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ARTICLE INFO ABSTRACT
Keywords: A nearshore terminal fan is a special water system formed in arid environments. The character-
Nearshore terminal fan isation of its thin-channel sand bodies has long been a challenge restricting oil and gas explo-
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Shahejie formation

ration. This study takes the Suning area of the Raoyang Sag as an example and uses the principles
of seismic sedimentology to conduct seismic sedimentary research on the nearshore terminal fan
of the first member of the Palaeogene Shahejie Formation (Esl) based on three-dimensional
seismic, logging, and core analysis. Seven fourth-order sequences (SQV7) were identified
within Esl, deposited by a fluvial river system terminating at the contracting bank of a lake.
Prograding terminal fan sedimentary facies on a gentle slope zone were observed in the root mean
square seismic attributes after spectral decomposition. We have successfully resolved the sand-
stone within the studied terminal fan system using a 90° phase conversion of the seismic data and
red-green-blue (RGB) fusion of the various seismic attributes. The upper subsegment of the
Shahejie Formation developed extensive nearshore terminal fan sedimentation, and the seismic
sedimentological response characteristics were mainly channel-like and strip-shaped geomorphic
systems deposited on gentle slope zones, indicating distributary channels and distal basin sedi-
mentation. This study enriches our understanding of nearshore fans and provides ideas for pre-
dicting favourable sand bodies in this type of sedimentary facies.

1. Introduction

A new play of thin sand reservoirs has emerged with the recent success of exploration and development in Raoyang Sag. Explo-
ration results have proven that this area has a good source-reservoir-cap relationship [1,2], which is conducive for the large accu-
mulation of oil and gas in the reservoirs developed within progradational geometries imaged in seismic data with various patterns, that
is, oblique, S-type, S-type-oblique composite, and imbricate. During the deposition of the Palaeogene (P) Shahejie Formation (Es), the
Raoyang Sag developed nearshore terminal fan deposits [3]. Nearshore terminal fan sands are often thin and can be difficult to directly
resolve in the seismic profile because seismic reflection is usually influenced by the sedimentary interface of the adjacent strata and
interference of the waveforms [4]. Lacking clear understanding of the nearshore terminal fan system can adversely affect reservoir
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distribution prediction, restricting the exploration and development of this type of sedimentary body. Therefore, using seismic
sedimentology [5,6] to study the sedimentary characteristics and planar distribution patterns of nearshore terminal fans systematically
is of great significance for oil and gas exploration and development.

Recently, high-precision three-dimensional (3D) seismic technology has promoted the development of seismic sedimentology [7,
8]. Through the joint feedback of high-precision seismic data, modern sedimentary environments, and ancient outcrop sedimentary
environment models, the 3D geometric shape [9], internal structure [10], and sedimentary processes [11] of sedimentary units can be
determined. Geological bodies that are difficult to identify with vertical resolution can be identified through seismic horizontal res-
olution, and the description of the sedimentary plane distribution can be completed through well-seismic combination to predict the
favourable distribution of lithological traps and fine characterisation of sand body morphology [12,13]. Seismic sedimentology has
been applied to explore oil and gas in various sedimentary basins [14-17]. Prediction of sandstone diagenetic facies using conventional
3D seismic data in the Qingshankou formation in the Qijia area of the Songliao Basin was reported [18]. The distribution of reservoirs
in the Xihu Depression of the East China Sea shelf basin was confirmed through seismic sedimentological research on the Oligocene
Huagang Formation [19]. Study of the Spitsbergen Permian silicified carbonate rock carbonate sediments identified nine sedimentary
microfacies through seismic sedimentology and determined their spatial distribution connections. Seismic sedimentology can more
accurately characterize thin river sedimentary sand bodies [10].

A nearshore terminal fan is a type of sedimentation that occurs in a distributive fluvial system (DFS). The DFS is a new concept that
refers to a sedimentary system in which the river enters the basin from a particular apex and is distributed radially. Its development is
influenced by basin structure, climate, basin size, sediment source rock properties, and other factors. To study the DFS system, a fluvial
fan was initially studied based on an impact fan [20]. In 2007, the definition and sedimentary model of fluvial fans were proposed by
analysing the sedimentary facies model of the Dongpu Depression [21]. With the development of satellite imagery and remote-sensing
observations, DFSs have attracted the attention of sedimentologists. Since 2015, many researchers have conducted in-depth studies on
fluvial fans [22,23]. The appearance of nearshore terminal fans has changed the traditional continental sedimentary system that was
dominated by alluvial fans, rivers, and lakes [24]. The Arman Formation of the Permian Rotliegen Group in the northeastern
Netherlands includes a large sedimentary DFS and researchers have used seismic data to describe river channel characteristics in detail
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Fig. 1. Study area on Suning area of Raoyang Sag, Bohai Bay Basin. (a) Map of China; (b) Structural Map of Raoyang Sag, (c) Well location of the
Suning area. This figure was drawn using Coreldraw, version 2018 (https://www.coreldraw.com/cn/).
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[25].

