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Soft-sediment deformation structures (SSDS) have been identified fromwell cores in the Palaeogene deposits of
the Liaodong Bay Depression in the Bohai Bay basin, China. These deposits formed as interbedded sand andmud
at a delta front or on the slope toe of the prodelta. According to criteria proposed by previous research, we
established that these SSDS were induced by earthquakes and that they can be divided into two groups: ductile
deformation structures (plastic intrusions, ball-and-pillow structures, flame structures, boudinage structures,
irregular convolute stratifications, and synsedimentary faults and folds) and brittle deformation structures
(sand dykes and autoclastic breccias). Based on their level of deformation, size, and complexity, the SSDS were
divided into threeGroups, fromweak to strong, to reflect the intensity of palaeo-earthquakes.With consideration
of the palaeo-sedimentary environment, we proposed amodel to account for the production and preservation of
these SSDS. According to the classification adopted in this study and the spatial stratigraphic distribution of the
SSDS, the tectonic activities of the Tan–Lu faults in the Bohai Bay basin were investigated. The A and B oilfields
(assumednames) are located in the tectonically active zones of thewest and east branches of these faults, respec-
tively. The extension tectonic activities in theA oilfield region exhibit a sharply decreasing trend fromE2s3 to E2s1,
and increase again in E3d2; whereas the strike–slip tectonic activities in the B oilfield region exhibit an increasing
trend from E2s

3 to E2s
1, and finally, reach a maximum to E3d

3. The results of this study show that the method of
analysis of the spatial stratigraphic distribution of SSDS is suitable for determining the evolution of tectonic
activity and thus, it can provide a new perspective for basin analysis.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Soft-sediment deformation structures (SSDS) and well cores can
provide information of depositional history and reveal aspects of basin
evolution. These deformation structures can form when sediments are
unconsolidated or shortly after consolidation via many processes,
e.g., earthquakes, rapid deposition in slumping environments, and
storm waves (Owen, 1987, 1996; Allen, 1982). Whatever the trigger
mechanism, the cause of SSDS can be attributed to a decrease of shear
resistance and a collapse of the grain framework (Chaney and Fang,
1991). The types and scales of SSDS depend on the intensity of the trig-
ger mechanism, physical properties of the sediments, and sedimentary
environment (Berra and Felletti, 2011). SSDS have been observed and
studied in many areas in various sedimentary environments, especially
lacustrine (Scott and Price, 1988; Rodríguez-Pascua et al., 2000; Galli,
2000). Because of the diversity of trigger mechanisms, it is especially
important to judge their origin by the distinguishing criteria. The
criteria, proposed and elucidated by Sims (1975), Owen and Moretti
(2011), used to identify palaeo-earthquakes are as follows. (1) SSDS
are deformed in a tectonically active basin near an active fault.
(2) SSDS recur in the vertical direction, separated by undeformed
beds, and develop continuously in the lateral direction. (3) The mor-
phologies of SSDS are comparable with deformation structures con-
firmed from active earthquake belts. (4) SSDS occur in complex
combinations. (5) Both deformed and undeformed beds develop in sim-
ilar lithologies and facies (Montenat et al., 2007; Owen et al., 2011). It is
necessary to exclude all other possible trigger mechanisms before SSDS
can be identified as induced by earthquake. The indicator for storm-
induced SSDS is the presence of typical storm deposits (hummocky
cross bedding), whichmainly develop in amarine basin. It is almost im-
possible that storm deposits could be observed in a palaeo-lake
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environment because of the shallowness and the spatial dimension
(Taşgın, 2011). The presence of coarse sediments can be indicative of
rapid deposition in a slumping environment. Coarse sediments mainly
develop with processes of mass transport, e.g., slumping, sandy debris,
and turbidites or with over-steepening of depositional slopes (Owen
and Moretti, 2011; Oliveira et al., 2011; Van Loon and Pisarska-Jamrozy,
2014). Rapid sedimentation can only be preserved well where the over-
lying sediments are thick, massive and without grain size variation
(Ghosh et al., 2010). The SSDS induced by earthquakes are seismites,
which is a term proposed by Seilacher (1969) to describe layers that re-
cord palaeo-earthquake events. The theory of seismogenesis has been
quoted frequently as the most appropriate for the interpretation of nu-
merous SSDS (Alfaro et al., 2002; Jewell and Ettensohn, 2004;
Bachmann and Aref, 2005; Zhang et al., 2007; Ghosh et al., 2010; Berra
and Felletti, 2011; Kundu et al., 2011; Martín-Chivelet et al., 2011;
Moretti and Ronchi, 2011; Van Loon and Pisarska-Jamrozy, 2014).

Various SSDS that present both as ductile and brittle deformation
structures have been identified from well cores in the Palaeogene de-
posits of the Liaodong Bay Depression in the Bohai Bay basin (China).
The characteristics of these SSDS accordwith the criteria above; howev-
er, the possibility of the presence of storm or gravity deposits is
discounted because of the absence of evidential indicators in study
area. The absence of any evidence of hummocky cross bedding in the
area excludes storm activities, and rapid deposition can be excluded
because of the absence of coarse sediments, gravity flows, and the
over-steepening of depositional slopes. Based on the criteria proposed
byMontenat et al. (2007) and byOwen et al. (2011), it can be confirmed
that the SSDS in the study area were induced by palaeo-earthquakes. In
addition, analysis of their morphologies is useful in determining the
mechanism of their formation. Many studies on seismites and palaeo-
earthquakes have been conducted in other regions of the Bohai Bay
basin, which have focused on the characteristic features of the seismites
and on their development sequence (Chen et al., 2003; Yuan, 2004; Lu,
2004; Shi et al., 2009;). However, few studies have considered the
characteristics of the SSDS in the Liaodong Bay Depression or discussed
their trigger mechanism (Wang et al., 2008). A seismite sequence can
reveal the process of an earthquake; however, it does not have the
general applicability of the Bouma Sequence. This is because SSDS
in different regions could have different sequences. Depending on
the degree of consolidation of the deposits, seismic shock can cause
different types of deformation structure, ranging from ductile to brit-
tle. Therefore, based on the degree of liquefaction and deformation,
the magnitudes and epicentres of palaeo-earthquakes can be deduced
(Rodríguez-Pascua et al., 2010; Berra and Felletti, 2011; Põldsaar and
Ainsaar, 2015).

