase dry value. Under certain conditions, it can enhance the 
clarity of the boundary of a single river sand body, and it is more suitable for the identification of large composite 
river tract sand bodies and internal non -average boundaries. Add this fixed value to the amplitude body to form 
a new fusion. This fusion method has changed the value of some fusion boundaries. It has strengthened some 
weak boundaries. Under certain conditions, it can enhance the clearness of a single river sand border boundary. 
Degree (Fig. 3) can realize the identification of a single sand body inside the large composite river.

For example, within the elliptical area marked in the figure, the amplitude attribute fails to clearly delineate 
the channel sand bodies(Fig. 4a), whereas Three-dimensional seismic attributes fusion effectively characterizes 
the channel sand bodies, with the channel boundaries being more distinctly defined(Fig. 4b).

Option Parameter River channel boundary detection Noise attenuation Computation speed

Number of Seismic Traces

2 Best - Fast

4 Better - Medium

8 Good - Slow

Dip Angle

0° Poor - Fast

10° Good - Slow

20° Poor - Very Slow

Time Window Size

1 ms Average Average Faster

3 ms Good Good Fast

6 ms Average Average Slow

9 ms Average Average Very Slow

Table 1.  Optimal parameters for identifying river channel boundaries in the study area.
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Fig. 3.  3D Intersection Fusion Attribute Map of Coherence and Amplitude Attributes.

 

Fig. 2.  Coherence Body Slices. (a)4 traces, with a time window of ± 1 ms. (b) 1 trace, with a time window of 
± 6 ms. (c) 2 traces, with a time window of ± 3 ms.
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(2) Filtering fusion technology
This technique uses amplitude attributes as the base and filters out portions of the attributes with good coherence, 
then overlays the filtered attribute volumes to create a new fused attribute volume. The key feature of this method 
is that it does not alter the coherence values themselves; instead, it performs a filtering operation on the portions 
with strong coherence. By identifying the boundaries of high- and low-coherence regions, this method enables 
the precise delineation of single-phase river channel boundaries, thus providing insights into the connectivity 
of sand bodies.

While individual amplitude attributes are effective at describing sand bodies, they are less effective at defining 
river channel boundaries (Fig. 5a). Coherence attributes, on the other hand, do a better job of capturing river 
channel boundaries, but they fail to depict the distribution characteristics of the sand bodies (Fig. 5b). However, 
when these two attributes are fused, the boundaries of the sand bodies are clearly outlined, and the variations in 
sand body distribution are more prominently highlighted (Fig. 5c).

This filtering fusion technology can identify subtle changes in seismic data within complex geological settings 
while preserving the maximum amount of geological information reflected by the seismic data. It also reduces 
the influence of human intervention present in other fusion methods, ensuring that the geological phenomena 
observed from the seismic data are more accurate and reliable. This technique supports the precise identification 
of river channel boundaries for single-phase surveys and provides technical assistance in optimizing the recovery 
of remaining oil in highly water-flooded reservoirs.

Results and discussion
The study area is located in the northern part of the Daqing Placanticline, covering an area of 9.04 km², with a 
well density of 275 wells/km² and a total of 2,490 wells. The target layer is the Saertu oil layer, characterized by 
the development of channel sand bodies that are small, scattered, and thin (Fig. 6), resulting in weak seismic 
reflections, which pose challenges for sand body identification. Drilling data indicate that the sand-to-mud ratio 
in the study area ranges between 14% and 33%. Due to the low precision in channel description and the difficulty 
in potential exploitation, minimizing human intervention and accurately identifying sand body connectivity are 
crucial. Leveraging the dense well pattern in this area, amplitude and coherence attributes were optimized, and 
a 3D attribute fusion method was employed to precisely delineate the boundaries of channel sand bodies in the 
study area.

