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a b s t r a c t

The deep-water systems in different types of sedimentary basins exhibit significant variability. Current
knowledge of deep-water deposition is mainly derived from deep-marine turbidite systems. However,
the characteristics and differences of sub-lacustrine gravity flow deposition systems have been a research
focus in the fields of sedimentology and petroleum geology. This study investigates the facies archi-
tecture, depositional processes, and sediment distribution patterns of a sub-lacustrine debrite system in
the Eocene Dongying Rift of the Bohai Bay Basin, China, through the analysis of integrated core data, 3-D
seismic data, and well-log data. Nine facies have been identified within the debrite system, representing
various depositional processes such as sandy debris flow, muddy debris flow, turbidity currents, sandy
slide, sandy slide/slump, and mud flow. Our research indicates that the sub-lacustrine system is primarily
influenced by debris flow rather than turbidity currents, as supported by facies quantification, inter-
pretation, and flow rheology analysis. Additionally, we have identified five basic facies building blocks in
debrite systems, including slide masses, slump masses, debrite channels, debrite lobes, and turbidite
sheets. We have also elucidated and proposed detailed sedimentary processes, flow transport, and
transformation within the sub-lacustrine system through analysis of flow origins, facies sequences, and
distribution characteristics. Our findings highlight the evolutionary progression from delta-front collapse
to sandy slide/slump, sandy debris flow, and finally muddy debris flow. The efficient generation of
turbidity currents from parental landslides on sand-prone slopes is deemed unlikely due to rift-basin
morphology and transport distances. The formation of the five basic facies building blocks is closely
linked to depositional processes and dominant flow types. Consequently, we present a deep-water
depositional model for sub-lacustrine debrite systems, focusing on flow dynamics, sediment distribu-
tion patterns, and basin morphology within deep lacustrine rifts. This model offers valuable insights into
the variability of deep-water deposition in diverse basin settings and aids in predicting lithologic res-
ervoirs during deep-water hydrocarbon exploration.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
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sediment accumulations (Talling et al., 2007; Mutti et al., 2009;
Zavala and Arcuri, 2016; Shanmugam, 2016; Bailey et al., 2021; Liu
et al., 2021, 2022; Liu et al., 2022; Chen et al., 2023) and significant
hydrocarbon reserves (Stow and Johansson, 2000; Weimer and
Pettingill, 2007; Xian et al., 2018; Yang et al., 2023). In recent de-
cades, the study of deep-water gravity flows and their associated
deposits has gained increasing attention due to their importance in
sequence stratigraphy, climate reconstruction, source-to-sink
sedimentology, hazard assessment, and hydrocarbon exploration
(Piper and Aksu, 1987; Stow and Mayall, 2000; Steel al., 2002;
Sømme et al., 2009; Kremer et al., 2015; Gong et al., 2016; Yang
et al., 2017; Wang et al., 2020; Chen et al., 2021).

Debris flows represent the key member as well as turbidity
currents in the gravity flow family (Hampton, 1972; Middleton and
Hampton, 1973, 1976; Stow and Mayall, 2000; Talling et al., 2012;
Talling, 2014; Dodd et al., 2022), which has been typically distin-
guished and documented in modern and ancient deep-water en-
vironments as well as on land (Cronin et al., 1998; Talling et al.,
2007; Migeon et al., 2010; Ducassou et al., 2016; Peng, 2021; Cao
et al., 2021; Tan et al., 2022; Peng et al., 2022). The deposits of
debris flow usually contribute significant petroleum reservoirs and
thus has received much attention in recent years (Shanmugam
et al., 1994; Stow and Johansson, 2000; Zou et al., 2012;
Shanmugam, 2013; Xian et al., 2014, 2017, 2018; Li et al., 2016; Liu
et al., 2017; Liu et al., 2022). Previous studies indicate that debris
flow deposits may significantly developed in some deep-water
settings (Laberg and Vorren, 1995; Elverhøi et al., 1997; Gardner
et al., 2000; Talling et al., 2007; Zou et al., 2012; Liu et al., 2017),
and they may occur as a major component in an idealized slump-
initiated process (Shanmugam, 2000).

In deep-water environments, debris flows typically exhibit 'en
masse' deposition (Johnson, 1970; Coussot and Meunier, 1996; Zou
et al., 2012; Wu et al., 2022). The external morphology of single-
phase debris flow deposits commonly appears as tongue-shaped
bodies (Laberg and Vorren, 1995; Elverhøi et al., 1997;
Shanmugam,2016). The externalmorphologyof single-phasedebris
flowdeposits commonlyappears as tongue-shapedbodies (Liu et al.,
2017), and in debris flow dominated systems, the development of
MTDs is typically associated (Shanmugam, 2000). However, in
traditional turbidite systems, sedimentation is primarily controlled
by turbidity currents (Mutti et al., 2009). The Bouma Sequence and
submarine fan are key concepts in traditional turbidite systems
(Bouma, 1962; Normark, 1970; Walker, 1978). A submarine fan
typically comprises three parts: inner fan,middle-fan, and outer fan.
The inner fan mainly consists of a feeder channel; the middle-fan
contains multiple distributary channels and lobe complexes, with
the lobe complex further divided into lobe, lobe element, and bed as
multiple hierarchical depositional elements (Pr�elat et al., 2009,
2010). The outer fan is mainly composed of thin-bedded sheet-like
turbidites and deep-sea mud. Overall, the different parts of a sub-
marine fan can be described by the different divisions of the turbi-
dite Bouma Sequence (Bouma, 1962; Normark, 1970; Walker, 1978).
Currently, compared to traditional turbidite systems, there is a lack
of understanding regarding the facies architecture and dispersal
pattern of deep-water debris flow dominated systems (Normark,
1970; Walker, 1978; Reading and Richards, 1994; Posamentier and
Kolla, 2003). Therefore, further investigations are needed to quan-
tify and evaluate the contributions and importance of debris flow in
deep basin stratigraphic record.

Moreover, deep-water gravity flow transport and trans-
formation have been long concerned and is still the subject on
debate due to its importance in understanding deep-water depo-
sitional process and sediment accumulation. Recently, increasing
studies have been focused on the flow process in turbidite systems,
which reveal that high-density turbidity current can gradually
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transform into distal cohesive clay-rich debris flow and low-density
turbidity current (Haughton et al., 2003; Kane and Pont�en, 2012;
Southern et al., 2017; Yang et al., 2020; Peng, 2021; Tan et al., 2022),
whereas the discussions on flow transformation in subaqueous
debris flow dominated process are really rare (Shanmugam et al.,
1994; Zou et al., 2012), and it remains uncertainty whether the
observed transformation between turbidity current and debris flow
in flumes or outcrops (Mohrig et al., 1998; Sohn, 2000; Felix and
Peakall, 2006; Ito, 2008; Felix et al., 2009; Southern et al., 2017)
can be immediately extrapolated to understand the whole picture
of sediments transport in deep-water debrite systems.

