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Abstract
The main objective of this article is to demonstrate the utility of stratal slice images for exploring the sequence stratigraphy and
sedimentology of complex depositional systems. The Dongying Depression is underlain by a productive, petroleum-prone, non-
marine Cenozoic stratigraphic section. Here, we have integrated the recent 3D seismic profiles and borehole data to map sediment
dispersal characteristics of the second member of the Shahejie Formation in the central-north Dongying Depression, located in
the Bohai Bay Basin, China. We have documented the following key points: (i) the main strata under study were divided into two
long-term sequence cycles (LSC1–2) with 14 middle-term sequence cycles (MSC1–14); (ii) five microfacies, distributary
channel, inter-channel, mouth bar, underwater distributary channel, and tributary bay, were identified from well-based analysis
of sedimentary facies; (iii) the mouth bar was generated at the center of the study area during the deposit stage of MSC6–7; (iv)
the channel was distributed along the EW direction. The seismic sedimentological study on the second member of the Shahejie
Formation in this study area highlights the distribution of the most important potential reservoirs.

Keywords Seismic geomorphology . Stratal slice . Dongying depression . The second member of the Shahejie Formation .
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Introduction

The Bohai Bay Basin, located in the eastern portion of
North China Craton, contains substantial oil and gas
resources (Fig. 1A). During the Cenozoic Era, the
Bohai Bay Basin underwent four distinct phases of
riftings and subsidences (Allen et al. 1997; Lin et al.
2003; Feng et al. 2013). The Bohai Bay Basin consists
of six sub-basins (Liaohe Sub-basin, Bozhong Sub-ba-

sin, Jiyang Sub-basin, Huanghua Sub-basin, Jizhong
Sub-basin, Dongpu Sub-basin), four main uplift
(Chengning Uplift, Cangxian Uplift, Xingheng Uplift,
Neihuang Uplift), and several sags. The Dongying
Depression is a relatively independent secondary struc-
tural unit of the Jiyang Sub-basin. Its area is approxi-
mately 5800 km2 (with 90-km axial length and 65-km
width). And the Dongying Depression, a NE-SW half
graben, is bounded by Chenjiazhuang Rise, Qingtuozi
Rise, Guangrao Rise, Luxi Uplift, Qingchengshan Rise,
and Binxian (Fig. 1A).

Exploration of the Dongying Depression began in 1956. In
1961, the first oil producing well, H8, was completed, which
confirmed that there were thick layers of source rocks. In
1962, a high-productivity reservoir was found in the Y2 well,
and the Shengli Oil Field began to be developed ever since
then. After more than 50 years of exploration and develop-
ment, numerous structural traps have been found but explora-
tion of lithostratigraphic petroleum reservoir has remained
relatively inadequate (Xie et al. 2001).
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Several previous studies have confirmed the sequence stra-
tigraphy and sedimentary facies of the Dongying Depression
(Zong et al. 1999). However, the previous studies have not
quantified the shapes, boundaries, distribution, and evolution
of the thin-bedded sand bodies which are believed to provide
opportunities in the basin. The ability to fully identify bedded
reservoirs is a problem when the work is relying only on
several drilled wells and conventional seismic data.

Seismic geomorphology can reveal the subtle sedimentol-
ogy of sands and help demonstrate subtle stratigraphic traps
(Dong et al. 2014; Curry et al. 2018; Smit et al. 2018). The
objectives of this study are as follows: (i) identifying the sed-
imentary facies characteristics in the study area, (ii) construct-
ing a high-resolution 3D sequence stratigraphic framework,
(iii) defining general sedimentary systems with various
middle-term sequence cycles, and (iv) generating sequence
stratigraphic and sedimentary models to make a prediction
of favorable potential areas for further exploration.

Data and methodology

In the central-north Dongying Depression, the wellbore con-
trol capacity is strong, and more than 400 wells have penetrat-
ed the study interval. Moreover, conventional cores from 276
wells provide valuable evidence of sedimentology.

Post-stack-3D seismic data volumes are characterized by
an effective frequency range of 10–100 Hz, with a predomi-
nant frequency of about 30 Hz. Furthermore, an excellent
well-to-seismic tie is obtained using synthetic seismograms
from 200 wells. Basically, the Geoscope software is great for
interpreting 3D seimic data volumes and generating stratal
slices, combined with Petrel 2015 software. The calculated
seismic resolution limit (1/4 wavelength of 30 Hz wavelet,
with an average velocity of about 3400 m/s) is 25 m. With a
good amplitude-thickness relation, a sandbody as thin as 6 m
(about 1/6 wavelength) can be detected on a horizontal seis-
mic amplitude (Dong et al. 2015).

