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Abstract
The fine-grained autochthonous sedimentation in the deep part of a Late Triassic lake was frequently interrupted by
gravity-induced mass flows. Some of these mass flows were so rich in water that they must have represented slurries.
This can be deduced from the soft-sediment deformation structures that abound in cores from these lacustrine deposits
which constitute the Yanchang Fm., which is present in the Ordos Basin (central China).
The flows and the resulting SSDS were probably triggered by earthquakes, volcanic eruptions, shear stress of gravity
flows, and/or the sudden release of overburden-induced excess pore-fluid pressure. The tectonically active setting, the
depositional slope and the high sedimentation rate facilitated the development of soft-sediment deformations, which
consist mainly of load casts and associated structures such as pseudonodules and flame structures. Sediments with such
deformations were occasionally eroded by slurries and became embedded in their deposits.
Keywords: soft-sediment deformation structures, low-density gravity-flow deposits, Triassic, lacustrine sediments, Ordos Basin, China

1. Introduction
The Ordos Basin in central China is rich in unconventional hydrocarbons. These occur mainly
in fine-grained lithified sediments, such as shales,
mudstones and siltstones (Schieber, 1994; Schieber
et al., 2007; Hovikoski et al., 2008; Bhattacharya &
MacEachern, 2009; Aplin & Macquaker, 2011; Plint,
2014; Kostic, 2014). Part of the hydrocarbons occur
in the lacustrine shales of the Triassic Yanchang
Formation, which has been dated as Late Triassic.
The occurrence of the hydrocarbons has raised
considerable interest in this formation, and many

wells have been drilled. Numerous cores were investigated in detail, and it has turned out that the
lacustrine Yanchang Fm. represents the deeper part
of a lake where sedimentation took place largely
by settling of fine particles from suspension, with
minor contributions by bottom currents that left
small-scale, sometime fine-sandy, current ripples.
This quiet picture was interrupted fairly frequently,
however, by mass flows of different types, ranging
from hyperpycnal flows and turbidity currents to
high-density debris flows. This wide spectrum of
mass flows included numerous other types, such
as plug flows, quasi-laminar plug flows and tran-
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sitional plug flows, which probably passed occasionally into each other, progressively changing
their character along the transport path, with transformation primarily resulting from reductions in
sediment concentration through progressive entrainment of surrounding fluid and/or sediment
deposition (cf. Mulder & Alexander, 2001). All flow
types left their specific traces in the form of lateral
extent, thickness, grain-size distribution and sedimentary structures.
In the present contribution we focus on flows
with such a high water content and such finegrained particles, that they should be considered as
slurries. Whereas the general term ‘fluid mud’ is defined as a bottom-hugging mobile subaqueous body
of fine-grained sediments with a concentration of
solids > 10 g∙L–1 (Kirby & Parker, 1983), which consists primarily of clay- and silt-sized-particles with
variable amounts of organic material (Ichaso & Dalrymple, 2009), the term `slurry flow’ is used to refer
to watery flows transitional between turbidity currents and debris flows; most slurry-flow deposits
have a matrix of 10±35% of detrital mud matrix and
are grain-supported (Lowe & Guy, 2000). A slurry
flow is defined in the present contribution as a sediment that has undergone mass transport with an
ultra-high concentration of insoluble particles (such
as sand, silt, marl and/or clay) of over 500 g∙L–1 and
that was driven by gravity.
Like the other types of mass flows, slurries move
downslope until their momentum is no longer sufficient – due to a gradual decrease of the sedimentary slope – to continue flowage. The resulting slurry deposits are extremely water-rich and prone to
deformation, particularly due to the fine grain size
of the constituting particles, which is caused by the
gradual loss of coarser material during transport as
a slurry (cf. Lowe et al., 2003). This results in the
frequent occurrence of soft-sediment deformation
structures (SSDS; this acronym is used here for both
singular and plural), which differ in their characteristics from SSDS formed in soft sediments with
a lower water content and a granulometry that is
less susceptible to deformation.
Although much research on gravity flows has
been carried out during the past few decades, the
relationship between gravity flows and their depositional characteristics is still insufficiently understood (Sumner et al., 2009; Lamb & Mohrig, 2009;
Talling et al., 2007; Pouderoux et al., 2012), especially concerning fine-grained deposits. A study by
Plint (2014) has clearly pointed out the difficulties of
recognizing microstructures and understanding the
transport processes that resulted in mudstones. We
presume that more detailed studies of the SSDS in

mass-transported fine-grained sediments can deepen the insight in the depositional conditions of such
sediments, though it should be kept in mind that, in
addition to the granulometry of the mass-transported sediments, also the water/particle ratio during
transport and the pore-water content after deposition play a major role. We restrict our attention in
the present contribution therefore to mass-transport
processes in which so much water was involved
that their deposits were initially saturated, if not
over-saturated, with water. This may be of particular interest since Mesozoic deposits of water-rich
flows on deltaic slopes and in deep lacustrine environments have rarely been documented.

