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a b s t r a c t

An important hydrocarbon reservoir is hosted by the third member of the Shahejie Formation (Es3) in
the Zhanhua Sag of the Bohai Bay Basin. Using lithology, wire-line logs and three-dimensional (3-D)
seismic data in the southern slope of Zhanhua Sag, we demonstrated the utility of stratal slice images for
analyzing facies architecture and sediment-dispersal characters of complex depositional systems in Es3.
The Es3, a para-second-order sequence, can be subdivided into three third-order sequences (from base to
top: SQ1, SQ2, and SQ3). The facies architecture was analyzed by using the seismic geomorphology
approach based on 3-D seismic data. Sediments of the Es3 sequences were derived from the southern
Chenjiazhuang Uplift via six major incised valleys, four of them associated with slope-break belt in the
southern zone, and others in the southwestern zone. Seismic stratal slices reveal different characteristics
of the channels and lobes between south and southwest from source to sink. On the basis of an inte-
grated analysis of well log, core data, seismic facies based on multi-seismic attributes, three depositional
environments (e.g., “fan-delta”, “shallow lacustrine” and “turbidite” facies) have been recognized. Stratal
slices indicate that the depositional environments of these sequences evolved from gravel- or sand-rich
fan delta and turbidite to lacustrine mud, and lastly to mixed sand-mud fan delta systems. The results of
high resolution 3-D depositional systems analysis showed that the third-order sequence located in
different systems tracts of the para-second-order sequence would contribute to their systems tracts with
the different types and scales of depositional systems. Types of slope belts, subsidence rate, sediment
provenance and their evolution jointly control the sediment-dispersal characters in deposition area. The
proposed sediment dispersal patterns may aid in the prediction of potential reservoir distribution.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Sequence stratigraphic concepts have been used to understand
the organization of the stratigraphic framework of sedimentary
Key Laboratory of Petroleum
um, Beijing 102249, China.
Key Laboratory of Petroleum
um, Beijing 102249, China.
hu@cup.edu.cn (X. Zhu).
basins (Posamentier and Vail, 1988; Mitchum and Van Wagoner,
1991; Shanley and McCabe, 1994; Cross and Lessenger, 1998;
Catuneanu, 2002, 2006). It is also a powerful exploration tool
since it characterizes the spatial and temporal distribution of
depositional systems, with a component of predictability regarding
the distribution and geometry of reservoir, source and seal facies
(Shanley and McCabe, 1991; Vail et al., 1991; Catuneanu, 2006;
Mancini et al., 2008; Morad et al., 2013). In addition, the rele-
vance of high-resolution sequence stratigraphy to reservoir char-
acterization is evident, as heterogeneities at the scale of outcrops
and cores strongly control fluid migration pathways, which are
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fundamental for hydrocarbon production development (Hampson
et al., 2008). The high-order of cyclicity reflects overall deposi-
tional trends, while the low-order cyclicity describes the actual
changes in depositional trends in details (Catuneanu, 2006). The
duration of a third-order sequence that appears in the second-
order sequence determines its systems tract portion, which
further affects the numbers and sizes of fans. Within the last
decade, the most logical workfl follows the transition from seismic
stratigraphy, to sequence stratigraphy, to seismic sedimentology
(Zeng et al., 1998a, 1998b; Zeng, 2001), seismic geomorphology
(Posamentier, 2001). Seismic geomorphology, when used in
conjunction with seismic stratigraphy, represents the latest
approach to extract stratigraphic insights from 3-D seismic data. It
can potentially show more advantage in sedimentary facies
description, depositional history or reservoir-scale depositional
architecture analysis for subsurface conditions (Posamentier and
Kolla, 2003; Posamentier, 2004; Nordfjord et al., 2005; Wood,
2007; Stuart and Huuse, 2012; Dong et al., 2014).

Slope break belts usually constrain the development of specific
facies zones, which tended to form the oil and gas accumulation
zone, in the depositional systems tracts. And that slope break belts
are currently among the most important areas for subtle reservoir
exploration (Prather, 2003; Paton et al., 2008; Alfaro and Holz,
2014) and have been hot spots in the exploration of the Bohai
Bay Basin (Lin et al., 2000; Li et al., 2002; Feng et al., 2004; Lin et al.,
2004; Feng and Xu, 2006; Huang et al., 2012; Chen et al., 2014; Liu
et al., 2014). In the latest decade, multivariate analysis was applied
in previous study for more accurately characterized geological
models in the slope break analysis in Jiyang depression (Huang
et al., 2012). But few, if any, addressed the complexity of their dy-
namic evolution in both transverse space and vertical time with
sedimentary architecture evolution in the process of tectonic
movements and sediment supplies.

The study area is a hydrocarbon-rich region in the southern
Zhanhua Sag (Pang et al., 2014), but the target layers (Eocene
Shahejie Formation and Miocene Guantao Formation) are not yet
well studied. Especially, the provenance, reservoir elements dis-
tribution and its controlling factors restrict the future exploration
of the third member of the Shahejie Formation (Es3) (Wang et al.,
2015). In addition, the slope system in the study area has a
distinct sequence architecture and sediment filling pattern from
south to southwest due to the different extent of subsidence rates,
paleo-high locations, paleoflow directions and sediment supplies.

The primary objective of this study is to make a progress in
terms of better understanding the overall slope system, in partic-
ular the types and distribution of reservoir elements for economic
reasons. We interpret available lithology, wire-line logs and 3-D
seismic data combing sequence stratigraphy and seismic geo-
morphology to analyze the valley-slope break system and its con-
trol on reservoir distribution from short source-to-sink segments.
Besides, we also map the sedimentary facies distribution of the
third member of the Shahejie Formation (Es3) in the systems tract.

2. Geologic setting

Bohai Bay Basin, a large oil and gas province in China, develops
in response to compound and complex tectonic events (Zhao and
Zheng, 2005). It is located in the east part of North China Craton
(NCC). The North China cratonic nucleus consists of Archaean and
Proterozoic granites and metamorphic basement, cropping out the
west and north of the Bohai Bay Basin. During the Mesozoic and
Cenozoic eras, the NCC underwent several distinct phases of rifting
and subsidence (Ye et al., 1985), resulting in a large-scale thick
Tertiary and Quaternary continental accumulation (Li et al., 2007).
Themost significant control on extension of Eastern China is widely
accepted to be subduction of the Pacific plate beneath the eastern
margin of Asia (Watson et al., 1987; Tian et al., 1992; Zhao and
Zheng, 2005). Rifting of eastern China persisted from the Late
Cretaceous to the Oligocene (Chen et al., 1981; Ma et al., 1983; Ren
et al., 2002; Zhao and Zheng, 2005).

The Cenozoic tectonic evolution of the rift basin can be divided
into six stages: (1) the initial extensional stage accompanied by red
deposits with an eruption of acidic volcanic rocks alongmajor faults
(Kongdian Formation deposition period in the Eocene), (2) the
extensional rift stage (Member 3 of Shahejie Formation deposition
period in the late Eocene), (3) the stable subsidence stage (Member
2 and 1 of Shahejie Formation deposition stage in the Eocene-
Oligocene), (4) the contraction stage of decreasing activity of
faults (Dongying Formation deposition stage in the late Oligocene),
(5) the postrift thermal subsidence depression stage with a normal
rate (Guantao Formation in Miocene) and (6) the depression stage
with a high subsidence rate (Minghuazhen Formation deposition
period in the Pliocene) (Su et al., 2011; Jiang et al., 2013).

