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a b s t r a c t
Microbially induced sedimentary structures (MISSs) are commonly present in siliciclastic shallow marine settings following the end-Permian mass extinction, but have been rarely reported in the post-extinction terrestrial
ecosystems. Here, we present six types of well-preserved MISSs from the upper Sunjiagou Formation and lower
Liujiagou Formation of Induan (Early Triassic) age in the Yiyang area, Henan Province, North China. These MISSs
include: polygonal sand cracks, worm-like structures, wrinkle structures, sponge pore fabrics, gas domes, and
leveled ripple marks. Microanalysis shows that these MISSs are characterized by thin clayey laminae and ﬁlamentous mica grains arranged parallel to bedding plane as well as oriented matrix supported quartz grains, which are
indicative of biogenic origin. Facies analysis suggests that the MISS-hosting sediments were deposited in a ﬂuvial
sedimentary system during the Early Triassic, including lake delta, riverbeds/point bars, and ﬂood plain
paleoenvironments. Abundant MISSs from Yiyang indicate that microbes also proliferated in terrestrial ecosystems in the aftermath of the Permian–Triassic (P–Tr) biocrisis, like they behaved in marine ecosystems. Microbial
blooms, together with dramatic loss of metazoans, may reﬂect environmental stress and degradation of terrestrial ecosystems or arid climate immediately after the severe Permian–Triassic ecologic crisis.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
As a consequence of the end-Permian mass extinction, microbial
proliferation characterizes the much degraded marine ecosystems
(Chen and Benton, 2012). Microbial communities bloomed in
shallow marine settings, in which they grew as microbialites
(i.e., stromatolites, thrombolites, dendrites, and so on) in carbonate
habitats (i.e., Kershaw et al., 2012; Chen et al., 2014) and various
microbially induced sedimentary structures (MISS sensu Noffke et al.,
2001) in siliciclastic shallow sea (Pruss et al., 2004; Mata and Bottjer,
2009a,2009b). These unusual biosedimentary structures, together
with dramatic loss of metazoans, have been considered as markers of
environmental stresses that may have been responsible for the biotic
recovery (Chen and Benton, 2012). Both microbialites and MISS not
only were widespread through the entire Early Triassic (Pruss et al.,
2004, 2005, 2006; Baud et al., 2007; Ezaki et al., 2012; Kershaw et al.,
2012; Chen et al., 2014), but also occurred occasionally in earliest
Middle Triassic just prior to ﬁnal recovery of marine ecosystems in
middle-late Anisian (Luo et al., 2013, 2014). MISS therefore is a useful
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sedimentary indication of ecosystem devastation in siliciclastic substrate
following major mass extinctions (Mata and Bottjer, 2009a,2009b).
Most of these unusual biosedimentary structures have been reported from shallow marine settings following major biotic extinctions
(Calner, 2005; Mata and Bottjer, 2009a), but some examples of MISS
(Chu et al., 2015) and stromatolites (Kalkowsky, 1908; Riding, 1999)
have been reported from shallow lacustrine ecosystems. Although life
on land suffered at least a loss of 70% species (Erwin, 2006) and terrestrial ecosystems were severely devastated (Benton et al., 2004) in the
end-Permian mass extinction, few Early Triassic non-marine stromatolites are known (Kalkowsky, 1908; Riding, 1999) and calcareous
paleosol sequences through Permian and Triassic extinctions so not
show unusual forms of caliche (Retallack, 2013). Siliciclastic MISSs
therefore are one of most important proxies for environmental stresses
in terrestrial ecosystems following major biocrises.
Given that MISSs are commonly present in the Early Triassic marine
siliciclastic successions, they should also occur in post-extinction terrestrial siliciclastic strata since terrestrial ecosystems have also collapsed in
the end-Permian crisis. This expectation was recently proved by Chu
et al. (2015) who reported for the ﬁrst time wrinkle structures, one of
the commonest MISSs from the Lower Triassic terrestrial strata of the
Yiyang area, Henan Province, North China. Chu et al.'s (2015) study
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provides the clue that the ﬁnding of more diverse MISSs in the Early
Triassic terrestrial successions is possible. More recently, we also
found several other kinds of MISSs in association with the reported
wrinkle structures in the post-extinction succession in the same section.
These MISSs still remain undescribed. Besides, additional petrographic
study and micro-analysis of the Yiyang wrinkle structures (Chu et al.,
2015) are needed to test their biogenicity.
Accordingly, this study aims to document various MISSs newly observed in the Lower Triassic terrestrial successions of the Yiyang area,