Fig. 1 Tectonic location map of the Dongying Depression, Bohai Bay Basin, China (A) and tectonic cross-section (B). It indicates the major structural
units and tectonic evolution of Dongying Depression (after Xie et al. 2001)
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Seismic lithology and seismic geomorphology compose
the backbone of seismic sedimentology. By applying seismic
lithology, we convert a 3D seismic data volume into a lithol-
ogy data volume. And in a lithology data volume, lithology
logs (e.g., GR and SP) are combined with nearby seismic
traces within a small tolerance, ensuring the best possible
wells integration with seismic data at the reservoir level
(Zeng and Hentz 2004). Here, we observe and then describe
three important core holes for lithology, respectively namely
X16, X49, and X98 with 240 m of the whole description
length. Also, we collected the logs data from 276 wells for
analysis. For example, the medium-to-high amplitude SP
curve can be interpreted as sandstone, and the straight-to-
low amplitude SP curve represents mudstone. The CAL curve
is related to the well diameter, because the collapsed mudstone
has caused larger well diameter. Furthermore, the AC curve
can be used to generate the synthetic seimogram, which is a
bridge connecting lithology data volume with seismic data
volume. After single wells’ interpretation, we interpret the
well-tie profiles. Based on sedimentary facies environment,
several crossed profiles (e.g., AB and CD cross-section in later
chapters) can be helpful to identify the sequence boundaries
and sedimentary 3D characteristics. Using the cross theory, we
conduct the high-resolution stratigraphic framework based on
electrolog, seismic, and core data. After that, we use Geoscope
software importing the stratigraphic framework data andmake
around 600 typical instantaneous amplitude stratal slices.
Compared to RMS, thickness of sand/stratal layer, and thick-
ness of sand, the typical slices can be approximately presented
the horizontal characteristics of the middle-term sequence cy-
cle sediments. Lastly, combining vertical and horizontal
boundaries of sediment deposit, we can build up a quantitative
3-D model for leading a conclusion about the study area.

Geological background

The Dongying Depression is a complicated NE-strike exten-
sional tectonic-unit. To the south, it includes border normal
faults, northern faulted margin, Lijin Sag, Minfeng Sag,
Niuzhuang Sag, central uplift belt, southern hinged margin
(Ren et al. 2002; Lin et al. 2003). The Paleogene syn-rift stage
consists of four main rifting episodes: (i) early initial rifting
stage between the Paleogene and early Eocene (65–50.4 Ma);
(ii) late initial rifting in the Middle Eocene (50.4–42.5 Ma);
(iii) rift climax in the Late Eocene (42.5–38Ma); and (iv) post
rifting during the Oligocene (38–24.6 Ma) (Fig. 2).

The Paleogene strata in the Dongying Depression can be
divided into three formations, namely Kongdian Formation
(E1–2k), Shahejie Formation (E2–3s), and Dongying
Formation (E3d), respectively (Feng et al. 1990). The lower
part of second member of the Kongdian Formation consists of
conglomerate and sandstone, while the upper part of second

member of the Kongdian Formation is composed of gray
mudstone, oil shale, and salt layer (Xie et al. 2001). The first
member of the Kongdian Formation consists of sandstone and
mudstone (Feng et al. 1990). Furthermore, the fourth member
of the Shahejie Formation consists of sandstone and mudstone
interbedded with saline deposits (Feng et al. 2013). Moreover,
the third member of the Shahejie Formation consists of dark
mudstone, oil shale, and sandstone (Wang 2005). And the
lower strata of the second member of the Shahejie
Formation consist of conglomerates, sandy gravels, and sand-
stone interbedded with gray-to-red mudstone (Zhu et al.
2011a, b). The upper strata of the second member of the
Shahejie Formation consist of conglomerates, coarse sand-
stone, fine sandstone interbedded with gray-to-red mudstone
(Lin et al. 2003). The first member of the Shahejie Formation
consists of fine sandstone, gray-to-red mudstone, and shale
interbedded within limestone (Lin et al. 2003). Lastly, the
Dongying Formation consists of coarse-to-fine sandstone
and gray mudstone (Ren et al. 2002). As for the thicknesses
of different formations, the thickness of Kongdian Formation
is the greatest, about 500–2000 m, and the first member of
Shahejie Formation is the thinnest, about 50–40 m (Feng et al.
2013). The thickness of the second member of Shahejie
Formation is about 100–600 m, 300–1200 m for the third
member, and 200–1000 m for the fourth Member (Feng
et al. 2013). The different thicknesses of these formations
may be mainly controlled by the structure evolution (Feng
1999). For example, during the deposition of the Kongdian
Formation, because of the rifting episode 1 and long-term
subsidence, the thickness of the formation is up to 2000 m,
whereas the thickness of the third member of the Shahejie
Formation is up to 1400 m resulting from the dramatically
increasing strength of rifting episode 3 (Feng 1999).

The depositional systems in Dongying Depression can be
classified into six facies: fan delta, braided delta, fluvial delta,
sub-lacustrine fan, shallow-lake, and deep-lake deposits
(Wang 2005). The architecture of sequence and sediment in
the different tectonic-belts of the depression is complicated
because of the A/S (accommodation space/sediment supply)
which is mostly influenced by the tectonic movement rate. For
example, at fault margins, A/S < 1, fan delta is the main facies,
and at hinged edge with A/S = 1, the incised channel, sub-
lacustrine fans, braided delta, and fluvial delta are dominating.
At the axis of basin with A/S > 1, the shallow-lake is an im-
portant element (Zhu et al. 2011a, b).