The main objectives of this work are to identify typical deformation
structures of the Palaeogene deposits of the Liaodong Bay Depression,
analyse their sedimentary environments, and summarise their spatial
stratigraphic distribution to deduce the palaeo-earthquake activity of
the study area. These data and methods could be beneficial in further
analyses of the tectonic evolution of the Liaodong Bay Depression and
the characteristics of the tectonic activity of the basin-controlling
Tan–Lu faults.

2. Study area

2.1. Geological setting

The Liaodong Bay Depression, which is a secondary tectonic unit of
the Bohai Bay basin, is located in the northeast of the Bohai Bay basin
in China. The Bohai Bay basin is a typical rifted basin on the North
China Craton that is controlled by the Tan–Lu faults (Fig. 1a). The
Liaodong Bay Depression is a deep and narrow rifted basin that has
developed in alignment with the NE-trending Tan–Lu faults.

Multi-stage extensional and strike–slip fault activities have led to the
special tectonic characteristics of the Liaodong Bay Depression, which
consist of three uplifts and two sags. From west to east, these are ar-
ranged as the Liaoxi Sag, Liaoxi Uplift, Liaozhong Sag, Liaodong Uplift
and Liaodong Sag. The Tan–Lu faults developed across the Liaoxi and
Liaozhong sags in a NE direction, bifurcating into two branched faults
in the Palaeogene (Fig. 1b). These branched faults are dextral slip faults
that have been studied by other researchers (Xu et al., 2005; Gong et al.,
2007). The western faults predominantly exhibit extensional activity,
whereas the eastern faults predominantly exhibit strike–slip activity.
The Liaozhong Sag has the largest sedimentary thickness of the three
sags, followed by the Liaoxi and Liaodong sags. Each tectonic unit has
developed in the NE direction and they are aligned parallel to each
other. The tectonic evolution of the Liaodong Bay Depression in the
Palaeogene was related closely to the tectonic setting of the Bohai Bay
basin, and controlled by the dextral strike–slip activity of the Tan–Lu
faults. The tectonic evolution can be divided into three stages: extension
and rifting in the Palaeocene to middle Eocene (56–38 Ma), post-rift
thermal subsidence in the late Eocene to early Oligocene (38–
32.8 Ma), and strike–slip and rifting activity in the Dongying period of
the Oligocene (32.8–24.6 Ma) (Zhu et al., 2008; Zhao et al., 1996)
(Fig. 2).

2.2. Material and methods

The depositional characteristics of SSDS and their spatial stratigraphic
distribution in the Palaeogene deposits of the Liaodong Bay Depression
can be analysed based on observations and statistics of the core intervals
in this area. These core intervals were obtained by the Tianjin Branch of
CNOOC China Ltd. There have been 213 exploration and development
wells drilled in the Liaodong Bay Depression and we used cores from
102 wells, whose intervals included Palaeogene deposits. However, of
these, only 92 cores were available because some cores were destroyed
or sealed by natural or human factors. Granulometry, sedimentary facies
and structures were recorded in detail together with the description of
SSDS. In themajority of available cores, therewasno core loss. The lengths
of the core intervals in the coredwells ranged from0.86 to 143.38m,with
diameters of either 80 mm (slabbed) or 100 mm (not slabbed). Cores
were split lengthwise, photographed with digital camera. Overall, over
80% of wells had core intervals of b40 m. The wells were distributed
mainly in the Liaoxi Uplift, Liaozhong Sag, and Liaodong Uplift, and
concentrated in the horizons of E2s3, E2s2, E2s1, E3d3, and E3d2 of the
Palaeogene. SSDS were observed in 33 core intervals from 25 wells.
Among these, 5 core intervals were located in E2s3; 7 core intervals
were located in E2s2; 5 core intervalswere located in E2s1; 4 core intervals
were located in E3d3; and 12 core intervals were located in E3d2. The
depths, horizons, sedimentary environments, and specific deformation
structures of these core intervals with developed SSDS are shown in
Table 1 to explain the depositional environments, trigger mechanisms,
and distribution horizons of the SSDS. All the data gave significant
information to analyse sedimentary characteristics of SSDS and helped
deduce tectonic activities in spatial and stratigraphic aspects.

2.3. Sedimentological setting

The Palaeogene strata that (from old to new) consist of the
Kongdian, Shahejie, and Dongying formations form the object of this re-
search. The SSDS are concentratedmainly in the Shahejie and Dongying
formations. The strata of the Shahejie Fm. can be divided into E2s4, E2s3,
E2s2 , and E2s1 and the strata of the Dongying Fm. can be divided into
E3d3, E3d2 , and E3d1 (Fig. 2).

