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Abstract: Intervals of soft-sediment deformation structures are well-exposed in Jurassic lacustrine
deposits in the western Qaidamu basin. Through field observation, many soft-sediment deformation
structures can be identified, such as convoluted bedding, liquefied sand veins, load and flame
structures, slump structures and sliding-overlapping structures. Based on their genesis, soft-sediment
deformation structures can be classified as three types: seismic induced structures, vertical loading
structures, and horizontal shear structures. Based on their geometry and genesis analysis, they are
seismic-induced structures. According to the characteristics of convoluted bedding structures and
liquefied sand veins, it can be inferred that there were earthquakes greater than magnitude 6 in the
study area during the middle Jurassic. Furthermore, the study of the slump structures and sliding-
overlapping structures indicates that there was a southeastern slope during the middle Jurassic. Since
the distance from the study area to the Altyn Mountain and the Altyn fault is no more than 10km, it can
be also inferred that the Altyn Mountain existed then and that the Altyn strike-slip fault was active
during the middle Jurassic.

Key words: Soft-sediments deformation structure, sliding-overlapping structure, paleoseismology,

Altyn strike-slip fault

1 Introduction

Soft Sediment Deformation Structures (SSDS) are
formed close to the surface in an unconsolidated state,
during or shortly after deposition and before significant
diagenesis (Zhao and Liu, 1988; Du et al., 2007; Du, 2011,
Owen and Moretti, 2011). Many alternative names have
been proposed for this category of sedimentary structures,
such as soft-rock deformation, sedimentary deformational
structures, deformation,
synsedimentary deformation, early-diagenetic deformation,
and pre-lithification deformation (Maltman, 1984, 1994,
Van Loon, 2009; Owen and Moretti, 2011). As a kind of
widespread structure, soft-sediment deformation structures
have been studied by many authors in the last twenty years.
The mechanisms for soft-sediment deformation include
uneven loading, gravity sliding or slump, sediment
fluidization, and liquefaction (Leeder, 1987; Moretti et al.,
2002; Montenat et al., 2007; Obermeier et al., 2009; Owen

penecontemporaneous

* Corresponding author. E-mail: yong77_li@hotmail.com

and Moretti, 2011). Earthquakes have been considered as
the main trigger for the formation of soft-sediment
deformation structures and have been studied by
experiments, field observation and genesis analysis
(Nichols, 1994; Owen, 1992, 1996; Moretti et al., 1999;
Yan et al., 2009; Qiao and Guo, 2013). Also, based on their
deformed time relative to an earthquake, SSDS can be
divided into three types: syndepositional,
penecontemporaneous, and epigenetic deformation (Du,
2011). Some authors also relate soft-sediment deformation
structures to the frequency and intensity of earthquake
(Rodriguez-Pascua et al., 2000; Qiao and Li, 2008; Qiao
and Guo, 2011, Qiao et al., 2012). Intervals of SSDS have
been found and well-exposed in Jurassic lacustrine deposits
in the western Qaidamu basin. Since the study area is quite
near Altyn mountains and the Altyn strike-slip fault, the
identification and analysis of the soft-sediment deformation
structures can not only restore the Jurassic paleogeography
of the Qaidamu basin but also determine the tectonic
movement of the Altyn Mountain and the Altyn strike-slip
fault.
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2 Geologic Setting

The study area is located in the west of Qaidamu basin,
southeast of the Altyn Mountains and the Altyn strike-slip
fault (Fig. 1). Until today there are still some debates on the
carlier and middle Jurassic tectonic setting of the Qaidamu
basin. Some authors consider it as a foreland basin under
the compression diving force (Wu et al., 1997, Zhai et al.,
1997, Xia et al., 1998). Others regard it as an extended fault
basin (Jin et al., 2006; Duan et al., 2007a; Luo, 2008). Here
we take the latter opinion and regard it as an extended fault
basin. The Honggouzi area is a Mesozoic-to-Cenozoic
fault-nose structure with a strike running 300° to the
WNW. It is composed of middle-lower Jurassic and
Paleogene strata (Fig. 1) and was formed during the
Neogene.