Well-based analysis of sedimentary facies

The fluvial delta deposit system is characterized on seismic
reflection profile as typical sigmoidal clinoforms produced by
several progradation of delta lobes (Zhu et al. 2011a, b). They
can also be recognized in electrolog as upward-coarsening and
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thickening successions capped by cylindrical or bell-shaped
patterns (Dong et al. 2015). Furthermore, the sedimentary de-
posit records thick-bedded sandstone, mudstone and silt in
upward-fining intervals with cross-bedding, and bell- or
funnel-shaped log curve (Zhu et al. 2011a, b). Specifically,
meandering river delta has been widely developed due to the
development of mouth bar and fine sediments in channels
within delta plain, such as mudstone and siltstone contrasting
with coarse-grained fan delta (Reading and Collinson 1996).

Moreover, the upward-coarsening well-log patterns are char-
acterized as delta front. Cylindrical or bell-shaped patterns are
identified as delta plain (Dong et al. 2014).

Grain size analysis is a method to determine the size and
percentage of sediment or detrital particles (Zhen et al. 2012).
Grain size related to sedimentary environment is a function of
hydrodynamics, which is controlled by water energy
(Flemming 2007). Therefore, grain size analysis has been an
efficient way to determine sedimentary transports and analyze

Fig. 2 The general sequence stratigraphic charts of the Dongying Depression. During the second member of the Shahejie Formation, the weather is
warm with humid-to-dry dryness and a fall-to-rise lake level (after Feng et al. 2013)
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the sedimentary environment (Zhou and Cao 2010). As for
this paper, the samples of X16, X49, and X98 were collected
and then used to analyze the sedimentary transports and envi-
ronment, which will be interpreted later.

Delta plain subfacies

Meandering river delta plain is basically divided into two
microfacies, based on the core and well-log data analysis,
which are distributary channel and inter-channel respective-
ly. Their characteristics are demonstrated as follows: (i) dis-
tributary channel mainly consists of siltstone and fine-to-
medium sandstone, associated thick wedge cross-bedding,
upward-fining intervals, and bell-shaped SP curve. The
thickness of single channel is about 2–4 m. At 2247–
2249 m in the Well X16, the probability cumulative curve
of distributary channel is at medium-to-high amplitude in
two-section form and its minutiae are about 2 . The graph
indicates that the saltation component is around 95% of all
sedimentary transports, with about 5% suspension compo-
nent. Furthermore, the C-M graph shows that all samples are
concentrated on PQ and QR sections. The biggest grain size
is about 0.15–0.55 mm, indicating that the sediment of dis-
tributary channel is fine size with great sorting, mainly con-
trolled by saltation and suspension transports; and (ii) inter-
channel microfacies mainly consists of dark-to-red mudstone
and shale, associated horizontal bedding and straight SP
curve (Fig. 3). The thickness of single inter-channel is about
3–6 m. Generally, delta plain has developed the interbedded
sandstone and gray-to-black mudstone, with cross-bedding
and upward-fining intervals. The thickness of delta plain is
about 300 m.

Delta front subfacies

Meandering river delta front is divided into three microfacies,
namely mouth bar, underwater distributary channel, and trib-
utary bay. Their characteristics are demonstrated as follows:
(i) mouth bar mainly developed in MSC6 and MSC7, with
fine-medium sandstone associated thick wedge cross-bed-
ding, upward-coarsening intervals, and funnel-shaped SP
curve. The thickness of single mouth bar is about 3–5 m.
For interval of 2549–2552 m in the Well X98, the probability
cumulative curve of mouth bar is at medium amplitude in
three-section form, and its minutiae are about 2 . This graph
indicates that the saltation component is around 87% of all
sedimentary transports, with about 15% suspension compo-
nent. Furthermore, the C-M graph shows that all samples are
concentrated on PQ and QR parts. The biggest grain size is
about 0.05–0.35 mm, indicating that the sediment of mouth
bar is fine with great sorting, mainly controlled by saltation
and suspension transports; (ii) underwater distributary channel
consists of fine-to-medium sandstone associated thick wedge
cross-bedding, upward-fining intervals, and bell-shaped SP
curve (Fig. 4). The thickness of single underwater distributary
channel is around 2–4 m. For interval of 2449–2451 m in the
Well X49, the probability cumulative curve of underwater
distributary channel is at medium-to-high amplitude in two-
section form, and its minutiae are about 2 . This graph indi-
cates that the saltation component is around 75% of all sedi-
mentary transports, with about 25% suspension component.
Furthermore, distributary channel in delta plain and the under-
water distributary channels are similar in deposit; and (iii)
tributary bay is usually the darkmudstone, associated horizon-
tal bedding and straight SP curve (Fig. 5). Generally, the delta
front developed upward-fining intervals of medium-to-fine

Fig. 3 Interpretation for the
channel and inter-channel
microfacies based on wire-line-
log facies and core facies. The
channel is bell-shaped in SP and
its C-M graph shows the short
NO, PQ, QR, and RS segment.
The short NO segment indicates
the normal rollingmovement with
a few gravel. The OP, PQ, andQR
segment shows the suspension
movement within little rolling
way. The short RS segment
indicates the less homogeneous
suspension movement, which
reflects the characteristics of
distributary channel in delta plain
(Well X16)
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sandstone in underwater distributary channels, and upward-
coarsening interval of fine-to-medium sandstone in mouth
bar. The thickness of delta front is around 300 m.