The resolution of conventional seismic data is difficult to identify sedimentary sand bodies at the nearshore terminal fan because of
nearshore terminal fan development in arid and semi-arid climates, flat terrain, weak downward cutting at the end of the river channel,
shallow river channels with many horizontally connected areas, and thin foreset layers [26]. Because of the limited research on
nearshore fans based on seismic sedimentary theory, many thin-layer sediments may be mistaken for other sedimentary systems.
Seismic sedimentology can use lateral resolution (stratigraphic slicing) to compensate for the lack of vertical resolution, identifying
thin sand bodies and providing an important theoretical basis for advancing the study of last-fan sedimentary systems [27].

The Shahejie Formation in the Suning area is a DFS of meandering channels over a large area with a low slope. The main sedi-
mentary type was the nearshore terminal fan, and its sand body evolved rapidly in the horizontal and vertical directions. In addition,
the well pattern densities in the study area vary significantly, and certain areas lack well control, resulting in an insufficient under-
standing of the geological conditions between wells. In this study, using core, logging, and 3D seismic data, and taking the Suning area
as an example, the following research was performed: (1) The seismic sedimentology of the nearshore terminal fan was compre-
hensively analysed to clarify the seismic response characteristics. (2) This study examined the sedimentary evolution of the nearshore
terminal fan during the contraction of the faulted basin, depicting the plane distribution of the distributary channel sand body, which
provides a reference for seismic sedimentology research on the nearshore terminal fan in other basins.

2. Geological setting and stratigraphy

The Suning area in Raoyang Sag is rich in oil and gas resources. Unclear understanding of the lateral distribution of sand bodies in
branch river channels affects oil and gas exploration and development. The systematic study of sedimentary facies in the Suning area is
important for correctly understanding the sedimentary system in this area and has guiding significance for the distribution and
prediction of sand bodies in favourable facies zones. The Suning area is situated in Raoyang Sag of the Jizhong Depression within the
Bohai Bay Basin in China (Fig. 1a). This region is located in the central and southern parts of the Jizhong Depression, which is a half-
graben characterised by a prominent boundary fault on its northeast side and a stratigraphic overlap towards the southwest slope. In
the Suning area, located in the middle part of the Raoyang Sag, three normal structures converge: Dawangzhuang, Suning, and
Hanjiacun (Fig. 1b) [28]. There are differences in well density in the study area, mainly located in the central and southern parts
(Fig. 1c).

The main sedimentary stage of the Raoyang Sag is the Palaeogene, and the lithology of this stage is mainly continental clastic rock
locally intercalated with carbonate rock. The Shahejie Formation experienced four stages: extension and deep depression, uplift,
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Fig. 2. Stratigraphic framework of the Paleogene Shahejie Formation.
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extension and depression, and contraction and extinction [29]. The first member of the Shahejie Formation (Es;) is the key horizon in
this study. A set of thick river facies conglomerate sandstones is found above the top boundary of the Shahejie Formation, and below
the interface is grey interbedded with purple red mudstone and fine sandstone, corresponding to the T3 interface. Es; slowly overlaps
the second member of the Shahejie Formation (Es3), which corresponds to the T4 reflection interface in the transition period from the
fault depression period to that of the Himalayan first-episode basin, forming a large regional tectonic unconformity [30]. In the lower
submember of the first member of Shahejie Formation (EsY), the lake area was wide, but the water body was shallow and the deposition
time was short. It then rose quickly, and the lake area shrank, entering the extinction period. The upper submember of the first member
of Shahejie Formation (Es}) was deposited to the depression extinction period, and abrupt changes occurred in the sedimentary facies
belt and lithology. In areas with thickened strata, there are many short reflection progradational facies inclined toward the lake centre,
creating a local unconformity. Finally, Es; was divided into a third-order horizon (SQV) and seven fourth-order sequences (SQV1-7,
Fig. 2) corresponding to seven sand groups (EsiIII-EsiI). SQV1 corresponds to the lowstand domain, where a set of thick siltstones was
deposited. SQV2-3 correspond to the lake transgression domain, and the lithology is mainly dark-grey mudstone, shale, calcareous
sandstone, siltstone, and biological limestone. SQV4-7 of Es} correspond to the highest stand. Red mudstone is observed in the li-
thology, reflecting an onshore oxidation environment.