2. Geological setting
The soft-sediment deformation structures in the
slurry deposits under study here occur in the Late
Triassic Yanchang Formation, which forms part of
the succession filling the Ordos Basin. This basin is
the second largest sedimentary basin in China (Fig.
1A), covering 320,000 km2. Being situated on a stable Archaean crystalline basement, it developed
during the Mesoproterozoic, but sediments accumulated up till the Tertiary. These are on average
4–5 km thick, but the thickness varies from place to
place (Zou et al., 2012; Yang & Deng, 2013).
Palaeocontinents in the south were one of the
main source areas of the Yanchang Fm. during the
Late Triassic, thanks to uplift caused by the collision of the South China and the Sino-Korea Blocks
(Weislogel et al., 2006; Dong et al., 2012. The collision and thrusting downwarped the Ordos Basin,
resulting in slopes on both sides of 3.5–5.5° in the
south and 1.5–2.5° in the north (Fig. 1B). Fast subsidence of the basement and deepening of the basin
resulted in a transgression of the lake during the
early Late Triassic. The combination of rapid uplift,
steep slopes, a humid climate, and a location close
to the source area was favourable for the triggering
of gravity flows.
The Yanchang Fm. consists of detrital fluvial/
deltaic/lacustrine sediments of 1000–1300 m thick.
Fossils in the Yanchang Fm. indicate that the Ordos
Basin was located at low latitude with a warm and
humid climate (Ji et al., 2010). During the late Middle Triassic, a shallow lake and deltas developed,
as indicated by alternations of fine sandstones and
mudstones. The lake became deep in the early Late
Triassic, as a result of fast subsidence of the basement. A succession of dark (kerogen-rich) deep lacustrine shales with thicknesses of 20–80 m subsequently developed in the more central part of the
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Fig. 1. Location (A), geological setting (B) and Triassic succession (C) of the Ordos Basin. The
main map shows the regional topography and
the structural framework of central China, and
the peripheral mountains of the Ordos Basin.
The yellow line from A to B shows the location of the section sketched in (B). Inset map
(B) shows the uplift of the Qinling Mountains, thrusts, downwarping and inclination
of the Late Triassic basin. Figure (C) shows
the Middle-Late Triassic strata, lithology and
thicknesses of the 10 members (YC 1 to YC 10),
lithofacies, lake-level fluctuations and basin
evolution of the Yanchang Fm. Modified after
Yang et al. (2016).

basin, whereas deltas developed in the southern
and northern parts (Fig. 2). Intercalations of numerous tuffaceous beds between the dark shales point
at frequent volcanic eruptions in the surrounding
mountains; thin turbidity currents reached the deep
lake and form also frequent intercalations between
the autochthonous mudstones (Zou et al., 2012;
Yang et al., 2014). Subsequently, the Ordos Lake became increasingly shallower during the Late Triassic. Lacustrine deltas and turbidite fans spread from
the north and south to the central Ordos Basin. This
resulted in the deposition of fine sandstones and

mudstones (Deng et al., 2011; Zou et al., 2012; Yang
& Deng, 2013).

3. Soft-sediment deformation structures
in the lacustrine cores
The mudstones of the deep lacustrine Yanchang
Fm. commonly (but not always) show lamination,
but occasionally they are massive. Moreover, in numerous cores well-developed SSDS are present. Al-
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Fig. 2. Preserved extent of the Ordos Basin,
and lithofacies of the member (YC 7) of the
Yanchang Fm. under study here. The map
also shows the mountains around the basin,
and the well locations (codes H and J indicate
the Honghe and Jinghe areas, respectively; the
numbers indicate the well number for each
area). Modified after Yang et al. (2016).