The Zhanhua Sag, with an area of 3610 km2, is a hydrocarbon-
rich depression within the Bohai Bay Basin of eastern China
(Wang et al., 2005; Hao et al., 2010; Tong et al., 2012). It is bounded
by the Chenjiazhuang uplift in the south, and the Yihezhuang-
Chengdong uplifts in the north (Fig 1a). Intensive petroleum ex-
plorations suggest that petroleum reserves are greater than
19.1 � 108 t (Wen et al., 2009). The basin is a complex Mesozoice
Cenozoic faulted basin with a tectonic history involving extension,
strike-slip movements and tectonic inversion, amongst other
tectonism within a Paleozoic cratonic platform setting (Hou et al.,
2001; Shi et al., 2005; Qi and Yang, 2010). The structural develop-
ment and sequence stratigraphy of the basin mean that the post-
Tertiary tectonic evolution of the Bohai Bay Basin can be divided
into two stages: a rift stage (from Eocene to Oligocene) and a post-
rift stage (from Miocene to Pliocene) (Fig. 2). The rift stage com-
prises three Paleogene units (Kongdian Formation, Shahejie For-
mation, and Dongying Formation) and has a stratigraphy generally
controlled by boundary faults. The post-rift stage comprises a tec-
tonic sequence of Neogene and Quaternary sediments that occupy
the entire basin, and a regional unconformity separates the Paleo-
gene and the Neogene. The present-day Zhanhua Sag consists of a
duplex half-graben rift that is influenced by NEeSW and
ENEeWSW striking extensional, strike-slip faults. These faults
formedmultiple low uplifts and half-graben as a gentle slope in the
south and faults in the north. Wells drilling into the pre-tertiary
basement show that west section of Chenjiazhuang Uplift is
composed of Paleozoic marine and marine-terrigenous sediments,
and Mesozoic continental volcanic fragment sediments, while the
composition of east section is Archean metamorphic basements
and Paleozoic marine-terrigenous sediments (Wang, 2005; Peng,
2011).

Amajor petroleum-bearing stratum of this play type is primarily
the thirdmember of the Shahejie Formation (Es3), the main syn-rift
deposits, in the Paleogene. The Es3 is further divided into three
parts, lower, middle and upper part from bottom to top, among
which the lower and middle parts have dominated (Wen et al.,
2009; Chen et al., 2009; Zhang et al., 2012; Jiu et al., 2013). As the
subsidence rate generally exceeded the rate of deposition, a
lacustrine basin formed and became wider and deeper. Streams
originating from areas of high relief carried clastic sediments to-
wards the basin, where lake-floor fan and turbidite deposit systems
formed. The Es3 member is composed of dark-grey and grey
mudstones and oil shales in the base, dark mudstones intercalated
with a number of small turbidite lenses in the middle, and fluvial-
deltaic sandstones near the top (Fig. 2). The lake-floor fans were
distributed on both flanks of the lake, and were marked by debris
flow and turbidity flow from the edge towards the lake center. On



Fig. 1. Study area in the southern slope of the Zhanhua Sag, Bohai Bay Basin. (a) Map shows the elementary structural features of Zhanhua Sag and (b) 3-D seismic surveys and wells
used in the study. The red line AeA0 represent seismic lines used in this paper. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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the gentle slope of the faulted depression, several parallels, lake-
floor fan groups developed, extending to more than 20e25 km
(Zhang et al., 2004).

3. Dataset and methods

The study area is surrounded by the Chenjiazhuang uplift to the
south (the major sediment source area), including two types of
slopes: gentle slope in the southwestern (Section A) and slope
break in the southern (Section B) (Fig. 1b). Based on the well-to-
seismic tie for establishing the sequence framework (Fig. 3), the
types of slopes can be delineated in the correlation section and a
seismic section (AeA0) shown on Fig. 4. The study area for this
seismic geomorphology analysis is the 3D seismic surveys (48 km2),
with 16 wells penetrating the study interval. The conventional
cores in six wells provide key evidences for sedimentation. The
locations of the data used in this study are shown in Fig. 1b.

Poststack 3-D seismic volumes are characterized by an effective
frequency range of 0e60 Hz, with a predominant frequency of
approximately 33 Hz. The signal-to-noise ratio of the data is rela-
tively high. An excellent well-to-seismic tie was realized using a
synthetic seismogram of 16 local wells. Landmark software was
used to interpret the 3-D seismic volume, and Recon software was
used to generate stratal slices, making it possible to conduct 3-D
facies architecture and sediment-dispersal characteristics analysis
of the third member of the Shahejie Formation.

The methods of facies architecture and sediment-dispersal
patterns analysis used in this study include: (1) sequence frame-
work and fine-scale depositional facies analysis based on 3D
seismic profiles and well data; (2) 3D visualization technology
analysis for the spatial distribution and temporal evolution of
incised valley-slope break systems; (3) seismic multi-attribute
analysis for the planar distribution of sedimentary facies with
well control; (4) stratal slices from a 3D seismic volume to reveal
high-resolution sediment-dispersal patterns in the systems tract;
(5) paleogeomorphologic restoration to establish the dispersal
pattern of different types of slope depositional systems from source
to sink.

4. Sequence stratigraphic and depositional facies analysis

Based on the principles of sequence stratigraphy and taking into
account the empirically derived base level and volumetric
partitioning and facies variations, we here propose sequence
stratigraphic subdivisions for the third member of the Shahejie
Formation (Es3). The Es3 includes three members from base to top,
which is thought to represent a para-second-order sequence with
its ascending hemi-cycle comprising the lower and middle mem-
bers of the Es3, which is characterized by predominantly coarse-to
medium-grained sandstone intercalated with mudstone and
regressive sediment sequences. The upper member of the Es3 co-
incides with the falling hemi-cycle, which is characterized by
mudstone interbedded with sandstone forming progradational
sediment sequences (Figs. 2 and 3).
4.1. Sequence stratigraphic analysis

Sequence divisions in the basin are based on regional tectonics,
dynamic mechanisms, termination patterns of seismic reflection
events, lithology and log data from wells, changes in depositional
systems and the geomorphology reflected in the seismic stratal
slices.

The well sequence stratigraphic analysis is based on the inter-
pretation of wireline-log patterns and the lithological combinations
and successions (Fig. 4), such as (1) sharp lithological contacts (e.g.,
clean sandstone truncating underlying shale), (2) log curve shape
changes (e.g., gamma ray log curves), (3) weathering-denudation
surfaces and scouring surfaces, (4) transitional surfaces between
the ascending and falling cycles, and (5) thick, widespread
mudstone as markers of condensed sections. Based on the inter-
pretation mentioned above, the Es3 sequence can be further sub-
divided into three third-order sequences, namely SQ1, SQ2 and SQ3
from base to top, corresponding to three members of the Es3, which
are characterized by cyclically fining-upward to coarsening-
upward (Figs. 3 and 4). Sequence SQ1, SQ2, and SQ3 correspond
to the lowstand period, the transgressive period and the highstand
period respectively. In the seismic section, retrogradational seismic
reflections can be seen in sequences SQ1 and SQ2, while it is
obvious to observe progradational seismic reflections in sequence
SQ3.

In cross-well data (Well-L71 to Well-K109), the strata maintain
steady in each sequence, while the sandstone content decreases
then increases (Fig. 4a). Sequence SQ1 is primarily made up of thick,
coarse-grained sandstone complex in the lowstand systems tract
(LST) and the transgressive systems tract (TST), with intercalation
of relatively thin mudstone occurring at the top of the TST. The



Fig. 2. Generalized stratigraphic column of the Zhanhua Sag showing lithologies, paleoenvironment, base level, dryness, and tectonic evolution (after Zhang et al., 2004; Zhu et al.,
2004; Wang et al., 2005; Wen et al., 2009; Jiu et al., 2013). The study interval is the third member of the Shahejie Formation, which was deposited in the extensional rifted stage.
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single sand layer of sequence SQ1 becomes thinner and finer
grained upward to sandstone in the highstand systems tract (HST).
The thickness of the LST and TST in sequence SQ1 is greater than
that of HST (Fig. 4a). The sandstone percentage differs considerably
between the middle (LST, TST) and the upper (HST) part in both
value and distribution (Fig. 4a). For example, the sandstone per-
centage of the LST and TST varies from 70 to 80% in the south-
western gentle slope zone (Well-L71 to Well-L322), while that of
the HST is less and varies between 30 and 35% (Fig. 4a). Meanwhile,
the sandstone of the southern slope break zone (Well-K119-7 to
Well-K119-5) varies from 40 to 50% in the LST and TST, whereas that
of the HST is less and varies between 5 and 10% (Fig. 4a). Sequence
SQ2 predominantly consists of multistory mudstone or calcareous
mudstone intercalated with thin siltstone beds in the LST and the
TST. It becomes thicker and fine-grained in the HST of sequence
SQ2. The thickness of the LST and TST in sequence SQ2 is similar to
that of HST (Fig. 4a). Sequence SQ3 with interbedded pebble
sandstone or fine sandstone and mudstone mainly develops in the
HST (Fig. 4a). The sandstone percentage of the HST in Well-L71 to
Well-L322 is about 45%, while that of Well-109 to Well-K119-5 is
30%.