The sedimentary deposits of E1–2 k to E2s4 are small-sized lacustrine
facies and alluvial fan facies, themain lithologies of which aremudstone
and carbonatite, formed in the early chasmic stage of the basin under a
dry climatic background (Zhu et al., 2008). The shale or mudstone
lithologies of E2s3 are lacustrine facies that formed in the centre of the
lake basin. In addition, fan-delta and near-bank submerged alluvial fan
deposits are developed on the edge of the lake basin (Dong et al.,



Fig. 1. Location and geological framework of the study region. (a) Location of the Liaodong Bay Depression in the Bohai Bay basin, China. (b) Geological setting of the Liaodong Bay
Depression in the Palaeogene deposits, with the locations of A and B oilfields. Locations of A–A′ and B–B′.
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2007; Li et al., 2007). The E2s2 stratum contains lacustrine facies and
carbonate platform and fan-delta deposits, the main lithologies of
which are interbedded grey mudstone or shale and medium-coarse
sandstone. The E2s1 stratum contains lacustrine facies and carbonate
platform deposits, the main lithologies of which are dark mudstone,
shale, and bioclastic limestone or dolostone (Dong et al., 2007; Zhu
et al., 2008; Chang et al., 2014). This special lithologic section in the
Bohai Bay basin can be used for regional comparison.

The Dongying Fm. has considerable thickness, which approximately
ranges from 500 to 3000 m, reflecting the sedimentary environment
transition from lacustrine facies to deltaic and fluvial facies. The
sedimentary deposits of E3d3 are mainly lacustrine facies of dark grey
mudstone intercalated with sandstone lenses (Wang et al., 2008;
Zhu et al., 2008). The stratum of E3d2 contains mainly deltaic deposits
of thick medium–fine sandstone or sub-lacustrine fan deposits with
coarse-grained clastics that formed in a deep lake environment
(Zhu et al., 2008;Wu et al., 2011). The deposits of E3d1 are mainly fluvi-
al, deltaic, and lacustrine facies whose lithologies are interbedded
yellow-grey mudstone and pale grey sandstone. Most of the E3d1 stra-
tum is missing in the research area because of tectonic uplift (Zhao
et al., 1996; Xu et al., 2005; Zhu et al., 2008; Wu et al., 2011) (Fig. 2).

3. Description of the SSDS

Many types of SSDS may be observed in the lacustrine and deltaic
facies of the Palaeogene layers of the Liaodong BayDepression. The geom-
etries and morphologies of the SSDS, which depend on the sedimentary
environment and lithologies, have obvious distinctions between different
areas. The deformation structures are developedmainly in the delta front,
the lithologies of which comprise interbedded fine–medium sandstone
and mudstone. The structures include plastic intrusions, ball-and-pillow
structures, flame structures, boudinage structures, synsedimentary faults
and folds, irregular convolute stratification, sand dykes, and autoclastic
breccias. As proposed by Montenat et al. (2007) and Berra and Felletti
(2011), we divided the observed SSDS into two main groups: ductile de-
formation structures and brittle structures.



Fig. 2. Stratigraphic framework and sedimentological setting of the Liaodong Bay
Depression (modified from Zhu et al., 2008 and references therein).
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3.1. Ductile deformation structures

3.1.1. Plastic intrusions
Plastic intrusions are mainly developed in interbedded sand and

mud sediments. The fine material of such sediments intrudes vertically
into the surrounding rocks and deforms the surrounding layers
(Obermeier, 1996; Berra and Felletti, 2011). They are like diapir struc-
tures but they do not reach the surface. Either sand or mud sediment
can act as intruded material when in liquefied condition (Fig. 3a, b).
Generally, the breadth of the intruded sediment becomes narrower
and it finally pinches out in the direction of intrusion. Irregular
morphologies of such intrusions show that liquefied sediments are
unidirectional. Similar deformation structures can be found in the
surrounding sediments and at the boundary between the intruded
sediment and surrounding rock (Fig. 3a, b).

Plastic intrusions are common structures in the study area. Based on
well cores, it has been established that the breadths of the plastic intru-
sions range from 0.01–0.03 m and that their heights range from 0.03 to
0.10m (Fig. 3a, b). Their scale depends on the consistency and grain size
of the surrounding layers.
3.1.2. Ball-and-pillow structures
Ball-and-pillow structures are one of themost numerous deformation

structures in the study area. These are characterised by a periodically ar-
ranged suite of pillows or balls composed of fine-grained sandstone.
They are developed widely in interbedded layers of sand and mud.
When overlying sandy sediments fall into underlying muddy layers,
ball-and-pillow structures are formed, and both the overlying and the
underlying layers exhibit liquefaction phenomena (Fig. 3i).

Liquefied sediments may remain connected with the parent rock,
forming pillows. Such pillows, formed by liquefied sandstone, tend to
be elliptical in shape when arranged laterally; however, they can also
be arranged vertically, in which case they are upswept (Fig. 3e, f). The
breadths of the individual pillows range from 2 to 5 cm, although they
can remain interconnected each other. Portions of dense overlying
liquefied sediments can become completely separated from the parent
rock and form balls floating in the underlying less-dense sediment
(Fig. 3c). Most of these balls are rounded or sub-rounded and isolated
in the underlying sediment. The breadths of these balls range from
0.5–1.5 cm with horizontal spacing ranging from 1 to 5 cm. Small
parts of the balls could form irregular shapes with distinct internal
stratifications reflecting dragging and stretchingmorphologies (Fig. 3d).

3.1.3. Boudinage structures
Boudinage structures of differing sizes and complexities resemble

the “looping–bedding” structures in lacustrine deposits of Miocene
seismites described by Calvo et al. (1998). Boudinage structures are
developed in interbedded sand and mud layers. Thin sandstone layers
are sandwiched between mudstone layers in this lithology. Liquefied
sandstone, which can becomemixed with themudstone, develops ten-
sile deformation structures. Some of the deformed sediment forms
lenticles, whereas some is pulled apart like boudinage. Some lenticles
can become separated and arranged at intervals within the horizon
(Fig. 3g). The isolated boudinage structures do not extend as far as
their original sedimentary layers. The sizes of the deformations depend
on the trigger mechanism and they are usually decametre-scale in
breadth, centimetre-scale in height, and arranged at centimetre-scale
intervals. These structures develop with other deformation structures
such as flame structures and ball-and-pillow structures (Fig. 3g, h).