3. Datasets and methods

The western gentle slope area of Raoyang Sag was covered by 200 km? of 3D seismic data. The data had line and trace spacings of
12.5 m and a sampling rate of 4 ms. The corresponding two-way time for the Shahejie Formation was approximately 2200-3500 ms.
Analysing the seismic data volume using spectrum analysis, we observed that the dominant frequency of the Shahejie Formation was
20 Hz, with a frequency bandwidth of 10-60 Hz. The main horizons in the seismic profile show a stable event axis with clear faults. The
signal-to-noise ratio of the seismic data was high, and the average longitudinal wave velocity of the formation was 3600 m/s. The
estimated seismic resolution was 35 m, which was sufficient for interpreting the fine structure.

This study utilized ten coring wells to collect 823 representative core samples from the Palaeogene Shahejie Formation, covering a
distance of 211.91 m. The seismic and logging data were obtained from the Huabei oil field.

Seismic sedimentology has improved the identification of sediment diffusion patterns and reconstruction of paleogeography
through 3D seismic interpretation [31-34]. Key technologies [35] in seismic sedimentology include 90° phase transformation, spectral

Fig. 3. Comparison of horizon levelling seismic profiles in the Suning area of Raoyang Sag.
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decomposition, stratigraphic slicing, seismic attribute analysis, and seismic attribute fusion. The workflow of this study included four
steps: (1) using layer flattening method to restore ancient landforms based on 3D seismic profiles and logging data, (2) analysing
sedimentary and seismic facies using logging, lithology, and seismic data to establish an effective conversion of “seismic sedimentary
facies,” (3) conducting rock physics relationship analysis and comprehensive calibration of well seismic data based on 90° phase
conversion and spectral decomposition to establish amplitude patterns and lithological relationships, and (4) using well control to
analyse and predict favourable sand bodies by fusing seismic and red-green-blue (RGB) attributes of the sedimentary facies plane
distribution.

4. Results
4.1. Sedimentological analysis

4.1.1. Provenance analysis

Provenance analysis is of fundamental importance in this research, as it guides the determination of sediment source locations,
nature, migration paths, and distribution characteristics of sedimentary bodies [36,37]. The layer flattening method was used to
investigate the palaeogeomorphology. Taking the sedimentary base level or maximum flooding surface as the reference base, the top
and bottom surfaces of the studied sequence were selected, and the time difference was calculated. The proposed method is charac-
terized by its simplicity and intuitiveness, making it conducive to swiftly and clearly presenting the landform prior to the deposition of
the target layer [38,39]. Nevertheless, the layer flattening method solely accounts for the lateral variations of the strata, failing to fully
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Fig. 4. Restoration of the ancient landform in the Suning area of Raoyang Sag. (a) Esf II (SQV2) Restoration of ancient landforms, (b) Es} I (SQV3)
Restoration of ancient landforms, (c) Esj IV (SQV4) Restoration of ancient landforms, (d) Esj I (SQV7) Restoration of ancient landforms.
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align with the geological evolution mechanism. In the presence of significant faults and folds, this approach may lead to computational
inaccuracies in the determination of strata thickness and interface morphology.

Based on a comprehensive grasp of the geological context, which includes the structural evolution and basin architecture, a detailed
elucidation of the seismic reflection layers of Es (SQV1-7) was performed to ensure the coherence of the seismic interpretation
(Fig. 3a). Then, on the time domain seismic profile, flattening the T3 reflection interface and examining the ancient tectonic undulation
pattern of Es; (SQV1-7), the flattened ancient topography presents a geomorphic pattern of high in the east and low in the west. The
drilling data were comprehensively utilized to interpret ancient landforms on the flattened seismic profile. Subsequently, relevant
software was employed to reconstruct the sedimentary paleogeomorphology (Fig. 3b).

Based on the developmental characteristics of ancient landforms in the Suning area, the geomorphic pattern of the study area has a
suitable inheritance. There are two main sources of species in the research area: the western low rise of Gaoyang and southwestern low
rise of Shenze. Owing to the continuous filling of sediment in the southwest, a gradual pattern of “high in the west and low in the east”
is identified. During sedimentation period of the Es} I (SQV2), the area experienced expansion and a depression occurred during. At
that time, the lake was mainly located within the Suning Depression (Fig. 4a). During sedimentation of the Es} I (SQV3), the lake basin
experienced the largest lake intrusion. Although the lake surface expanded, the depth was shallow, and the duration was relatively
short (Fig. 4b). Lacustrine sedimentation was the main type during the entire sedimentary period of Es} (SQV1-3), with only a
nearshore terminal fan developing in the eastern part of the study area. The basin was in an extinction period during the sedimentation
of the Es} IV (SQV4). The lake began to shrink, and owing to tectonic uplift, sedimentation of the nearshore terminal fan developed
widely (Fig. 4c). During the sedimentation of the Esi I (SQV7), tectonic uplift continued to strengthen, the lake basin nearly dis-
appeared, and a distributary channel system developed throughout the area (Fig. 4d).