From the sequence stratigraphic cross-section shown in Fig. 4a,
the stacking patterns of sand-bodies in sequences SQ1, and SQ2
appear to be retrogradational, whereas sequence SQ3 shows pro-
gradational stacking patterns. Within sequence SQ1, the sedimen-
tary facies display a distinct retrogradation with a sandstone-
dominated lower part and a mudstone-dominated upper part,
which invserse in sequence SQ3 (Fig. 4a). The retrogradation or



Fig. 3. Enlarged generalized stratigraphic column of the study interval, the third member of the Shahejie Formation, showing lithologies, sequence stratigraphic framework, seismic
reflections, and lithology associations.
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progradation features and sand-body stacking patterns can be
identified along the SWeNE and NWeSE (direction) seismic sec-
tions within the SQ1, SQ2, and SQ3 as shown in Fig. 4b. Based on the
seismic-lithofacies analysis, the seismic horizons can be traced
along the seismic section. From SQ1 to SQ3, the lake level rose and
then fell, showing retrogressive landwards to progressive basin-
wards. This trend is consistent with the sequence stratigraphic
correlation from wells and the interpreted spatial distribution of
sand-bodies shown in Fig. 4a.
4.2. Well-based facies analysis

Conventional approaches used in well-based sedimentological
study generally include core description, lithofacies and logging
facies analysis. In this study, there are 16 wells penetrating the
study interval (Es3) and the cores in six wells (eg. Well-K119-2,
L322, L71 in the southwestern zone, Well-K119-5, K119 in the
southern zone, and Well-Kx125 in the convergence zone) which
mainly in sequence SQ1, provides key evidence for deposition.

Fan-delta deposits mostly adjacent to the slope system margin
are widely distributed in the Es3. As in river deltas, fan deltas are
characterized by grossly coarsening-upward successions consisting
of fan delta plain (subaerial) and fan delta front (subaqueous)
subfacies (Fig. 4a) (McPherson et al., 1987, 1988). The subfacies, li-
thology assemblages and sedimentary structures interpretations
are shown in Fig. 5.

Delta-plain deposits developed in the southwestern gentle
slope and southern slope break margin, which are mainly
composed of (1) thick-bedded conglomerates (Fig. 5bed,f and g),
breccias and pebbly to coarse-grained sandstones with massive or
normal graded bedding; (2) interbedded sandstones and red sandy
mudstones with massive bedding; and (3) carbonaceous mud-
stones with horizontal bedding. The coarse-grained lithofacies are
interpreted as channel fills and deposits of debris flow on the delta
plain, whereas lithofacies (2) and (3) are considered to represent
interchannel deposits (McPherson et al., 1988) (Fig. 4a).

Delta-front deposits developed in the outer edge of gentle slope
or under the slope break belt, which comprise three major lith-
ofacies: (1) imbricated, graded-to-massive, framework-supported
conglomerates with intercalated massive or horizontally laminated
sandstones (Fig. 5iek); (2) thick to thin beds of conglomeratic
sandstones and fine-grained to coarse-grained cross-bedded
sandstones (Fig. 5l and m); (3) dark, chaotic conglomeratic sand-
stones containing abundant dark muddy clasts (Fig. 5e), typically
associated with slumped or deformed beds; (4) gray to black
mudstones and sandy mudstones containing thin-bedded sand-
stones and conglomeratic sandstones (Fig. 5h). The mudstones are
massive or horizontally laminated, while the intercalated fine-
grained sand-stones and siltstones display graded bedding and
small-scale cross-stratification. Lithofacies (1) and (2), intercalated
with dark mudstone, comprise most of the delta-front deposits;
these are comparable to subaqueous channel and the mouth bar
deposits described by Wood and Ethridge (1988). Lithofacies (3) is
interpreted as a subaqueous, debris-flow deposit formed on a
delta-front slope (Postma, 1984; Prior and Bornhold, 1988). Lith-
ofacies (4) represent suspension fall-out in the tractive flows or
turbidity flows (Orton, 1988).

As the favourable exploration layer, petrographic data of
sequence SQ1 in Well-K119-2, Kx125, K119-2, and K119 provides
additional information for facies interpretation (Fig. 6). The debris
composition of southwestern gentle slope zone is predominantly
micritic carbonate rocks with mud-debris structure. The typical
sample (from 2188.5 m measured depth (MD) shown in Fig. 6a),
which is one of 14 samples analyzed in Well-K119-2, is character-
ized by poorly sorted and angular grains. Fig. 6b shows the type of
debris composed of the carbonate debris and quartz grains in the
convergence zone. The sample (from 2188.5 m MD in Well-Kx125)
is characterized by variable grains with moderately sorting and
roundness. Fig. 6c and d indicates the debris composition of
southern slope break zone and the content of quartz or crystal
quartz grains increase and play an important role in Fig. 6d (Well-
K119). The debris in Fig. 6c and d is characterized by variable grains
withmoderately sorting and roundness. FromWell-K119-2 toWell-
K119 (WeE direction), lithology transformed from conglomerate to
pebbly sandstone and fine-grained sandstone, and the detrital
composition changed from carbonate debris to quartz, which
revealed the different provenance and depositional environment
between the southwest and south slope system (Figs. 1 and 4a).
5. Facies architecture and sediment-dispersal patterns
analysis based on seismic geomorphology

A number of investigations have recently been published on
facies architecture analysis based on outcrop, well, seismic, and



Fig. 4. Cross-well dip seismic section AeA0 showing (a) sequence stratigraphic correlation section fromWell-L71 to Well-K104 in the southwestern gentle slope area along SWeNE
and Well-K104 to Well-K109 in the southern slope break area along NWeSE including reservoir sand-body distribution of the SQ1, SQ2, and SQ3 sequences; (b) landwards
retrogradation of the fan deltas of the SQ1 and SQ2 sequences and basinward progradation of the fan deltas of the SQ3 sequence. See cross-section location in Fig. 1b.
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experimental data (Royhan Gani andMustafa Alam, 2004; Lee et al.,
2007; Sech et al., 2009; Sumner et al., 2012; Abdel-Fattah et al.,
2013). In this study, seismic geomorphology has been applied to
extend the well data study to the entire block covered by 3-D
seismic survey and to provide more detailed sedimentary facies
architecture mapping (Zeng et al., 1998a, 1998b; Posamentier, 2001,
2002; Carter, 2003; Zeng and Hentz, 2004; Dalla Valle et al., 2013).
Using horizontal seismic patterns within a small travel-time win-
dow (2~4 ms) that follows the sedimentary facies, a stratal slice can
reveal more detailed geomorphology and sedimentary facies in
much higher resolutionwith less ambiguity than that is possible by
using classic seismic stratigraphy.
5.1. Rock-physics relationships analysis

The lithology-velocity relationships can be established to pre-
dict the lithology in seismic (attribute) profiles effectively through
seismic polarity or amplitude. Specifically, Eocene intervals of the
study area mainly consist of mudstone, calcareous mudstone,
argillaceous siltstone and fine-to coarse-grained sandstone
interbedded with pebble sandstone. Fig. 7a shows the crossplot of
argillaceous content and P-velocity of the study area, and different
colored points in the figure indicate different types of lithology: red
points representing sandstone, black points representing
mudstone, and green points representing the transitional type
between mudstone and sandstone such as argillaceous siltstone.
Different colored points are distributed in different velocity-value
zones. Generally, sandstone has high P-velocity, and mudstone
has low P-velocity. The P-velocities of different lithologies have
certain overlaps, and the dividing line of P-velocity value between
sandstone and mudstone is around (3.3e3.7)*103 m/s.

