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Typical Soft-Sediment Deformation Structures Induced by
Freeze/Thaw Cycles: A Case Study of Quaternary Alluvial
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Abstract: With the objective of establishing a distinction between deformation structures caused by freeze/thaw cycles and
those resulting from seismic activity, we studied three well-exposed alluvial deposits in a section at Dogai Coring, northern
Qiangtang Basin, Tibetan Plateau. Deformation is present in the form of plastic structures (diapirs, folds and clastic dykes),
brittle structures (micro—faults) and cryogenic wedges. These soft-sediment deformation features (except the micro—faults)
are mainly characterized by meter—scale, non—interlayered, low—speed and low—pressure displacements within soft
sediments, most commonly in the form of plastic deformation. Taking into account the geographic setting, lithology and
deformation features, we interpret these soft—sediment deformation features as the products of freeze/thaw cycles, rather
than of earthquake—induced shock waves, thus reflecting regional temperature changes and fluctuations of hydrothermal
conditions in the uppermost sediments. The micro—faults (close to linear hot springs) are ascribed to regional fault activity;
however, we were unable to identify the nature of the micro—faults, perhaps due to disturbance by subsequent freeze/thaw
cycles. This study may serve as a guide to recognizing the differences between deformation structures attributed to freeze/
thaw cycles and seismic processes.
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forms and are frequently discussed, especially

Soft-sediment deformation structures (SSDS) are
caused by liquefaction and/or fluidization during the
deformation of water—saturated unconsolidated sediments
at the top of a sedimentary sequence, and may be
associated with various natural processes (Owen, 1987,
Qiao et al., 2017; Zhong et al, 2017, 2020). These
processes can be triggered by many more processes, such
as earthquakes (Obermeier, 1996; Wang et al., 2011;
Owen and Moretti, 2011; Li et al., 2012; Tian et al., 2013,
2016; He and Qiao, 2015; Jiang et al., 2016; Qiao et al.,
2017; Zhong, 2017; Zhong et al., 2017, 2019; Liang et al.,
2018; Zhong et al., 2018), rapid sedimentation (Lowe,
1975; Postma, 1983), groundwater movement (Owen,
1996; Massari et al., 2001; Ravier et al., 2014), storm—
induced currents (Molina et al., 1998; Alfaro et al., 2002),
gravity flows (Owen and Moretti, 2008; Yang et al., 2017)
or slumping (Ge et al., 2015) and freeze/thaw cycles
(Vandenberghe,1988,1992; Murton, 2001; Giles et al.,
2013). SSDS triggered by earthquakes can take various
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tectonically affected areas (Qiao et al., 2017). Therefore,
the seismogenic interpretation of SSDS is somewhat
expanding. Nevertheless, this interpretation can be
problematic, as seismically-induced SSDS are not
fundamentally different (e.g. with respect to type and
deformation mechanism) from non-seismic SSDS.
Moreover, a specific deformational process can result in
different types of SSDS, where a specific type of SSDS
(e.g. diapir structures) can be formed by strongly different
deformational mechanisms (e.g. liquefaction or
fluidization, thixotropic processes, gravity).
Unfortunately, few studies have critically assessed
whether deformation structures had a seismic or non—
seismic trigger (Van Loon and Brodzikowski, 1987; Greb
and Archer, 2007; Zhong, 2017).