Figure 6 directly shows the characteristics of different
microfacies in response to core facies and electricity based
on the data of study area. Significantly, the distributary chan-
nel presents the sandstone with upward-fining interval, where-
as the mouth bar indicates the upward-coarsening interval. As
for SP curve, the channel is bell-shaped, while the mouth bar
is funnel-shaped. Furthermore, the probability cumulative
curve of distributary channel is at medium-to-high amplitude
in two-section form, and its minutiae are about 2 . But there
are differences between under water distributary channel in

delta front and distributary channel in delta plain. For exam-
ple, the percentage of saltation is about 95% in distributary
channel, while it is around 75% in underwater distributary
channel. To the lacus, the saltation’s percentage is decreasing
and it indicates the decreasing energy of water dynamic.
Specially, the probability cumulative curve of mouth bar is
at medium-to-high amplitude in three-section form (Fig. 6).

Sequence stratigraphic framework

After the 1980s, sequence stratigraphy classification has devel-
oped into three main bands, namely Vial’s classic, Galloway’s

Fig. 4 Interpretation for the
mouth bar and tributary bay
microfacies based on wire-line-
log facies and core facies. The
mouth bar is funnel-shaped in log
curve and its C-M graph shows
the PQ, QR, and RS segment. The
segment indicates the dominating
homogeneous and gradually
changed suspension movement
with a little rolling way, which
reflects the characteristics of
mouth bar in delta front. And the
tributary bay developed mudstone
with carbon fragment (Well X98)

Fig. 5 Interpretation for
underwater distributary channel
and tributary bay microfacies
based on wire-line-log facies and
core facies. The underwater
distributary channel is bell-
shaped in log curve, and the grain
size probability graph of channel
indicates that it consists of two
members, with around 75% as the
critical point between suspension
and saltation component. The
tributary bay is pure mudstone
(Well X49)
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genetic, and Cross high-resolution sequence stratigraphy (Vail
et al. 1997; Cross 1988; Galloway 1989; Catuneanu et al.
2009). As for this project, it is based on cross high-resolution
theory.

Generally, high-resolution stratigraphic base-level cycle is
used to identify stratigraphic framework within the third se-
quences. It is an important step to identify different base-level
cycle orders and boundaries, based on the change of accom-
modation space/sediment supply (A/S), sedimentary founda-
tion, and so on. Table 1 shows the detailed principles (Zhu
et al. 2011a, b).

This study moves forward to demonstrating a high
framework upon the following methods (Wu et al. 2000;
Xie et al. 2001; Wang 2005; Zhu et al. 2011a, b). Firstly,
we have identified the short-term sequence cycle (SSC)
according to change of lithology and log. Secondly, the
middle-term sequence cycle (MSC) is made by different

patterns of SSC. Thirdly, we have identified the seismic
termination for the long-term sequence cycle (LSC)
boundary. Finally, the high-resolution stratigraphy of the
second member of the Shahejie Formation in the study
area is classified into several 40–45 SSCs, 14 MSCs,
and 2 LSCs (Fig. 7).

Short-term sequence cycle characteristic

The boundary of short-term sequence cycle is the fifth se-
quence, with a duration of 0.1–0.5 Ma and deposit thickness
of 8–12 m. The borehole in study area developed about 45
SSCs (namely SSC1–SSC45 from bottom-up) that can be
classified into three types (asymmetric base-level fall cycle,
asymmetric base-level rise cycle, and symmetric base-level
cycle) with seven sub-types.

Fig. 6 The schematic diagram of
core facies in relation to
electricity. The channel is
upward-fining interval with bell-
shaped in SP log curve, while
mouth bar is upward-coarsening
interval with funnel-shaped in SP
log curve

Table 1 The characteristics of high-resolution sequence stratigraphy of the Shahejie Formation (after Zhu et al. 2011a, b)

Order Boundary genetic types Identification principle Main controls Vail theory Cross theory

II Unconformity or relative boundary
related to stress field change
during different tectonic evolution

Tectonic-scale unconformity in
outcrop; incised erosion surface;
log dramatic change; seismic
main reflection

Stress field change during
different tectonic
evolution

Sequence set Super-long-term
base-level cycle

III Unconformity or relative boundary
related to the change of tectonic
episode strength and sedimentary
foundation during the same tectonic
stress field

Large-scale unconformity in
outcrop; incised erosion surface;
log dramatic change; seismic
termination

The change of tectonic
episode strength

Sequence Long-term
base-level cycle

IV Relative conformity or sedimentary
discontinuous boundary related to
climate and sediment supply