4.1.2. Lithological characteristics

Through the analysis of rock debris logging and core observations, the predominant colours of the mudstone in the study area were
found to be brownish- and purplish-red. These mudstone deposits are extensively found in Es;, indicating oxidised sedimentary en-
vironments. Based on this information, the core samples were classified and statistically analysed (Fig. 5). The sandstone types in Es} of
the research area primarily consist of feldspathic and lithic feldspathic sandstones. These sandstone types had quartz volume fractions
ranging from 45% to 63%, with an average volume fraction of 53.6%. The volume fraction of feldspar varied from 23% to 51% with an
average volume fraction of 36.9%. Rock fragments were relatively scarce, with an average volume fraction of 9.6% (Fig. 5a). In the Es}
of the study area, feldspathic and lithic feldspathic sandstones were predominantly observed. This sandstone type had a quartz volume
fraction ranging from 34% to 59%, with an average volume fraction of 47.1%. The volume fraction of feldspar varied from 23% to 52%
with an average volume fraction of 42.1%. Additionally, the volume fraction of the rock debris ranged from 2.3% to 23%, with an
average volume fraction of 10.8% (Fig. 5b). The degree of rock weathering in the study area is moderate, with good sorting ability and
subroundness. The grain-size distribution of the Es} sandstone in this region was primarily influenced by jump formation, indicating
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significant hydrodynamic characteristics. Suspended components constitute a volume fraction of 10-20%, and the slope is greater than
60%, whereas rolling components are scarce. The dominant types of grain-size probability accumulation curves are two-stage and two-
stage plus transitions, reflecting the hydrodynamic characteristics of the traction flow (Fig. 5c and d).

Based on the analysis of the core and logging data, nearshore end-fan sediments were identified in the study area, with microfacies
including distributary channels, channel overflow, point bars, mudflats, and distal basin microfacies in the subfacies, as well as
sandbar and beach facies of the coastal and shallow sediments. Es} is primarily composed of thick grey and light grey siltstones
interbedded with grey sandstone and mudstone. Low cross-bedding sand bar sedimentation (Fig. 6a) and sand-mud interbedded beach
sedimentation (Fig. 6b) were observed in the rock core. Esls primarily included sedimentation in the nearshore end fan, and the
distributary channel was the main sand body development area in the nearshore end fan. The lithology is mainly fine sandstone and
siltstone, with clear erosion surfaces (Fig. 6¢) and visible water-flow sand bedding (Fig. 6d). Spot bar sedimentation can be seen locally
in the river channel, with fine sandstone and medium sandstone as the lithology and developed oblique bedding (Fig. 6e). Water
overflow can be divided into near- and far-channel overflow based on distance from the river. The near-channel overflow developed
mud and gravel at the bottom (Fig. 6f), whereas the far-channel overflow was primarily composed of mudstone interbedded with thin
layers of fine sandstone and siltstone (Fig. 6g). Mudflat facies mainly developed in low-lying areas between distributary channels, with
mudstone as the main lithology and thin sandstone interbedded with block-like bedding (Fig. 6h). The microfacies of the remote basin
were weakly affected by river action, with the development of wavy and vein-bedding (Fig. 61).

4.1.3. Logging facies characteristics

Through analysis of core wells in the study area, the gamma ray (GR) and spontaneous potential (SP) morphology and charac-
teristics, corresponding to typical sedimentary microfacies, were identified. Five main logging facies were observed within the study
interval [40]: funnel-, box-, bell-, finger-, and baseline-shaped, compared with SP, GR has obvious serration characteristics (Fig. 7).
Funnel-shaped SP logging facies are commonly found at the edges of lake basins where sediments are heavily influenced by lake waves
and coastal currents. These facies exhibit abrupt changes at the top, gradual changes at the bottom, and anti-rhythms vertically. The