As one of the main target zones of oil and gas
exploration, lower-middle Jurassic strata can be as thick as
6300 m based on outcrop and geophysics data (Duan,
2007b). Soft-sediment deformation structures are exposed
in the lower-middle Jurassic deposits in the study area.The
strata of the study area can be divided into three layers (Fig.
2). The bottom alluvial fan deposits are mainly composed
of dark greenish-grey conglomerate interbedded in
irregular yellowish-green sandstone. The pebbles are
mainly metamorphic or igneous rocks. Plant fossils and
mega trough cross-bedding can be found in this layer, and
an erosion surface can be seen at the bottom. The middle
layer is composed of dark grayish carboniferous shale,
carboniferous mudstone and laminar siltstone of moderate-
to-deep lake facies. The top deposits are composed of
interbedded grayish-green granules and yellowish-green
sandy shale in the lower section and granules in the upper
section. The facies sequence of the alluvial fan, lacustrine,

and fan delta depositional system from bottom to top
reflects one complete tectonic sequence. Based on
lithologic analysis, the lower-to-middle Jurassic strata are
dark coal deposits of a lacustrine swamp facies from a
warm and humid environment.

3 Soft-Sediment Deformation Structure

Soft-sediment deformation structures of the Honggouzi
Area developed at the south-eastern limb of the Honggouzi
anticline with a strata occurrence of 238°.229°. The cross
section with the soft-sediment deformation structures is
about 30 m high and 130 m long. Soft-sediment
deformation structures developed in a zone about 2 m thick
and are interbedded between upper and lower undeformed
layers (Fig. 2, Plate I-1). The lithology of the soft- sediment
deformation structures includes sand and mud layers. The
vertical sequence can be divided into 6 distinct zones (Fig.
2). The bottom zone is composed of 5-6 layers of light grey
granules 15—40 cm thick with a particle-supported texture,
and poor sorting and roundness. The gravels in these zones
are 3—5 mm in diameter and mainly composed of quartzite
and flint. The second zone is composed of a set of reddish-
brown calcareous mudstone and calcareous shale
interbedded by thin bedded limestone 6—7 mm in thickness
deposited on the shore and shallow lake bed. This zone is
called a sliding-overlapping structure zone due to the
sliding overlapping structures that are developed inside it.
Above the sliding-overlapping structure zone, there is a 0.8
m thick olistostrome deposit which is composed of a
mixture of red, brown, and yellowish-green mudstone,
sandstone, and conglomerate. The fourth layer contains
turbidite beds 3040 cm in thickness which are composed
of fine sandstone, siltstone, muddy siltstone, and mudstone
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Fig. 1. Location of the study area.
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Fig. 2. The strata column of the study area and the position of soft sediment deformation structure

with flame structure and load structure inside. Based on the
Bouma sequence, this zone can be divided into 3 cycles.
Then, a zone of sand and mud combination delta faces
deposits above this. The top zone is a set of medium-to-
thick sandstone.

Through field observation and detailed analysis, many
soft- sediment deformation structures can be identified,
such as convoluted bedding, liquefied sand veins, load and
flame structures, slump structures, and sliding-overlapping
structures. Based on their genesis, three types can be
classified as seismic-induced structures, vertical loading
structures, and horizontal shear structures.

3.1 Seismic-induced structure
3.1.1 Convoluted bedding structure

A convoluted bedding structure is composed of a series
of narrow antiforms and open synforms of upward concave

silts or fine sand layers limited by upper and lower normal
layers (Zhao and Zhu, 2001). In the study area, the
convoluted bedding structures are small scale with 7 cm
height and 12 cm width (Plate 14-5). The sediments
included in the convoluted bedding structures are siltstone
and fine sandstone. The singular bodies are regular and bent
upwards in the cross section with the original bedding
parallel to the bottom surface of the layer to form the
synform. The convoluted bedding occurs at rather regular
intervals across 130 m long sand beds to form a series of
laterally connected synforms Many
mechanisms have been proposed for the formation of the
convoluted bedding structure, but the earthquake is the
main factor during the formation of the convoluted bedding
structure (Liu, 1992; Zhong et al., 1999; Zhao and Zhu,
2001). Based on shake table experiments (Owen, 1996), it
requires at least a magnitude 6 earthquake to liquefy the

and antiforms.
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sand and form a convoluted bedding structure. Thus, it can
be inferred that there was an earthquake with magnitude
greater than 6 in the Honggouzi Area during the middle
Jurassic era.

3.1.2 Liquefied sand veins

Liquefied sand veins are formed when sand intrudes into
horizons of distinct lithology. In the study area, there is
only one small-scale liquefied sand vein (Plate 1-6) which
is composed of a larege lower part and a small upper part.
The vertical lower part is plate-like with 4 cm width and
10cm height and is cut by a bedding shear joint at its
bottom, which move the lower part 1 cm to the left and
incline it to the left. The 5 cm-high upper sand vein is
sausage-like with a wider bottom of 1cm, and it pinches out
at the top. The whole sand vein terminates in sandy shale.
On the left of the sand vein, there is a 2 cm-thick sand layer,
but it has disappeared on the right. Liquefied sand veins are
typical seismic-induced deformation structures (Obermeier
et al., 2005; Owen, 1996; Moretti et al., 2002; Yan et al.,
2009; Qiao and Li, 2009, Du, 2011) and it is accepted that
these sand veins are formed in the late earthquake period. In
the study area, the confined horizons are sandy shale. Since
only a vertical sand vein is found in the study area, a
seismic-related genesis can be postulated. Formation of this
kind of sand vein requires an earthquake greater than
magnitude 6, which also indicates that there was an
earthquake with magnitude greater than 6 in the Honggouzi
Area during the middle Jurassic era.