Coherence attribute parameter optimization and amplitude attribute threshold 
determination

Using Pearson correlation analysis and lithology or depositional facies probability analysis methods, the 
probabilities of sandstone, mudstone, river channel, and termination facies were determined for the study 
area. Taking the SIII9 amplitude attribute as an example, the probability of sandstone development between 
Xmin and X exceeds 63%. As the X value decreases, the probability increases, with areas showing probabilities 
greater than 80%, indicating a strong prediction ability for sandstone. In contrast, the probability of mudstone 
development between X and Xmax is less than 50%, indicating a weak predictive ability for mudstone (Fig. 7). 
Therefore, it was concluded that the SIII9 amplitude attribute has a strong correlation with sandstone.
The probability curves for river channel sand HX and termination facies JX are similar to the sandstone and 
mudstone probability curves (Fig. 7). These curves provide an intuitive representation of the seismic attrib-
utes’ ability to predict river channel sands and termination facies.

The effectiveness of coherence attribute processing is primarily influenced by two key parameters: spatial 
aperture and time aperture. A larger spatial aperture improves the signal-to-noise ratio, but excessive spatial 
aperture can reduce the lateral resolution of the coherence body. Similarly, smaller time apertures tend to in-

Fig. 4.  Comparison of Amplitude Attribute and 3D Seismic Attribute Fusion Attribute. (a) Amplitude 
Attribute. (b) Three -dimensional seismic attributes fusion Attribute.
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Fig. 6.  Well Correlation Profile of the Study Area.

 

Fig. 5.  3D Attribute Fusion Body Slice Amplitude: (a) Attribute Slice, (b) Coherence Attribute Slice, (c) 3D 
Attribute Fusion Body.This picture is produced using PETREL2018 Software.
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troduce noise, while excessively large time apertures may blur geological features. Since waveform similarity 
is calculated along the dip plane, selecting an appropriate dip angle is crucial for accurate coherence attribute 
computation.Through optimization of different time and spatial apertures and dip angles in the study area, it 
was found that a spatial aperture of 1, a time aperture of +/−3 ms, and a dip angle of ± 4° provided the clear-
est reflection of river channel boundaries, with good continuity of sand bodies. These parameters meet the 
requirements for fine-scale prediction of sand bodies in the study area.

Coherence attribute parameter selection

The quality of coherence data processing is mainly influenced by two parameters: spatial aperture and time 
aperture. While larger spatial apertures improve the signal-to-noise ratio, excessively large apertures reduce 
the lateral resolution of the coherence body. Analysis of seismic slices from the study area’s SIII9 small layer, 
with varying aperture sizes, showed that when the number of seismic traces was set to 1, the coherence body 
slice provided a clearer reflection of sand body boundaries. Smaller time apertures introduced noise, while 
too large a time window caused geological features to become blurred. For the SIII9 small layer in the study 
area, the optimal time window was found to be +/−3 ms, providing the clearest reflection of river channel 
boundaries. This method and parameter set are well-suited for fine-scale prediction of sand bodies in the area.

Three-Dimensional attribute fusion
By filtering out coherence values greater than 0.8 in SIII9 and integrating them with the amplitude attribute, the 
newly fused attribute effectively combines the strengths of both the amplitude attribute, which highlights the 
overall distribution trend of channel sand reservoirs, and the coherence attribute, which excels in detecting the 
boundaries of channel sand bodies. The fusion attribute slices significantly enhance the accuracy of reservoir 
prediction compared to traditional stratigraphic slices (Fig.  8). The results demonstrate that the channel 
predictions are more distinct and precise, yielding highly satisfactory outcomes.

Identification of internal boundaries in single river channel sands
In the 421-S325 well area, within a 290 m by 300 m region, the fusion technique detected several boundaries 
approximately 20 m in width. If these boundaries are confirmed, they could significantly impact the connectivity 
between the sand bodies, directly influencing the strategies for enhancing oil recovery from remaining reserves. 
To validate these boundaries more effectively, the area was divided into five zones: A, B, C, D, and E (Fig. 9).

Drilling data validation
Logging curve characteristics indicate different hydrodynamic environments for sandbody formation
By analyzing the logging curves in Areas A, B, C, D, and E, the following conclusions were drawn regarding the 
hydrodynamic environments that influenced the formation of the sandbodies (Table 2):

Area A: The hydrodynamic energy of the sandbody shows a process of strong energy gradually weakening, 
with a decreasing supply of sediment.