Freeze/thaw cycles, as present particularly under
periglacial conditions, is another effective mechanism that
can cause SSDS (Vandenberghe, 1988, 2016; Murton,
2001; Superson et al., 2010; Wang et al., 2013; Jin et al,,
2016; Giles et al., 2017). In this case, the deformation
mechanism includes cryostatic pressure, gravitational
loading of sediments with reversed density gradient and
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thermokarst (Superson et al., 2010). Owing to increasing
pore water pressure in active layers, the unfrozen and
fluidized sediment—water mixture may be expelled by
hydrostatic pressure into places of lesser resistance
(Vandenberghe, 2007). Freeze/thaw cycles can also cause
liquefaction and/or fluidization. A classification scheme
that assigns the wide range of cryoturbation structures to
six morphological types (undulations or individual folds,
symmetrical or intensely folded forms, drop-like and
pocket-like structures, diapirs or flame-like, dykes,
irregular contortion structures) has been proposed by
Vandenberghe (1988). Cryogenic wedges are the most
common and typical deformation structure in periglacial
environments (Vandenberghe, 1988; Jin et al., 2016), and
are often used as direct evidence of freeze/thaw cycles.
Much attention has consequently been paid to the criteria
used to recognize SSDS caused by freeze/thaw cycles
(Vandenberghe, 1988, 1992; van Vliet-Lanoé et al., 2004;
Vandenberghe et al., 2016; Petera—Zganiacz and
Dzieduszynska, 2017), but few studies have compared
SSDS due to seismic activity with those due to freeze/
thaw cycles.

The Qiangtang Basin, with an average elevation of 4800
m (Fig. la), has the lowest annual average surface
temperature and forms the most extensive permafrost area
on the Tibetan Plateau (TP) (Wang et al., 2008).
Therefore, freeze/thaw cycles are common; they result in
frost weathering, cryoturbation and a large variety of
SSDS (Vandenberghe, 2004; Wang et al., 2013). To the
present study deals with late Quaternary alluvial deposits
of the Dogai Coring (DC) section in the northern
Qiangtang Basin, Tibetan Plateau. The objectives are (1)
to interpret the deformation and trigger mechanisms of the
various types of SSDS, (2) to develop key criteria to

distinguish between deformation structures induced by
freeze/thaw cycles and those triggered by seismic activity,
and (3) to improve our understanding of the tectonic
activity and environmental implications for the area.

2 Geographic and Geological Setting

The DC section is located south of Dogai Coring (Fig.
2a). It includes three sections with late Quaternary alluvial
deposits: sections DC-2 and DC—3 form the T1 terrace of
the Changshui River, and section DC-1 forms the T1
terrace of a former river (Fig. 1b and Fig. 2a). The area is
composed of low mountains, hills and lakes; the average
elevation is about 5,000 meters, and relative height is
generally between 200-1000 meters (Chen, 2012). The 35
years (1966-2010) meteorological data from Naqu show
an annual average temperature of —1.5-1.8°C, mean 0.1°C
(Lin et al., 2012). The average monthly temperatures over
40 years (1961-2000) are higher than 0 °C from May to
September, with the remainder below 0 °C (Mao et al.,
2007). Mountain summits have perennial snow cover,
forming glaciers. Cryoturbation often occurs in loose
deposits on the slopes (Fig. 2c, 2d).

The bedrock in the study area consists of Jurassic
limestones and bioclastic limestones, Eocene sandstones,
mudstones, and glutenous rocks (Fig. 1b, Ren et al., 2015).
Large—scale faulting and intense folding characterizes the
Mesozoic strata of the Qiangtang Basin, leading to the
exposure of Mesozoic and Paleozoic or even older
formations at the present day surface (Wang et al., 2006).
The neotectonic movement is dominated by faults and
mud volcanic activity (Li et al., 1998; Yang et al., 2009;
Ratschbacher et al., 2011). Quaternary deposits such as
alluvial fans, river terraces and slope wash are distributed
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Fig. 1. (a) Topographic map and major tectonic units of the Tibetan—Himalayan orogen (Li et al., 2015), and location of the
study area (pink rectangle); (b) geological map of the study area and the location of the Dogai Coring section (modified from
the 1:250000 Dogai Coring geological map, Chengdu Institute of Geology and Mineral Resources, 2005).
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Fig. 2. (a) Interpreted map from Google Earth showing the regional landscape; (b) photo-

graphs of travertine mound and spring outcrop in field; (c-d) cryoturbation terrain (34°
02'44.07"N, 88°30'58.72"E, 5035 m a.s.l and 34°17'27.19", 88°16'28.30", 5225 m a.s.L.).

mainly along the river and its tributaries, and the layers of
river terrace sediments generally exhibit varying degrees
of deformation. A series of depositing travertine domes
and springs is present on the south bank of Dogai Coring,
mainly along the F1 fault (Fig. 2b).