3.1.4. Flame structures
These structures are commonly developed in thin sandstone and

mudstone interbedded layers. These flame structures tend to develop
together with ball-and-pillow or boudinage structures (Fig. 3i). The
morphologies of the flame structures tend to be symmetrical under liq-
uefied conditions. Overlying liquefied sandy sediments can mix slightly
with underlyingmud sediments, such that liquefiedmud sediments can
be observed along the sandy layer. The breadths of the flame structures,
which are clearly observed inwell B1, are about 2–3 cm (Fig. 3i). Inwell
A1, the flame structures are developed well in the underlying dark red
pelitic strip with obvious liquefaction of the overlying sandstone
(Fig. 3j).

3.1.5. Irregular convolute stratifications
Irregular convolute stratifications are structures induced by the liq-

uefaction of sediments. They are characteristically inconsistent within
a layer in respect of size, scale, and morphology and they exhibit highly
distorted stratification. The thicknesses of such structures vary consid-
erably from the decametre to metre scale. Although irregular convolute
stratifications and synsedimentary folds have similar morphologies, the
degree of liquefaction represented by the two types of structure is
distinctly different. Irregular convolute stratifications, observed with
other liquefied deformation structures, are generally present in fine–
medium-grained sandstone (Fig. 4a), although they are sometimes
mixed with coarse deposits. The original bedding of liquefied coarse
sandy sediments is rarely preserved; however, the original bedding of
the fine-grained sediments is usually conserved comparatively intact



Table 1
SSDS statistics based on core intervals.
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(Fig. 4b). Generally, deformation structures in adjacent layers are
eroded. Pure sandstone, present in the adjacent layers, forms abrupt
contact with the SSDS.

3.1.6. Synsedimentary folds and faults
Synsedimentary faults and folds frequently occur in pairs, which in-

dicates that the folds and faults have an inevitable contact and transfor-
mation between them (Fig. 4c). They are commonly observed along a
layer and confined between undeformed layers, indicating that the pro-
cess of this deformation occurs in unconsolidated or partly consolidated
sediments (Rossetti and Góes, 2000). Synsedimentary faults, which are
usually tensional normal faults like stair-step faults, are mainly devel-
oped in parallel in thin sand–mud interbedded layers (Fig. 4e, f).
These faults occur in either single or multiple groups. They appear as
centimetre-scale discontinuities in stair-step or listric style, which are
typically confined between two undeformed layers. On occasion, they
can be seen with a “normal flower structure” (Fig. 4d), such as in a
strike–slip fault. The offset of these faults ranges from 0.2 to 1.0 cm
with steep obliquity (Fig. 4c–f).

Synsedimentary folds are mainly developed in fine-grained
sediments of siltstone or mudstone with disharmony and irregularity
in the liquefied sediments. The liquefaction-induced deformation of



Fig. 3. (a–b) Plastic intrusions. (a) Plastic intrusionsmade ofmud sediment. Fromwell A1, at 2632.7m. (b) Plastic intrusionsmade of sand sediment. Fromwell F8, at 2522.1m. (c–f) Ball-
and-pillow structures. (c) Isolated balls ‘floating’ inmud sediment. Fromwell A13, at 3384.2m. (d) Balls becoming isolated from the parent rock through dragging and stretching. Fromwell F8,
at 2522.7 m. (e) Pillows arranged laterally, elliptical in shape. From well A1, at 2940.1 m. (f) Upswept pillows arranged vertically. From well B1, at 2748.1 m. (g-h) Boudinage structures.
(g) Isolated boudinages in the bottom of photograph. From well B1, at 2748.8 m. (h) Boudinage structures developing with plastic intrusions. From well B1, at 2753.1 m. (i–j) Flame
structures. (i) Flame structures developing with ball-and-pillow structures. From well B1, at 2923.8 m. (j) Flame structures developing with obvious liquefaction of the overlying sandstone.
From well A1, at 2630.9 m.
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synsedimenary folds is gentler than other SSDS that develop in associa-
tionwith synsedimentary faults (Fig. 4c, d). Liquefactionmight result in
the obliteration of laminations through complete homogenization
(Mishra et al., 2013). The layers show that the deformed shapes are
similar to deformed synclines and anticlines whose edges end in
synsedimentary faults.
Fig. 4. (a) Irregular convolute stratifications observed with liquefied mudstone. From well
sandstone. From well B4, at 1759.7 m. (c) Synsedimentary faults developing in associatio
developing in association with “normal flower structure”. From well A13, at 2879.5 m. (e) Syn
(f) Synsedimentary faults developing with liquefied sandstone. From well J1, at 2825.8 m.
3.2. Brittle deformation structures

3.2.1. Sand dykes
Sand dykes are composed of homogeneous liquefied sandstone

injected into existing cracks. During the process of deformation, small-
sized breccias might fall from the surrounding rock and float within
B3, at 3005.7 m. (b) Irregular convolute stratifications mixed with fine–coarse-grained
n with synsedimentary folds. From well A13, at 2884.7 m. (d) Synsedimentary faults
sedimentary faults developing in parallel in multiple groups. From well A1, at 2939.1 m.
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the sand sediment. Sand dykes tend to crosscut laminated layers with
steep inclination, although the morphologies of these dykes depend
on the scale and nature of the cracks. The breadths of most dykes
range from 0.5 to 2.0 cm and their heights are generally N10 cm. Sand
dykes consist of fine-grained and well-sorted sandstone that always
displays a homogenised texture (Fig. 5a, b). The injections occur after
the surrounding rock, consisting of post-depositional cohesive
mudstone, develops brittle fractures. The directions of the dykes could
be upward or downward. The boundary between a dyke and the sur-
rounding rock is usually clear and the two sides of the boundary present
characteristics of brittle and ductile deformation, respectively. Other
SSDS are frequently observed at the top of dykes (Fig. 5a, b).