The Middle Sub-member of the third Member of the Eocene
Shahejie Formation in the Dongying lacustrine rift provides well-
developed sand-rich deep-water facies that have been analyzed
by an integration of core data, seismic and well-log data to better
understand the flow process and architectural model of deep-water
depositional system in lacustrine rift basins. This study aims to: (1)
identify and quantify different types of facies and facies associa-
tions of a sub-lacustrine debrite system; (2) reveal the origin of
different facies and the whole picture of deep-water process of
slump-derived gravity flows in a lacustrine rift basin; (3) recogni-
tion, location and characterization of deep-water architectural el-
ements in sub-lacustrine slope to basin-floor settings; (4) establish
a sediment dispersal model of broad significance for debrite system
in deep rift-basins by taking into flow process, depositional archi-
tecture and controlling factors.

2. Geological background

The Dongying Rift, is a Mesozoic-Cenozoic asymmetrical half
graben, which located in the southeast Bohai Bay Basin of the East
China. The rift developed along a NW-SE trending and covers an
area of nearly 5700 km2. It is bounded by the Chenjiazhuang Rise in
the north, the Luxi Uplift and Guangrao Rise in the south, the
Qingcheng Rise in the west and the Qingtuozi Rise in the east
(Fig. 1) (Cao et al., 2018).

Tectonically, the evolution of the Dongying Rift comprises two
development stages, i.e. the syn-rift period in the Paleogene
(~65.0e24.6 Ma), and the post-rift period in the Neogene (~24.6 Ma
to the present) (Feng et al., 2016). The Paleogene syn-rift lacustrine
sequence can be subdivided into Kongdian, Shahejie, and Dongying
Formation from the bottom up. The Eocene Shahejie Formation
consists of four members, Member 4 (Es4), Member 3 (Es3),
Member 2 (Es2) and Member 1 (Es1) from oldest to newest (Hu
et al., 2001; Liu et al., 2022). Member Es3 developed during the
intense rifting episode, which commenced with the maximum lake
depth of approximately 120e170 m (Li et al., 2005), can be further
divided from bottom up as Es3l (the lower part), Es3m (the middle
part) and Es3u (the upper part). Typically, the Es3 is characterized
by dark-colored muds with interbedded sands (Fig. 2) (Jin et al.,
2005).

During the formation of Member Es3 in the study area, the
Dongying Delta constitutes the largest delta system and signifi-
cantly shaped coeval paleogeomorphology and depositional setting
(Fig.1c). The delta started to form in the early Es3 and abandoned in
the late Eocene, prograded along the SEE direction with its main
development taking place in the Es3m (Feng et al., 2013). Because of
the large amount of sediment supply, Dongying Delta forms large-
scale prograded clinothems of hundreds of meters thick and pro-
motes the development of large volumes accumulation of gravity
flow deposits which provide significant oil and gas reservoirs.
During the whole development period of the delta, fluvial-deltaic
system can cover as much as 4300 km2, which account for
approximately 80% of the area of the Dongying Rift. The studied
section is the Es3m which represent the main part of the delta-



Fig. 1. (a) Regional map indicating the location of the Bohai Bay Basin. (b) Tectonic location of the Dongying Rift in the SE Bohai Bay Basin. (c) Map showing the study area in the
Dongying Rift and the Eocene delta and turbidite system distribution. (d) Structure and strata interpretation across the Dongying Rift. See Fig. 1(c) for profile location. (after Feng
et al., 2013).
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debrite sequence, is consists of six parasequence sets (from PSS 6 to
PSS 1 bottom-up) and developed mainly during lake level high-
stands (Fig. 2) (Qiu et al., 2001).
3. Data and method

The present study is based on the analysis of geological data
from 60 exploration boreholes (cores, wireline logs) and 3-D
seismic data covering approximately 1200 km2 acquired from the
Dongying Rift, Bohai Bay Basin by China National Petroleum Cor-
poration. An integrated approach was used to examine the Eocene
deep-lacustrine deposits in this area, combining information from
cores, 3-D seismic and well-log data.

The seismic data were processed to zero phase, and the vertical
resolution of seismic data varies with depth, while the dominant
seismic frequency is approximately 35e40 Hz for theMember Es3m

of interest. The seismic sections were converted from time to depth
using an average velocity value of 3600m/s suggested by Feng et al.
(2013) for the studied interval, which yields a vertical resolution (l/
4) of ca. 15e25 m. The characteristics and origin of resedimented
deep-water facies were acquired from examination, identification
and interpretation of approximately 968 m of conventional cores.
Wireline log motifs were also applied to the deep-water deposi-
tional element recognition and interpretation according to the
shapes and trends of SP (spontaneous potential) and GR (gamma-
ray) logging curves. Additionally, exploration borehole data were
tied to seismic profiles for calibration of seismic interpretations.
Moreover, the RMS (root-mean-square) seismic amplitude map
acquired from 3-D seismic survey by seismic imaging was used for
better understanding of the distribution and arrangement of deep-
water deposits.
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4. Results

4.1. Facies and interpretation

A facies scheme was developed for the deep-water deposits in
the Eocene Dongying Rift based on the examination of approxi-
mately 968 m cores (Table 1). Nine different resedimented facies
types have been identified and classified to determine the flow
mechanisms based on sediment grain-size, sedimentary structure
and textural analysis.
4.1.1. Clean massive sandstone (Scm)
Description: Facies Scm is characterized by light gray colored,

structureless, fine to medium grained, well to moderately sorted,
grain-supported sandstones with very low content of mud matrix
(<5%). Neither grading nor traction structures were observed
(Fig. 3(a); Table 1). Facies Scm is generally closely interbedded with
facies Sfc (i.e. massive sandstone with floating clasts), which are
both encasedwithin dark-coloredmudstones and jointly contribute
the most widespread resedimented facies in the study area.

Interpretation: Structureless texture without apparent vertical
rhythm can indicate ‘en masse’ settling of sediments in debris flow
(Johnson, 1970; Lowe, 1976, 1982; Shanmugam, 1996; Coussot and
Meunier, 1996) and can be comparable with Ta division of Bouma
sequence as well (Bouma, 1962), during which sediments rest
rapidly due to the loss of the grain support mechanism (Middleton
and Hampton, 1976; Lowe, 1976, 1982), and resultantly the differ-
entiation of sediments is unlikely to happen. Additionally, clean
massive sands have been also proved common in both ancient and
modern deep-marine basins, which are generally interpreted as
sandy debris flow deposition (i.e. cohesionless debris flow; Falk and



Fig. 2. Lithostratigraphic column of the Paleogene Dongying Rift (after Feng et al., 2016).
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Dorsey, 1998; Stow and Johansson, 2000; Yang et al., 2020; Tian
et al., 2023).