3 Lithology

The well-exposed DC profile (Fig. 3) includes three
sections (DC-1, DC-2 and DC-3), with thicknesses of 2.7
m, 6 m and 5.5 m, respectively. The lithology primarily
comprises light yellow sand, clayey silt, and dark gray
gravel. DC-1 at 0-20 cm is brown soil with massive
structure; 20-95 cm is dark gray gravel with light yellow
sand and clayey silt; 95-270 cm is light yellow sand with
clayey silt, with parallel bedding. Gravels are poorly
mixed, poorly sorted, matrix supported and largely
composed of limestone. DC-2 and DC-3 show a similar
stratigraphy. Sand and clayey silt lenses are visible in DC—
2 and DC-3 (Fig. 3).

4 Morphological Features of the SSDS

4.1 Cryogenic wedges

Cryogenic wedges are common deformation structures
within permafrost, and have been reported from the
Grubbenvorts, southern Netherlands (Vandenberghe,
1992); Tuktoyaktuk Coastlands, western Arctic Canada
(Murton, 2001), Inner Mongolia, China (Vandenberghe et
al., 2004); the Landes region, southwestern France
(Bertran et al., 2010); the Miechow Upland, Poland
(Pawelec et al., 2015) and the Yilijigi-Wuma River in the
northern Da Xing’anling Mountains, Northeast China (Jin
et al., 2016). According to their different filling materials,
cryogenic wedge structures can be further divided into ice
wedge and primary gravel, sand or soil wedge (Jin et al.,
2016). The cryogenic wedges are vertically foliated and
characteristically wedge-shaped bodies of ground (Harry
and Gozdzik, 1988). The DC section contains soil wedges
(Figs. 3, 4c) and sand wedges (Fig. 7), located in the upper
part of the three sections. Soil wedges are located on the
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Fig. 3. Simplified lithological column of the Dogai Coring
(DC) alluvial deposits section, showing the positions of SSD
layers.
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surface, and wedge into the underlying gravel layer or
sand layer with sharp edges. A typical soil wedge structure
is 0.3-0.5 m wide and 0.4-0.8 m high. Sand wedges are
composed of sand to gravel that intrudes into underlying
gravel beds. Their deformation scale is larger; a typical
sand wedges structure is 1.5 m wide and 1 m high. This
typical feature has a wide top, narrow bottom, sharp edges
and corners, and gradually decreases in size downwards.

4.2 Diapirs

Diapirs or flame-like structures are formed by the
upwards movement of unconsolidated deposits caused by
cryohydrostatic or pore pressure (Vandenberghe, 1988,
1992; Qiao et al., 2017). Simple diapirs are observed in
the DC—1 section at depths of 0.2-1.7 m, occurring as
light-yellow sand and clayey silt intruding slowly
upwards or laterally into the overlying gravel and brown
soil layer (Fig. 4). The deformed layer contains some
small gravel, with lithology that is consistent with the
overlying gravel layer. Obvious cracks in the middle of the
section may be related to the latest freeze/thaw cycles. A
typical diapir structure is 2—3 m wide and 0.9-1.8 m high.
Liquefied diapirs are also observed in the DC-2 section at
depths of 1.2-2.8 m (Fig. 6). They occur as the light—
yellow sand and clayey silt slowly intruding into the
overlying gravel layer, with lateral flow and deformation.
The top of the deformed layer contains more gravel, but
the boundary with the bedding is increasingly blurred,
perhaps reflecting a gradual reduction in deformation
intensity. A typical liquefied diapir structure is 1-2 m
wide and 1-1.6 m high.