3.2.2. Autoclastic breccias
Autoclastic breccias result from consolidated sediments, commonly

represented by cohesive mudstone or fine-grained sandstone, being
broken under seismic shock. The characteristics of these breccias are
autochthonous, poorly sorted, angular conglomerates (Fig. 5a–d).
Shattered breccias might even become spliced together (Montenat
et al., 2007), and angular breccias, like spare ribs, might be distributed
along the layer. In wells A13 and A1, numerous autoclastic breccias
have been identified whose original sediments were silty mud
(Fig. 5c–f). When fractures are sufficiently wide, they can become filled
with liquefied sandstone to become plastic dykes. Liquefied sandy
sediments are homogeneous with somemini breccias “floating”within
them (Fig. 5e). The lengths of these poorly sorted breccias range from 1
to 5 cm and they develop with other deformation structures, e.g., ball-
and-pillow and water-escape structures (Fig. 5f).

4. Discussion

4.1. Analysis on sedimentary environment of SSDS

The deposits in which SSDS are found in the study area were formed
in the environments of a delta-front, shallow lacustrine facies, or at the
Fig. 5. (a–b) Sanddykes. (a) Sanddykes developingwith other SSDS. Fromwell B1, at 2753.6m.
at 2939.5m. (c) Angular breccias, like spare ribs. (d) Autoclastic breccias. (e) Mini breccias ‘floa
breccias developing with water-escape structures. From well A1, at2942.5 m.
slope toe near the prodelta; SSDS induced by earthquakes are not found
in fluvial, sub-lacustrine or other deposits. SSDS are not observed in the
sediments of the delta plain because of late-stage erosion. The absence
of SSDS in sub-lacustrine deposits is because of the homogeneity of
the thick layer of mudstone. If sediment has no density variation,
then even if a strong earthquake were to occur, deformation structures
would not develop.

The SSDSdeveloped in the thin sand–mud interbeddeddelta front or
prodelta to lacustrine sediments are dependent on density variations.
Plastic intrusions are observed more frequently in the fine-grained
sediments and distributed across almost the entire delta front.
Synsedimentary faults and folds occur mainly in underwater distribu-
tary channels and natural levees with charcoal, bioturbation, parallel
bedding, and ripple bedding. Ball-and-pillow and flame structures
usually develop together and they are present mainly in the delta
front or near-delta lacustrine facies. Boudinage structures and irregular
convolute stratifications are commonly observed in mouth bar, sheet
sand of the delta front, or shallow lacustrine facies. Their grain sizes
could be coarser than ball-and-pillow and flame structures. Autoclastic
breccias and sand dykes are mainly observed in deposits of the slope
toe near the prodelta. Their formation is based on the massive thick
and cohesive mudstone that could present brittle deformation in re-
sponse to a trigger mechanism. Lacustrine mudstone can be observed
near the autoclastic breccias and sand dykes, containing numerous
phytoclasts and testa.
4.2. Analysis of mechanism of SSDS formation

The characteristics of the development and distribution of SSDS in
the study area accord with the criteria for their identification as
seismites (Montenat et al., 2007; Owen et al., 2011). Such deformation
structures have been used as indicators of seismotectonic activity in
other areas or countries based on analyses of stratum sedimentary
parameters (Becker et al., 2002, 2005; Nomade et al., 2005).
(b) Sanddykeswith other SSDS, e.g., ‘floating’brecciaswithin sand sediment. Fromwell A1,
ting’within homogeneous liquefied sandstone. Fromwell A13, at 3385.8m. (f) Autoclastic
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Both deformed and undeformed layers have similar lithologies and
facies, indicating that the SSDS are formed in autochthonous deposits.
Deposits influenced by earthquakes could be consolidated, semi-
consolidated, or unconsolidated layers. Various degrees of consolidation
can lead to different deformation structures under the influence of
earthquake waves (Allen, 1982; Owen, 1987; Berra and Felletti, 2011).
SSDS of unconsolidated layers are synsedimentary faults and folds;
those of semi-consolidated strata are plastic intrusions, ball-and-
pillow structures, flame structures, boudinage structures, and irregular
convolute stratifications, and those of consolidated layers are sand
dykes and autoclastic breccias. Unconsolidated and semi-consolidated
seismites present features of ductile deformation,whereas consolidated
seismites present brittle deformation structures. This means that the
sediment statemust have had an effect on the nature of the deformation
induced by palaeo-earthquakes.

Considerable attention has been given to the relationship between
the characteristics of seismites and earthquake magnitude (Scott and
Price, 1988;Marco and Agnon, 1995; Mishra et al., 2013). Themorphol-
ogies of SSDS are controlled by numerous factors, such as themagnitude
of an earthquake, distance to the epicentre, and thickness of the
sediments. The Bohai Bay basin is a long and narrow rift basin, where
earthquakes are triggered mainly by tectonic activities. In the study
area, the distance to the epicentre of an earthquake is essentially the
same among thewells in the sameoilfield. Furthermore, the thicknesses
of the sediments containing the deformation structures have proven
unrelated to the morphologies of the SSDS (Alfaro et al., 2010; Van
Loon and Pisarska-Jamrozy, 2014). Therefore, it can be safely concluded
that the morphologies of SSDS in the study area, which are manifested
as ductile and brittle deformation structures, depend mainly on the
magnitude of the earthquake and on the degree of consolidation of
the sediments. Based on previous research (Ambraseys, 1988; Marco
and Agnon, 1995; Rodríguez-Pascua et al., 2000; Berra and Felletti,
2011; Van Loon and Pisarska-Jamrozy, 2014), we propose that seismic
activities stimulate sediments as follows. Under the effect of an earth-
quake of a certain magnitude (i.e., M N 5), sediments saturated with
water will lose shear strength, leading to the process of liquefaction.
When the magnitude of an earthquake is extremely large (i.e., M N 8),
consolidated sediments will undergo brittle deformation with cracking
and fracturing. During the process of seismic attenuation, less
-consolidated sedimentswill present ductile deformation due to the liq-
uefaction. The liquefied sediments will invade existing cracks forming
sand dykes, which simultaneously have the characteristics of brittle
and ductile deformation. By considering the above influencing factors,
it is possible to approximate the magnitude of palaeo-earthquakes.