4.1.2. Massive sandstone with floating clasts (Sfc)
Description: Facies Sfc is characterized by light or dark gray
113
colored, fine to medium grained, massive sands with floating sand
or mud clasts (Fig. 3(b); Table 1). The matrix sands are generally
moderately sorted, and the sand or mud clasts usually vary largely
in size (from <1 cm to >10 cm), shape, position and orientation in
sand beds. Generally, sand clasts usually display subrounded in



Table 1
Facies classification scheme for resedimented deposits in the Eocene Dongying Rift.

Lithofacies Code Features Process Interpretation

Clean massive sandstone Scm Ungraded sandstone clean and massive low in clay content Debris flow Freezing Plastic rheology Sandy
debrites

Massive sandstone with
floating clasts

Sfc Ungraded sand matrix rip-up mudclasts sand and mud pebbles
planar to random clast fabrics

Debris flow Freezing Plastic rheology Sandy
debrites

Massivemuddy sandstonewith
floating clasts

MSfc Massive and muddy mud rip-ups or floating gravel particles
with random fabrics

Debris flow Freezing Plastic rheology Muddy
debrites

Normally graded sandstone Sng Normally grading slightly erosive base or non-erosive base Turbidity current Suspended load
Newtonian rheology

Turbidites
Bouma Ta

Wavy bedded sandstone Swb Fine-silt grained with wave ripples Turbidity current Suspended load
Newtonian rheology

Turbidites
Bouma Tc

Cross bedded sandstone Scb Cross stratification fine grained Slide Massive transport Elastic block Sandy slides

Deformed bedded (muddy)
sandstone

Sdb Contorted layers slump-folded heterolithic facies Slump Massive transport Elastic-
plastic block

Sandy slumps

Deformed bedded (sandy)
mudstone

Mdb Contorted layers slump-folded heterolithic facies Slump Massive transport Elastic-
plastic block

Muddy
slumps

Massive mudstone with
floating clasts

Mfc Massive structure sand or mud clasts usually random fabrics Debris flowFreezing Plastic rheology Mudflow
deposits
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shape while mud clasts can be subrounded or rip-ups. Sand or mud
clasts can take place at the base, or in the middle, or display as
rafted clasts at the top of the sand bed, and generally distribute
parallel to the bedding plane, displaying planar fabrics, or exhibit
random fabrics (Fig. 3(b)). Additionally, terrestrial plant debris can
be occasionally observed in these facies.

Interpretation: The ungraded sands and nearly vertically
distributed clasts (random fabric) (Fig. 3(b)) in sand matrix repre-
sent the final position while the sediments freezing en masse in
plastic flows (Enos, 1977; Amy et al., 2005; Peng, 2021; Peng et al.,
2022; Wu et al., 2022). Planar clast fabric is the indication of fully
laminar shear straining flow during transportation (Fisher, 1971;
Hampton, 1975; Dasgupta, 2003). Rafted clasts closely located to
the upper surface of massive sandstone beds which exhibit an in-
verse grading (Fig. 3(b)) is similar to the documented deep-sea
sandy debrite and flume observations (Postma et al., 1988; Soh,
1989; Shanmugam, 1996; Kim et al., 1995), which can be attrib-
uted to the results of low shear at debris flow front (Parsons et al.,
2001) or smaller grains percolating downward through big voids
due to kinetic sieving, or buoyant lift (Iverson, 1997). Accordingly,
this typical and ubiquitous facies (Sfc) in the studied interval, is
attributed to sandy debrite.
4.1.3. Massive muddy sandstone with floating clasts (MSfc)
Description: Facies MSfc comprises gray or dark gray colored,

massive and muddy sands with floating rip-ups (Fig. 3(c); Table 1).
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Facies MSfc generally interbedded with massive sands. MSfc units
can vary greatly in thickness from very thin (in centimeter scale) to
very thick (>5 m). Floating rip-ups in these facies are mostly less
than 10 cm in length, angular to subrounded in shape, and gener-
ally show planar fabrics (Fig. 3(c)).

Interpretation: Both muddy and sandy debris flow is charac-
terized by a finite yield strength, which can be resulted from
cohesive strength as well as frictional strength of the material
(Dasgupta, 2003). As a result, freeze ‘en masse’ would occur in
muddy debris flow due to cohesive grain resistance (i.e. cohesive
freezing), or frictional grain resistance (i.e. frictional freezing) while
the shear force exerted by the downslope component of gravita-
tional pull falls below the yield strength (Johnson, 1970; Coussot
and Meunier, 1996). Many features in MSfc can suggest muddy
debris flow origin. Floating clasts with random fabrics indicate
plug-flow conditions and freezing deposition by debris flows en
masse. Planar fabrics of floating clasts reveal laminar flow and
plastic rheology, which indicate interfacial shear between the
floating clasts and cohesive, mud-rich matrix.
4.1.4. Normally graded sandstone (Sng)
Description: Facies Sng consists of light gray or gray colored, fine

to very fine grained sands with normal grading, this facies units
exbihit thin bedded layers in centimeter scale and generally less
than 0.2 m in thick (Fig. 3(d); Table 1). These facies commonly
interbedded with upper laminated dark-colored muds, showing
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Fig. 3. Representative core photographs of resedimented facies in the Eocene Dongying Rift. Clean massive sandstone without apparent sedimentary structures (a); massive
sandstones with floating clasts and amalgamation surface showing sharp and parallel contact, clasts are generally subrounded or mud rip-ups (b); massive muddy sandstone with
floating clasts (c); normally graded sandstone with underlying dark-colored laminated mudstone (d); wavy bedded sandstone with underlying massive sandstone (e) and wavy
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rhythmic bedding, and the base of these units may display planar or
slightly erosive contact with lower muds.

Interpretation: The fining-up grain size trends in facies Sng can
be attributed to the deposition by suspension and settling in
turbidity currents. The normally graded sands indicate the classic
Bouma Ta division (Bouma, 1962), and generally represent velocity
decreases in surge-like waning turbulent flows (Sanders, 1965;
Mulder and Alexander, 2001). Erosional base of facies Sng can
suggest the erosive power of turbulent gravity flows.