Fig. 6. Images of a typical core. (a) N55, 3352.8 m, (b) N53, 3407.02 m, (c) N32, 3596.4 m, (d). N48, 3500.9 m, (e) N50, 3112.9 m, (f) N55, 3262.3
m, (g) N49, 3292.28 m, (h) N62, 3322.53 m, (i) N66, 3500.9 m
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GR logging facies also displayed clear toothing, indicating sandbar facies with sand-mud interbedding (Fig. 7a). In cases where the
thickness of a single sand body is small and sand-mud interbedding is more frequent, the SP and GR logging facies are typically
medium- or low-amplitude finger shaped or serrated, reflecting beach facies (Fig. 7b). The SP and GR logging facies of distributary
channels are mainly box shaped. Box-shaped logging facies are characterised by abrupt changes at the top and bottom and are
vertically superimposed by 2-3 positive rhythms, resulting in slightly dented logging facies that indicate distributary channel sedi-
mentation (Fig. 7c). The SP logging facies are mainly bell-shaped, and the GR facies is toothed bell-shaped, reflecting point-bar de-
posits associated with lateral accretion (Fig. 7d). River overflow, which occurs when sandy sediment spills over the riverbank owing to
erosion during flood periods, influences the logging facies, which vary based on the distance from the river. The SP logging facies is
smooth and low amplitude funnel shaped, while the GR logging facies is finger shaped and small toothed bell shaped, indicating the
vertical superposition of multiple positive grain sequences and suggest near-channel overflow (Fig. 7e). In contrast, SP logging facies is
low-amplitude tooth shape or flat shape and GR logging facies have obvious toothed shape, indicating the far-channel overflow of a
thin single sand body (Fig. 7f). These facies represent distal basin microfacies located at the front edge of the river overflow and far
from the source. The lithology in this area primarily consists of reddish-brown and greyish-green mudstones with a low sandstone
content, resulting in the formation of weak toothed baseline logging facies in SP and GR logging facies (Fig. 7g). The baseline logging
facies point to the direct floodplain of the nearshore terminal fan and are primarily composed of mudstone with a low sand content
(Fig. 7h).

4.1.4. Single well facies characteristics

Sedimentary structure is a direct reflection of the sedimentary environment and hydrodynamic conditions in rocks and an
important indicator for distinguishing sedimentary environments and dividing sedimentary facies, subfacies, and microfacies [41].
The core layer of Well N53 is located in the Es} II-Es} I (SQV2-3), with the GR and SP curves mainly being box- and loophole-shaped.
The sedimentary structure was mainly composed of oblique bedding to form anti-rhythmic sedimentation, mainly developing beach
and sandbar facies in the shoreline shallow lake facies. The Es} II (SQV2) developed light grey fine sandstone interbedded with small
sections of mudstone, developing two sets of oblique bedding sandbar sand bodies. two sets of sand bars with oblique bedding planes
disturbed by waves developed at the bottom and top of the Esf I (SQV3), and parallel bedding beach facies developed in the middle
(Fig. 8).
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L70-77 were located in the western gentle slope area of the research area, with the core layer located in the Esj III-Esj I (SQV5-7).
The GR and SP curves were mainly bell-shaped, with multiple positive rhythmic sediments, in the middle of the nearshore terminal fan.
The microfacies were dominated by distributary channels, near-channel overflow, and far-channel overflow. The Es§ III (SQV5) is
composed of variegated mudstone and grey fine sandstone, with parallel bedding and water flow sand ripple bedding developed in
sequence, forming a large set of channel overflow sand bodies, whereas the overall appearance of the Es II (SQV6) is a frequent sand
mud interbedded sandy mudstone, which is a near-channel overflow. Distributary channel sand bodies, which have mud-gravel
erosion surfaces, are present in the middle and bottom. There are grey-green and brown mudstones in the upper part of the chan-
nel, which are mudflats. The top of the Es} I (SQV7) is an interbedded layer of sandy mudstone and downwards is a distributary channel
sand body. The bedding structure includes water-flow sand bedding, parallel bedding, and a scouring surface containing mud and
gravel (Fig. 9).

The vertical distribution of the sedimentary facies in Eg; (SQV1-7) was revealed by the cross-well profile along the provenance
direction (Fig. 10). The shore-shallow lake subfacies primarily developed in Es} ITI-1 (SQV1-3). The lake is shallow, wide, and pri-
marily composed of interbedded fine grey sandstone and mudstone. The distributary channel developed primarily east of the study
area, continuing to extend in Esj (SQV4-7), spot bars and channel overflow microfacies developed near the meandering channel.
However, the channel never entered the lake, forming fine sandstone distal basin microfacies near the lake bank.