Similar deformation structures have been described at
Beerse, Belgium (Vandenberghe, 1992); the Middle
Pleistocene (Anglian) Barham Soil, eastern England
(Murton et al., 1995); the Wistok Valley, Southeast Poland
(Superson et al., 2010); at the interface between the
Menyuan Basin and the Qilian Mountains, northeastern
TP (Wang et al, 2013) and Central Poland (Petera-
Zganiacz and Dzieduszynska, 2017).

4.3 Micro-faults

The DC-1 section contains a micro—fault at depths of
1.0-1.7 m, comprising a high—angle planar fault that
affected beds thicker than ~70 cm, with offsets of ~20 cm
(Fig. 5). Micro-faults have been seen elsewhere, such as at
Diaolin (Xu et al., 2015); Shawan (Zhong et al., 2019) and
in the Lixian lacustrine sections (Jiang et al., 2016) in the
eastern TP; the Tamuchage Depression in Mongolia
(Wang et al., 2008); the Bajo Segura Basin in Spain
(Alfaro et al., 2001) and at Vens Lake in France (Petersen
et al., 2014).We note that (1) the fault in Fig. 5 must be a
synsedimentary feature (the fault disappears upwards, and
is overlain by undisturbed levels) that developed during a
stage of brittle deformation; (2) the DC-1 section is
located on the F1 fault, and there are a series of depositing
travertine domes and springs along the F1 fault (Niu et al.,
2014); and (3) there is no evidence of gravitational slides.
Although micro—faults are seen in a variety of strata with
diverse tectonic settings, in all cases they are interpreted as
consequence of seismic activity. Interestingly, the strata
on both sides of the micro—fault cannot be compared; the
upper and lower parts are reversed and normal,
respectively. We assume that the displacement of sediment
particles may have been caused by the compressive stress
of volume expansion during freezing and gravity collapse
during thawing. Along the fault plane, there is a sand dyke
with a wide bottom and narrow top, which have been
caused by sand injection into the frost fissures.

4.4 Fold structures

Fold structures are observed in the DC-2 and DC-3
sections, at depths of 2.0-3.8 m and 0.9-5.1 m,
respectively (Figs.7-9). These were induced by vertical
and lateral forces which squeezed out the soft sediment
sideways and upwards, causing it to fold into diapirs of
various shapes (Vandenberghe, 1988; Superson et al.,
2010). We can identify two types of fold (recumbent fold
and irregular fold) based on their morphology, which are
overlain and underlain by gravel beds. Recumbent folds
are well developed in the DC section (Figs.7, 9, 10); they
form when the sand and clayey silt layer or gravel layer
are squeezed and wrinkled, then subjected to the
compressive stress of the gravitational loading, forming a
recumbent shape. The wings of the fold are relatively
symmetrical. Interestingly, the fold—axis orientation
fluctuates, but is mostly parallel to the stratum. A typical
recumbent fold structure is 2-3 m wide and 0.6—1 m high.
The DC-3 section contains an irregular fold at depths of
4.4-5.1 m (Fig. 8), in a light—yellow clayey silt layer with
parallel bedding. The deformation structure is 1.1 m wide
and 0.7 m high. Irregular folds are also observed in the DC
-3 section at depths of 1-3 m (Fig. 9), occurring where the
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Slope wash

Fig. 4. Soil wedges and diapir structures in the DC—-1 alluvial deposits section.

(a) Location and distribution of SSDS in the DC-1 profile. Person (170 cm high) for scale; (b) light yellow sand and clayey silt (weak
bedding) intrude into the overlying gravel layer and the brown soil layer, forming diapirs. Note the frost fissures in diapir structures;
(c) the brown soil layer has collapsed under gravity and piles up to form soil wedges. Hammer (28 cm long) for scale.

sand layer or gravel layer became squeezed and wrinkled.
The angle between the axial plane of the fold and the
sedimentary surface is 30°—45°. The deformation structure
is typically 2-3.5 m wide and 1.5-2 m high.