4.1.5. Wavy bedded sandstone (Swb)
Description: Facies Swb comprises light gray to gray colored,

very-fine to silty sands with wave ripples (Fig. 3(e) and (f); Table 1).
Beds consists of facies Swb are generally less than 0.2 m in thick,
they commonly distributed locally and occur with lower massive or
normally graded sand units and upper laminated muds.

Interpretation: The wavy bedded intervals occurred in deep-
water settings can be interpretated as traction by low-density
turbidity flows, which can be comparable with the Bouma Tc unit
(Bouma, 1962). Recently, they were also frequently observed in
hybrid event beds with linked debrites (i.e. H3 division of HEB)
which can be attributed to the flow energy decreases (Haughton
et al., 2009).

4.1.6. Cross bedded sandstone (Scb)
Description: Facies Scb is characterized by light gray, fine or

medium grained sands with trough or tabular cross-bedding. Very
thin mud layers which are usually discontinuous can be commonly
observed paralleling to the bedding plane within these facies
(Fig. 3(g)). Generally, facies Scb constitutes thick bedded sand units
with upward-coarsening sequence, which encased within dark-
colored mudstones with sharp upper contacts and located far
from coeval deltas.

Interpretation: Typical trough or tabular cross-bedding indicate
deposition from traction flows. Discontinuous mud layers in
lamina-scales suggested turbulent water conditions, which prob-
ably suggest an original river-mouth environment where deposi-
tion proceed considering the vertical coarsening trends upward
(mouth-bar). A long distance from coeval deltas and located in
deep-water areas with interbedded dark-colored muds indicate
resedimentation processes. In a summary, the undisturbed and
organized bedding structures in facies Scb is interpreted as sandy
gravity slides due to their isolated occurrence in deep-water mud,
in which sedimentary structures and textures can be well-
preserved due to elastic rheology of transported slide blocks
(Dott, 1963; Johnson, 1970; Shanmugam, 1996).

4.1.7. Deformed bedded (muddy) sandstone (Sdb)
Description: Facies Sdb is composed of sands with deformed-

bedding and internal contorted thin mud layers (Fig. 3(h);
Table 1). This facies is characterized by folded sands with folded
mud layers (folded heterolithic facies) and minor faults within
these sandy units, and generally interbedded with undeformed
sandy or muddy units. They generally have an irregular basal
contact with underlying dark-colored mudstones, associated sand
injection can be occasionally observed in the underlyingmudstone.

Interpretation: Folded sandstone interbedded with undeformed
sandstone or mudstone is suggested to be the most convincing
evidence of syn-depositional deformation in slump sheets
(Woodcock, 1976). Sandy slumps from the Eocene North Sea Basin,
display folded sands interbedded with undeformed muds and sand
bedded sandstone with underlying normally graded sandstone (f); cross bedded sandstone
sandy mudstone (i); massive mudstone with subrounded floating clasts with planar or sub
wave ripples, pf: planar fabric.
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injections at the basal shear zone (Shanmugam, 1996). Folded
heterolithic facies are widely distinguished as sandy slumps, such
as the SE France Annot sandstone, the Paleogene Faeroe Basin, and
the Paleocene North Sea (Shanmugam et al., 1995; Shanmugam,
2012). Features of facies Sdb display evidence of syn-depositional
deformation and fracture deformation, contorted layers and mi-
nor faults in deformed sandy units probably indicate rotational
movements and resulted internal fractures. Irregular basal contact
can be attributed to the basal shear zone while sliding. In a sum-
mary, deformed bedded (muddy) sandstone has been interpreted
as deposition by sandy slumps.

4.1.8. Deformed bedded (sandy) mudstone (Mdb)
Description: Facies Mdb consists of gray, dark-gray or black

colored, mudstone with deformed bedding (Fig. 3(i); Table 1). This
facies is characterized by contorted and elongated sand layers in
deformed mud units (folded heterolithic facies) with steep fabrics.
This facies is comparable to facies Sdb, regarding to their sedi-
mentary structures. Generally, the surface that separate facies Mdb
with underlying and overlying dark-colored deep-water muds is
obscure due to the similar color and grain-size.

Interpretation: Muddy slumps have been both reported in
modern and ancient deep-marine sediments frommass-movement
processes (Plint, 1986; Cronin et al., 2005; Zhang et al., 2016), they
can significantly developed in mud-dominated slopes (Galloway,
1998). The deformation structures in facies Mdb can be attribute
to rotated muddy slump blocks. Compared to sandy slide blocks,
the wriggling-gliding mud-rich blocks can generally hardly pre-
serve their original structures and textures due to high contents of
interstitial water. Similar contorted layers have been observed in
Pennsylvanian Jackfork Group shale, which has been interpreted as
muddy slumps (Shanmugam and Moiola, 1994).

4.1.9. Massive mudstone with floating clasts (Mfc)
Description: Facies Mfc consists of dark gray or black colored,

massive mudstones with floating clasts (Fig. 3(j); Table 1). Sand
clasts generally show subrounded in shape, while mud clasts
generally display subrounded pebbles and rip-ups. Planar or sub-
vertical clast fabrics can be observed.

Interpretation: The grain size of debris flow deposits can vary
greatly from clay to large boulders (Coussot and Meunier, 1996;
Zhang et al., 2016; Yang et al., 2020). The presence of floating rip-
ups with subvertical clast arrangement in mud matrix of facies
Mfc (Fig. 3(j)) are unequivocal evidence of plastic flows deposition
(Johnson, 1970, 1984; Hiscott and James, 1985; Nemec, 1990; Sohn
et al., 1999; Marr et al., 2001) which indicate the thixotropic nature
of transporting mediumand suggest clay-rich, cohesive debris
flows.

In this area, facies Mfc is attributed to the deposition of mud-
flows, the definition of which (Sharp and Nobles, 1953) is suggested
to be coincident with the range of cohesive debris flows (Lowe,
1979). The concept of mudflow (also called fine muddy debris
flows; Coussot and Meunier, 1996) has been widely applied and
studied in field observation, core examination and laboratory ex-
periments (Sharp and Nobles, 1953; Li, 1983; Costa and Williams,
1984; O’Brien and Julien, 1988; Whipple and Dunne, 1992; Walsh
et al., 2006; Sawyer et al., 2012; Coussot, 2017; Peng, 2021; Peng
et al., 2022), the deposits of which are generally characterized by
ungraded, poor sorting mud-rock mixture containing large floating
clasts or stones (Sharp and Nobles, 1953; Morton and Campbell,
1974) that can be comparable to facies Mfc.
(g); deformed bedded muddy sandstone with inter minor faults (h); deformed bedded
vertical fabrics (j); mc: mudclast, sc: sand clast, rc: rafted clast, rf: random fabric, wr:



J.-P. Liu, B.-Z. Xian, X.-F. Tan et al. Petroleum Science 22 (2025) 110e129
4.2. Facies associations

Seven broad facies associations can be further recognized by
core examination and facies sequence analysis for the nine rese-
dimented facies in the studied interval, including (a) very thick
bedded sandy debrites; (b) thick to thin bedded hybrid beds; (c)
thick to very thick bedded muddy debrites; (d) very thick bedded
mud flow deposits; (e) very thick bedded sandy slides; (f) thick to
very thick bedded sandy or muddy slumps; (g) thick to thin bedded
turbidites (Fig. 4).