though cores offer the possibility to study the SSDS
in 3-D, the interpretation of such deformations in
cores remains difficult, although such SSDS from
cores obtained from fine-grained lacustrine and
paludal sediments have been described and analysed before (e.g. Ezquerro et al., 2015, 2016; Törö
& Pratt, 2016). Most authors presume that seismic
activity triggered the deformation processes.
Several types of SSDS are present in the mudstones of the Yanchang Fm. They represent the flow
conditions (syndepositional SSDS) as well as the
conditions at the sedimentary surface after deposition (metadepositional SSDS), and sometimes also
after deposition of a next layer (postdepositional
SSDS). Considering the relatively small lateral extent of the SSDS as far as visible in a core, interpretation of the deformational stage is not always reliably possible.
Numerous SSDS indicate a certain degree of
consolidation of the mass-transported material
during and/or after transport. This degree is best

expressed by the nature of the deformations: they
can point at brittle behaviour (faulting), at liquefaction (plastic deformation) and at fluidization (sand
veins). It should be kept in mind, however, that also
water-saturated, unconsolidated sediments can
show faults, not only as a ‘side-product’ of plastic
deformation, but also as a primary deformation
that took place sufficiently rapidly (cf. Van Loon
& Wiggers, 1975, 1976). Commonly SSDS of different types are found closely together, suggesting
that the material had different properties during
transport and/or deposition, which is a normal feature during mass-transport. An example is Figure
3, showing cm-scale faults, bent laminae and thin
veins of fluidized sand.
Most SSDS in the mudstones are load casts or
directly related structures, either or not deformed
later. Load casts are the most common SSDS in lacustrine sediments and have been described and interpreted in numerous publications (Kuenen, 1958;
Kelly & Martini, 1986; Rodríguez-López et al., 2007;
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Fig. 3. Example of a core with a variety of small-scale
soft-sediment deformation structures, including
faults, bent laminae and intrusions of fluidised sediment. Core from well SP1, depth 1971.3 m.

Gladkov et al., in press). Many of the load casts in
the Yanchang Fm. consist of fine-sandy material
that has sunk into mud. Wherever the mud had already been somewhat consolidated, the load casts
show ‘classical’ forms; where the mud was still fairly soft, the sandy material could easily sink farther
downwards to become either pseudonodules (Fig.
4A,B) or deformed loads casts (Fig. 4C), often also
deformed pseudonodules (Fig. 4D). Gravity flows
with erosional capability were common, as expressed by the occurrence of lithic clasts (Fig. 5A).
Such erosive flows also caused that some load casts
became truncated at their top (Fig. 5B). Other processes that resulted in ‘destruction’ of loads casts
are burrows of organisms that worked their way
through the topmost sediments of the deep lake
(Fig. 6).
From the point of view of soft-sediment deformation, the most interesting are the often chaotic
deformations caused by the turbulent flow character of slurry flows, and by the weight of freshly
deposited event layers on top of the water-saturated slurry deposits. These slurry flows consisted of
failed sediment (cf. Sylvester & Lowe, 2004), most
probably deposited originally on the sloping front

Fig. 4. Pseudonodules in various shapes. A: Characteristic pseudonodule derived from a fine-sandy layer that
completely disappeared due to the loading process.
Note the deformation in the lower part of the core.
Core from well J25, depth 1348.7 m. B: Cross-section
through a pseudonodule derived from a layer with
similar lithology as the off white layer above it. It cannot be excluded that the pseudonodule was derived
from this layer. Core from well H67, depth 1496.3 m.
C: SSDS consisting of a combination of load casts and
pseudonodules, probably caused by successive deformation phases. Core from well H121, depth 1755.1 m.
D: Pseudonodule with repeated phases of deformation. Core from well H69, depth 1830.3 m.

of deltas that prograded in the lake. These relatively distal delta fronts were built of alternations
of muds and fine sands, which started moving en
masse downslope. There may have been several reasons for such failure, such as oversteepening due
to the high accumulation rate, storm wave activity, tectonics (resulting in seismic shock waves) and
shocks due to volcanic activity (Deng et al., 2011;
Dong et al., 2012).
When the water-saturated slope sediments
started to move downslope, increasingly more wa-
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Fig. 5. Expressions of the erosional capability of some
slurries. A: Lithic clasts at the base of a slurry deposit.
Note the SSDS in the overlying layer. Core from well
J12, depth 1246.8 m). B: Truncated load cast, caused
by the erosive action of a subsequent slurry. Core
from well H62, depth 2147.32 m.

Fig. 6. Burrow in an exposure of the same stratigraphic
level of the Yanchang Fm. as under study in the present contribution. Xunyi County, Shaanxi Province.