Similar deformational structures have been described in
the synrift Escucha Formation (late Aptian—middle
Albian) in Teruel, Spain (Rodriguez-Lopez et al., 2007);
the Wislok Valley, Southeast Poland (Superson et al.,
2010); the Permian in Ulladulla area, in the lower terrace
of the Warta River valley, Menyuan Basin, south of the
Qilian Mountains (Vandenberghe et al., 2016); the Sydney
Basin, Australia (Du and Yu, 2017); and Central Poland
(Petera-Zganiacz and Dzieduszynska, 2017).

4.5 Clastic dykes
Clastic dykes refer to the veins within unconsolidated

deposits, in which liquefaction and/or fluidization cause a
sand layer to intrude into an adjacent sedimentary layer
(Qiao et al., 2017). Clastic dykes are observed in the DC—
2 section, at depths of 0.2-3.6 m (Fig. 7). The parent
material of the dyke is a sand layer. The dyke is
characterized by columnar sand ejected into the overlying
debris gravel sediments. Meanwhile, the upward—flowing
sand and clayey silt also entrained the surrounding gravel
as it was ejected into the upper sediments, forming the
sausage morphology structure. A typical clastic dyke is 1—
4 m wide and 0.5-3.4 m high. Liquefied veins are
observed in the DC-3 section, at depths of 3-4.5 m, and
are overlain and underlain by gravel beds (Fig. 10). The
liquified sand or clayey silt intrudes upwards into the
overlying gravel layer, it is then affected by gravity
loading, which causes subsequent lateral flow and
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Fig. 5. Micro—faults and sand dyke in the DC-1 alluvial deposits section. Note the lithol-
ogy and bedding changes in the strata on both sides of the fault. Notebook (18 cm long)
for scale (similar for Figs. 8b, 8c).

Fig 6b

Fig. 6. Liquefied diapir or an irregular injection in the DC-2 alluvial deposits section. Person (170 cm high)
for scale.

Soil wedge

Slope wash
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Fig. 7. Recumbent folds (sand layer and gravel layer are bent and deformed; also note the fold axial changes) and
clastic dykes (liquefaction deformation of the sand layer, and lateral flow in the parent rock layer with parallel bed-
ding) in the DC-2 alluvial deposits section. Person (180 c¢cm high) for scale (similarly for Figs. 8—10).
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Fig. 8. Irregular folds in the DC-3 alluvial deposits section.
(a) Location and distribution of SSDS in the DC-3 profile; (b) the light yellow clayey silt layer is bent and deformed, overlain and
underlain by gravel layers; (c) the sand layer and the gravel layer are bent and deformed to form a fold. Note the orientation of the

gravel.

deformation. The original layer eventually disappears,
forming irregular, blind veins. The deformation structure
is 0.1-1.6 m wide and 0.1-1 m high.

Similar deformational structures have been described on
the east flank of the proglacial braided plain of
Solheimajokull, southern Iceland (Heron and Etienne,
2005); the glacial sand-sheet deposits in the Tuktoyaktuk
Coastlands, western Arctic Canada (Murton and Bateman,
2007); the Aizvejas sand quarry, comprising subglacial
bedforms of the Zemgale Ice Lobe, south-eastern Baltic
(Lamsters and Zelcs, 2015), the upper part of the Liantuo
Formation of the Shennongjia at the northern margin of
the Yangtze Craton (Wang et al., 2018).

5 Discussion

5.1 Triggering Mechanism of the SSDS

Owing to the alluvial depositional environment of the
DC outcrop presented here, possible triggering
mechanisms for these SSDS are: (1) flood, (2) channel
erosion, (3) rapid sedimentation and overloading, (4) near-
surface gravity slides, (5) rapid groundwater movement,
(6) earthquakes, and (7) freeze/thaw cycles.