The degree of lithology-decomposition analysis by seismic
reflection is also necessary to define whether a single seismic event
represents a single lithology or complex lithology (Zeng et al.,
2012). In the study area, three third-order sequences have been
imaged on seismic profiles and stratal slices, and shows distinctive
amplitude patterns. It is very important to establish the relation-
ship between the amplitude pattern and lithology. With a synthetic
seismic tie (Fig. 7b), it is inferred that the area of strong negative
amplitude (red color) is thick sandstone, whereas the area of weak



Fig. 5. Typical sedimentary structures in third member of Shahejie Formation of the study area. a: mid-fine grained sandstone with small cross bedding, 2085.12 m, Well-L71; b:
massive conglomeratic sandstones, 2096.45 m, Well-L71. c and d: thick-bedded massive variegated conglomerates and breccias supported by muddy matrix, 2172.0 and 2206.4 m,
Well-K119-2. e: dark, chaotic conglomeratic sandstones containing abundant clasts of mudstone, 2284.0 m, Well-L322. f and g: thick-bedded massive conglomerates and gravels
supported by coarse sandy matrix, 2718.5 m, Well-Kx125, located in convergence zone. h: gray mudstones and sandy mudstones containing thin-bedded sandstones with
deformation structures, 2277.0 m, Well-K119-5; i: siltstone with low-angle cross-bedding, 2284.6 m, Well-K119-5; j: fine sandstone with parallel bedding, 2296.2 m, Well-K119-5; k:
medium-bedded massive positive rhythm fine sandstone, 2297.2 m, Well-K119-5. l and m: fine sandstone with small cross bedding in the upper and siltstone with hummocky cross
stratification in the lower, 2258.91e2259 m, Well-K119, located in southern slope break zone.
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negative amplitude (lighter-red color) indicates thin sandstone or
argillaceous siltstone (Figs. 7c and 8). Positive amplitudes (black
color) are interpreted as mudstone beds (Figs. 7c and 8).
5.2. Dispersal characteristics of incised valley-slope break systems

The incised valley developed by deposition or tectonization on
the edge of the basin or palaeohigh serves as a channel for sedi-
ments delivering and dispersing into the basin. It is usually filled
with sandy or gravelly deposits manifested by the bidirectional
onlap fill patterns in seismic profiles. So the incised valley fill can be
used to identify the sediment transport direction, to deduce the
sedimentary dispersal system, and to serve as a potential high-
quality reservoir (Wright and Marriot, 1993; Khan and Tewari,
2011; Zhu et al., 2014a,b). In the depositional area, slope break
belt limits accommodation variation for basin filling and plays an
important role in the development of depositional system and the
distribution of sand bodies. Furthermore, sequence style and the
range of dispersing sediment are jointly controlled by incised valley
and slope break belt.
Four stratal slices (Fig. 8) reveal the paleo-valley time-space

migration rules and slope break belt distribution based on the
stratal slicing technology in seismic sedimentology and 3D visual-
ization technology, and they can be further deduced matching
relationship between the incised valley and sands controlled by
slope break belt.

The recognition of common seismic facies is the incised valley
fill seismic reflection. A large number of incised valleys can be
identified in the Chenjiazhuang Uplift on the seismic data as the
cut-and-fill pattern. In Fig. 8, two incised valleys (I and II) were
recognized by interpreting the infill patterns in the strike seismic
section (XLN798) across the west Chenjiazhuang Uplift, while four
incised valleys (III, IV, V and VI) were recognized in the strike
seismic section of ILN921. These incised valleys (I and IV particu-
larly) is distinguished by bidirectional onlap fill and progradation
fills at different scales. These incised valleys comprise the main
drainage system, implying that the sediments from the Chenjiaz-
huang uplift bypassed the channels before entering the



Fig. 6. Representative thin sections from Well-K119-2 to Well-K119 along the WeE direction in sequence SQ1. (a) Thin section at 2188.5 m MD in Well-K119-2 showing carbonates
debris with poorly sorted and subangular grains. (b) Thin section at 2292 m MD in Well-Kx125 displaying carbonates debris and quartz grains with moderately sorted and
subangular grains. (c) Thin section at 2306.7 m MD in Well-K119-5 showing carbonates debris and quartz grains with moderately sorted and subangular grains. (d) Thin section at
2260.4 m MD in Well-K119 showing quartz grains with moderately sorted and subangular grains.
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depositional area.
These stratal slices also indicate the temporal evolution of the

incised valley fills and slope break belt from the bottom to the top
boundary vividly (Fig. 8). The bottom of each illustration is the
stratal slice which shows the reflection amplitude of different
stages in the three sequences from Fig. 8aed. The strong negative
amplitudes are characterized by belt-shaped or lobe-shaped
distribution.

5.2.1. Temporal evolution of southwestern incised valley system
5.2.1.1. Description. There is no obvious topographic ramp on
NEeSW direction (Figs. 4b and 8). In Fig. 8a, the valley I is the main
conduit systemwith the width of 1.3 km on the XLN798 and it has a
bigger width-to-thickness ratio (about 12.5, and 104 m thick) than
valley II (about 7.4, and 50 m thick) (Time-Depth relationship can
be seen in Fig. 7b). The lobe-shaped strong negative amplitude zone
develops from valley I with an area of 3.06 km2 and extends to the
well L322. In comparison, in Fig. 8b and the southwestern gentle
slope, incised valleys (I and II) are characterized by narrow and
separated weak negative amplitude, the zone has decrease and
shrink to well-L71 obviously. Fig. 8c shows that the thickness of
incised valleys (I and II) have decreased and been dominated by
lateral migration in the depositional area. Plate-shaped strong
negative amplitude zone (about 10.62 km2) has extended to the
Well-K119-4 andWell-K104 in the southwest. In Fig. 8d, the incised
valley I and II fade.

5.2.1.2. Interpretation. The incised valleys (I and II) on the bottom
boundary indiacte a strong hydrodynamics for carrying sediments
(mainly conglomerate and pebbly sandstone shown in Figs. 4a and
5) with relatively low maturity with moderately sorting and
roundness (Fig. 6a). And then, on the top boundary, the down-
cutting erosion of incised valleys (I and II) have been weakened
and the sediment consists of thin pebbly sandstones intercalated
with grey mudstones (Fig. 4a). From Fig. 8aed, the width and depth
(or thickness) variations of incised valleys and the temporal evo-
lution of the incised valley fills from the bottom to top boundary
indicate the incised valley system from initiation to extinction.

5.2.2. Temporal evolution of southern incised valley-slope break
systems
5.2.2.1. Description. In Fig. 8a, the valley III to VI on the ILN921 has a
lower width to depth ratio (about 5.4e10.7, and 47e63 thick) than
valley I. Two slope belts exist in the depositional area along the SeN
direction (extended distance about 1.76 km). The first-order slope
break belt (about 9�, shown in Figs. 4b and 8a) is located in the
sedimentary boundary, and the second-order slope break belt
(about 6.5�, shown in Figs. 4b and 8a) develops along the direction
from Well K119-7, K119-9, K119-6 to Well Kx125. Pieces of lobe-
shaped strong negative amplitude zone with an area of 6.54 km2
developed under the direction of the valley III, IV and V between
two distinct orders of slope break belt. Several separated lobes with
moderate negative amplitude under the second-order slope break
belt can reachWell K104. In comparison, in Fig. 8b and the southern
slope break belt, incised valleys (III, IV, V and VI) decreased
downstream gradually. The paleo-gradient of the first-order and
the second-order slope break has reduced to 7� and 5� (Figs. 4b and
8b) respectively. The negative amplitude zone between the slope-
break belts (about 8.75 km2) has retrogressive accumulation.
Fig. 8c and d shows that the valleys (III, IV, V and VI) in the south
continue to shrink and the slope break belts’ gradient has descen-
ded to 3� (Figs. 4b and 8d). The valley III to VI corresponds to
negative amplitude with a boundary stretching from Well-K104 to
the northeast.