Resident sediment and erosion
surface in core; log patterns’
change

Astronomic eccentricity
period

Para-sequence
set (or systems
tract)

Middle-term
base-level cycle

V Local erosion surface or relative
conformity related to A/S

Resident sediment and erosion
surface in core; log change;
lithological drama change

Astronomic obliquity
period

Para-sequence Short-term
base-level cycle
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Asymmetric base-level rise cycle

The tendencies of cycle symmetries change as a function of
shifts in the accommodation space/sediment supply ratio. The
upper part of the second member of the Shahejie Formation
mainly developed asymmetric base-level rise cycles during
delta plain deposit stage. Its characteristics are as follows: (i)
the delta plain develops base-level rise cycles; (ii) the bottom
of base-level cycle is erosion surface with bell-shaped or box-
shaped log curve; and (iii) the location of the study area is near
the sediment source or abundant sediment supply.

According to the change in accommodation space-
sediment supply ratio, we could classify the asymmetric
base-level rise cycle into two sub-types, namely low accom-
modation (A1) and high accommodation (A2). A1 mainly
developed, at upstream position of delta plain, coarse-to-
medium sandstone, erosion surface, upward-fining intervals,
and its lack of mudstone; whereas, A2 mainly developed, at
middle-to-downstream delta front, fine-to-silt sandstone,
upward-fining intervals, and its lack of underwater distribu-
tary channel erosion (Fig. 8A).

Asymmetric base-level fall cycle

Its characteristics are as follows: (i) the delta front develops
base-level fall cycle; (ii) the top of base-level cycle is discon-
tinuous surface with funnel-shaped or box-shaped log curve;
and (iii) the location of the study area is far away from the
sediment source but generally abundant sediment supply.

According to the change in accommodation space/sediment
supply ratio, we could classify the asymmetric base-level fall
cycle into two sub-types, namely low accommodation (B1) and
high accommodation (B2). B1mainly developed, at mouth bars
and upstream position of delta front, silt-to-coarse sandstone,
discontinuous surface, upward-coarsening intervals, and its lack
of mudstone; whereas, B2 mainly developed, at middle delta
front, silt-to-fine sandstone with upward-coarsening intervals,
the bottom with lithology turn-around surface (Fig. 8B).

Symmetric base-level cycle

In this study area, the characteristics of symmetric cycle are as
follows: (i) the boundary between base-level rise cycle and

Fig. 7 Typical stratigraphic log indicates the characteristics of the second member of the Shahejie Formation in the Dongying Depression, alongside the
spontaneous potential (SP), acoustic log (AC), and caliper (CAL). Data of wire-line-logs is originated from Well X37–34
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base-level fall cycle is a flooding surface; (ii) upward-
coarsening with a funnel-shaped log curve pattern and
upward-fining intervals with bell-shaped log curve pattern;
(iii) accommodation space/sediment supply ratio is about 1;
and (iv) it is classified into three sub-types, namely perfect
symmetric base-level cycle (C1), rise dominating symmetric
cycle (C2), and fall dominating symmetric cycle (C3) (Fig. 8C).

The characteristics of short-term base-level cycle of the
second member of Shahejie Formation in the study area are
as follows: (i) it develops delta plain and front with asymmet-
ric cycles and symmetric cycles types; (ii) the base-level rise
cycle is dominating in delta plain during the upper part of the
second member of Shahejie Formation, whereas the base-
level fall cycle is dominating in delta front during the lower
part; (iii) different short-term cycle structures indicate deposit
record change, and coarse sediment developed around the fall-
to-rise turn-around which means the lower part of the base-
level rise cycle and upper part of the base-level fall cycle.

Middle-term sequence cycle characteristic

Middle-term sequence cycle is bounded by the fourth se-
quences, with a duration of 0.5–1.0 Ma and deposit thickness
of 20–100 m. Normally, MSCs are symmetric cycles with
base-level rise and fall cycle. Vertically, MSCs consist of

several similar SSCs. The Shahejie Formation in the study
area consists of 14 MSCs (namely MSC1–MSC14 from bot-
tom-up) and every MSC consists of 2–4 SSCs. Furthermore,
the cycle structure of MSC is divided into two types, namely
asymmetric base-level rise cycle and base-level fall cycle.

The characteristics of MSCs are as follows: (i) the asymmet-
ric base-level rise cycles develop at delta plain, (ii) the asym-
metric base-level fall cycles develop at delta front, and (iii) the
coarse sediment is dominating in the channel at lower base-
level rise cycles and mouth bar at upper base-level fall cycles.

Long-term sequence cycle characteristic

Long-term sequence cycle is bounded by the third sequences,
with a duration of 1.0–5.0 Ma and deposit thickness of 100–
300 m. Normally, LSCs are symmetric cycles with base-level
rise and fall cycle. Vertically, LSCs consist of several similar
MSCs which develop during the same sedimentary environ-
ment. The Shahejie Formation in the study area consists of
two LSCs (namely LSC1–LSC2 from bottom-up) and every
LSC consists of sevenMSCs. Furthermore, the cycle structure
of LSC is divided into two types: symmetric base-level rise
cycle and base-level fall cycle.