The deformation structures in flood sediments have
parallel sandy layers, a distinct grain sequence and a
deformation magnitude that decreases downwards in the
vertical section (Rana et al., 2016). In the DC section,

deformation structures present no changes in vertical
extent or grain sequence, and the lithology primarily
comprises poorly-sorted gravel and sand. In addition, sand
flows associated with water seeping beneath levees during
floods, which have tubular structures, fine and well-sorted
grain sizes, and are always located near-surface (as
described by Li et al., 1996), were not found. The diapirs
or flame-like structures in this study contrast with the
concave—upwards, inclined bedding and channel erosional
morphologies (recumbent flame structures and asymmetric
load casts) described by Dasgupta (1998). Additionally,
evidence of rapid sedimentation (Lowe, 1975) and
overloading (Moretti and Sabato, 2007; Owen and
Moretti, 2008) is absent. Consequently, flooding, channel
erosion and rapid sedimentation and overloading,
respectively, can be discarded as potential triggers.

In the lower deformed bedding of the DC-2 and DC-3
sections (Figs. 4, 6, 7), fold structures with deformed sand
and gravel layers might have been triggered by near—
surface gravity slides; however, the axial directions of
these folds are directed upstream of the river, which is
opposite to the direction of stress caused by cryoturbation
or alluvial fan gravity slides along the slope. In the DC
section, there is no obvious sliding surface in the SSDS,
and also a lack of the typical structures of the extensional
zone (normal faults), shear zone (monoformal folds) and
compressional zone (folds and thrusts) of slump folds
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Fig. 10. Liquefied veins (mainly blind veins without roots) and recumbent folds in the DC-3 alluvial deposits section.

(Alsop and Marco, 2011; Lii et al., 2011; Yang and Van
Loon, 2016; Qiao et al., 2017). Furthermore, the slope of
the low—inclination Changshui alluvial fan (dip <1°) is too
low to create shear parallel to the sediment surface as
observed in the deformed DC section (see Moretti et al.,
2001). The clastic dykes and fold structures in the DC
section are obviously different from typical structures
(macro-scale turbate structures with matrix core or stone
core, clast reorientations following a recumbent fold,
vertically realigned clasts along a water-escape pipe) that
were induced by porewater pressure controls on subglacial

sediments (Ravier et al., 2014).

As often emphasized (e.g. Du and Yu, 2017), it is
important but usually difficult to distinguish seismic and
aseismic SSDS in Quaternary deposits. Therefore, we
compare the main characteristics and formation processes
of SSDS associated with seismic and freeze/thaw cycles
(see Table 1). As described above, the DC section is
located close to the F1 fault. While the SSDS (except
micro—faults) in this study may have been induced by
earthquakes, we propose instead that these structures were
caused by freeze/thaw cycles for five reasons as follow.
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Table 1 Selected deformation structures attributed to freeze—thaw cycles and seismic processes (modified from Collins, 2015)