5.2.2.2. Interpretation. The width and depth variations of incised



Fig. 7. Rock-physics relationships analysis for Eocene sediments, slope system of Zhanhua Sag. (a) A cross-plot of argillaceous content and P-velocity extracted from wireline-logs
(well-L71, L322, K119, K119-5, and K109), (b) (c) lithology correlated with the amplitude pattern in the third member of Eocene Shahejie Formation in well-K119. With a synthetic
seismic tie, it is inferred that the area of strong negative amplitude (red color) is thick sandstone, whereas the area of weak negative amplitude (lighter-red color) indicates thin
sandstone or argillaceous siltstone. Positive amplitudes (black) are interpreted as mudstone beds. In addition, the time-depth relationship shown in the Fig. 7b, core position in
Fig. 7b and c can illustrate it. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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valleys (III, IV, V and VI) in the south similar with valleys (I and II)
are under control by slope break system and the distribution of
sediments (lithology, sorting and roundness) respectively (Figs. 4a,
5 and 6). On the bottom boundary, they are mainly filled with
conglomerate and pebbled sandstone between two distinct orders
of slope break belt (Fig. 4a), and mid-fine grained sandstone
(moderately sorted and subangular grains) under the second-order
slope break belt (Figs. 4a, 5 and 6 and 7). Subsequently, on the top
boundary, the sedimentary control of the slope-break belt has
weakened, and develops in the entire basin (Fig. 8). The sediments
change from pebbly sandstone to fine-grained sandstone or sandy
mudstone downstream (Fig. 4a). From Fig. 8aed, the variations in
width and sinuosity of incised valleys and gradients of the slope
break belts indicate the evolution of incised valley-slope break
systems from initiation to extinction.
5.3. Planar distribution of fans in third-order sequence framework

Seismic multi-attribute analysis can be used to analyze the
planar distribution of sedimentary facies for depositional systems
analysis with well control. As an assisting tool in seismic inter-
pretation, multi-attribute analysis aims at increasing the interpre-
tation efficiency and the prediction accuracy of seismic attributes,
reducing the intuitive uncertainty and multiplicity, and lowering
exploration risk (Chopra et al., 2004; Kashihara and Tsuji, 2010;
Raeesi et al., 2012; Zhu et al., 2014a, 2014b).

The workflow of multi-attributes starts from sensitivity analysis
of each extracted seismic single attribute to evaluate its contribu-
tion to improve correlation between seismic signal, lithofacies and
logging facies. Then, a supervised clustering was performed to
improve the correlation between seismic information and core/log
facies. The procedure includes a selection of training data from



Fig. 8. Stratal slices for seismic amplitude attribute from sequence boundary T6 to T5 in the study area showing temporal evolution of the incised valleys, slope break belt, and lobe
shape. (a) or T6: the bottom boundary of sequence SQ1, the main conduit system are valley I in southwest and valley IV in the south; (b) or T26: the bottom boundary of sequence SQ2,
the main conduit system are valley III and IV; (c) or T16: the bottom boundary of sequence SQ3, the main conduit system are valley I in southwest and valley IV in the south; (d) or T5:
the top boundary of sequence SQ3, the main conduit system are valley I in southwest and valley IV, VI in the south. The orientation of figure can be seen in the lower right corner.
The seismic profile AeA0 can be seen in Fig. 4b.
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core- and wireline log-calibrated seismic data near bore hole, fol-
lowed by neural network classification using a back propagation
algorithm. As a result, multiple single attributes are combined to
produce a seismic facies classification map (James et al., 2002;
Coleou et al., 2003).

In this study, three single attributes, an amplitude attribute of
root mean square (RMS), an instantaneous attribute of instanta-
neous frequency (IF) and a spectral attribute of bandwidth (BW),
were found with some power to individually distinguish deposi-
tional facies. These attributes, which termed as a seismic facies
classification index, were combined to form one new attribute by
using a supervised neural network classification method (Raeesi
et al., 2012) with calibration with well data (Figs. 4a, 5 and 7). In
the resultant seismic facies classification maps (Figs. 9a, 10a and
11a), three types of facies are identified based on supervised
learning for nonlinear relationship between sandstone content and
the seismic attributes near the bore hole. The red facies indicates
sand-rich sediments; the blue facies represents mud-rich sedi-
ments; and the yellow facies is a transitional facies containing
mixed sandstone and mudstone. A final interpretation of deposi-
tional facies could be made on the basis of these seismic facies,
supplemented by vertical seismic facies analysis (Figs. 4b and 7)
and the distribution on amplitude stratal slices (Fig. 8), and
calibrated bywell-based sedimentological analysis (Figs. 4a, 5 and 6
and 7).

5.3.1. Sediment patterns in sequence SQ1
Due to the transition from arid to humid paleoclimate during

the deposition of sequence SQ1 (Zhu et al., 2004; Zhang et al.,
2004), the study area experienced maximum tectonic subsidence
and the constantly rising lake level, and the accommodation space
at the root of slope system also increased resulting in the trans-
portation of sediments from the Chenjiazhuang Uplift by the
incised valleys. After that, the sediments entered into the deposi-
tional area, and then rapidly accumulated at the root of the gentle
slope belt in the southwest or the slope break belt in the south.

On the seismic multi-attribute map of sequence SQ1 (Fig. 9a),
the red and yellow facies dominantly manifest fan-shaped distri-
butions with different scales at the root of the slope systems.
Depositional facies maps are made, according to the lithofacies
definition of each colored facies (Fig. 9b). Well-based sedimento-
logical characteristics at Well-L71 to Well K109 show that the
sandbodies of sequence SQ1 are mainly composed of several
finning-upward cycles interpreted from the wireline-log patterns,
the lithological associations, and core description (see Figs. 4a and
5). The well-seismic tie shows retrogradational stacking patterns at



Fig. 9. Seismic facies classification map (a) and interpreted sedimentary facies map of SQ1 (b).

Fig. 10. Seismic facies classification map (a) and interpreted sedimentary facies map of SQ2 (b).
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the Well-K119-2 and Well-K119-5 (Fig. 4). The well-based sedi-
mentary facies, seismic facies, and seismic sedimentology-derived
facies architecture collectively indicate that the fan-shaped or
lobate seismic multi-attribute anomalies (e.g., red and yellow
facies) are rapidly accumulated proximal fan-deltas.

The southwestern fan, which is controlled by the mainly source
from valley I and the gentle slope belt, is a typical gravel-rich fan-
delta system with the red and yellow facies located between the
Well-L71 and Well-K119-4. The fan in the southwest is charac-
terised by low gradient (2.6e3.0�, shown in Figs. 4b and 8), ad-
mixtures of muddy debris and pebbly conglomerates and poor
reservoir quality (Figs. 4a, 5 and 6a). Furthermore, the southern
fans, which is controlled by two orders of slope break belts, are
sand-rich fan-delta systems located along the Well-K127 to Well-
K119-5, corresponding to lobate red and yellow facies dominated
by relatively high gradient (5.8e7.0�, shown in Figs. 4b and 8a).
These fans are generally composed of mid-fine grained sandstones
with good reservoir quality (Figs. 4a, 5e7c). In the northern part of
the study area, most blue areas are interpreted as shallow lacus-
trine facies associated with several turbidite sandbodies (Figs. 4a
and 9b).

5.3.2. Sediment patterns in sequence SQ2
Because of the humid climate during the deposition of sequence
SQ2 (Zhu et al., 2004; Zhang et al., 2004), base level continued to
rise and reached the maximum, leading to the drowning part of the
Chenjiazhuang Uplift which has been a depositional area. Base-
level rise caused its surface to move landward, enlarging the area
of positive accommodation space and thus increased the sediment
storage capacity toward the land.