4.2. Seismic-sedimentology analysis

4.2.1. Seismic facies analysis

Seismic facies analysis is the sum of the rock sedimentary facies on the seismic profile and is the seismic characteristic formed by the
sedimentary environment [42-44]. The sedimentary microfacies of the nearshore terminal fan include the far basin, distributary
channel, mudflats, channel overflow, and point bars. The distributary channel is large in scale and mostly composed of superimposed
channel belts with a channel bandwidth of approximately 1000 m. It reaches the centre of the basin, where the terrain becomes gentle,
and terminal fan deposits are formed. The seismic facies in most areas are characterised by weak amplitude, sub-horizontal, and
discontinuous reflection, and the characteristics of progradational facies can be identified in locally thicker areas (Fig. 11). Local
distributary channels can also recognise point bar sand bodies, which are lens-shaped in the seismic facies (Fig. 11). The seismic facies
of the mudflats are characterised by parallel and subparallel reflections. Because of the weakening river channel energy, it cannot be
cut deeply. During the flood period, the river channel overflows to form a channel overflow. Seismic facies are characterised by
subparallel chaotic reflection changes. Based on the distance from the river channel, they can be divided into near-channel and
far-channel overflows. The mud content of the far-channel overflow was high (Fig. 11). With the extension of the distributary channel,
the channel density decreased, and sedimentation transitioned to the distal subfacies, forming the distal basin microfacies, which
belong to the transition zone from lacustrine facies to lacustrine facies. The seismic facies showed large areas of low- and
medium-amplitude subparallel reflections (Fig. 11).

4.2.2. Phase adjustment of seismic data

According to the well data, the depth of the reservoir is greater than 3000 m, and the thickness of the sand body is less than 15 m.
Seismic data with 90° phase can improve the interpretation of lithological and stratigraphic results. After 90° phase conversion, rock
physical relationship analysis and spectrum decomposition must be conducted to establish the relationship between seismic facies and
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profile

lithology [45]. In this study, the relationships among lithology, wave impedance, and amplitude were established by generating a
natural gamma - wave impedance crossplot, and the seismic reflection polarity or amplitude of a specific lithology was predicted. The
lithology of the study area consists of mudstone, sandy mudstone, argillaceous sandstone, and sandstone. The data points for the
different lithologies are located within a specific wave impedance range. Specifically, sandstone mainly exhibits a high wave
impedance, whereas mudstone mainly exhibits a low wave impedance. The transitional lithology shows a concentrated multiple wave
impedance range from 9200 to 10,400 kPa*s/m (Fig. 12a). The 90° phase conversion leads to an enhanced alignment between the
event axis and the logging curve. The sand body exhibits a near correspondence to the seismic trough (negative amplitude), while the
high natural gamma values align with the seismic peak (positive amplitude) (Fig. 12b). By observing the relationship between the rock
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layers and seismic reflection event axis, the determination can be made as to whether the event axis corresponds to a single lithologic
layer or a lithologic composite layer. The study area had a small range of facies zones and frequent phase transitions. There was no
correspondence between a single rock layer and the reflection axis. The event axis represents only the change in the average wave
impedance, that is, the negative-amplitude partial sand facies and positive-amplitude partial mud facies (Fig. 13a). When comparing
the matching relationship between the amplitude and GR response at different frequencies, the matching degree between the GR and
amplitude was the best when the frequency was 45 Hz (Fig. 13b and c). Through spectral decomposition technology, the amplitude
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Fig. 13. Comparison of seismic events before and after the 90° phase conversion in Es; in the Suning area. (a) 0° phase seismic profile, (b) 90° phase
seismic profile, (c) 90° phase profile of 45Hz seismic body, (d) 0° phase stratigraphic slice, (e) 90° phase stratigraphic slice.
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response characteristics of thin sand body targets were enhanced, and the comprehensive superposition interference effect of thin sand
body interbedding was reduced. Taking well N33 as an example, there is no clear correspondence between the sandstone and
mudstone phases and the seismic profile on the same phase axis. For example, the sandstone section of the Es} I (SQV3) is not aligned
with the mudstone section of the Es§ IIT (SQV5) (Fig. 13a). In the 90° phase seismic profile of the 45 Hz frequency body, the mudstone
exhibits a blue peak, indicating low AI and high Vsh, whereas the sandstone displays a red trough, representing high Al and low Vsh. In
the 90° phase seismic profile of the 45 Hz frequency body, mudstone has a blue peak, whereas sandstone shows a red trough (Fig. 13c).
The 90° phase seismic profile optimises the specific relationship between seismic amplitude and lithology, makes the profile closer to
the wave impedance profile, and improves the interpretability of seismic data. The 90° phase slice can better identify the changes in
sand body sedimentary boundary. In the Es} I (SQV3) lacustrine intrusion system tract, the channel deposition is advancing eastward,
with the red amplitude corresponding to the distributary channel, the morphological representation of GR and SP curves is box-shaped
or bell-shaped. The lake sediments in the East can be interpreted as shallow lacustrine muddy facies. There are banded negative
amplitudes in the blue positive amplitudes, indicating beach bar. The sedimentary boundary is more obvious than the formation of
phase 0° (Fig. 13d and e).