Freeze—thaw cycles

Seismic

Form Process and key features Form Process and key features
Freeze expansion and then gravity driven (i.e. downwards) A fault is displaced to form a fault cliff, a wedge—shaped deposit is
Sand or infilling of a thermal contraction or mass movement  Colluvial then formed by erosion (gravity and/or water). Particles close to the
soil wedge induced fissure. Typically wider at top. May show wedge fault are coarse; particles further away are fine and often have no
stratification. bedding.
Slight plastic deformation under the compressive stress or Plastic upwards deformation under seismic load stress or pore fluid
pore fluid pressure drives upwards or lateral movement of . pressure drives liquefied sediments to puncture through overlying
. . . . Liquefied . . S :
Diapir  un-liquefied or liquefied sediments, such that they diapir layers (principally upwards). Grades into injection dykes, if
puncture through overlying layers. May cause regular p sand/sediment becomes fully liquefied. Reflects deeper unit having a
bending deformation of the overlying layer. lower dynamic viscosity than overlying sand/sediment.
Pore fluid pressure and gravity collapse due to the changes
in pore water and volume of sediment after ice meltscause . Pore fluid pressure causes plastic sediment deformation under
. . . . Hydraplastic . h .
Fold  plastic deformation of sediments. Mostly symmetrical seismic shear stress. The sediments are continuously bent but not
. fold
folds, and the pleated axial surface has a preferred cracked.
orientation. May show preferred particle orientation.
. . . . Pore fluid pressure drives vertical flow (up or down) of liquefied
. Pore fluid pressure or gravity collapse drives clastic . . . .
Clastic sediments upwards or laterally. Parent sediment fabric is Liquefied  sediments. They generally cut through horizontal beds as inclined to
dykes lost p ¥ dykes vertical conduits. The dykes are often bent and deformed, and
) connected to the mother rock deposits.
(1) The DC section is located in the northern Qiangtang therefore, they should result in irregularly spaced

Basin, with an average elevation of 4800 m, and the
annual average temperature is below 0°C. Permafrost
(Yang et al., 2003; Wang et al., 2003; Wang et al., 2015),
snowbergs, frost mounds and gelifluction are widely
distributed, resulting in typical periglacial landforms. (2)
Cryogenic wedges and fissures typically develop in
periglacial environments (Harry and Gozdzik, 1988). The
deformed structures are concentrated at depths of 1-5 m
below the surface. (3) The symmetrical arrangement of
layers on both sides of the fold structures, and the lack of
characteristic fillings, excludes tension wedges (van Vliet—
Lanoéet al., 2000, 2004). (4) These SSDS are non—
interlayered, have a meter deformation scale, are most
commonly within unlithified deposits, and have a largely
inhomogeneous lithology (Table 2). (5) The deformation
structures are consistent with plastic deformation, in a—
low speed and low—pressure movement of loose deposits
(Table 2). These SSDS described here are obviously
different from those attributed to liquefaction or
fluidization deformation (centimeter scale, interlayered,
high—speed, high—pressure and fast fluid deformation)
caused by earthquakes (Table 2).

5.2 SSDS Processes

Freeze/thaw cycles is an effective mechanism for
generating SSDS, especially in periglacial settings
(Peterson et al., 2003). Freeze/thaw cycles can cause
freeze expansion and thermal contraction, potentially
generating high pore pressures, resulting not only in
fluidization of the sediments but also in injection
(Vandenberghe, 2007). Moreover, cryostatic pressures and
frost disturbance of the sediments occur randomly;

structures (Vandenberghe, 2007). The main sedimentary
processes related to freeze/thaw cycles in the DC section
are freeze-melt out, re-sedimentation and SSDS. The
original undeformed layer (from bottom to top) comprises:
permafrost, active layer (thaw) and overlying layer
(Fig.11a). Some original cracks may occur on the surface
of the permafrost layer. During the freezing phase
(Fig.11b), pore water in the active layer begins to freeze,
raising cryostatic pressure and resulting in sediment
volume expansion. Due to the upwards compressive stress,
the top sediments of the active layer form an upwards
diapirs, resulting in bending deformation of the overlying
layer and possibly forming new cracks. These cracks are
filled with ice and gradually enlarge, eventually forming
larger cryogenic wedges. The expansion of the sediments
causes upwards and lateral compression stresses, causing
the particles in the active layer to be dislocated or
displaced, result in a bedding dislocation (micro—fault) or
disturbance deformation. During the thawing phase
(Fig.11c), ice in the active layer begins to melt and the
sediment volume shrinks (because of thermokarst
processes). The sediments gradually become
supersaturated and the pore water pressure increases. The
bottom of the water—saturated sediment has a high pore
pressure, causing liquefaction and/or fluidization, and
leading to upwards or lateral sediment movement and the
formation of liquefied veins and clastic dykes.
Liquefaction and/or fluidization, and gravitational loading-
induced sediment collapse, will cause the water—saturated
sediment to bend and fold. Due to the low pressure and
slow deformation, we can observe a directional gravel
arrangement and symmetrical folds. During gravitational