The very thick bedded sandy debrites (~1e3m) are composed of
clean massive sands (Scm) or massive sands with floating clasts
(Sfc) (Fig. 4a1-a2). This facies association is typically characterized
by amalgamated sand layers. The thick to thin bedded hybrid beds
(~0.1e1 m) generally consists of facies from different flow origin.
This facies association can display lower massive sands (Sfc/Sc)
with fining-up turbidite tops (Swb) (~1 m) (Fig. 4b1), or massive
sands (Sfc/Sc) with muddy debrite tops (SMfc) (~1 m) and graded
sandstone with overlying rippled sands (Swb) (~0.1e0.5 m)
(Fig. 4b2-b3). The thick to very thick bedded muddy debrites
(~0.5e5 m) consists of amalgamated muddy sands with floating
clasts (MSfc) (Fig. 4(c)), while the very thick bedded mud flow
deposits (~1e3 m) consist of amalgamated muds with floating rip-
ups (Mfc) (Fig. 4(d)). The very thick bedded sandy slides (~1e1.5 m)
are composed of cross-bedded sands with upward-coarsening
vertical profiles which generally interbedded with dark-colored
laminated muds (Fig. 4(e)). The thick to very thick bedded sandy
slumps or muddy slumps (~0.5e3 m) consists of deformed sands
(Sdb) or deformed muds (Mdb) without apparent vertical varia-
tions in grain-size (Fig. 4(f)). The thick to thin bedded turbidites
(~0.1e0.5 m) consists of sands with normal grading (Sng). The units
are generally immediately contact with dark-colored lacustrine
muds and less than 0.5 m in thick (Fig. 4(g)).
4.3. Facies quantification

Statistic and analyse of the total 968 m of conventional cores
reveal the relative importance of different gravity flow types in the
Es3m (Fig. 5). Quantitative analysis of facies thicknesses from nine
Fig. 4. Facies associations of resedimented deposits, with schematic indications of ke
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resedimented facies suggests that debrite facies (i.e., facies Scm, Sfc,
SMfc, Mfc) account for 81.73% of total thickness, indicate a debris
flow domination, while turbidite facies (i.e., facies Sng, Swb), sandy
slides (i.e., facies Scb) or slumps (i.e. facies Sdb, Mdb) are less
important, which account for 4.55%, 4.82 and 8.9% of total thick-
ness, respectively. Moreover, sandy debrites (facies Scm, Sfc) can
account for 42.5% of total thickness (Fig. 5(a)).

Additionally, facies quantification also reveals the relatively
contribution of different debris flow types in debrites (Fig. 5(b)).
Sandy debrites contribute the largest proportion of 52%, whereas
muddy debrites and mudflow deposits account for 22% and 26% in
all cored wells, respectively (Fig. 5(b)).
5. Discussion

5.1. Architectural elements, distribution and evolution

5.1.1. Classification and characteristics of deep-water depositional
elements

Five different types of deep-water depositional elements have
been identified and classified, including slides, slumps, debrite
channels, debrite lobes and turbidite sheets, according to their
filling patterns, vertical sequences, geometries and morphologies
(Table 2), which constitute the fundamental building blocks of the
sub-lacustrine debrite systems in the Eocene Dongying deep-basin.
5.1.1.1. Slide masses. Slide masses represent one of the mass-
transport deposits (MTDs). They are coherent solid sediment
bodies that derived from downslope movement of elastic sediment
blocks (high sediment concentration), which represent one of the
basic depositional elements in deep-water basins (Galloway, 1998;
Stow and Mayall, 2000; Masson et al., 2006). In the Eocene Don-
gying Rift, slide masses are characterized by lenticular shaped,
medium to high-amplitute reflections on seismic profiles, and
generally show funnel-shaped or blocky-shaped well-log patterns
(Fig. 6(a) and (b); Table 2) with upward-coarsening vertical se-
quences and traction structures in cores which probably indicate
the parental mouth-bar sands (Fig. 6(c)). Typical, the widths and
lengths of slide masses range from 2 to 4 km and 2e6 km,
y features. f: fine sand; vf: very fine sand; si: silt. See the facies code in Table 1.
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Fig. 5. Facies quantification of the studied interval based on thicknesses of different types of resedimented facies on cored wells. (a) Pie chart showing facies proportions based on
the total thickness of resedimented facies in all 968 m of cores. (b) Pie chart showing debrite facies proportions in the study area. See the facies code in Table 1.

Table 2
Architectural elements of the sub-lacustrine debrite system in the Eocene Dongying Rift.

Depositional
element

Filling facies Process Features Scale

Thickness,
m

Width,
km

Length,
km

Area,
km2

Slide masses Scb Sandy slide Lenticular shaped, medium- to high-amplitute Inverse rhythm
sequence or funnel-shaped well-log pattern (mouth bar)

30e150 2e4 2e6 5e20

Slump masses Sdb/Mdb Sandy/muddy slump Lenticular shaped, chaotic or blank reflections Funnel-shaped or
serrated well-log pattern

30e200 2e5 3e6 5e25

Debrite channels Scm/Sfc/MSfc/
Mfc

Debris flowTurbidity
currentMudflow

Discontinuous and high-amplitute reflections Blocky-shaped, bell-
shaped or irregular well-log pattern

5e40 1e3 >10 e

Debrite lobes Scm/Sfc/
MSfcMfc/Sng/
Swc

Debris flowTurbidity
currentMudflow

Continuous, parallel and high-amplitute reflection Funnel-shaped,
blocky-shaped or irregular well-log pattern

5e35 3e5 5e8 8e30

Turbidite sheets Sng/Swc Turbidity current Continuous, parallel and medium-amplitute reflection Irregular or
serrated well-log pattern

<0.5 1e4 1e4 2e15
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respectively, the thicknesses range from 30 to 150 m, which are
much smaller from their submarine cousins (Woodcock, 1976;
Masson et al., 2006; Calv�es et al., 2015; Soutter et al., 2018). They are
commonly sand-rich, partly because it's near impossible to main-
tain the internal structures and textures in muddy slides during
transport due to high water contents, besides, it hard to identify a
true ‘muddy slide’ within deep-water contexts.
5.1.1.2. Slump masses. Slump masses are elastic-plastic sediment
blocks with internal deformed sedimentary structures, which
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suggest longer transport distance and significant liquefaction,
compared to slide masses. In the studied interval, slumps are
generally lenticular in shape with chaotic or blank seismic facies on
seismic profiles, and show funnel or serrated log motifs. Thewidths
and lengths range from 2 to 5 and 3�6 km and thicknesses is less
than 200 m (Fig. 7; Table 2). These sediment masses can be sand-
rich or mud-rich, filled by deformed sand facies (Sdb) or
deformed mud facies (Mdb) which constitute sandy slump masses
and mud slump masses, respectively.