During the LSC deposit stage, several MSCs’ genetic pat-
terns lead to three different pattern styles, namely aggradation,

Fig. 8 The characteristics of different cycle structures in the study area
during the second member of the Shahejie Formation. The cycle can
reflect the condition of sediment supply or the location of the well in

sedimentary systems. For example, A1 may indicate the abundant
sediment supply or the location near the sediment source
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retrogradation, and progradation. As for the detail, aggrada-
tionmainly develops during the middle stage of base-level rise
cycle or the early stage of base-level fall cycle, with A/S = 1.
Retrogradation mainly develops during the medium-to-late
stage of the base-level rise cycle, with A/S > 1. Progradation
mainly develops during the late stage of the base-level rise
cycle, with A/S < 1.

The characteristics of LSC are as follows: (i) the base-level
rise cycle develops at delta plain; (ii) the base-level fall cycle
develops at delta front; (iii) the trend of fall-to-rise turn-around
in LSC is similar to that in MSC; and (iv) the thickness of
base-level rise and fall cycle is similar.

High-resolution sequence stratigraphic framework

Multiple orders of base-level cycles are fundamental for the
high-resolution sequence stratigraphic framework. Using iso-
chronous stratigraphic correlation principle (sequence bound-
aries and flooding surfaces), the framework of the second
member of the Shahejie Formation shows several indications
(Fig. 9).

The sediment source of the study area in the second mem-
ber of the Shahejie Formation is mainly in EW direction (Feng
et al. 2013). Based on that, we have analyzed the base-level
cycle relation during delta deposit stage.

(1) The delta front develops during MSC1–MSC7, whereas
the delta plain develops during MSC8–MSC14. Erosion
surface is the fall-to-rise turn-around.

(2) Channel in delta plain, underwater distributary channel,
and mouth bar in delta front mainly develop around the
fall-to-rise turn-around. The mouth bar mainly develops
during the MSC6–MSC7. As for the SSC, it mainly con-
sists of the asymmetric base-level rise and fall cycles.

(3) The retrogradation is the dominating pattern during the
LSC2, whereas the progradation is the dominating pat-
tern during the LSC1. As for the detail, the lithology in
LSC1 is generally coarser than that in the LSC2.

Study of seismic geomorphology

The study of seismic geomorphology includes the follow-
ing steps (Zhu et al. 2011a, b; Dong et al. 2015). Firstly, it
is crucial to make sure about the correction of sequence
stratigraphic framework. Secondly, the stratal volume is
made for this study area by flattening the reference hori-
zons in the second member of the Shahejie Formation.
Thirdly, based on Geoscope software, 4525 instantaneous
amplitude stratal slices, almost covering the whole 400-
ms seismic data intervals, are made for interpretation be-
tween top sequence boundary and bottom sequence
boundary. After that, the most important work is to make
an interpretation for the sedimentary systems based on the
typical instantaneous amplitude stratal slices and well data
analysis (Zeng et al. 1998).

Fig. 9 Stratigraphic cross-section A–B showing middle-term sequence cycles (MSCs) and short-term sequence cycles (SSCs) within the Shahejie
Formation. The AB cross-section consists of X25, X95, X42-7, X42-1, Y72-44, Y72-326. The base-level rise cycles mostly develop in the upper part
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Relationship between attribute and lithology

There are two ways to combine the seismic attribute with
lithology. On the one hand, the acoustic impedance (AI) is
great to make a relationship between seismic attribute and
lithology. It basically uses the synthetic seismogram as a
bridge to connect AI with lithology for distinguishing
sandstone and mudstone in vertical profile (Fig. 10A and
B). Secondly, based on the same well coordinate system,
the well-log data curves is compared with instantaneous
amplitude stratal slices to calculate the seismic attribute
with log facies in horizontal profiles (Fig. 10C). As a

result, it apparently indicates that the sandstone, in re-
sponse to bell-shaped or funnel-shaped curve in well data,
is white color (negative attribute) in the study area, where-
as the black color (positive attribute) mainly indicates the
mudstone.

Interpretation of stratal slices

Although researches have been conducted on Dongying
Depression, it is still unclear about the microfacies distribution
in the study area (Wu et al. 2000; Xie et al. 2001; Wang 2005;
Zhu et al. 2011a, b). Based on the high-resolution sequence

Fig. 10 Using the well-derived calculated synthetic seismogram can es-
tablish well-to-seismic correlation in the stratal slice. A: the synthetic
seismogram connecting log data to seismic data. B: the sandstone in
response to positive amplitude in seismic data and log curves. C: the left
showing the seismic volume in response to log curves; the middle pre-
senting the typical instantaneous amplitude slice. Compared to the log

data, the strongly positive amplitude (red color) mostly denotes thick
sandstone, whereas the negative amplitude (blue color) is predominately
tied to shale beds; the right graph: the sand thickness/strata thickness
indicating the high value in graph in response to sandstone. The combi-
nation of typical slice and sand thickness/strata thickness can interpret the
distribution of microfacies
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framework, the specific location of these typical stratal slices
is shown in Fig. 11. Figure 12A′ and B′ shows pictures of
these typical instantaneous amplitude slices, which indicate
the distinguished deposition characteristics in different sedi-
mentary periods of the second member of the Shahejie

formation. Along the high-resolution sequence boundary, we
have made abundant instantaneous amplitude stratal slices of
MSCs, and selected similar typical instantaneous amplitude
stratal slices to present the deposition characteristics of the
same MSC while considering characteristics of log curves