Area B: The hydrodynamic energy of the sandbody increases from weak to strong, with a gradual increase 
in sediment supply.

Area C: The hydrodynamic energy is relatively stable, with little change in the sediment supply rate and 
amount.

Fig. 7.  River Channel and Pinch-Out Facies Probability Curve.
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Area D: The hydrodynamic energy weakens uniformly, or the sediment supply rate and amount decrease 
uniformly.

Area E: The hydrodynamic energy increases from weak to strong, or the sediment supply rate and amount 
increase.

Through hydrodynamic analysis, it was determined that the hydrodynamic conditions for sandbody 
formation in Areas A, B, C, D, and E differ. This suggests that these sandbodies were formed at different times 
within the same depositional period, confirming the existence of boundaries between the sandbodies.

Verifying the existence of boundaries under different water flooding conditions
The water flooding levels in the study area show distinct zonal patterns:

Zone A has high water flooding;
Zone B has moderate water flooding;
Zone C has low water flooding;
Zone D has moderate to low water flooding;
Zone E has low water flooding.
These zonal variations in water flooding are clearly defined. For instance, in adjacent wells, 123–326 

in Zone B shows moderate flooding, while 412-308 in Zone C displays low flooding. Similarly, 421-S325 in 
Zone B experiences moderate flooding, while 421-S33 in Zone A exhibits high flooding. This suggests that the 
boundaries detected by the fusion technique between wells 123–326 and 412 − 308, as well as between wells 421-
S325 and 421-S33, are likely to be real (Table 3).

Fig. 9.  Coherence and Amplitude Attribute Filtering Fusion Map.

 

Fig. 8.  Filtered Fusion Attribute Map of Coherence and Amplitude Attributes.
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Boundary morphology exhibits abandoned river channel characteristics
The seismic data reveal boundary shapes that are S-shaped or semi-elliptical, with widths ranging from 20 to 
30 m, which are typical of abandoned river channels. Modern sedimentary records show that abandoned river 
channels of this width are common. This strongly supports the interpretation that the boundaries identified by 
the fusion method correspond to abandoned river features.

Development dynamics indicate lack of connectivity between oil and water wells
In the study area, wells 241-SE54, 241-S325, and 241-SE25 all intersect sand bodies at the target layer. A tracer 
test was conducted at well 241-SE54 on September 30, 2014, by injecting a tracer into the well. However, no 
tracer was detected in either well 241-S325 or well 241-SE25, confirming that these wells are not connected. This 
provides further validation that the boundary identified by the fusion technique is indeed a real and significant 
feature.

Multi-Attribute Fusion Technology: A New Approach for Predicting Secondary and Single River Channels.
The multi-attribute fusion technique presents a novel approach for predicting secondary and single river 

channels within complex fluvial systems. It effectively leverages the strengths of various seismic attributes, 
thereby enhancing the overall accuracy of reservoir predictions. In practice, different fusion methods can be 
applied based on local geological conditions, allowing for a more precise characterization of subsurface features 
and reducing the uncertainty typically associated with using a single attribute for seismic reservoir prediction.

Region Well log Log characteristics Hydrodynamic changes

A Region

421-S33

The resistivity in the lower part 
shows moderate amplitude 
difference, and in the upper 
part, it shows small to medium 
amplitude difference, with a 
slight serrated bell-shaped 
pattern overall.

Hydrodynamic energy decreases 
from strong to weak, or the 
supply rate and energy decrease 
gradually.

B Region

421-S325

The resistivity in the lower part 
shows moderate amplitude 
difference, and in the upper 
part, it shows moderate to high 
amplitude difference, with an 
overall serrated thin-leak shape.

Hydrodynamic energy increases 
from weak to strong, or the 
supply rate and energy increase 
from weak to strong.

C Region

412 − 308

The resistivity in both the lower 
and upper parts shows high 
amplitude differences, with a 
smooth, thick box-like shape 
overall.