Fig. 6. Well-tied transverse seismic profile across slide masses showing medium to high amplitude reflections, displayed well logs are spontaneous potential curves (a); borehole
correlation profiles showing sand distribution of sandy masses (b); and sand beds in sandy masses commonly display inverse grain-size rhythms (c). SP: spontaneous potential; GR:
gamma ray; COND: conductivity. See Fig. 1 for the line location.

J.-P. Liu, B.-Z. Xian, X.-F. Tan et al. Petroleum Science 22 (2025) 110e129
5.1.1.3. Debrite channels. Debrite channels constitute the main
conduit that transport gravity flows and sediments into the deep
lake in debrite system in the study area. Generally, they display
discontinuous and high-amplitute reflections on seismic profiles.
Their width ranges from 1 km to less than 3 km, and their lengths
are generally larger than 10 km, while thicknesses are less than
40m (Table 2). They are dominated by sandy ormuddy debris flows
rather than turbidity currents. Additionally, sandy debrite channels
are typically distributed in the proximal delta-slopes and charac-
terized by Scm and Sfc facies with blocky (Fig. 8(a)) or bell-shaped
(Fig. 8(b)) log patterns, while muddy debrite channels are more
basin-ward located and show irregular or serrated log patterns
which are mainly filled by facies MSfc or Mfc. (Fig. 8(c)).
5.1.1.4. Debrite lobes. Debrite lobes represent spatially localized
accumulation of debrites found at the downstream end of debrite
channel. These lobes commonly display high-amplitute reflections
on seismic profiles and show funnel-shaped or blocky-shapedwell-
log patterns which probably record focused aggradation or pro-
gradation of sediment while channelized debris flows deceleration
and spread (Shanmugam, 2016; Liu et al., 2017) (Fig. 9(a) and (b);
Table 2). Areal dimension is variable, but usually extend up to
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5e8 km with the largest thickness of approximately 35 m, suggest
an unusual high aspect ratio (i.e. width to maximum thickness) of
approximately 150:1 (Fig. 9(c)(e)), whereas the measurements of
aspect ratio from turbidite lobes in marine settings are nearly
1000:1 (Pr�elat et al., 2010; Koo et al., 2016), which can be attributed
to the plastic rheology and ‘en masse’ deposition of debris flows.
Debrite lobes can be sand or mud-rich and generally consist of
amalgamated fine-grained sandy debrites (Scm, Sfc) or muddy
debrites (MSfc) (Fig. 9(c)). Thin-bedded turbidites can be found in
distal lobe fringe environments.
5.1.1.5. Turbidite sheets. Turbidite sheets are composed of deposits
from deposition of low density turbidity currents. They display thin
bedded sands with thicknesses usually less than 0.5 m, while their
width and length can reach as large as several kilometers. They
display continuous, parallel, and strong-to medium-amplitute on
seismic profiles (Hackbarth and Shaw,1994; Posamentier and Kolla,
2003) with irregular or serrated log patterns, and fining-up se-
quences (Fig. 10; Table 2). They commonly located in front of
debrite lobes or the lateral margins of debrite channels due to
sediment unload or channel overflows.



Fig. 7. Well-tied transverse seismic profile across slump masses showing chaotic and blank amplitude reflections, well logs displayed are spontaneous potential curves (a); and
deformed beddings are typical observed within these slump beds (b). See Fig. 1 for the line location.
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5.1.2. Co-evolution of the deep debrite system and lacustrine delta
The Eocene sub-lacustrine debrite system has been revealed by

utilization of seismic imaging to better understand the planar facies
arrangement and distribution. The debrite system was well-
documented in correlation with the development of coeval Don-
gying Delta (Figs. 11 and 12). Slide or slump masses distributed
along the progradation direction of the adjoining delta-front,
whereas debrite channels, lobes and turbidite sheets located for-
ward ahead these sediment blocks. Additionally, the planar distri-
bution of debrite lobes show significant correlation with local syn-
depositional faults, which generally developed in down-dropped
blocks (Fig. 11). Moreover, the studied interval, which is generally
subdivided into six sand groups (i.e. parasequence sets; PSS) is
characterized by six phases of continuously prograding delta-
debrite system during the whole Es3m (Fig. 12).
5.2. Deep-lacustrine flow process initiated from delta-slope failure

Slope failure and resulting landslides have been extensively
studied and are considered the dominant mechanism for signifi-
cant sediment accumulation in modern deep-sea environments
(Talling et al., 2007; and the review on sediment gravity flows by
Talling, 2014), which can promote the formation of slides, slumps,
debris flows and turbidity currents successively (Shanmugam,
2000, 2012). Five broad types of subaqueous gravity-driven pro-
cesses, including slide (sandy), slump (sandy and muddy), debris
flow (sandy and muddy), mudflow and turbidity current have been
recognized in the Eocene Dongying Rift based on facies identifi-
cation and interpretation, and flow rheology analysis (Table 1;
Fig. 3). These processes can be attributed to the triggering by
Dongying Delta-slope failures. Furthermore, the organized distri-
bution of deep-water elements from slide or slump masses to
debrite channels, lobes, and turbidite sheets along the delta-
progradation direction suggests a coherent transport process
from slide, slump, debris flow to turbidity current (Fig. 13). The
instability of older sediments is a prerequisite for slope failure and
subsequent sediment gravity flow generation. Strong sediment
supply is commonly regarded as a primary driver of instability on
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the delta-front slope, promoting sediment failure and concomitant
slump-derived gravity flows (Coleman and Prior, 1982; Hampton
et al., 1996). Based on the calculation of the distribution and
thickness of the Dongying delta, Li (2005) proposed that during the
delta progradation, the sediment flux can reach up to nearly
1.6 � 1011 m3 (Li, 2005), resulted in an average progradation rate of
around 20 km/Myr (Qiu et al., 2001). Additionally, earthquakes
induced by fault movements are important trigger for slope failure
and deep-water gravity flows initiation (Shepard,1932; Heezen and
Ewing, 1952). According to the previous studies, the frequent ac-
tivities of the border fault led to a very high subsidence rate of
300e500 m/Myr during the deposition of the Eocene Shahejie
Formation in the Dongying rift (Feng et al., 2013). Considering the
high sediment accumulation rate in the delta-front and intense
tectonic movements, it is proposed that active fault movement
combined with depositional loading plays a pivotal role in slope
failures and sediment gravity flow generation.