North China by a means of conventional petrographic study and microanalysis using Field Emission Scanning Electron Microscope (FESEM)
equipped with Energy Dispersive Spectrometer (EDS), and attempts to
assess their biogenicity and to probe into links between microbial proliferation and environmental stresses following the end-Permian great
dying in terrestrial ecosystems.
2. Geological and stratigraphic settings
The MISSs documented below were collected from the Lower
Triassic rocks of the Yiyang area, Henan Province, North China, which
was an independent block located in the northern part of the PaleoTethys Ocean. The North China block uplifted and became terrestrial
due to the amalgamation among the Qaidam, Tarim and Siberia–
Mongolia paleoplates during the Middle–Late Permian (Wang, 1985).
As consequence, ﬂuvial and lacustrine facies deposits characterize the
Upper Permian and Lower Triassic successions in the North China
Block. In addition, terrestrial sedimentation has been strongly inﬂuenced by pronounced climatic changes over the P–Tr transition. The
mixed yellow, greenish and black siliciclastics with coal measures of
the Upper Permian formations are overlain by reddish sandstone and
mudstone with paleosol beds of the Lower Triassic. The former may indicate mixture of humid waterlogged conditions, while the red
paleosols represent well-drained ﬂoodplains of dry, transiently humid,
then dry paleoclimate (Xu et al., 2004; Yu et al., 2005; Peng and Wu,
2006).
The continuous terrestrial P–Tr succession is well exposed at the
Dayulin section, ~4 km south of Yiyang county town, Henan Province,
North China (Fig. 1A–B). Therein, the uppermost Permian comprises
the lower and middle Sunjiagou Formation, while the Lower Triassic
consists of the upper Sunjiagou, Liujiagou and Heshanggou Formations
(Figs. 1B, 2A, 3A).
The Sunjiagou Formation, ~75 m thick, crops out along the riverside
towards the Dayulin village. Its lower part is composed of gray-greenish
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thick sandstone interbedded with greenish, black mudstones and coal
measures, followed by reddish mudstone interbedded with thick coarse
sandstone at its middle part. The upper Sunjiagou Formation is dominated by red mudstone with numerous calcareous-nodular paleosols
and yellow thin- to medium-bedded fresh-water limestones. The
lower and middle Sunjiagou Formation is interpreted as a deposit of
lake shores and freshwater deltas, while its upper portion represents a
distal ﬂuvial setting (Zhu et al., 2007). This succession is also representative of climatic regime shift from waterlogged to well-drained (Wang,
1988; Zhu et al., 2007; Zhang et al., 2014; Xu et al., 2015).
The overlying Liujiagou Formation, 130 m thick, is dominated by
massive purple and reddish quartz sandstone, with minor amounts of
conglomerates, feldspar sandstone and calcareous siltstone. Wellpreserved ripples and cross-bedding are common through the entire
formation. This stratigraphic unit has been interpreted as the sedimentation of a ﬂuvial system with a semi-arid climatic regime (Zhang et al.,
2014; Xu et al., 2015).
The Heshanggou Formation, overlying the Liujiagou Formation, is
marked by reddish mudstone and siltstone with thick paleosol layers
at its lower part, massive purple quartz sandstone with minor constituents of conglomerates in the middle part, and highly bioturbated ﬁne
sandstone and siltstone in the upper part. Hu et al. (2009) interpreted
this unit as the result of deposition in nearshore to shallow lacustrine
to lake delta settings.
The age assignment of the Sunjiagou Formation has long been
disputed. Previously, this formation was assigned to either the Late
Permian (Cheng et al., 1983; Wang, 1986, 1997; Zhang, 1991; Lin and
Fu, 1992; Yuan et al., 2003) or Early Triassic (Yang et al., 1979; Yin
and Lin, 1979; Zhao et al., 1980; Ouyang and Zhang, 1982; Liu and Liu,
1984; Zhang et al., 1994; Liu and He, 2000; Li et al., 2003; Liu et al.,
2014) in age based on faunal and ﬂoral correlations. It should be
noted that Ouyang and Zhang (1982) established the Lundbladispora–
Aratrisporites–Taeniaesporites microﬂoral assemblage from the upper
Sunjiagou Formation. More recently, this spore assemblage has been
widely treated as the ﬁrst microﬂoral zone of the Triassic worldwide
(Tewari et al., 2015; Yu et al., 2015). Accordingly, the P–Tr boundary
can be placed at the upper Sunjiaogou Formation, ~ 20 m below the
top of the formation in many sections in North China (Ouyang and
Zhang, 1982), which is calibrated to the base of Bed 6 of the Sunjiagou
Formation in Dayulin (Fig. 2). The Sunjiagou Formation therefore ranges
from the latest Permian to earliest Triassic in age (Fig. 2).
All of the plant, microﬂoral, concostracan, and bivalve assemblages obtained from North China suggest a late Induan and Olenekian age for the