Fig. 11 Uninterpreted seismic cross-section (A) and interpreted seismic
cross-section (B). These photos show the location of typical startal slice
during MSC12 and MSC7 deposit stage. There is a lack of several MSC

between MSC1–7, and the A graph indicates the different log curve
pattern between MSC1–7 and MSC8–14, which reflects that the A/S in
the delta plain is bigger than that in the delta front
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and RMS property graphs. For example, the MSC12-S155 is
the 155th stratal slice to indicate the horizontal sedimentary
distribution in the delta plain for the MSC12.

In the typical seismic stratal slices, they apparently show that
the positive attribute (red color) is almost in the central part of
the study area with a SWor EW direction, about 5–7 km2. The
negative attribute (blue-to-dark) is dispersed around the other
parts. According to the preceding results, the red color mainly
indicates sandstone and the dark color mainly is mudstone.
Furthermore, the red color mainly indicates the channels and
blue-to-dark color mainly indicates inter-channel in the
meandering river delta plain. Also, in themeandering river delta
front, the upward-fining intervals with red color mainly indicate
underwater distributary channel, whereas the upward-
coarsening with red color indicates the mouth bar.

Basically, the whole typical instantaneous amplitude stratal
slice interpretation of 14 MSCs (MSC1–14) is made based on
the same principle. Figure 13 apparently shows that (i) even
though there is one single channel, the change of distribution

is frequent; (ii) there are several stripped- or massive-shaped
inter-channel microfacies, around 0.25 km2. Significantly, the
meandering river delta develops in the channel and mouth bar;
(iii) the direction of channel is mainly EW, with maximum
width of 2 km; and (iv) the sand thickness/layer thickness of
delta front is significantly bigger than that in delta plain.

Mouth bars are present in the delta front environment, gen-
erally extending east to west and are diamond-shaped. Table 2
is made for better quantitative understanding about the mouth
bar. For example, the maximum area of mouth bar is 1.52 km2

in the study area’s channel, with an average area of 0.5 km2

during MSC7 and 0.70 km2 during MSC6.
It is critically important to make a vertical sedimentary

microfacies graph based on abundant well-logs analysis.
Thus, we can better understand the 3D sedimentary character-
istics. Figure 14 directly indicates that (i) the layer thickness of
delta plain is larger than that in delta front; (ii) the sandstone
thickness of delta front is apparently bigger than that in delta
plain. For example, during the deposit stage of MSC8–14, the

Fig. 12 Comprehensive analysis of MSC12 and MSC7 typical stratal
slices. A and B typical instantaneous amplitude stratal slices of
MSC12-S155 and MSC7-S260; A′ and B′ interpreted sedimentary facies

distribution; A″ and B″ RMS maps in response to log curve; A‴ and B‴
the sand/layer ratio of different deposit stages indicating the sandbody
distribution

Arab J Geosci (2019) 12: 26 Page 13 of 18 26



maximum sandstone thickness is 10 m, whereas the maximum
sandstone thickness during MSC1–7 is 20 m; (iii) the thickness
of layer is apparently thick in the center of the study area, which
has developed huge sandstone in response to the complicated
channel interaction; and (iv) almost all faults in the study area
are post-rift tectonic movement, which rarely affect the syn-rift
stage deposits. All of these can better reflect the relationships
between 3D depositional systems and sequence characteristics.

Although, Fig. 14 obviously indicates the relation be-
tween deposition and sequence characteristics of the study
area; the limit of this unique direction reflection profile is
inevitable. As it shows in Fig. 15, actually, the total strata
thickness is similar between MSC8–14 and MSC1–7, with
about 300 m for lower and upper part of the second member
of the Shahejie Formation, which is significantly different
from the previous result. Furthermore, the sand/strata ratio

Fig. 13 The 14 typical and interpreted stratal slices in response to 14MSCs of the second member of the Shahejie Formation in the study area, indicating
the distribution of microfacies. MSC, middle-term sequence cycle

Table 2 The area statistics of
mouth bar developed inmember 2
of the Shahejie Formation in the
study area

Sequence Area verified by the wells (km2) Predicted areas (km2)

Number meaning (Maximum area-minimum area) / average area (mouth bar number)

MSC7 (0.86–0.22) / 0.52 (2) (0.98–0.34) / 0.56 (3)

MSC6 (1.52–0.25) / 0.73 (4) (1.46–0.32) / 0.68 (3)
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Fig. 14 The relation between deposition and sequence. A–B reflection indicating the characteristics along the direction of sediment supply, and C–D
reflection showing the features across the orientation of sediment supply. MSC, middle-term sequence cycle

Fig. 15 The statistic
characteristics of study area. It
indicates that sandbody thickness
during MSC1–7 is greater than
that during MSC8–14 stage
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dramatically increases in MSC7, with around 0.3 for
MSC8–14 and about 0.55 for MSC1–7, which indicates
the different sedimentary environment. Thus, we take the
advantage of quantitative statistic based on the information
from 400 wells to produce an integrated quantitative 3D
sedimentary model (Fig. 16).