Hydrodynamic energy is stable, 
with little change in the supply 
rate and energy.

D Region

124 − 32

The resistivity in the lower part 
shows moderate amplitude 
difference, and in the upper 
part, it shows small to medium 
amplitude difference, with an 
overall smooth bell-shaped 
pattern.

Hydrodynamic energy decreases 
uniformly, or the supply rate and 
energy decrease uniformly.

E Region

3-F3

The resistivity in the lower 
part shows moderate to high 
amplitude difference, and in the 
upper part, it shows moderate to 
low amplitude difference, with 
an overall serrated thin-leak 
shape.

Hydrodynamic energy increases 
from weak to strong, or the 
supply rate and energy increase 
from weak to strong.

Table 2.  Logging curve characteristics and hydrodynamic variation features for areas A, B, C, D, and E.
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Fine description of typical sand bodies
The accuracy and feasibility of the fusion-based approach have been successfully validated. Using fusion 
technology to characterize the SIII9 layer’s single river channel improved the accuracy of channel prediction 
from 73.6 to 93.8% by using well data alone, an increase of 20.2% points.

For example, in the SIII9 sand body (Fig. 10), the application of the fusion technique resulted in significant 
changes to the river channel morphology. The river flow path was not static, but fluctuated over multiple stages, 
ultimately forming the present-day dendritic delta system. During this process, the lake area experienced large-
scale water recession and a lowering of the erosional base level, with fluvial deposition playing a dominant role. 
The sand body developed variable-width, ribbon-like thick sand bodies in the delta plain facies, and as it crossed 
the shoreline into the delta front, narrower, medium-thick sand bodies formed, oriented roughly parallel to the 
river flow direction. Additionally, thin, sheet-like sand bodies were deposited in the region.

The river channels in this system include both submerged and abandoned channels. The submerged channels 
have a minimum width of 80 m, a maximum width of 290 m, and an average width of 136 m. The thickness 
ranges from 1.4 m to 3.8 m, with an average thickness of 2.3 m. The channel morphology is typically ribbon- 
or dendritic-shaped in plan view, with a vertical sequence that becomes finer upwards. Sedimentologically, 
these channels exhibit medium-scale cross-bedding at the base, with significant erosion at the bottom and a 
gradational or sharp change at the top.

Non-channel deposits include primary sheet sand, non-primary sheet sand, and external sand bodies. The 
primary sheet sands are potato-shaped or dendritic in planform and exhibit sand-mud interlayers with small-

Fig. 10.  Fine description of sedimentary microfacies through well-seismic integration.This figure was drawn 
using GPTmap, version 2017. https://www.GPTmap.com/cn/.

 

Sandbody region Well name Water flooding level

A Region 3–108 High Water Flooding

A Region 3–109 High Water Flooding

A Region 30–109 High Water Flooding

A Region 241-SE54 High Water Flooding

A Region 421-S33 High Water Flooding

A Region 41-E54 High Water Flooding

B Region 421-S325 Medium Water Flooding

B Region 411-S311 Medium Water Flooding

B Region 123–326 Medium Water Flooding

B Region 241-SE53 Medium Water Flooding

C Region 412 − 308 Low Water Flooding

D Region 124 − 32 Low Water Flooding

D Region 421 − 307 Medium-Low Water Flooding

E Region 3-F8 Low Water Flooding

E Region 3–8 Low Water Flooding

Table 3.  Water flooding levels of wells in different sandbody regions.
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scale cross-bedding and wave-like bedding, showing gradual or abrupt transitions at the top and bottom. Non-
primary sheet sands have similar planform geometries but with smaller-scale cross-bedding and gradational 
transitions at both the top and bottom. External sand bodies are laterally continuous, with sand-mud interlayers 
and wave-like or small-scale cross-bedding, displaying gradual transitions at both the top and bottom.

Application effectiveness
The new research findings indicate that the planar heterogeneity of distributary river channels in the study area 
is strong. In many locations, the connectivity relationships evolved from a single type to three different types, 
leading to the formation of abandoned river channels that obscure residual oil. Additionally, the well spacing 
and well network could not effectively capture the distribution of residual oil. Using this new method for fine 
description of sedimentary facies has significantly improved the understanding of these features.