Fig. 1. (A) Index map showing the location of Henan Province (yellow area). (B) Geological map showing the regional settings of the Dayulin (DYL) section of Yiyang county, Henan
Province, North China (modiﬁed from the Geological Team of the Henan Geological Bureau, 1965).
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Fig. 2. (A) Composite columnar section showing the P–Tr succession exposed in the Dayulin section. (B) Logged section showing stratigraphic distributions of MISSs and facies associations
from the upper Sunjiagou Formation and lower Liujiagou Formation. FA = facies association. PSS & MISS = physically sedimentary structures and MISS. Question mark (?) represents
dubious structures.

Liujiagou and Heshanggou Formations, respectively (Yang et al., 1979; Lin
and Fu, 1992; Wang, 1997; Liu and He, 2000; Yuan et al., 2003).
In Dayulin, MISSs occur sporadically in the upper Sunjiagou Formation and are extremely abundant in the lower Liujiagou Formation,
ranging a stratal interval of ~100 m in thickness (Fig. 2). Thus, most of
the Dayulin MISSs are Induan in age.

3. Material and methods
In Dayulin, abundant MISSs are preserved in muddy siltstone and
sandstone from the upper Sunjiagou Formation and lower Liujiagou
Formation. All MISSs were measured and photographed in the ﬁeld.
Some well-preserved samples were collected and cut perpendicularly

C. Tu et al. / Sedimentary Geology 333 (2016) 50–69

53

Fig. 3. (A) Field photo showing the Dayulin section (arrows). (B) Asymmetrical, slightly catenary wave-ripples with rounded troughs. Some crests bifurcate and rejoin to produce latticed
nests. RI (ripple index) = 9, RSI (ripple symmetrical index) = 1.5. (C–D) Wave-ripple marks characterized by asymmetrical, straight to slightly catenary crests separated by ﬂat troughs.
Some crests bifurcate as a result of modiﬁcation of original wave ripples. RI = 12, RSI = 1.4. (E) Wave-ripple marks featured by straight to slightly catenary crests with wide and rounded
troughs. Divergence of crests sometimes occurred. RI = 9, RSI = 3.3. (F) Wedge-shaped sandstone.

to bedding plane surface, and then polished. In order to examine the fossilized microbial remains and grain size variations, the polished surfaces
were observed under the LEICA M205 A stereoscope. Thin sections were
also made and observed under LEICA DM4500 P microscope equipped
with high resolution camera using transmitted light.
A SU8010 FESEM equipped with EDS was also employed to
observe fossilized microbial remains and associated secondary
minerals in a micron scale. EDS was applied to diagnose mineral
composition of MISSs, dubious structures and hosting rocks in
order to avoid microbial artifacts due to certain impurities and
other modern pollutants. Quartz grains are usually cemented by
calcite in siliciclastic sediments which may be corroded. The etching
artifacts possibly occur with the increase of the acid strength and
etching duration (Kirkland et al., 1999). Thus, acid was not used to
clean samples. Instead, the sample was washed in distilled water to
clear away pollutants attached to the surfaces. In addition, all

samples were coated by gold prior to SEM imaging and EDS analysis.
All of the LEICA stereoscope, microscope, and EDS equipped-SEM are
equipped at the State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences (Wuhan).

4. Facies analysis
A combination of physical sedimentary features including bedding surface morphology, sediment texture, composition assemblage, and cross-bedding types (Walker and James, 1992) allows
recognition of a total of seven facies types from the MISS-bearing
strata. Major characteristics of these seven facies are tabulated
here (Table 1). These facies are categorized into three facies associations (FA) in view of their lithofacies features and stratigraphic
positions.
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Table 1
Sedimentary facies recognized from the MISS-bearing strata in the Dayulin section. RI = Ripple Index; RSI = Ripple Symmetry Index.
Lithofacies

Description

Conglomerate (C)

Gray or reddish conglomerate, sharp scoured base. Gravels are
rounded (0.5–2 cm) to subrounded (0.2 × 0.8–1 × 5 cm),
usually moderately sorted, and darker than matrix which
comprises by calcareous and/or clay minerals
Cross-bedded coarse
Gray or dark gray coarse sandstone bearing well preserved,
sandstone (Scc)
various types of cross-bedding (i.e., tabular, wedge and
trough cross-bedding). Set is 10–30 cm high. Individual
cross bed is 1–2 cm thick, and the foresets usually dip at
an angle of 20–30°. Paleocurrent direction is northeast
Ripple marked coarse
Reddish or purple coarse sandstone. Wave dominated-ripple
sandstone (Src)
marks are present on the surface of some beds which are
asymmetrical (wavelengths 3.5–8 cm and wave heights
3–5 mm; RI = 12; RSI = 1.4), usually bearing straight to
slightly catenary crests separated by ﬂat troughs. Some crests
bifurcate. Troughs are generally covered by reddish or dark
thin muddy layers, indicating the growth and leveling of
microbial mats on ripple marks, termed “laminated leveling
structure”
Ripple marked medium Yellow brownish medium sandstone. Asymmetrical
sandstone (Srm)
(wavelengths 3–4 cm and wave heights 3–5 mm;
RI = 9; RSI = 1.5), slightly catenary crested ripple marks are
present. Crests are separated by rounded troughs, and some
bifurcate and rejoin to produce latticed nests, obviously
distinguished from the ripple marks generated by currents
Fine sandstone (Sf)
Purple or gray yellow, and well sorted ﬁne sandstone.
Sharp top and gradual base, usually associated with
mudstone
Ripple marked ﬁne
Claret-colored and well sorted ﬁne sandstone. Sharp top and
sandstone (Srf)
base. Asymmetrical (wavelengths 1.5–3 cm and wave
heights 2–3 mm; RI = 9; RSI = 3.3), straight to slightly
catenary crested ripple marks are present. Crests are
separated by wide and rounded troughs. Bifurcation of crests
sometimes occurs
Mudstone (M)
Claret-colored, tabular units, and usually broken fragments
due to strong weathering

4.1. Facies association 1 (FA 1)
FA 1 is characterized by ripple-marked medium sandstone (Srm) at
its base followed by mudstone (M) with interbeds of ﬁne sandstone (Sf)
and two thin conglomerate layers (C). The middle and upper parts of FA
1 stratal interval are composed mainly of M (25 m thick in total) with
several thin layers (typically 0.5 m thick in each) of Sf. Asymmetrical,
slightly catenary wave-ripple marks (Fig. 3B) with rounded troughs
mark the base of FA 1. Some crests bifurcate and rejoin to produce
latticed nests. No desiccation cracks are present.