Table 2 The different deformation structures attributed to freeze-thaw cycles and seismic processes

Freeze—thaw cycles

Seismic processes

Distribution In arctic and high—altitude periglacial setting

Near or along the seismically active belts

Lithology

Gravel, sand, silt, mud and soil; heterogeneous lithology

Fine sand, silt and silty—clay, water—saturated, liquefied sediments

Deformation layer and scale  Non-interlayered deformation and meterscale

Interlayered deformation and centimeter or decimetrescale

Deformation feature . . .
! deposits, and mostly plastic deformation

In—situ, low—speed and low—pressure movement of loose

In—situ or flow, high—speed and high—pressure fluid movement;
mostly liquefaction or fluidization deformation

Trigger stress

Cryostatic pressure, gravitational loading and thermokarst

Seismic shear force (such as Raleigh wave)

Influential factor Temperature, hydrothermal changes in the soil

Earthquake magnitude and distance from the epicenter
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Fig. 11. Schematic of the formation process of SSDS in the DC
section.

(a) The original undeformed layer; (b) in freezing phase, some ice wedges
appear in the top sediments, due to cryostatic pressure; (c) in thawing phase,
the water—saturated sediments begin to liquefy and/or fluidize to form lique-
fied diapirs, liquefied veins and clastic dykes under the super-porosity water
pressure. Due to gravitational loading, water—saturated sediments are disturbed
and deformed to form folds. Dislocations and sediment particle disturbances
occur in the formation.

flow direction

stress direction

collapse, the sediment particles are dislocated or displaced
again, and the original bedding pattern gradually
disappears. With changing temperature and hydrothermal
conditions, sediments undergo successive freeze/thaw
cycles, resulting in large and diverse deformation

structures. These can reflect the slow, long—term repeated
freeze/thaw cycles.

Under the background of global warming, the
permafrost on the TP will shrink, leading to more intense
freeze/thaw cycles across wider regions (Wang et al.,
2014), and a greater number of SSDS. Furthermore,
melting of ground ice near the permafrost table produces
uneven thaw settlement and freeze/thaw cycles in the
active layer, posing a significant threat to infrastructure
and engineering constructions over permafrost (Nelson et
al., 2001, Ma et al., 2009; Ma et al., 2017). Therefore, the
safety of traffic engineering and pipeline construction
must take into account volume changes which occur in
frozen ground (Burt and Williams, 1976). The freeze/thaw
cycles and SSDS in permafrost regions should be
seriously considered.

6 Conclusions

Based on the soft-sediment deformation structures
(SSDS) in three well-exposed alluvial outcrops near
Dogai Coring, northern Qiangtang Basin, integrated with
the geographic setting, lithology and deformation features,
we draw three conclusions summarized briefly as follows.

(1) Four types of SSDS (diapirs, clastic dykes, folds and
cryogenic wedges) were identified, all characterized by
meter—scale, non—interlayered, low—speed and low—
pressure displacements within soft sediments, most
commonly in the form of plastic deformation. These SSDS
can be interpreted as resulting from freeze/thaw cycles,
reflecting the regional climate changes and fluctuations of
hydrothermal conditions in the soil.

(2) Micro—faults are associated with regional fault
activity; however, we were unable to identify the nature of
the micro—faults, perhaps due to volume expansion and
gravity collapse during subsequent freeze/thaw cycles.

(3) This study helps us to recognize the differences
between deformation structures attributed to freeze/thaw
cycles and those attributed to seismic processes.
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