Plastic intrusions are typical penecontemporaneous injections of
sediment, liquefied by seismic shock, which reflect the process of
water escape with low fluidization velocity (Owen and Moretti, 2011).
For semi-consolidated and water-saturated sediments, an earthquake
of magnitude M = 5–6 is sufficiently large to cause loss of shear
strength and subsequent liquefaction (Lowe, 1975; Rodríguez-Pascua
et al., 2010).

Synsedimentary faults and folds occurmainly in unconsolidated and
fine-grained sediments that have not been separated from the original
sedimentary environment. Synsedimentary faults are caused by residu-
al stress in the post-liquefaction stage. After the phenomenon of
liquefaction induced by an earthquake has ceased, the overlying sedi-
ments will undergo non-uniform settlement. The underlying sediments
become re-established because of differential compaction (Owen,
1996). Synsedimentary folds and faults mainly develop together,
representing slight liquefaction deformation, which requires only a
relatively weak earthquake (e.g., M = 3–5) (Berra and Felletti, 2011).

Ball-and-pillow, flame, and boudinage structures are all load struc-
tures that occur mainly in semi-consolidated interbedded sand–mud
layers of varying densities. Load structures develop persistently in lateral
and continuous undulations at the interface of two types of sediment.
Ball-and-pillow and flame structures develop together. Moretti and
Sabato (2007) considered that flame structures with breadths b 0.01 m
might have been induced by gravity, whereas larger flame structures
could have been triggered by earthquakes. When denser liquefied sandy
sediments fall into less-densemud sediments, under the effects of seismic
shock, the corresponding underlying and overlying layers form ball-and-
pillow and flame structures (Montenat et al., 1987; Guiraud and Plaziat,
1993). A few deformed balls could present dragging and stretching
morphologies. The reason for this is that liquefied sediments produce a
shear force without constant direction, which leads to the balls becoming
isolated from theparent rock through dragging and stretching. Boudinage
structures represent ductile deformation in sediments under seismic
shock. Liquefied sediments in thin layers deform under tensile stress,
becoming thinner or even being pulled apart (Calvo et al., 1998;
Martín-Chivelet et al., 2011). These semi-consolidated sediments deform
more acutely than plastic intrusions, and they are indicative of a strong
earthquake of magnitude M = 6–8 (Guiraud and Plaziat, 1993; Berra
and Felletti, 2011).

Irregular convolute stratificationsmight develop by rapid accumula-
tion of sediments or via induced seismic shock. The formation process
and morphologies of irregular convolute stratifications are similar to
load structures, but without a simple interface between the layers
(Owen et al., 2011). These convoluted deformation structures are sup-
posed to have contact with seismic unconformities and when liquefied,
the sediments are considered more plastic and mobile than load struc-
tures. These structures are related to hydroplastic deformation resulting
from the production of excess pore pressure under seismic shock,which
reduces inter-particle friction. Themagnitude of an earthquake required
to trigger such deformation is M = 6–8 (Põldsaar and Ainsaar, 2015).

Autoclastic breccias occur in consolidated and cohesive sediments
that undergo brittle deformation under the effects of strong seismic
shock. Consolidated sediments under tremendous sheer pressure
might occur as brittle deformation in shattered and autochthonous
form.When fractures arewell developed, crosscutting original cohesive
sediments, previously fine-grained sediments become autoclastic
breccias. Autoclastic breccias, which are brittle deformation structures,
and sand dykes, which are ductile deformation structures, commonly
develop within the same layer. The process of forming sand dykes is a
consequence of brittle and ductile deformation under seismic shock.
Numerous seismic-related fractures that cut across the original consol-
idated mudstone are developed after the climax of an earthquake.
These seismic-related fractures are mainly tension fractures that can
be developed in underground or surface sediments. These breccias are
poorly sorted and angular, which means they are not allochthonous
deposits. Breccias should be autochthonous deposits of mudstone
origin, which are formed under tremendous seismic shock. The magni-
tude of an earthquake required to cause brittle deformation structures is
greater than that necessary to form ductile deformation structures
(i.e., as high as M = 8) (Berra and Felletti, 2011; Rodríguez-Pascua
et al., 2000). Consolidated mud sediments present brittle deformation,
whereas sandy sediments present ductile deformation under the
influence of a violent earthquake.