4.2. Facies association 2 (FA 2)
FA 2 shows a ﬁning-up package consisting of thinly-bedded conglomerate (C) (typically 0.1–0.5 m thick) followed by thick crossstratiﬁed coarse sandstone (Scc) and ripple-marked coarse sandstone (Src) (up to 2–8 m thick). The former unit usually bears a
sharply scoured base. Gravels are commonly present, rounded to
subrounded in outline, and usually moderately sorted (Fig. 4A–C).
The latter unit is characterized by large-scale, various types of
cross-beddings (i.e. tabular, wedge and trough cross-beddings)
whose foresets dip at an angle of 20–30° (Fig. 4D–F) and wave
dominated-ripple marks on bedding plane. Tabular cross-beddings
in Scc are in sets of 0.1–0.3 m thickness. Individual stratiﬁed beds
are 1–2 cm thick. The ripple marks are asymmetrical, characterized
by straight to slightly catenary crests separated by ﬂat troughs.
Some crests bifurcate as a result of modiﬁcation of original wave

Bed thickness

MISS

Interpretation of sedimentary process

Medium to
thickly bedded
(0.2–0.8 m)

Upper ﬂow regime generated by riverbed
currents which result in the transportation
of ﬁne grains, thus, gravels are left behind.

Thickly to very
thickly bedded
(0.5–2 m)

Polygonal sand cracks Upper ﬂow regime generated by migration
of ripples

Thinly bedded
(0.05–0.1 m)

Upper ﬂow regime generated by ﬂuvial
Laminated leveling
waves
structures
Polygonal sand cracks
Worm-like structures

Thinly to
medium
bedded
(0.01–0.015 m)

Laminated leveling
structures Polygonal
sand cracks

Middle ﬂow regime generated by waves

Medium
bedded
(0.1–0.2 m)
Thinly bedded
(0.01–0.05 m)

Sponge pore fabrics

Lower ﬂow regime dominated conditions

Wrinkle structures
Laminated leveling
structures

Lower ﬂow regime generated by waves

Medium to
thickly bedded
(0.4–0.6 m)

Very low energy suspension setting
of mud

ripples (Fig. 3C–D). The sediments of FA 2 are generally coarser
than those of FA 1 and FA 3 (see below).
4.3. Facies association 3 (FA 3)
FA 3 is characterized by cyclic ﬁning-up packages. A single package is
composed of ﬁne sandstone (Sf) or ripple-stratiﬁed ﬁne sandstone (Srf)
followed by thick-bedded mudstone (M), 0.5–1.2 m in thickness. When
compared with FA 1 and FA 2, FA 3 is characterized by thinly bedded
sediments. Sandstone beds are usually thicker than mudstone beds.
Asymmetrical, straight to slightly catenary crested ripple marks are
commonly present on bedding surface of Srf at the lower part of FA 3.
Ripple crests divergence occasionally and are separated by broad,
rounded troughs (Fig. 3E).
4.4. Paleoenvironmental interpretation
FA 1 is dominated by thick mudstone with several thin layers of
ﬁne- to medium-grained sandstones and conglomerates. The thick
package of mudstone indicates sedimentation of ﬁne sediments in
a very low energy suspension setting. The absence of desiccation
muddy crack possibly indicates a subaquatic setting where sediment
was never exposed for a long time. The thin layers of sandstone/conglomerate probably represent periodic and transitory high energy
regime. Of these, sandstone layers thicken laterally and appear to
be wedge-shaped (Fig. 3F), characteristics of prodelta/delta front
setting within a large inland lake. The asymmetrical, slightly
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Fig. 4. (A) Field photo showing sharp scoured bases (white arrows) of conglomerates from the Liujiagou Formation. (B) Close-up of (A) showing sharp scoured base of wedge-shaped
conglomerates (arrow). (C) Gravels are rounded to subrounded, usually moderately sorted. (D–F) Various types of cross-beddings (i.e. tabular, wedge and trough cross-bedding) that
dip at an angle of 20–30°. Tabular cross-beds are in sets of 0.1–0.3 m thickness and individual bed is 1–2 cm thick.