In addition, the examination of the core and analysis of facies
indicate a significant vertical facies connection between lower
sandy debrite and overlying muddy debrite or turbidite. This
connection probably represents successive gravity flow events
(Fig. 4b1-b3). Architectural element analysis further suggests that
sandy debrite channels generally develop in proximal slope areas,
while muddy debrite channels are located in distal basin-floor
areas, and thin bedded turbidite sheets increase in lobe fringes or
lateral channel margins (Figs. 8 and 10). Therefore, it is suggested
that sandy debris flow can gradually transform into muddy debris
flow and turbidity current during transport. Linkedmuddy debrites
are likely the result of powerful sandy debris flow eroding the sea
floor, incorporating mud and increasing the mud matrix, turning
into viscous muddy debris flow (Liu et al., 2017), and then deposit
due to the decrease of flow velocity at the distal basin floor with
more gentle topography gradient (Peng, 2021). The mechanism
proposed to interpret the existence of clay-rich debris flow in high-
density turbidity currents (Haughton et al., 2003; Talling et al.,
2004; Kane et al., 2017). Hydroplaning at the base of cohesive
and clay-rich gravity flow in deep-water settings can prevent large-
scale erosion because of reduced flow resistance at the seafloor/



Fig. 8. Blocky or bell-shaped logging patterns and filling types of sandy debrite channel (aeb) and muddy debrite channel (c). SP: spontaneous potential; GR: gamma ray. See Fig. 1
for the well locations.
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Fig. 9. Well-tied seismic profile along depositional-dip illustrating the strong amplitude reflections of debrite lobe (a); sandstone inversion profile showing sand distribution in the
WE direction (b); cored well revealing amalgamated sandy and muddy debrites constituting the lobe (c); sandstone thickness map of the debrite lobe (d); and three-dimensional
diagram showing multiple stages of debrite lobe grow (e) (modified from Liu et al., 2017). Well logs displayed are spontaneous potential curves. See Fig. 1 for the line location.

J.-P. Liu, B.-Z. Xian, X.-F. Tan et al. Petroleum Science 22 (2025) 110e129
flow interface (Fig. 13). However, non-cohesive and sand-rich
debris flow can hardly hydroplane due to extremely low cohesive
strength and high permeability (Sohn, 2000; Mulder and
Alexander, 2001), which may lead to significant seafloor erosion.
Historical events demonstrate that during the process of submarine
landsliding to debris flow and turbidity current, the final deposits
volume can reach several times the sediment volume from the
initial slope failure, which suggests the importance of seafloor
erosion in gravity flowdeposition (Piper and Aksu,1987; Nisbet and
Piper,1998). Accordingly, in the Dongying Rift, muddy debris flow is
probably generated from erosional sandy debris flow through the
increasing of mud matrix and viscous strength during transport.
This would explain the emplacement of floating muddy rip-ups in
sandy debrite as well as the dark-gray colored muddy-sand matrix
in muddy debrite (Fig. 3(b) and (c)).

Turbidity current generation from the transformation of debris
flow has been widely documented in world deep-water basins and
in experimental studies, and commonly occur due to increased
fluid contents (Fisher, 1983; Mohrig et al., 1998; Felix and Peakall,
2006; 2009; Talling et al., 2012; Zou et al., 2012). Dilution or mix-
ing by penetration of water into the interior of debris flows through
clefts along the flow-fronts, disintegration and detachment of
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hydroplaning flow-fronts, and hydraulic jump at slope breaks or
entrainment of the upper flow body can produce turbidity currents
(Allen, 1971; Fisher, 1983; Weirich, 1988; Lee et al., 1999; Parsons
et al., 2001). Previously studies suggest that cohesive debris flow
can more easily transform into low-density subsidiary turbidity
current because of the high mobility of hydroplaning flow-front in
contrast to non-cohesive, sandy debris flow (Mohrig et al., 1998).
Generally, a completely gravity-driven process consists of landslide,
slump, debris flow and turbidity current, can sequentially occur
along the transport paths (Shanmugam et al., 1994).

However, compared to the traditional and widely reported
turbidite systems (Mutti et al., 2009), the studied sub-lacustrine
system is characterized by poorly developed turbidites (account
for <9% in total thickness) with widespread debrites (account for
80% in total thickness), which probably indicate a limited trans-
formation from debris flow into turbidity current, and coincide
with the flume observation of the inefficient conversion from
debris flow into dilute turbidite current (Maar, 1999) and the
outcrop examination that large-scale debris flows tend to produce
relatively small turbidites (Plink-Bj€orklund and Steel, 2004). Addi-
tionally, it is documented that debris flow can travel hundreds of
kilometers along the modern seafloor without undergoing



Fig. 10. Well logging patterns and cored well revealing filling facies of turbidite sheets. See Fig. 1 for the well location.
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significant dilution (Gee et al., 1999; Piper et al., 1999; Masson et al.,
2006), while those deep rift depocenters of lacustrine basins are
generally characterized by short transport distances (Lawton,
2019), in which the dilution and conversion of gravity flows are
probably restricted due to insufficient transportation. In the Eocene
Dongying Rift, the transport distance of gravity flows from the
delta-front to the deep-basin is approximately 10 km which is
dominated by the local topography related with syn-depositional
faults (Fig. 1(c)e(e)). Moreover, the observed resedimented facies
suggest two types of deep-water process, depending on the initial
composition of the failed sediments, sandy slide can convert into
sandy slump, sandy debris flow, muddy debris flow and turbidity
current, while mud flow can generate from mud slumps.