Fig. 7. Slurry deposits with floating soft-sediment masses of divergent lithology. A: Irregular distribution of
fine-sandy, deformed sediment within a slurry deposit. Core from well J8, depth 1271.5 m. B: Floating
pseudonodules and other sedimentary masses in a
slurry deposit. Note that the upper pseudonodule is
positioned upside down. Core from well H56, depth
1857.7 m).

ter was included, so that eventually a slurry was
formed. The turbulent flow of the slurry led to erosion of the sedimentary bottom and of subaqueous
natural levees that existed alongside the channels
in the delta slope; part of these sediments may have
been so water-saturated that the individual particles lost the contact with each other, so that they
became mixed up with the other sediment particles
in the slurry, thus increasing the erosional power
of this flow. The increased erosional capability occasionally led to the erosion of more consolidated
sediment. These became included in the slurry with
its chaotic turbulent character, forming lumps that
partly became deformed during transport, either by
rolling over the sedimentary bottom, or by the powerful whirls in the slurry. This explains the occurrence in several cores of slurry deposits consisting
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Fig. 9. Muddy slurry deposits with fairly shapeless masses of deformed fine-sandy material. A: Relatively thick
slurry deposit with concentrations of fine-sandy material at several levels. Core from well J2, depth 1319.3
m. B: Densely packed, more or less bedding-parallel
masses of fine-sandy deformed sediment in a relatively thick slurry deposit with a muddy matrix. Core
from well ZS2, depth 1348.1 m.

ed more sandy material became: the individual
fragments were torn apart, bumped against each
other, absorbed water, etc., so that they lost their
original shapes and eventually became more or less
shapeless masses (Fig. 9).

4. Discussion
Fig. 8. Muddy slurry deposits consisting for a large part
of lumps of deformed fine-sandy material, possibly
derived from eroded bottom sediments, possibly consisting of fine-sandy layers in the muddy succession
that started to flow downslope. A: Densely packed
load casts, pseudonodules and other deformed sedimentary masses in a well-defined slurry deposit. Core
from well H72, depth 2065.6 m. B: Rounded fragments
of only slightly deformed sandy material in a muddy
slurry deposit. Core from well H62, depth 2157.6 m.
C: Another core with strongly contorted fine-sandy
sediment lumps in a slurry deposit. Core from well
H63, depth 2343.1 m. D: Densely packed, deformed
fine-sandy sediment masses in a slurry deposit. Core
from well H72, depth 2070.3 m.

predominantly of mud, in which deformed lumps
of somewhat more sandy material are embedded,
sometimes as floating, more or less isolated masses (Fig. 7), sometimes in quantities that are almost
equal in volume as the mud matrix (Fig. 8).
The farther downslope slurry flows travelled,
the less recognizable the individual lumps of erod-

The various hydrodynamics and/or transporting-depositional mechanisms and processes controlled the nature of the sedimentary structures,
textures and SSDS in the deep lacustrine muds
that build the Yanchang Fm. On the other hand,
these features can help to reconstruct the processes that prevailed in the sedimentary environment.
The interpretation of the texturally heterogeneous
mudstones in the Yanchang Fm. are based on these
analyses, and it is deduced that most of the mudstones must be interpreted as slurry deposits in environments ranging from the sedimentary slope of
a delta front to a lacustrine bottom. Other types of
mass flows existed, however, as well, mainly in the
form of muddy debris flows, fluidized mud flows,
hybrid flows (cf. Haughton et al., 2009) and turbidites/hyperpycnites.
The sedimentary environments were relatively stable over a fairly long time, as can be inferred
from the thickness of the lacustrine deposits. The
delta-front and lacustrine environments were, however, fairly frequently affected by mass flows that
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resulted in a large number of event deposits, mainly
slurry deposits.
Various flow regimes must have existed, depending on the slope, the water/sediment ratio and
the water turbulence of the flows. Varying amounts
of disseminated sand, mudstone intraclasts and
organic detritus indicate erosional capability of at
least part of the flows. The rare bioturbation indicates relatively continuous sedimentation at a high
rate rather than slow settling from dilute suspensions (cf. MacEachern et al., 2005; Neill & Allison,
2005; Bhattacharya & MacEachern, 2009). Most
mudstone layers in the Yanchang Fm. are therefore
interpreted as having been deposited rapidly in
a relatively high-energy environment, rather than
in low-turbulence still water, mostly in the form of
gravity flows, such as turbidity currents, hyperpycnal flows, muddy debris flows and slurry flows.