catenary and bifurcated wave-ripples (Fig. 3B) could be generated as
a result of migration of paleowaves at different sites.
The combination of conglomerate and coarse sandstone of FA 2 is
typically representative of riverbed and point bar setting in ﬂuvial
system. The presence of scoured bases in conglomerate with rounded clasts (Fig. 4A–C) indicates the upper ﬂow regime generated by
riverbed currents, which resulted in the erosion of riverbed and
transportation of ﬁne sediments. The thick-bedded coarse sandstone
(Fig. 4D–F) formed as a result of persistent washing from lake wave
currents or migration of paleowaves which resulted in asymmetrical,
straight to slightly catenary crested ripple marks with ﬂat troughs
(Fig. 3C–D). Large-scale, diversiﬁed cross-bedding (i.e. tabular,
wedge, and trough cross-beddings) provide more support for point
bar setting.
The alternation of thinly bedded ﬁne sandstone and mudstone of FA
3 represents ﬂood plain setting. The relatively thick-bedded mudstone
represents generally low energy environment, albeit, occasionally

interrupted by small-scale storm currents, which is reﬂected by the episodic presence of ﬁne sandstone. Asymmetrical ripple marks with
broad, rounded troughs (Fig. 3E) were likely formed due to modiﬁcation
by waves.
5. Representative MISSs
A total of six types of MISSs are recognized and their morphologies
are described as below.
5.1. Polygonal sand cracks (PSCs)
5.1.1. Description
Typical PSCs are preserved as positive epireliefs on bedding surface
of medium- to coarse-grained sandstones from the upper Sunjiagou
Formation (Bed 1) and lower Liujiagou Formation (Beds 29, 33, 34)
(Figs. 2, 5A–D). The positive epireliefs usually project 0.1–0.5 cm
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Fig. 5. (A–D) Polygonal sand cracks preserved as epirelief on the bedding plane of sandstone. (E) Polished slab from the Liujiagou Formation (Beds 33 and 34). Note the lamina underneath
the ‘U’-shaped cracks. (F) Close-ups of (E). (G) SEM images showing sheer clay minerals on the rock surface. (H) Discontinuous ﬁlamentous laminae on the uppermost portion of the rock
from the Sunjiagou Formation (Bed 1). (I–J) Close-ups of (H) showing dark-colored laminae.
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up from bedding plane. Most polygons are tetragonal in geometry;
the pentagonal, hexagonal and irregular morphologies also occur
occasionally.
PSCs bear a wide range of size variations on various settings. The
Sunjiagou cracks are on medium sandstone (i.e., Bed 1). The polygons
are relatively large, 6–10 cm long and 4–6 cm wide. Crack width varies
from 3 mm to 7 mm, and cracks are usually straight to slightly incurved
(Fig. 5A). Their host rocks have relatively ﬁne grains, 0.1–0.5 mm in diameter. In contrast, the Liujiagou cracks (i.e., Beds 33 and 34) outline
smaller polygons, which also vary in morphologies on various hosting
rocks. These polygons on reddish coarse sandstone (Bed 33) are
1.8–7.0 cm long and 1.0–4.5 cm wide. Cracks are mostly distinct,
3–8 mm in width (Fig. 5B); others are occasionally covered with a
very thin dark claret-colored muddy layer (Fig. 5C). Crack polygons on
purple-reddish medium to coarse sandstone (Bed 34) are slightly irregular in outline (Fig. 5D).
Polished slab of the Liujiagou PSCs (Beds 33 and 34) shows that dark
brownish laminae (1.0–1.5 cm thick) are distinct and beneath the
broadly U-shaped cracks, with rather pronounced boundary (Fig. 5E–
F). Similar lamination pattern is also pronounced in microphotographs
of the Sunjiagou cracks (Bed 1), in which laminae, composed of
abundant clay minerals (Fig. 5G), are aligned parallel to bedding
plane, and grow occasionally surrounding quartz grains (Fig. 5H–J).
EDS analysis suggests that they consist mainly of O, Si and Al, which
are overall components of clay minerals, such as illite.

being 30 μm to 60 μm in diameter. The particles embedded in laminae
therefore are much ﬁner than those from non-laminated horizons. The
latter are mostly 90–180 μm in diameter (Fig. 6G).

5.1.2. Interpretation
The presence of the U-shaped outline differs clearly from the Vshaped morphology in cross section, indicating that these PSCs are unlikely mud cracks created by desiccation (Allen, 1982). Given that
quartz grains are brittle and could migrate to adjust to the optimal location under physical processes, the deformation in pure sandstone is not
plausible for the formation of PSCs (Noffke, 2010). Alternatively, the
initial growth and colonization on bedding surface can facilitate PSC's
development because sticky mucilages secreted by microbes can contribute to the cohesion between siliciclastic detrital grains and microbial
mats (Parizot et al., 2005; Sarkar et al., 2006, 2008, 2014; Noffke, 2010).
Under the subaerial exposed settings, the secondary desiccation and
shrinkage of microbial mass occurred. They might initially form as ‘triple junctions’ at the early stage (Eriksson et al., 2007) and then resulted
in the ultimate features of PSC when quartz particles became loosely
distributed (Noffke, 2010; Lan and Chen, 2012; Lan et al., 2013;
Banerjee et al., 2014). The microbial carbonaceous remains were left
behind in the subsequent processes of decay and decomposition.
Then, they were replaced by secondary clay minerals with original
morphology retained. This is why clay minerals (i.e., illite) were aligned
parallel to one another (Fig. 5G–J).