3.2 Vertical load structure (load structure and flame
structure)

Flame structure and load structure are formed due to
gravity acting on an area with reverse density when a
denser, coarser sand bed is deposited on mud or siltstone.
The sand body will subside into the underlying plastic
mudstone and push the deformed and intruded mudstone
into the upper coarser sandstone when the mudstone cannot
support the overloading weight of the denser sandstone.
Many authors have discussed the genesis of load structures
and related them to earthquakes (Moretti et al., 2002, 2007,
Yan et al.,, 2007; Qiao and Li, 2008, 2009). The load
structure and flame structure are common in the sand-and-
mud-interbedded layers in the study area. They are
distributed along the bottom of the turbidite zone. On a
small scale, the flame structure and load structure in the
study area are 1-2 cm high and 2-3 cm long (Plate 1-7).
Above the flame structure, it is a massive A-division fine
sandstone layer of the upper turbidite. There is also a kind
of special load structure which is composed of coarser
granules 10 cm wide and 3 cm high (Plate II-1) .
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Fig. 3. The dipping direction Rose map of the sliding
overlapping structure.

3.3 Horizontal shear deformed structure
3.3.1 Slump structure

The slump structure is a common deformed structure in
any unstable slope environment (Maltman, 1984, 1994;
Collinson, 1994; Strachan and Alsop, 2006; Debacker et
al., 2001, 2009; Waldron and Gagnon, 2011). One slump
structure can be found in the study area. Located at the
southeastern part of the cross section, it is composed of
brown shale, mixed gravel, and sandstone with 40-50 cm
thick and 1 m wide. It dips to the northwest at an angle of
35°, and it can be inferred that the slump comes from the
northwest.

3.3.2 Sliding-overlapping structure

One special structure, the sliding-overlapping structure,
is well exposed in the study area. The sliding-overlapping
structure is composed of a series of S- or Z-shaped and
plate-type sandy mudstone, that overlap each other (Plate
113-6). The type and morphology of the sliding overlapping
structure in the study area are quite complicated, and the
slices are composed of laminar siltstone, sandy mudstone,
mudstone, shale, or laminar limestone. The slices are 0.5-2
cm thick, 5-6 cm wide, and are plate-like or lenticular. The
sliding overlapping structures in the study area are
distributed stably along the zone in the whole section with a
thickness of 30 cm. Based on the dipping direction data of
the slices, the average dipping direction is around 301.2°
NW with the dip angle of 54.71 (Fig. 3).

The sliding overlapping structure in the study area is
quite special, yet it is rarely discussed in the literature.
Some authors took it as the S- or Z-shaped structures or
duplex structure (Morris, 1973; Shanmugem, 1988).
Shanmugem (1988) proposed that it could have been
formed in the underlying unconsolidated mudstone due to
shear traction force when the slump body slid along the
basal surface. Some authors suggested that it was
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associated with the seismic-induced slump structure
(Odonne et al., 2011; Alsop and Marco, 2011). Through
detailed field description and analysis, a genetic mode of
the sliding overlapping structure is proposed in which the
unstable deposits of the delta frontier or flank may have

Shale layer

Lake level

collapsed due to a strong earthquake and slid along the
unconsolidated mudstone in the bottom of a lake, and at the
same time, the shear force could have caused the
underlying mudstone to compress and deform to form the
sliding overlapping structure (Figs. 4-5).
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Fig. 5. Deformation mechanics of the sliding-overlapping structure.
a, Deposition of shales before the Olistostrome deposition; b, deposition of Olistostrome and the deformation of shales; ¢, after the Olistostrome

deposition; d, after the burial of the sliding-overlapping structure.
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4 The Significance of the Soft-Sediment
Deformation Structure