4.2.3. Interpretation of seismic attributes

Seismic and logging data are the two primary data types of significance. Despite its low resolution, seismic data exhibits wide range
and good lateral continuity [46]. It interprets seismic attribute slices under logging constraints. Suitable interpolation between the two
isochronal interfaces was used to achieve stratigraphic slicing. It provides high-resolution slices and accurate detection of sedimentary
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Fig. 14. Sedimentological interpretation of Esf I (SQV3) in the Suning area. (a) Esf (SQV3) interlayer RMS, (b) 45Hz RMS Stratal Slice (Slice
position as shown in Fig. 10 Slice 1), (c) 30Hz RMS Stratal Slice (Slice position as shown in Fig. 10 Slice 2), (d) Sedimentary facies distribution.
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interfaces, as well as a large number of slices controlled by a sequenced framework, which is useful for analysing sedimentary evo-
lution [47]. The sedimentary interpretation of the study area was performed by optimising the plane attributes that were consistent
with the thickness of the well-point sand body.

Based on the extraction of the inter layer RMS amplitude attribute of the Es} I (SQV3), the distributary channel sand body is thin,
and the distributary phenomenon is frequent. It is difficult to make a horizontal comparison; the response characteristics are weak, and
the entire layer is blue-green, whereas the deposition of the distal basin microfacies occurred at the front edge of the nearshore ter-
minal fan and deposited with the weakening of hydrodynamic force. The overall amplitude is weak, the single sand body corresponds
to a thin layer of argillaceous siltstone, and the natural gamma and natural potential are mostly flat, but the horizontal distribution is
relatively continuous, and it is easy to identify yellow or green reflections distributed along the lake shore on the interlayer root mean
square (RMS) attribute (Fig. 14a). The response characteristics of shallow shore lacustrine deposits in stratigraphic slices are mainly
shown in low-value blue in the thin sections, which are concentrated in the eastern depression, with shallow lake water and large water
areas. To identify the distribution of river sand bodies better, we selected a smaller time window to extract the RMS vibration attributes
of the Est I (SQV3) based on spectral decomposition. Compared with the 30 Hz slice, the 45 Hz slice can better identify excessive
changes in sedimentary facies, and the 45 and 30 Hz slices can identify the 20 and 30 m sand bodies, respectively. The Es} I (SQV3)
sedimentary facies are dominated by shoal and bar facies, and the nearshore terminal fan is developed only in the east (Fig. 14d). Based
on the GR calibration, it can be determined that during this period, the development of bars and embankments is relatively prominent,
with a single sand body thickness of 4-5 m. The logging facies are characterized by serrated box shapes. The river channel usually starts
from the southwest and develops to the northeast. After spectral decomposition of the data volume, a composite river channel
amplitude anomaly was observed on the 30 and 45 Hz stratigraphic slices, GR displays a tooth-shaped funnel form. The overall
response characteristics weakened from east to west, consistent with the distribution characteristics of the river channel. Among them,
30 Hz corresponds to the best characterisation of shallow shore sand dams, 45 Hz shows better characteristics of the river channel, and
the amplitude intensity reflects the superposition of river water and sediment in different periods (Fig. 14b and c).

The Esi HI-1I (SQV5-6) developed extensive distributary channels, the nearshore terminal fan shared the Esf (SQV1-3) pro-
gradation direction, and the lacustrine facies was only present in the eastern groove area (Fig. 15a and b). Owing to the reduction in
sedimentary thickness, the reflection of the seismic profile is now dominated by subparallel reflection, with a large number of worm-
like amplitude reflections in the stratum slice, the well logging is often described as toothed funnel-shaped, smooth ovoid, or broad
finger-shaped. In contrast to Esf (SQV1-3), there are strongly reflective channel bodies in the constant-amplitude slices, which are
considered channel complexes superimposed by multiple sedimentary periods (Fig. 15b). Near the lakeshore, there is a high-amplitude
superimposed response characteristic, which suggests that during intermittent floods, most areas were submerged and the water flow
was no longer restricted by the river channel, resulting in the formation of distal basin microfacies overflow sedimentation (Fig. 15a).
The floodplain facies are widely developed in the central subfacies, represented by weak amplitude reflection characteristics in the
central region; the inversion of the amplitude slices is shown in blue. The central subfacies is widely developed. Apart from the main
distributary channels, it mainly consists of overbank deposits characterized by medium to weak amplitude reflections. In the areas
away from the channels, the seismic slices appear blue, and the well logging indicates weakly toothed or straight baselines.