5.3. Wrinkle structures (WSs)

5.2. Worm-like structures (WLSs)
5.2.1. Description
The WLSs are preserved in situ on bedding plane of sandstone (Beds
20 and 34) of the Liujiagou Formation (Figs. 2, 6A–B). They comprise
straight to slightly curved cracks, 5–20 mm long and 1–5 mm wide,
which overall resemble worms. Some WLSs are discontinuous and display chaotic-like pattern probably due to strong weathering (Fig. 6A).
The host rock is light-gray or reddish ﬁne sandstone, while the bedding
surface is covered by a very thin brownish (Fig. 6A) or purple (Fig. 6B)
muddy layer. Some dark substances aggregate closely beneath bedding
surface. A sharp, winding boundary separating ﬁne, dark sediment from
underlying coarser sediment is distinct on polished slab (Fig. 6C).
Under microscope, euhedral mica grains are commonly present in
mud-enriched horizon near bedding surface (Fig. 6D) and oriented parallel to bedding plane (Fig. 6E–F). Some quartz particles ﬂoat in dark
laminae (Fig. 6G), which consist mainly of clay minerals (Fig. 6H–J).
The quartz grains are 20 μm to 110 μm in diameter, with majority

5.2.2. Interpretation
As two primary components in physically deposited non-cohesive
sand beds, both clay matrix and microbial mats can dehydrate
and shrink upon exposure, consequently, sand cracks are created
(Schieber, 2004). However, the mud-rich layer on bedding surface is locally distributed and thin, and thus less likely to result in worm-like
structures due to a dewatering process. Alternately, like polygonal
sand crack analogues, WLSs may be produced due to dehydration of
overlying microbial mats, and the mud-rich layer may represent former
microbial mats which were replaced by clay minerals. When depositional energy abated, indicated by the deposition of ﬁne sediments
(i.e., siltstone), microbial mats colonized and trapped some quartz detritus, which were pushed upward and separated by constantly growing
bioﬁlm envelopes (Noffke et al., 2008; Noffke, 2010). Accordingly, the
original grain-supporting texture disappeared. In contrast, ﬂoating texture within mud-enriched horizon (i.e. probably represents mat fabrics)
characterizes rock petrography (Fig. 6G). The euhedral, ﬁlamentous
mica grains (see Fig. 6F) are possibly aggregated through the processes
of bafﬂing, trapping and binding (Noffke et al., 2003b) by the mediation
of microbial mass, and that is the reason why they are all oriented parallel to bedding plane (Fig. 6E–F).

5.3.1. Description
WSs are characterized by abundant bulges and pits (or crests and
valleys) of irregular directions which can be categorized into ‘transparent wrinkle structures’ (sensu Noffke et al., 2002). They are well exposed over an area of 20 cm2 on a bedding plane of ﬁne sandstone of
the lower Liujiagou Formation (Figs. 2, 7A–B). The bulges are 3–6 mm
long and 2–3 mm high, and the bulge-to-bulge distance ranges from
2 mm to 5 mm. The pits are sealed with gray matrix (i.e. mica grains)
and distinguished from adjacent claret-colored bulges (Fig. 7A–B). The
host rock possesses quartz grains ranging from 0.025 mm to 0.15 mm
in diameter. Intriguingly, straight to slightly incurved, crested ripple
marks [1.4–2.7 cm in wavelength and 2–3 mm in waveheight; Ripple
Index (RI) = 8; Ripple Symmetry Index (RSI) = 3.2] with broad ﬂattened troughs also occur on wrinkled surfaces (Fig. 7A).
The alternation of elevations and depressions is present on the
polished slab cut perpendicular to bedding plane (Fig. 7E). Microphotography suggests that the wrinkled surface is marked by dark,
discontinuous and sub-parallel oriented laminae (Fig. 7C), which
are composed mainly of clay minerals (Fig. 7D).
5.3.2. Interpretation
Wrinkle structures have been frequently described from shallow
marine settings in Precambrian times and aftermaths of major Phanerozoic biocrises (Hagadorn and Bottjer, 1997; Bouougri and Porada,
2002; Pruss et al., 2004, 2006; Sarkar et al., 2004; Banerjee and
Jeevankumar, 2005; Mata and Bottjer, 2009a; Banerjee et al., 2010,
2014; Lan et al., 2013; Sakar et al., 2014), but were rarely reported
from terrestrial settings (but see Chu et al., 2015). Wrinkle structures
remained rather conservative in the geological past and only occurred
in two environmental settings: storm-dominated subtidal and intertidal
zones (Mata and Bottjer, 2009b). They are usually categorized into two
types: ‘elephant skin’ texture and ‘Kinneyia’ structures (Porada and
Bouougri, 2007). Chu et al. (2015) documented for the ﬁrst time wrinkle
structures from terrestrial settings and considered that these terrestrial
WSs share a similar genesis with their counterparts from marine
settings in view of their similar morphology. These Dayulin wrinkles
resemble Kinneyia in almost all aspects observed, with mm-scale ﬂattopped, winding bulges, and intervening troughs.
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Fig. 6. (A–B) Field photos showing worm-like, straight to slightly curved structures (yellow arrows). Some display chaotic-like pattern due to strong weathering. (C) Very thin, dark and
discrete layers on the bedding surface (Bed 20 in Fig. 6A). (D–E) Mud-rich laminae in the upper portion of microphotography and a large amount of euhedral mica grains oriented parallel
to bedding plane within mud-enriched horizon of the rock. (F) Close-up of boxed area in E showing mica particles (yellow arrows). (G) Quartz particles within laminae (within two dash
lines; yellow arrow) are much ﬁner than those from non-laminated horizons. (H–I) SEM photography suggests that dark laminae consist mainly of clay minerals.
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Fig. 7. (A) Field photos showing wrinkle structures preserved on surface of sandstone. (B) Close-up of boxed area in A showing pronounced wrinkled surfaces with pronounced mica
particles within yellow dash line boxes. (C) Dark, discontinuous and sub-parallel oriented ﬁlaments on the uppermost portion of microphotography. (D) SEM images suggest that
laminae in boxed area in C are composed of clay minerals. (E) Alternation of elevations and depressions shown by polished slab cut perpendicular to the bedding plane.