The study of soft-sediment deformation structures can be
used not only for palacogeography such as the
palacocurrent, and palacotopography (Mills,1983; Zhao
and Liu, 1988; Van Loon, 2009), but also for the
palaeoseismic activity (Qiao and Li, 2008, 2009; Qiao and
Guo, 2011; Du et al., 2007; Du, 2011). Since the study area
is approximated 5 km from the Altyn fault and Altyn
Mountains, the study of the soft-sediment deformation
structures in the study area has great significance for the
reconstruction of the movement of the Altyn fault and the
uplift of the Altyn Mountains. Until now, there are still
some debates on the activities of the Altyn fault and Altyn
Mountains. Some authors have proposed that the Altyn
fault had been active since the Proterozoic (Zhou et al.,
1998, Zhou and Pan, 1999; Yu et al.,1998). Others
suggested that the Altyn fault has been active since the late
Jurassic (Wang, 1997; Guo et al., 1998; Guo et al., 1998;
Xing et al., 1999; Yue et al., 2001; Ren et al., 2003).
Intervals of soft-sediment deformation structures are well-
exposed in the Jurassic deposits in the western Qaidamu
basin. Based on their genesis, the 3 types can be classified
as the seismic-induced structures, vertical loading
structures, and horizontal shear structures. Through
detailed field description and analysis, they are all seismic-
induced structures. Thus it can be inferred from the
convoluted bedding structure and sand veins that there are
ancient earthquakes greater than magnitude 6 near the study
area during the early-middle Jurassic (Rodriguez-Pascua,
2000; Qiao and Li, 2009, Qiao and Guo, 2013). It can be
also inferred that there is distinct movement of the Altyn
fault in the early-middle Jurassic era. Furthermore, based
on the dip direction of the sliding-overlapping structure, it
slides from northwest, where the Altyn Mountains are
located.. We can postulate that the Altyn Mountains are the
result of an uplift in early-middle Jurassic.

5 Discussions

The soft-sediment deformation structures in Honggouzi
area are quite complicated. Three simple types: seismic
induced structures, vertical loading structures, and
horizontal shear structures are classified in this paper based
on their genesis. But it is difficult to derive earthquake
factors from the latter two types since the mechanism for
the SSDS deformation are complex. Due to its relations to
earthquake, soft-sediment deformation structures have
been used to restore the tectonic movements. For example,
Qiao et al. (2012) identified seismic-induced SSDS in the
upper Triassic series of Long menshan region and restored

the ancient tectonic movements into three stages. And,
based on the locations of the identified liquefaction-
induced soft-sediment deformation structures and their
distances to the Wenchuan-Maoxian fault, the author
estimated that the magnitude of the paleoseism occurred in
the Norian Xiaotangzi formation was about Ms7.2. So the
active movement of the Altyn Mountains and the Altyn
fault in Jurassic can be postulated. But the estimation of
paleoseismic magnitude in Altyn area requires more field
study in the future.

6 Conclusions

Through the field description and analysis of the soft-
sediment deformation structures in the Honggouzi Area of
the western Qaidamu basin, the following conclusion can
be drawn:

(1) Intervals of soft-sediment deformation structures are
well-exposed in Jurassic deposits in the western Qaidamu
basin. Based on their genesis, three types can be classified
as the seismic induced structures, such as convoluted
bedding structure and liquefied sand veins; vertical loading
structures, such as the flame structure and load structure;
and horizontal shear structure, such as slump and sliding-
overlapping structure.

(2) Based on the seismic-induced convoluted bedding
structure and liquefied sand vein,
palaeoseismic activities during the early and middle
Jurassic. It can also be inferred that the Altyn strike-slip
fault may have been active in the early-middle Jurassic.

(3) The sliding-overlapping structure has been found in
the study area, which can be an indicator for the
palacoslope. Based on the field observation, there shall be
an ancient Uplift in the northwest of the study area in the
middle Jurassic. Since the Altyn Mountains are located in
the northwest portion of the study area, it can be postulated
that the Altyn Mountains were uplifted after the middle
Jurassic.
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Plate I

1, The exposed position of the Honggouzi soft sediments deformation structures, which can be seen in the black frame.

2, The Olistostroms layer above the sliding-overlapping structure, which is composed of pebbles, sands and mud with the total thickness
of 80 cm(the black dash on the bottom left of the photo is a scale of 2 cm for the following photo).

3, The turbidite layer above the Olistostroms, which is composed of three 10cm thick turbidite layers.

4-5, The convoluted bedding structure in the study area with 7cm high and 12cmwide. Two types of convoluted bedding can be iden-
tified in the study area, one is composed of fine sand and the other is composed of find sand and mudstone.

6, The liquefied sand vein structure, which is cut and moved towards the left have two parts with the max width of 4cm and 10cm high.
7, The flame structure and load structures in the turbidite.
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Plate I1
1, The pebble load structure.

2, The slump structure in the study area have 4-50 cm thick and 1 m wide, which is made of red shale and sand.
3-6, The different kind of the overlapping structures in the Honggouzi area.