Based on the extent, size, and complexity of the deformation, and by
considering the consolidation degree of the original sediments, we can
deduce the magnitudes of palaeo-earthquakes. The SSDS induced by
earthquakes can be divided into three: Group 1, Group 2, and Group 3
(Fig. 6). Group 1 comprises unconsolidated deformation structures,
which are contemporaneous seismic event deposits, indicative of
moderate earthquakes (M = 3–5) with weak liquefaction. Group 2 is
composed of semi-consolidated deformation structures, which are
penecontemporaneous seismic event deposits, indicating moderate–
strong earthquakes (M = 6–8) with intense liquefaction. Group 3
comprises consolidated deformation structures, which are epigenetic
seismic event deposits, indicative of strong earthquakes (M N 8) with
rock breaking into breccia. However, a specific seismic event could re-
sult in the occurrence of different Groups of SSDS because of differing
consolidation degrees. Combinations of various SSDS can occur, mainly



Fig. 6. Groups of SSDS and possible range of magnitude of the palaeoearthquake (modified from Berra and Felletti, 2011).
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comprising those of Group 2 or of Groups 1 and 2. These Groups, de-
pending on the combination of SSDS, might not appear at the same
time. Thus, when the magnitude of an earthquake is sufficiently large,
it is possible that its effects will be recorded in the strata. We can trace
seismic events in terms of spatial stratigraphic aspects and determine
basin tectonic activities based on the SSDS information.

A model of seismically induced SSDS can be established in combina-
tion with the sedimentary environment and deformation groups,
reflecting the production and preservation of SSDS in this basin. (See
Fig. 7.) It is concluded that SSDS occur across facies under a seismic
event. The SSDS of group 3 mainly distribute at the slope toe or the
Fig. 7. Development model of SSDS in the Palaeog
prodelta, whereas the SSDS of groups 2 and 1 mainly distribute in the
distal and proximal bars of the delta front, respectively. During the pro-
cess of an intense seismic event, consolidated sediments initially form
SSDS of group 3. Then, less-consolidated sediments form SSDS of groups
1 and 2 in response to seismic attenuation. The extents of the deforma-
tion structures decrease successively from the prodelta to the proximal
bar of the delta front. Therefore, judgement of seismic intensity is
dependent on the biggest group of SSDS. Seismites distribute on slopes,
regardless of the grade. These slopes not only create instability in the
liquefied sediments, meaning they could be sediments susceptible to
the formation of SSDS (Allen, 1982), but they also provide sufficient
ene deposits of the Liaodong Bay Depression.
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accommodation within which to preserve SSDS. The deposits of a sub-
lacustrine fan could be interpreted as due to a seismic trigger; however,
the sediments in a sub-lacustrine fan are gravity-driven and allochtho-
nous with coarse gravel reflecting slumps, turbidites, or sandy debris
flows.

4.3. Spatial distribution of SSDS

In the study area, the core wells are mainly distributed in the
Liaodong Uplift, Liaoxi Uplift, and Liaozhong Sag. Among these wells,
those in which SSDS are observed are distributed in the NE direction
along the Tan–Lu faults. The wells with developed SSDS converge on
the A and B oilfields or nearby areas (Fig. 8a, b). The strike–slip tectonic
activity of the Tan–Lu faults, being a continuous phenomenon, has led to
the release of stress along the fault system and to the recurrence of
SSDS. Apparently, the distribution of SSDS is controlled by the Tan–Lu
faults, which remain the controlling faults of the basin. The concentra-
tion of seismic events indicates intense tectonic activity in these areas.
Hence, it is believed that the A and B oilfields represent the Palaeogene
centres of tectonic activity of the west and east branches of the Tan–Lu
faults, respectively.

The A oilfield is at the northern head of the Liaoxi Uplift. Palaeo-
earthquake activities in the A oilfield were primarily moderate or occa-
sionally strong (Fig. 8a, b). The fall of the basement of the A oilfield was
considerable, causing intense tectonic activity. The A oilfield and Liaoxi
Uplift were formed because of extensional activities of the west branch
faults, which explains the absence of SSDS at the southern head of the
Liaoxi Uplift. In the A oilfield, the well cores indicate the development
of migration of seismites in the east direction from E2s3 because of the
dextral slip activity. Fewer SSDS in the A oilfield are observed in the
Dongying Fm. indicating the tectonic activity of the west branch faults
declined significantly during the period of its formation (Fig. 8a, b).

The B oilfield is in the middle of the east branch faults, which pass
through the Liaozhong Sag. Seismic activities in the B oilfield are more
concentrated than in the A oilfield. Palaeo-earthquake activities in the
B oilfield were dominated by moderate–strong and moderate earth-
quakes throughout the entire Palaeogene (Fig. 8a, b). This indicates
the east branch faults were active from the time of the Shahejie Fm. to
the Dongying Fm. The east branch faults are steep dip faults dominated
by strike–slip activity. The B oilfield lies just within the tectonic reverse
area, formed by the enhancement of strike–slip activity, which has
resulted in the mud diapir and stratigraphic inversion. The tectonic
Fig. 8. (a) Spatial distribution of earthquakes in the Shahejie Formation.
inverted structures controlled by the east branch faults extend along
the Liaozhong Sag in the NE direction, and the B oilfield is at the point
of the most drastic tectonic inversion. This explains why so many
SSDS converge in the B oilfield and why they are indicative of relatively
stronger magnitudes.

4.4. Stratigraphic distribution of SSDS

Because the SSDS are concentrated mainly in the A and B oilfields,
their stratigraphic distribution is studied to determine the tectonic ac-
tivities of the A and B oilfields. SSDS can be traced laterally within the
same sequence and therefore, we can expect to establish the evolution
of the regulation by the Tan–Lu faults via connected well sections
(Zheng et al., 2015). SSDS are observed from E2s3 to E3d2l, which
means that seismic events occurred throughout the entire Palaeogene,
even during the extinct rifting stage (E2s2–E2s1). There are hardly any
SSDS observed in E3d2u and E3d1. The main reason for this is that their
strata thicknesses are thin or eroded because of the integral uplift of
the basin. The occurrence of SSDS in the vertical is discontinuous but re-
petitive, suggesting that the occurrence of palaeo-earthquakes was
episodic, i.e., similar to modern earthquakes.