Some miniature load structures are believed to be purely physically
induced small-scale wrinkly structures. They are confused with
microbially mediated ‘wrinkle structures’ (Porada and Bouougri,
2007). The Dayulin structures, however, less likely resulted in load
forces due to lack of underlying mudstone/argillite beneath the wrinkled surface. The latter is crucial in producing load structures (Porada
and Bouougri, 2007). In Dayulin, the Kinneyia troughs are overlain by
abundant mica and very thin claret-colored muddy layers (Fig. 7A–B),
which were thought to be related to the bafﬂing, trapping and binding
of primitive microbial mass (Bouougri and Porada, 2002; Noffke et al.,
2002, 2003b). The presence of discontinuous, parallel-aligned laminae
observed under the microscope (Fig. 7C) provides more support for
the biogenicity of wrinkle structures. More recently, Mariotti et al.
(2014) observed the formation process of modern wrinkled mats and
detected that the pits formed when porous mat aggregates anchored
to the bed, then oscillated, scoured the sand, and then bulges formed
under the transportation of sand grains from depressions to bumps
with the oscillatory rolling, dragging and hopping of rounded mat
fragments.

5.4. Sponge pore fabrics (SPFs)
5.4.1. Description
SPFs are preserved on bedding surface of light purple ﬁne sandstone
of the lower Liujiagou Formation (Figs. 2, 8A–B). Single SPFs are rounded to subrounded (occasionally irregular) pores, 0.2–1.0 cm in diameter,
which are randomly arranged. These pores are ﬁlled with sparitic
calcite, and thus exhibit light color in the ﬁeld.

Polished slab and thin section cut perpendicular to bedding plane
show that a very thin layer of relatively dark matrix covers the rock surface (Fig. 8C–D), which contains abundant ﬁbrous mica grains oriented
parallel to bedding plane (Fig. 8E–F). The mica particles are usually
aligned along the margin of quartz particles, typical of euhedral morphology (Fig. 8E), implying that they are not of secondary minerals. Of
particular interest is that quartz detritus vary in sizes (Fig. 9A). Quartz
grains trapped within laminae (dark layers) are 20–100 μm long, with
majority ranging from 30–60 μm in length. They are readily different
from those embedded in non-laminated horizons (light-colored layers),
which are 50–300 μm long with majority being 80–180 μm long
(Fig. 9A). SEM imaging also indicates that the aggregated and veneerlike clay minerals are present on bedding surface, with the alignment
of parallel to subparallel orientation (Fig. 9B–C).
5.4.2. Interpretation
Given their occurrence in sandstone, the SPFs cannot be treated as
the ‘bird-eye’ structure of pertidal carbonate setting. Accordingly, the
sponge (porosity) pore fabrics likely formed with the inﬂuence of overlying microbial organics, as in the vesicular structure of desert soils
(McFadden et al., 1998). Like a sealing carpet, microbial mat would
block the escape of gas that was generated during microbial metabolic
or subsequent decomposition processes. The pores formed under the
pressure of increasingly accumulated gas (Noffke, 2010). When microbes gradually decayed, the gas bubbles were ﬁlled with calcite. The
primitive morphological features of microbial aggregates were usually
remained during the replacement. The enrichment of euhedral mica
grains and their parallel alignment imply that they were likely trapped
and aggregated by the ‘ﬂypaper’ effect with the involvement of
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Fig. 8. (A–B) Field photos showing sponge pore fabrics on bedding surface and vertical cross-section (arrows), respectively. White, round to subrounded (some are irregular) pores seem to
be arranged randomly, ﬁlled with carbonate-minerals (i.e. sparite). (C–D) A dark thin muddy layer on rock surface shown by polished slab and thin section cut perpendicular to bedding
plane, respectively. (E–F) Abundant mica grains (arrows) oriented parallel to bedding surface.

microbial organics (Schieber, 1998). The relatively dark-colored laminae under microscope indicate the existence of former microbial mats,
because microbes usually colonize in the low-energy settings in which
the suspending ﬁne grains would gradually accumulate under the bafﬂing, trapping and binding of the organisms (Noffke et al., 2003b;
Noffke, 2009, 2010). The sponge pores were ﬁlled with sparitic calcite
during the diagenesis. Similar structures are also commonly present in
shallow marine sandstones of late Neoproterozoic age in the Kimberley
region, northwest Australia, although the latter are associated with erosional remnants and pockets (Lan and Chen, 2013).
5.5. Gas domes (GDs)
5.5.1. Description
GDs occur on bedding planes of coarse sandstone (Bed 13) in the
lower Liujiagou Formation (Fig. 2), characterized by hemispherical or
subrounded domes. Most domes show a distinct positive relief on
bedding plane, although some have very low reliefs (Fig. 10B). Single
GDs comprise light gray inﬁllings and dark peripheral components
(Fig. 10A–B). They vary in size, with inner core being 1.5–9.5 cm and
outer wall being 17–25 cm in diameter, respectively. Moreover, some