On the seismic multi-attribute map of sequence SQ2 (Fig. 10a),
the red and yellow facies cover the part of Chenjiazhuang Uplift,
revealing that sediments shifted landward and migrated across the
second-order slope break belt. The fan-shaped seismic multi-
attribute anomalies still can be observed at the root of the slope
system the similar with sequence SQ1, although an increase in the
volume of sediments accumulated on the Chenjiazhuang Uplift
reduces them available for down-slope transport and accumulation
in the basin. Similarly, the multi-attribute anomalies (red and yel-
low facies) that occur between two distinct orders of slope belts are
believed to have been formed in amud-rich fan deltaic depositional
environment (Fig. 4a).

The punctate seismic multi-attribute anomalies developed un-
der the southwestern gentle slope are interpreted as fan delta front
corresponding to the valley I and II (Figs. 4a, 8b and 10b). The fan-
shaped or lobate seismic multi-attribute anomalies developing
between the southern slope break belts are interpreted as fan delta
(Fig. 4a). The subfacies transform from fan delta plain in Well-109
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to fan delta front in Well-k119-7 corresponding to the valley III, IV
and V (Figs. 4a, 8b and 10b). The blue or muddy facies in the
northern part of the study area are interpreted as shallow lacustrine
facies extending with five isolated turbidite sandbodies (Figs. 4a
and 10b).
5.3.3. Sediment patterns in sequence SQ3
Opposite to the tendency of paleoclimate during the deposition

of sequence SQ1 (Zhu et al., 2004; Zhang et al., 2004), the base level
began to fall continuously and tectonic activities weakened grad-
ually, causing the Chenjiazhuang Uplift to be a source area during
the deposition of sequence SQ3. Available accommodation zone
shifted basinward so that more sediments can be transported
basinward when lake-level fell (Coe et al., 2003). More sediment
bypassed through the Chenjiazhuang Uplift, accumulating at the
root of the slope system. As a result, the fan-shaped red and yellow
seismic facies multi-attribute was distributed in the southwestern
gentle slope zone and the southern slope break zone (Fig. 11a). This
sequence is mainly dominated by mixed sand-mud fan delta
(Figs. 4a and 7c).

On the seismic multi-attribute map of sequence SQ3 (Fig. 11a),
the red and yellow facies located at the root of the slope system
display fan-shaped distributions predominantly. More sediments in
the sequence SQ3 were accumulated toward the basin center after
long-distance transportation compared to the seismic multi-
attribute distribution of sequence SQ1 and SQ2. Thus, the large-
scale progradational seismic reflections (Figs. 3 and 4b), seismic
sedimentology analysis (Figs. 4a and 7c), and the fan- or plate-
shaped seismic multi-attribute anomalies are interpreted as fan
deltaic deposition.

Along the planar distribution of multiple incised valleys, the
delta-plain deposits with the red and yellow facies develop at the
edge of the slope, while the delta-front deposits of fan deltas with
the yellow facies develop in the outer edge of gentle slope or under
the slope break belt (Figs. 4, 7c, 8c, d and 11b). The mud-prone area,
shown by blue anomalies in the northern part of the study area, is
believed to be shallow lacustrine facies with shallow depth (Figs. 4a
and 11b). Seismic multi-attribute anomalies change from red
(sandy) facies from the edge to the basin center, through yellow
(transitional) facies, to blue (muddy) facies, reflecting a general
decrease of sand content.

According to the sedimentary systems analysis, medium-scale
fan deltas developed in the northwestern and northern slope
margin of the study area in the sequence SQ1. In the sequence SQ2,
tectonic activity weakened and kept stable. As the extent of the lake
Fig. 11. Seismic facies classification map (a) and in
expanded, the scale of the fan delta system gradually atrophied,
and small-scale turbidite sandbodies developed. During the
sequence SQ3, as the lake range reduced, the scale of the fan delta
expanded again, and large-scale fan delta systems were formed.
5.4. Seismic mapping of high-resolution sediment-dispersal
patterns

Seismic amplitude patterns on the stratal slices provide critical
lithologic and geo-morphologic information for sedimentary
microfacies analysis. Viewing stratal slices through relative
geologic time offers a unique approach to study the systems tracts
at relatively high resolution. The total numbers of stratal slices are
321. Among them, the number in SQ1 is 121, 93 in SQ2, and 107 in
SQ3 (Fig. 3).

In the study area, several stratal slices from LSTs, TSTs and HSTs
of the three sequences SQ1, SQ2 and SQ3 reveal the spatial and
temporal evolution of fans in the slope system (Figs. 12e14). With
well-to-seismic integrate calibration, the relationship between the
amplitude pattern and lithology has been established. It's inferred
that the area of strong negative amplitude (red color) is thick
sandstone and conglomerate, while the area of weak negative
amplitude (lighter-red color) indicates thin sandstone or muddy
sandstone (Figs. 4, 7, 8, 12, 13, and 14). Positive amplitudes (black)
are interpreted as mudstone beds (Figs. 4, 7, 8, 12, 13, and 14).
5.4.1. Seismic mapping of sequence SQ1
Based on the lithology and well logging analysis, SQ1 is inter-

preted as fan delta, including distributary channels and flood-plain
marshes in delta plain subfacies, subaqueous distributary channels,
interchannels, and distributary mouth bars in delta front subfacies
(Figs. 4a and 5). Fan deltas are roughly lobe-shaped in plane view
and wedge-shaped in cross section. Fig. 12 shows the typical stratal
slices of LST, TST and HST in sequence SQ1. The sediment prove-
nances for the study area are the Chenjiazhuang Uplift to the
southwest and south (Fig. 8a).

During the LST, a large volume of sands and gravels deposited as
lowstand deltas. The gravel-rich fan delta in the gentle slope belt
with an area of 6.23 km2 had a close corresponding relationship
with valley I and II, while the sand-rich fan deltas corresponding to
valley III, IV, V and VI (mainly of IV and V) in the south had a total
area of 12.75 km2. The positive amplitude anomolies in the central
area corresponded to shore-shallow lake subfacies with 3e4 iso-
lated turbidite sandbodies (Fig. 12a, a0). Then, as sediment supply
decreased in TST, fan deltas in southwestern and southern area
terpreted sedimentary facies map of SQ3 (b).



Fig. 12. Three representative stratal slices from SQ1 showing the geomorphologic pattern of the gravel- or sand-rich fan deltaic system. SSL ¼ shore-shallow lake; TS ¼ turbidite
sandbody; SDC ¼ subaqueous distributary channel; IC ¼ interchannel; DC ¼ distributary channel; FPM ¼ flood-plain marsh. The time-interval of each slice is 4 m. (a) Slice 101; (b)
Slice 32; (c) Slice 17. See Fig. 4 and 7c to locate the stratal slicings.
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reduced to 5.65 km2 and 8.12 km2 respectively with significantly
decreased sandstone content. In this period, the shore-shallow lake
enlarged obviously, which complied with four turbidite sandbodies
(Fig. 12b, b0). At the HST, sediment supply continued to decrease,
and the thickness and distribution of sandstones decreased. The
mixed sand-mud fan in the southwest decreased to 4.92 km2, and
the mud rich fan deltas in the south continued to shrink with an
area of 7. 56 km2 mainly controlled by valley IV. There were 5e6
different sized turbidite sandbodies with a maximum area of
0.62 km2 deposits in front of the fan delta. Meanwhile, the shore-
shallow lake enlarged continuously (Fig. 12c, c0).