5.3. Sediment distribution pattern of sub-lacustrine debrite system
and implications for deep-water exploration

Turbidite systems in deep-lacustrine rift basins can vary greatly
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from their marine counterparts due to different basin morphology,
tectonic activity and depositional process. The delivery mechanism,
whether it is turbidity currents, debris flows, slump, slide, etc.,
plays a significant role in determining deep-water architectural
element types and their dispersal patterns (Mutti and Normark,
1991; Posamentier and Kolla, 2003). Architectural elements in the
Eocene Dongying Rift show good correlation with depositional
processes and flow transformation. The well-developed and
dominated debris flows or slides, slumps contribute the basic types
of facies building blocks, while turbidites are less important in
forming sub-lacustrine systems. In addition, fault movements are
suggested as an important factor controlling the formation and
distribution of debrite system. Activities of syn-depositional faults
generally lead to local adjustment in basin topography, which play
an important role in sediment transport and deposition in turn
(Gawthorpe and Leeder, 2000; Lin et al., 2000; Muravchik et al.,
2020). In the Dongying Rift, gravity flow deposits generally
formed immediately down-dip of the syn-depositional faults, the



Fig. 11. Stratal slice through sub-lacustrine debrite system and coeval deltas illustrating planar arrangements of deep-water elements.
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lobes mainly occur in local topographic lows which are laterally
confined by syn-depositional faults (Feng et al., 2016). Results from
this study demonstrate that the extension and dispersal of debrite
lobes and channels are well correlated with fault distribution
(Fig.11), which suggest fault activities have important influences on
local sediment differentiation and accumulations.

Resultantly, a depositional model is proposed to depict the sub-
lacustrine debrite system in the Dongying Delta-slope setting in the
Eocene Dongying Rift, which highlights the interaction between
depositional setting, flow process and basin architecture (Fig. 14).
Sandy slides, sandy slumps and muddy slumps are commonly
developed on the sub-lacustrine lobes in adjacent to delta-fronts,
while mud flow deposits may occur downslope as muddy slumps
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continually transport (Fig. 14(a)), and sandy debrite channels,
muddy debrite channels, muddy debrite lobes and turbidite sheets
can occur successively along the depositional direction after suffi-
cient transportation and transformation (Fig. 14(b)). When fault
activities were significant, sediments can rest in proximal topo-
graphic lows controlled by syn-depositional faults, and muddy
debrite dominated channels and lobes may not occur due to limited
flow transformation (Fig. 14(c)).

The deep-water system under consideration is characterized by
the prevalence of debris flows, as opposed to turbidity currents.
This distinction is significant in terms of the depositional process,
facies architecture, and dispersal pattern when compared to the
classic deep-marine turbidite system (Normark, 1970; Walker,



Fig. 12. Depositional dip-orientated seismic profile (flattened to ancient delta plain surface T4) (a) and interpreted seismic profile indicating multiple progradation and distribution
of delta-debrite system during the deposition of the Es3m in the Dongying Rift (b).

Fig. 13. Idealized sedimentary process illustrates the transportation and transformation of sediment gravity flows in delta-failure-controlled deep-lacustrine slopes.
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1978; Reading and Richards, 1994; Posamentier and Kolla, 2003;
Pr�elat et al., 2009). The sub-lacustrine debrite system described
herein can represent a typical example of deep-water deposition in
lacustrine rift basins. A detailed examination of the depositional
process, facies architecture, and dispersal pattern of this deep-
water system can provide novel insights into the diversity of
deep-water deposition in deep-water basins worldwide.

In addition, the proposed model has the potential to be utilized
in predicting reservoirs for debrite-dominated systems in deep-
water basins across the globe. The Eocene Dongying Rift has
confirmed that sandy debrite channels, lobes, and sandy slide
masses are significant pay zones. Sandy debrite channels and lobes
consist of massive sands with higher porosity and permeability
compared to muddy debrites, mudflow deposits, slumps, or turbi-
dites due to their larger grain size, better sorting, and lower mud
content. Furthermore, sandy debrite is the most extensively
developed facies in the studied section, as determined by facies
quantification. Sandy slide masses inherit their properties from
parental deltaic sands due to well-preserved textures and
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structures. Although they are not as widely distributed as channels
or lobes in debrite-dominated systems, they generally have greater
thicknesses. Sandy debrite lobes, in particular, have higher aspect
ratios than turbidite lobes, indicating that they likely have
considerable thicknesses in small areas. Additionally, The physical
property test data show that the porosity of sandy debrite lobes can
reach 17e27%, with permeability ranging from approximately
10e581 millidarcies. In the Dongying Depression, the oil-bearing
area of a single sandy debrite lobe reservoir can exceed 10 km2,
with an average effective oil layer thickness of over 10 m. The pe-
troleum reserves can exceed tens of millions of tons of oil equiva-
lent (Tian, 2004). On a plan view, the distribution of sandy debrite
lobe is controlled by growth fault activities. Sandy debris flows
typically unload to form lobes within the space beneath the
downthrown block of growth faults, which are also favorable
exploration areas for debrite lobe reservoirs (Liu et al., 2017). These
depositional elements are typically enclosed within dark-colored
source rocks, resulting in efficient hydrocarbon accumulation.



Fig. 14. Depositional model of a sub-lacustrine debrite system in a delta-slope setting in a rift basin.
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6. Conclusions

A debrite-dominated sub-lacustrine depositional system has
been investigated and documented by an integrated study of well
data and seismic data in the Eocene Dongying deep rift basin. The
sub-lacustrine system was characterized by nine types of resedi-
mented facies, indicating seven different origins, including sandy
slide, sandy slump, sandy debris flow, muddy debris flow, muddy
slump, mudflow, and turbidity current, based on core examination,
facies sequence and flow rheology analysis. Facies quantification
suggest that the system is dominated by debrites, accounting for
nearly 82% of the total thickness, rather than slides, slumps, or
turbidites. It is proposed that delta-slope failure, combined with
frequent fault activities, are the main triggers for gravity flows
initiation. Sandy slides can transform into sandy slumps, sandy
debris flows, muddy debris flows, and turbidity currents due to
liquefaction, deformation, lake-floor erosion, mixing, disintegra-
tion, and dilution during transport, and mudflows can result from
the liquefaction of muddy slumps.

The depositional characteristics of architectural elements are
closely linked to the gravity flow process and include their styles,
geometries, distribution, and filling patterns. Based on seismic
reflection characteristics, logging, and core facies, five distinct types
of architectural elements can be identified and classified. These
elements are considered the primary building blocks of sub-
lacustrine debrite systems and include (sandy) slide masses,
(sandy/muddy) slump masses, (sandy/muddy) debrite channels,
(sandy/muddy) debrite lobes, and turbidite sheets. In the study
area, sandy debrite channels, lobes, and sandy slide masses are the
primary deep-water hydrocarbon reservoirs, while other deposi-
tional elements are less significant in forming effective petroleum
reservoirs. These findings could be applied to lithologic reservoir
exploration in other deep-water basins worldwide with similar
geological backgrounds.
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