Discussion

Delineation of sandbody based on seismic
geomorphology

This study, based on the latest 3D seismic data and drilling
data, innovatively puts forward a series of seismic and geo-
morphologic stratal slices and logging interpretation data to
describe the probabilities of channel distribution in the study
area. On the one hand, we show the geomorphologic charac-
teristics of the study area. We find that even in the same river
channel of the delta, the formation connecting performance is
poor due to the large inter-channel area, which will challenge
the oil and gas exploration and production. On the other hand,

the mouth bar is identified during the sedimentary deposition
stage of MSC6–7, which are base-level fall cycle.
Furthermore, we innovatively demonstrate the boundary of
mouth bar during those times to quantitatively reflect the dis-
tribution of mouth bar based on the seismic geomorphology
and well-logs data analysis. Even though it is a complicated
block with deep burial depth, using seismic geomorphology
and well-logs analysis is a great way to understand the distri-
bution of sedimentary deposit systems in a 3D scale for further
exploration.

Depositional and evolution characteristics

Based on several previous sedimentary deposit works (Wang
2005; Feng et al. 2013), Feng et al. put forward a concept
model for the second member of Shahejie Formation in
Dongying Depression based on the analysis of sediment char-
acteristics, stratigraphic sequence, tectonic-sedimentary archi-
tecture, and deposit features in large-scale (Fig. 16 left).
Obviously, according to their points, long-term base-level cy-
cle is controlled by syn-depositional fault (Feng et al. 2013).
The A/S ratio is complicated because of tectonic movement

Fig. 16 The 3D depositional evolution model of Dongying Depression (the study area is the red box) and the quantitative model of the study area
indicating frequent change of channels and other microfacies during the second member of the Shahejie Formation (after Feng et al. 2013)
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(Zhu et al. 2011a, b). To address the quantitative 3D model,
we quantify the 3D depositional character of the study area
based on a series of typical stratal slices for each MSC unit
(Fig. 16 right). During the MSC1–7 sedimentary deposition
stage, a long-term base-level fall cycle, with A/S < 1, has de-
veloped fastly progradation delta front subfacies in the study
area because of strong sedimentary supply and the limit of
accommodation space, the Dongying Delta is the dominating
facie in the central part of Dongying Depression associated
with relative stable tectonic movement (Zhang et al. 1997; Lin
et al. 2003). As for the details, the underwater distributary
channel mainly develops along the EW direction. During the
MSC8–14 sedimentary deposition stage, a long-term base-
level rise cycle, with A/S > 1, has developed slowly retrogra-
dation delta plain subfacies in the study area because of less
sedimentary supply and abundant accommodation space, the
Dongying delta bypasses the central part of the Dongying
Depression associated with relative stable tectonic movement
(Zhang and Ji 1997; Liu et al. 2014). Moreover, the direction
of sedimentary source in the delta plain is EW orientation.
Furthermore, the thickness of the upper and lower part of the
second member of the Shahejie Formation is the same based
on the quantitative statistics.

Conclusion

The results of this research can be summarized as follows:

(1) Based on the analysis of well logs, core, and seismic
data, the second member of the Shahejie Formation can
be divided into two long-term base-level cycle.
Furthermore, the long-term base-level cycle can be clas-
sified into 14 middle-term base-level cycles (MSC1–14).

(2) During the second member of the Shahejie Formation in
the study area, the characteristics of sedimentary system
are as follows: (i) coarse-to-fine sandstone interbedded
with abundant mudstone and shale; (ii) upward-fining
interval in delta plain deposit and upward-coarsening
interval in delta front deposit; (iii) mouth bar with
medium-fine sandstone, massive bedding, and funnel-
shaped log curve; (iv) channel withmedium-coarse sand-
stone, wedge-shaped cross-bedding, and bell-shaped log
curve.

(3) The sedimentary systems can be further divided into two
subfacies (namely delta plain and delta front) and five
microfacies (namely distributary channel, inter-channel,
underwater distributary channel, mouth bar, and tributary
bay). During the deposition stage of MSC1–7, the chan-
nel mainly develops at EW direction with progradation
patterns. And during the deposition stage of MSC6–7,
the mouth bar develops at the central part of the study
area with maximum 1.5 km2. As for the deposition stage

of MSC8–14, the channel also mainly develops in EW
direction with a retrogradation pattern.

(4) Upon the elaborate analysis of 3D sedimentary system in
the study area, during the MSC1–7, the delta front is
rapidly generated with A/S < 1. On the other hand, dur-
ing the MSC8–14, the delta plain is slow-growth with
A/S > 1.
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