Within sequence SQ1, fan-shaped negative amplitude mainly
developed in the lowstand period with the fan size decreasing from
the lowstand to the highstand periods. Especially, fan delta front
subfacies controlled by the second-order slope break belt in the
south reduced significantly. The fan delta changed from sand/
gravel-rich to mixed sand-mud, mud-rich from LST to HST. Fan
delta front subfacies were richer in sandstone content and better
connectivity than fan delta plain subfacies, while turbidite sand-
bodies mainly developed in the HST. The favourable reservoirs in
the study are mainly located in the two zones, which the delta front
subfacies of HST in the northwest and LST under the second-order
slope break belt in the south. The characteristics of oil in drilled
wells (e.g., Well-L322 and K119-5) could define the rationality.
5.4.2. Seismic mapping of sequence SQ2
Sediments of SQ2were depositedmainly in a fan delta subfacies,

including subaqueous distributary channels, interchannels,
distributary bars and sheet sandbodies (Fig. 13). The main sand-
bodies are thinner, lower-porosity sheet sandbodies. Fig. 13a, b and
c shows typical stratal slices of LST, TST and HST in SQ2.

During the LST, sediment supply in the southwest was
restrained (mainly by valley II), and the mud-rich fan delta front
subfacies shrunk to the area of 2.72 km2. Under the control of the
incised valley III, IV and V in the south, the fan deltas were
distributed on the slope platform, with the area of 8.48 km2. There
were four small to medium slump turbidite developed in front of
the fan with the area about 0.05e0.25 km2 (Fig. 13a, a0). Then, the
mud-rich fan deltas, which were mainly located between the slope
break belts with the area of 7.56 km2 continued to dwindle asso-
ciated with small slump turbidite in the front of the fan (Fig. 13b,
b0). At the Highstand, the thickness and distribution of sandstones
increased due to the increasing sediment supply. The area of fan
delta slightly expanded, mixed sand-mud lobes of the fan delta
front facies in the south extended to the Well-K119-5 and Well-
K119, with the area of 9.02 km2. Five slump turbidite with the
area of 0.08e0.25 km2 developed near the Well-L322 and K104 at
this period (Fig. 13c, c0).

Within sequence SQ2, the lake rarely changed and the number
and size of fans almost kept the same in the LST and HST. The sizes
of fans reduced and were mainly located between two distinct or-
ders of slope belts. Fan delta front subfacies were richer in sand and
showed better connectivity than fan delta plain subfacies, while
turbidite sandbodies are primarily distributed in front of the fan
body. What's more, the SQ2 is favourable hydrocarbon source rocks
interval in the third member of Shahejie Formation.



Fig. 13. Three representative stratal slices from SQ2 showing the geomorphologic pattern of the mud-rich fan deltaic system. SSL ¼ shore-shallow lake; TS ¼ turbidite sandbody;
SDC ¼ subaqueous distributary channel; IC ¼ interchannel; DC ¼ distributary channel; FPM ¼ flood-plain marsh. The time-interval of each slice is 4 m. (a) Slice 78; (b) Slice 27; (c)
Slice 11. See Fig. 4 and 7c to locate the stratal slicings.
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5.4.3. Seismic mapping of sequence SQ3
The main depositional system of SQ3 keeps steady. Depositional

microfacies include distributary channels, subaqueous distributary
channels, interchannels, and sheet sand-bodies (Fig. 14). The main
sandbodies are med-thicker, moderate-porosity sheet sandbodies.
Fig. 14a, b and c shows typical stratal slices of LST, TST and HST in
SQ3.

During the LST, the mixed sand-mud deltas enlarged in the
southwest (area is about 7.24 km2), and were divided into two parts
corresponds to valley I and II. The mixed sand-mud fan deltas
mainly transported by valley IV and V were located in the south
with the area of 15.14 km2. Fan delta plain subfacies deposited
between the first-order and second-order slope break belt, while
mud-rich fan delta front subfacies were located under the second-
order slope break belt where themicrofacies transformed gradually
from subaqueous distributary channel to interchannel towards the
central area (Fig. 14a, a0). Then, the mud-rich fan delta was
shrinking and migrating to the source area in the TST. The fan in
southwest reduced to 1.18 km2, while the southern fan with the
area of 5.41 km2 developed in the Chenjiazhuang Uplift (Fig. 14b,
b0). At the HST, the thickness and distribution of sandstones or
pebble sandstones increased because of abundant sediments. Thus
the fan delta prograded and occupied almost 3/4 of the entire area,
and the slump turbidite fan hardly developed (Fig. 14c, c0).

Within sequence SQ3, the fan size increased and the lake shrunk
from the lowstand to highstand periods. As the control of slope
break belt weakened, sand content of plain facies was higher than
the front facies belt, and lithological composition gave priority to
frequent sand mud interbeds, which experienced long-distance
transport and reworkinng by currents and waves usually with
high textural and compositional maturity (Coleman and Prior,
1986). The related fan-deltaic sand-bodes of HST are potential
good hydrocarbon reservoirs in sequence SQ3.

6. Dispersal pattern of “source-to-sink” systems

Sediment distribution in the source-to-sink system corresponds
to, ‘the sediment routing system’, which often is described in terms
of dynamic processes and feedback mechanisms between the
various autogenic and allogenic forcing conditions that govern
sediment dispersal in erosional-depositional systems (Allen and
Hovius, 1998; Allen, 2005, 2008a,b; Densmore et al., 2007;
Sømme et al., 2009, 2013; Sømme and Jackson, 2013; Prizomwala
et al., 2014). The evolution of system is reflected by morpholog-
ical modification within one or several adjacent segments (Sømme
et al., 2009). Paleogeomorphology is a composite response of what
a study area has experienced, including structural deformation,
depositional fill, differential compaction, weathering, and erosion.
It is an effectivemethod to understand and predict the sedimentary
facies and dispersal pattern of depositional systems. During depo-
sition, the paleogeomorphology, together with sediment supply
sources, control the spatial dispersal of the depositional systems
within the basin (Martin, 1966; Richards et al., 1998; Zeng and
Hentz, 2004; Posamentier, 2004; Posamentier et al., 2007; Masini
et al., 2011; Dumont et al., 2012; Zhu et al., 2014a). Thus, paleo-
geomorphologic restoration is a crucial approach for reconstructing



Fig. 14. Three representative stratal slices from SQ3 showing the geomorphologic pattern of the mixed sand-mud fan deltaic system. SSL ¼ shore-shallow lake; SDC ¼ subaqueous
distributary channel; IC ¼ interchannel; DC ¼ distributary channel; FPM ¼ flood-plain marsh. The time-interval of each slice is 4 m. (a) Slice 93; (b) Slice 72; (c) Slice 19. See Fig. 4
and 7c to locate the stratal slicings.
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depositional systems and predicting reservoir sandstone
distribution.

In the study area, the paleogeomorphological architecture is
dominated by the Chenjiazhuang Uplift. The topographic features
on the map include incised valleys, hill, highland, lowland, slope
break belt and sink (Fig. 15a). The positive topographic units control
the distribution direction of incised valleys, which determine the
direction of sediment transport. The incised valleys and slope break
belt distribution showing in Figs. 12e14 have an intimate rela-
tionship with belt-shaped or lobe-shaped negative amplitude
observed in Fig. 8. These incised valleys converged gradually from
source and adjust by slope break belt in sink. The appropriate
depositional models of the reservoir sandbodies distribution may
determine the appropriate exploration strategies. Based on the
above analysis, a conceptual sedimentary model of the “source-to-
sink” in research area has been established to show the sediment-
dispersal characters under the different types of slope belt, sedi-
ment provenance, subsidence rate and their evolution in deposition
area (Fig. 15).

1) Southwestern gentle slope system

Thewestern section of Chenjiazhuang uplift, which is composed
of Paleozoic marine and marine-terrigenous sediments, and
Mesozoic continental volcanic fragment sediments, belongs to
peneplain conditions (Fig. 15a). According to the basin-mountain
coupling (Contreras and Scholz, 2001; Persano et al., 2006),
strong erosion in the western section contributed to high sediment
supply corresponding to widely distributed carbonated debris in
the southwestern depositional area (Fig. 6a and b). Two inherited
valleys I and II with large width-depth ratios and higher delivering
capabilities developed in the southwestern gentle slope zone (low
gradient about 1.6e3.0�), and the valleys I was the predominant
one (Figs. 8 and 15a).