The sedimentary facies maps generated through this technique guided the adjustment of 112 wells in the 
study area, resulting in a total increase of 10,861 tons of oil. Among these adjustments, 5 wells in the SIII9 layer 
were optimized for well placement, leading to an incremental oil production of 2,526 tons (Table 4). These results 
demonstrate the effectiveness of the development adjustments.

By utilizing this technology, the spatial variation of sand bodies between wells was accurately identified, and 
the types of residual oil were clarified. This provided clear direction for the development adjustment strategies 
in the study area, optimizing the recovery of remaining oil and improving the overall production performance.

The three-dimensional attribute fusion technology based on lithology probability analysis provides a new 
approach for predicting single-phase river channels. It enables the quantitative selection of seismic attributes 
and better utilizes the advantages of different attributes. By adopting suitable seismic attribute fusion methods 
according to the geological conditions of different regions, this approach can more accurately describe subsurface 
geological features and reduce the uncertainties in seismic reservoir prediction caused by relying on a single 
attribute. This method plays a crucial role in improving the accuracy of sandbody boundary prediction and 
enhances the effectiveness of seismic data in complex geological environments.

Conclusions
Development of 3D Attribute Fusion Technology Based on Lithology Probability Analysis.

A novel 3D attribute fusion method based on lithology probability analysis has been developed. By optimizing 
and merging amplitude attributes that highlight the distribution of sedimentary sand bodies and coherence 
attributes that emphasize boundary variations, this method addresses the challenges of attribute selection and 
the low accuracy in river channel prediction typically associated with using a single attribute. This approach 
minimizes human intervention in seismic data processing, enabling accurate identification of river channels 
from a single seismic survey.

Three-dimensional seismic attributes fusion technology involves assigning a fixed value to the coherence 
attribute and integrating it into the amplitude volume to create a new fusion volume. This method alters certain 
boundary values within the fusion volume, strengthening weaker boundaries. It is particularly suitable for 
areas with weak coherence between connected sand bodies. By expanding the coherence range, this approach 
enhances the recognizability of sand body boundaries, making it especially effective for identifying continuous 
sand bodies in complex geological settings.

The filtering fusion method involves selecting two or more seismic attribute volumes, using one as the 
base and filtering out certain values from the other attributes. This method effectively retains the geological 
information captured in the seismic data, improving the accuracy of sand body connectivity identification. It is 
particularly useful in areas with significant coherence variation, where determining the connectivity between 
sand bodies is critical. In high-density well networks, this method is especially effective in identifying internal 
sand body boundaries.

The sedimentary facies maps generated through this technology guided the adjustment of 112 wells, leading 
to a total increase of 10,861 tons of oil, demonstrating the effectiveness of the method in optimizing reservoir 
development. This technique has proven to be highly effective and offers considerable potential for broader 
applications in reservoir characterization and development planning.

Data availability
The data supporting the research results can be obtained from China Petroleum & Natural Gas Corporation Da-
qing Oilfield, but the availability of these data is limited. These data are used under the permission of the current 
research, so they are not disclosed. However, the author can provide data according to reasonable requirements 

Well number

Initial effect Current effect

Cumulative oil production (t)Produced liquid (t) Produced oil (t) Water cut (%) Produced liquid (t) Produced oil (t) Water cut (%)

3–109 79.3 5.1 93.6 36.8 5.9 84.0 581

421-S33 35.1 2.4 93.1 29.9 1.8 93.9 323

412 − 308 21.0 4.3 79.5 10.9 2.2 80.0 420

421 − 307 26.2 8.6 67.2 16.1 5.0 69.0 682

421-S325 19.1 3.8 80.0 18.1 1.0 94.3 520

Table 4.  River channel sand body potential extraction effect.
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and with the permission of China Petroleum & Natural Gas Corporation Daqing Oilfield. If anyone wants to 
obtain data from this study, please contact the corresponding author Zhang Shanyi.
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