The coring intervals and cores with SSDS are shown in Fig. 9a, with
the Groups of SSDS classified. In the A oilfield, SSDS aremainly observed
in the Shahejie Fm. SSDS of Group 3 are observed in well A13 in E2s3,
which indicates that the magnitudes of palaeo-earthquakes in the A
oilfield were very strong (i.e., M N 8). SSDS of Group 2 are observed in
almost all areas (wells A1, A4, A13, A5, A3 and C5) in E2s2, which
have continuous lateral development, suggesting that the palaeo-
earthquakes reflected by E3s2 were relatively stronger. In E2s1, only
Group 1 SSDS are observed in well A13, so minimal seismic activity in
E2s1 can be inferred. In wells A1 and C5, SSDS of Groups 3 and 2 are
developed in E3d2, indicating themagnitudes of palaeo-earthquakes in-
crease again in E3d2. In comparison, fewer SSDS exist in E3d3, but this
might be due to the distribution of the core intervals. Based on the
spatial stratigraphic distribution of SSDS and the magnitudes of
palaeo-earthquakes, we can infer that the extensional tectonic activities
of the A oilfield in thewest branch faults decreased sharply from E2s3 to
E2s1 and increased again in E3d2 (Fig. 9b).

The B oilfield lies within the east branch faults in the middle of
Liaozhong Sag. Above the seismites, numerous sub-lacustrine fan de-
posits indicate that gravity flows in this area might have been induced
by earthquakes (Fig. 10a). SSDS developed in the B oilfield can be traced
(b) Spatial distribution of earthquakes in the Dongying Formation.



Fig. 9. (a) Stratigraphic distribution of SSDS in the cores from the A oilfield. See Fig. 1b for the location of section A–A′. (b) Proposed seismic intensity from E2s3 to E3d2 of thewest branch
faults in the Liaodong Bay Depression. Note: the seismic intensity is relative, not exact.
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laterally, as in the A oilfield. In E2s3 and E2s2, in contrast with the A
oilfield, SSDS in the B oilfield are dominated by those of Groups 1 and
2 (wells B1, B1 and B3), but especially Group 1. The SSDS tend toward
those of Group 2 in E2s1, which indicates a strengthening of the
palaeo-earthquakes reflected in E2s1. From E2s3 to E2s1, the palaeo-
earthquake intensity shows a gradual increasing trend, according to
the variation of the morphologies of the SSDS. Moreover, the palaeo-
earthquake intensities reached their maximum in E3d3, as indicated by
SSDS of Groups 3 and 2 (wells B2 and B1), before gradually diminishing
in E3d2. The palaeo-earthquake intensity reflects the strike–slip tectonic
activities of the east branch faults in the B oilfield, which should corre-
spond to the variation law of palaeo-earthquakes (Fig. 10b).

5. Conclusions

(1) An approximately 200-m-long section of SSDS was observed
in 21wells in the Palaeogene deposits of the Liaodong BayDepres-
sion, which contained plastic intrusions, ball-and-pillow struc-
tures, flame structures, boudinage structures, synsedimentary
faults and folds, irregular convolute stratifications, sand dykes,
and autoclastic breccias. Based on their deformation features, the
SSDS were divided into two groups: ductile and brittle deforma-
tion structures.

(2) Based on an analysis of the sedimentary environment, the ob-
served SSDS in the Liaodong Bay Depression were found mainly
developed in delta front and shallow lacustrine facies. Ductile
deformation structures, observed in interbedded sand and mud
layers, reflected deformation of unconsolidated and semi-
consolidated sediments. In contrast, brittle deformation structures
were found in mudstone or fine-grained sediments, reflecting
deformation of consolidated deposits.

(3) These SSDS were induced by palaeo-earthquakes and their
morphologies reflect the earthquake intensity. The magnitude
required of an earthquake to cause liquefaction is approximately
M = 5. When the magnitude increases to M = 8, brittle
deformation might result. Based on information regarding ductile
and brittle deformation, the SSDS were divided into three
Groups that reflected palaeo-earthquake intensity. The SSDS,
classified by morphology, reflected the decreasing magnitude of
palaeo-earthquakes in the following order: Group 3 N Group 2 N

Group 1. With consideration of the palaeo-sedimentary environ-
ment, we proposed a model to account for the production
and preservation of the SSDS. The extents of the deformation
structures decrease successively from the prodelta to the proximal
bar of the delta front.

(4) The spatial and stratigraphic distributions of SSDS in thewell cores
were used to infer the tectonic activities of the Tan–Lu faults, in
combinationwith themorphologies of the SSDS. The Tan–Lu faults
comprise two branches of faults, the tectonic activities of which
have been focused on theA andB oilfields, respectively. The exten-
sional tectonic activities of the west branch faults in the A oilfield
exhibit a sharply decreasing trend from E2s3 to E2s1, and increase



Fig. 10. (a) Stratigraphic distribution of SSDS in the cores from the B oilfield. See Fig. 1b for the location of section B–B′. (b) Proposed seismic intensity from E2s3 to E3d2 of the east branch
faults in the Liaodong Bay Depression. Note: the seismic intensity is relative, not exact.
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again in E3d2. However, intensity of the strike–slip tectonic activi-
ties in the east branch faults shows an increasing trend fromE2s3 to
E2s1, with the intensity reaching a climax in E3d3.

(5) This study attempted to establish the tectonic activity of the Tan–
Lu faults based on spatial and stratigraphic aspects according to
palaeo-earthquake activity. It was demonstrated that the results
derived from the distribution of SSDS were consistent with previ-
ous studies. Analysis of the SSDS distribution can provide supple-
mental information that can help explain the dynamic evolution
of both basin-controlling faults and basin tectonics.
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