Depositional models of the fan deltas evolved from medium-
scale gravel-rich (SQ1) to small-scale mud-rich (SQ2), and lastly
to large-scale mixed sand-mud (SQ3) in the southwestern gentle
slope system (Figs. 9, 10, 11 and 15b). Within each sequence, the
fans of sequence SQ1 mainly developed in the LST with slowly
decreasing sizes and numbers from the LST to HST (Figs. 12 and
15b). The fan sizes of the LST and HST of sequence SQ2 were
almost the same; while fans in sequence SQ3 mainly occurred in
the HST with increasing sizes and numbers from the LST to HST
(Figs. 13, 14 and 15b). The favourable reservoir sandstones in the
gentle slope system are mainly located in the fan delta front subf-
acies of HST, sequence SQ1.

2) Southern slope break system

The eastern section of Chenjiazhuang uplift belongs to ravine
landform with Archean metamorphic basements and Paleozoic
marine-terrigenous sediments (Fig. 15a). Weak erosion in the
eastern section led to much more limited sediment supply corre-
sponding to rock fragments predominantly composed of quartz or
crystal quartz grains (Fig. 6c, d). Four migrated valleys III ~ VI with
smaller width-depth ratios and lower delivering capabilities



Fig. 15. Sediment-dispersal patterns of “source-to-sink” systems (a) controlled by the 3-D paleo-geomorphological configuration for the third member of Shahejie Formation in the
southern slope of Zhanhua Sag. (b) Model of the filling sequence in the gentle slope belt showing the development mechanism of the southwestern fan delta system. The location of
the section (AeA0) is shown in Fig. 15a. (c) Model of the filling sequence in the slope break belt showing the development mechanism of the southern fan delta system. The location
of the section (BeB0) is shown in Fig. 15a. MFS ¼ Maximum flooding surface; TS ¼ Transgressive Surface. The orientation of Fig. 15a can be seen in the lower right corner.
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developed in the southern slope break zone, while the valley IVwas
the predominant one (Figs. 8 and 15a). And the width-depth ratios
of these valleys gradually decreased downstream. In addition, val-
ley systems in the depositional area and two distinct orders of slope
break jointly controlled the distribution of sandbodies. The valley
shrunk progressively with sedimentary fills resulting in decreasing
gradients of the slope break belts with reducing influence on
deposition from the sequence SQ1 to SQ3 (Figs. 8 and 15c).

By contrast, the fan delta of southern slope break system
changed from sand-rich in SQ1 to mud-rich in SQ2, and then to
mixed sand-mud in SQ3 (Figs. 9, 10, 11 and 15c). The sand-rich fan
delta system in the sequence SQ1, which led to high gradient
(5.8e7.0�) at the second-order slope break point, was related to the
slope break belt in the southern zone that. And this fan delta system
was dominated by several filling sequences of active fluvial chan-
nels with a general coarsening-upwards trend (Fig. 15c). The fans of
sequence SQ1 mainly developed in the LST, which decreased
obviously in sizes and numbers from the LST to HST (Fig. 12). As a
result, the reservoir sandstones under the second-order slope break
belt in the LST of SQ1 had good reservoir quality and contained less
conglomerate and deformation structures (Figs. 4a, 5 and 6).
Meanwhile, the fan-deltaic sand-bodies of HST of sequence SQ3
remained potential good exploration targets (Figs. 4a and 14).

3) Spatial-temporal evolution of source-to-sink systems

Sediment distribution in source-to-sink systems are dependent
on a number of variation such as climate, tectonism and drainage
basin morphology and some elements varying with time and
period of investigation (Sømme et al., 2009). By studying the
Chenjiazhuang uplift basements, slope types, morphological re-
lationships and sediment distribution patterns of the thirdmember
of Eocene Shahejie Formation in the source-to-sink systems of
Zhanhua Sag, several points can be observed from this study. (1)
Incised valley-slope break storage related to slope current patterns
and valley morphology (width, depth) is directly connected with
the size and gradient of the catchment (Fig. 8). (2) The depositional
environments of these sequences evolved from medium-scale
gravel- or sand-rich fan delta and turbidite (SQ1) to small-scale
mud-rich fan delta and turdidite (SQ2), and lastly to large-scale
mixed sand-mud fan delta systems (SQ3) (Figs. 9e11). (3) The
spatial and temporal evolution of fan sizes and reservoir quality
were caused by the lowstand, transgressive, and highstand periods
that occurred within the third member of Shahejie Formation,
para-second-order sequence during the deposition of the three
third-order sequences (SQ1, SQ2, and SQ3) (Figs. 12e14).

Favourable exploration prediction in ancient source-to-sink
systems is based on the generic relationship between segments
and different types of systems. In the subsurface, where assessment
of lithology and reservoir quality is essential for exploration suc-
cess, a thorough source-to-sink analysis provides a qualified tool by
which uncertainty and risk can be reduced for area selection.
However, new technology (stratal slice) and testing data (well and
seismic) should be takenwhen predicting systems deposited under
different controlling conditions. More research is required prior to
selecting an exploration target of the southern fan under the
second-order slope break belt in the LST of SQ1 suggested by the
analysis above.

7. Conclusions and suggestions

Integration of sequence stratigraphy and seismic geo-
morphology made it possible for a 3-D facies architecture analysis
and the mapping sediment-dispersal patterns of the third member
of Eocene Shahejie Formation in the slope system of Zhanhua Sag,
Bohai Bay Basin. The following conclusions can be drawn from this
study.

1) The third member of the Shahejie Formation (Es3), a para-
second-order sequence, can be subdivided into three third-
order sequences, namely SQ1, SQ2 and SQ3 from base to top,
which correspond to the lowstand, transgressive, and highstand
periods of the Es3 respectively.

2) Sediments in the Es3 sequences were delivered from the
Chenjiazhuang Uplift via six major incised valleys, four of them
(migrated valley III, IV, V and VI) associated with slope-break
belt in the southern zone, and others (inherited valley I and II)
with large width-depth ratios in the southwestern gentle slope
zone. Seismic stratal slices reveal the incised valley shrunk
progressively with sedimentary fills resulting in decreasing
gradients of the slope break belts with reducing influence on
deposition from the sequence SQ1 to SQ3.

3) According to the depositional systems analysis, the depositional
environments of these sequences evolved from medium-scale
gravel- or sand-rich fan delta and turbidite (SQ1) to small-
scale mud-rich fan delta and turdidite (SQ2), and lastly to
large-scale mixed sand-mud fan delta systems (SQ3). Especially,
during sequence SQ1 with favourable exploration, the gravel-
rich fan delta system was distributed in the southwestern
gentle slope zone, and the sand-rich fan delta system was
distributed in the southern slope break zone.

4) High-resolution sediment-dispersal patterns showed that the
fans of sequence SQ1 mainly developed in the LST, which
decreased in sizes and numbers from the LST to HST. The fan
sizes of the LST and HST of sequence SQ2 were almost the same;
while fans in sequence SQ3 mainly occurred in the HST with
increasing sizes and numbers from the LST to HST. The spatial
and temporal evolution of fan size and reservoir characteristics
during the deposition of the three third-order sequences (SQ1,
SQ2, and SQ3) were caused by the lowstand, transgressive, and
highstand periods that occurred within the para-second-order
sequence.

5) Dispersal pattern of the “source-to-sink” system shows
sediment-dispersal characteristics with different types of slope
belts, sediment provenance, subsidence rate and their evolution
in the deposition area, which should serve as a useful reference
for the evaluation of hydrocarbon reservoirs in the study area.

In addition, important factors of obtaining the excellent stratal
slices include the high quality seismic data and relatively simple
structures. In the stratal slices analysis, integration of seismic pro-
files and other types of data (core, thin section, well logging, and
geophysical response, etc), ultimately interpretation of fan delta in
slope systems are most reasonable in the study area.
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