Plug flows, quasi-laminar plug flows and transitional plug flows must also have contributed.
The development of slurry deposits requires
slope failure, which in turn requires both accumulation of much sediment and a trigger (Yao et al.,
2012). The requirement of accumulation of much
sediment was certainly fulfilled in the case of the
sediments under study here, since so much clastic
material was supplied that the delta front in the basin grew at a high rate. The requirement of a trigger
was probably met as well. Mass flows commonly
originate due to slope failure. This may be triggered
by a wide variety of processes such as earthquakes,
volcanic eruptions, storms and river floods (Sum
ner et al., 2012, 2013; Clare et al., 2014). Numerous
tuff layers that are present within the deep lacustrine mudstones indicate that volcanoes erupted
frequently near the Ordos Basin during the Late

Fig. 10. Schematic block diagram showing the depositional environment, the depositional processes and the distribution of the resulting sediments, and the distribution of the soft-sediment deformation structures of the types found
in the cores under study.
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Triassic (Yang et al., 2014). Clay-rich sediment gravity flows played an important role in the sedimentary environment from the delta front to the deep
lacustrine area in the Ordos Basin. Clays contribute
to the weakness of beds as they are highly sensitive
to deformation (Hansen et al., 2011). The clay-rich
unconsolidated sediments on the delta slope were
consequently prone to deform, slide and slump, so
as to initiate slurry flows.
SSDS can be generated by a wide variety of
geological agents, such as liquefaction or fluidization by earthquake-induced shock waves (e.g.,
Martín-Chivelet et al., 2011; Berra & Felletti, 2011),
adjustment to gravity in successions with reversed density gradients (e.g., Mills, 1983), shear
stress (e.g., Mills, 1983), sudden overloading by
mass-transported sediments (e.g., Callot et al.,
2008), slumping or slope failure (e.g., Yang et al.,
2014; Alves, 2015). In most cases a combination of
these mechanisms must be held responsible for the
SSDS (Mills, 1983). Large-scale deformations often
appear to result from tectonic activity (Van Loon,
2002; Ghosh et al., 2002), whereas deformations of
intermediate or smaller size commonly result from
exogenic processes such as glaciotectonism, overburden-induced diapirism and numerous other
processes (Van Loon, 2002).
Liquefaction and fluidization by earthquake-induced shock waves probably played an important – if not critical – role in the generation of SSDS
in the Yanchang Fm. during the Late Triassic, when
the Ordos Basin was tectonically active, as shown
by characteristic deformations. Volcanic eruptions
and the consequent sudden overloading by volcanoclastics may also have generated deformation
of the still soft sediments on the delta slope, judging
from the presence of tuffaceous mudstones (associated with SSDS). Other SSDS originated during
downslope movement.
Pore-fluid migration and an increase in pore-fluid pressure can be critical for slope instability and
can trigger slope failure, especially within sediments close to the critical state (Yamamoto, 2014).
A high depositional rate, low permeability and low
shear strength within fine-grained deposits provide the best conditions for the occurrence of SSDS
in the Yanchang Fm. (cf. Callot et al., 2008; Yang
et al., 2014). These water-saturated, clay-rich sediments were prone to liquefaction and fluidization,
allowing them to act as a lubricant that facilitated
downslope movement over the delta slopes in the
Ordos Basin, so inducing numerous deformations.
This implies that a sudden release of the overburden-induced pore pressure in the sediments on the
delta slopes where the sedimentation rate was high,
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must be held responsible for of the majority of the
SSDS in the sediments under study (Fig. 10).

5. Conclusions
Subaqueous gravity flows transported and deposited mainly fine-grained particles such as silt
and mud on the slopes of delta fronts and in the
deep lacustrine areas of the Ordos Basin during
the Late Triassic. These event deposits occur frequently intercalated between the autochthonous
mudstones. Many of the flows had the characteristics of slurries, and their deposits contain abundant
soft-sediment deformation structures that reflect
these flows and depositional conditions.
The flows and the resulting SSDS may have been
triggered by earthquakes, volcanic eruptions, shear
stress of gravity flows, and/or the sudden release
of overburden-induced excess pore-fluid pressure.
A tectonically active setting, a depositional slope
and a high sedimentation rate facilitated the development of soft-sediment deformations on the lacustrine delta fronts. Alternations of water-saturated
sands and soft muds with, consequently, reversed
density gradients were additional favourable factors for deformation processes.
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