Traditional seismic interpretation uses stratum slicing technology to extract amplitude attributes along the target layer, reflecting
the change rate of longitudinal wave impedance and making it easy to identify the geological body; however, when the target layer is
thin, a single attribute is difficult to explain [48]. RGB volume fusion technology combines multiple attribute volumes to depict the
distribution characteristics of sand bodies of different sizes and has a prominent effect on describing different lithological boundaries
and river morphologies [49]. Taking the Esf I (SQV3) as an example, during this period, the central and distal sub-phases of the
nearshore terminal fan was dominant, and the western river channel was distributed in radial strips. As the river flowed eastward, the
hydrodynamic conditions weakened and were no longer restricted by the river, thus forming distal subfacies. The integration of the
RMS, 30 Hz, and 45 Hz seismic bodies clearly revealed the overflow sand bodies of the distributary channels and waterways, as well as
the distal basin microfacies. In the attribute fusion slice, there was a green strip response in the eastern part of the study area, separated
by a dark response, and its distribution was consistent with that of distributary channels and mudflats. There were horizontally
distributed bands in the middle, with a green response as the distal subfacies and an enhanced dark response in the eastern groove area
entering the shallow lake facies (Fig. 16a and b).

5. Discussion

When utilizing seismic and logging data to predict and characterize favourable sand bodies, variations in the comparison results
can occur because of the disparity between the low frequency of seismic signals and the high resolution of geophysical logging data.
Therefore, this study standardizes the scale of logging data by selecting log data from matched wells. Based on 90° phase conversion
and spectrum decomposition techniques, the study establishes the corresponding relationship between seismic amplitudes and logging
lithologies through petrophysical analysis to improve the prediction accuracy of sand bodies between wells. Prediction of sand dis-
tribution using seismic attributes is a widely used method [50]. In this study, a 90° phase conversion of the seismic profiles was
performed before extracting seismic attributes, and the corresponding relationship between the transformed seismic profiles and li-
thology was analysed. Sandstone primarily corresponded to the trough of the seismic section after the 90° phase conversion. Based on
this feature, corresponding attributes for the 90° phase conversion seismic profiles were extracted, and the amplitude fluctuation of
attribute slices marked the distribution and overlap patterns of sandstone layers. The sandstone and mudstone had high- and low-wave
impedances, respectively. Next, we examined the rock formation to determine the state of lithological overlap corresponding to the
seismic reflection in-phase axis. When recognising specific targets, frequency division and fusion can highlight their spatial
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distribution. Low-frequency seismic data indicate a thicker reservoir, and high-frequency seismic data indicate a thinner reservoir. The
single-frequency seismic data analysed in the frequency-divided data analysis process must be chosen based on the reservoir thickness.
The integrated reservoir distribution can only be understood by combining the analyses of several single-frequency datasets [51].
Owing to frequent channel migration, well-developed boundary surfaces between superimposed genetic units result in a complex
heterogeneous distribution of sand bodies and sedimentary phases [52]. RGB fusion technology can describe the sedimentary
boundaries of sand bodies with different specific thicknesses When identifying river channels, the following three factors should be
considered: special lithological sections formed between two periods of continuous and stable sedimentation by a longitudinal sedi-
mentary sequence, distinct from the lithology of the upper and lower adjacent layers. The identification of sand bodies in different
stages of river channels often involving multiple overlapping stages, which can be divided by identifying the erosion surface and the
corresponding seismic wave responses of stacked sand bodies.

6. Conclusion

Using seismic sedimentology, the seismic facies characteristics of different genetic sand bodies are effectively identified, and the
transformation of “seismic facies sedimentary facies” is performed. Using 90° phase volume and spectral decomposition to calibrate
the lithology, the isoline of the river sand body was the most consistent with the valley waveform of the 45 Hz profile. The distribution
characteristics of sand bodies at different scales can be characterised using the fusion technology of frequency-division seismic and
RGB attributes.

The sediment in the Suning area comes from the Gaoyang and Shenze low uplifts in the southwest, leading to the development of
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nearshore terminal fan sediments and identifying sedimentary microfacies such as distributary channels, channel overflows, flood-
plains, and point dams. The distributary channel sand body was the main component of the nearshore fan sand body.

By integrating the seismic RMS attributes, RGB attributes, and lithology calibration, the widespread development of distributary
channel sand bodies in the Es} (SQV4-7) was found to be a favourable exploration layer. Sedimentation of distributary channels can be
observed in high-frequency stratigraphic slices, where channel complexes (multiple periods of channel stacking) and wormlike re-
flections (abandoned channels) can be observed. The response characteristics of the distal basin microfacies were wide strips and a
continuous distribution, whereas the seismic facies were mainly hill-shaped parallel sub-parallel reflections.
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