GDs are characterized by the deformed, irregular outer walls and former
inner core (Fig. 10C–D). Grain sizes of the host rock are indistinguishable from that of domal structures. All gas domes are randomly distributed without aggregations.
5.5.2. Interpretation
The elevated morphology and uniform quartz size of gas domes are
not in accordance with the dewatering structures, which generally
occur in ﬁne- to medium-grained laminated units (Lowe, 1975;
Mazzoli and Carnemolla, 1993). They appear as protuberances or
small pillars bounded by downwards-warping laminations due to
weathering (Owen, 1996; Frey et al., 2009). The homogeneous grain
composition indicates GDs cannot be misinterpreted as compaction
folding, which formed due to differential reaction to load controlled
compaction during diagenesis (Davies, 1984). Therefore, the domal
structures formed likely with involvement of microbial activities, albeit,
the role played by diagenesis may not be completely ruled out.
Modern analogy of GDs is commonly present in peritidal settings
and often associated with epibenthic microbial mats that sealed underlying sediments. The domal size correlates well with the thickness of
microbial mats (Bose and Chafetz, 2009; Sakar et al., 2014). Thus,
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Fig. 9. (A) Small quartz detritus concentrating in laminated layers within thin section perpendicular to bedding plane, showing distinct pattern of alternating light-colored layers and darkcolored layers. (B–C) SEM photography showing aggregated and veneer-like clay minerals on bedding surface, with alignment of parallel to subparallel orientation. Note some quartz
grains are surrounded by clay minerals.

these large DYL domal structures might have formed in association with
thick microbial mats. Gas accumulated in microbial metabolic and decay
processes due to prohibition of viscous microbial organics, during which
microbial mats were lifted due to elevating gas pressure, losing contact
with its underlying substrate (Bottjer and Hagadorn, 2007; Noffke,
2010; Lan and Chen, 2012, 2013). Meanwhile, the sediments would

have been carried from the base to top within the dome by upward migration of gases (Lan and Chen, 2012) and suspending ﬁne quartz grains
might accumulate on the top under the processes of bioﬁlm bafﬂing,
trapping and binding (Noffke et al., 2003b; Noffke, 2009, 2010). Thus,
the inner core of the DYL domal structures show a light color probably
due to pure sands in contrast with the relatively dark outer wall,

Fig. 10. (A) Field photos showing domal structures, with light gray inﬁllings enclosed by a dark gray wall. (B) No elevation of gas dome projecting from bedding plane. (C–D) Slightly
deformed domal structures showing irregular wall and inﬁllings.
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Fig. 11. (A) Ridged and troughed ripple marks, coexisting with small-scale, patchy-like ripple marks on bedding surface. (B) Pronounced ripple marks. (C–D) Weakly ridged ripple marks,
which are ﬂattened with troughs being sealed with a thin muddy layer.

which comprises sand-sized quartz with mixture of few organics or secondary clay minerals as the result of decay of the earlier biomass. Some
domes lacking protuberances were probably generated by subsequent
rupture or compaction during diagenesis. Furthermore, in the wake of
occasional hydraulic reworking in ﬂood plain, microbial mats would
be deformed, bearing irregular outer walls. These enigmatic structures
also resemble the disc-shaped “discoidal microbial colony” reported
from the Precambrian Vindhyan Supergroup and Jodhpur Group
(Banerjee et al., 2010, 2014) and modern environments (Banerjee,
2012; Sakar et al., 2014). However, additional evidence is needed to illuminate the possible relationship between them.

5.6. Leveled ripple marks (LRMs)
5.6.1. Description
LRMs are commonly present on bedding surfaces of medium- to
coarse-grained sandstone in the upper Sunjiagou and lower Liujiagou
Formations in Dayulin (Fig. 2). They are further categorized into two
types: distinctly ridged and troughed and weakly ridged ripple marks.
The former exhibit clearly pronounced ripple ridges and troughs
(Figs. 3B, 11A–B). Some have ripple lengths of 3–4 cm and heights of
3–5 mm, sealed with a very thin, yellow-colored layer (Bed 1; Fig. 3B).
Others have ripple lengths of 3.5–8 cm and heights of 3–5 mm, with
the troughs being covered by a thin, dark-colored layer (Bed 11;
Fig. 11A). In addition, some small, patchy ripple marks are present on
the same bedding surface (Fig. 11A). LRMs also occur in the upper
portion of the MISS-bearing strata (Bed 33), featured by ﬂat and broad
troughs with sharp ridges (Fig. 11B). In contrast, the weakly ridged
ripple marks have rather low ridges and broad troughs. They are rarely
present, conﬁned to Beds 13 and 34 (Fig. 11C–D).
Although LRMs vary in morphology and sizes, the troughs of both
types of LRMs are sealed with very thin, muddy coatings. They are distinguished from host rock in color. Therefore, they formed unlikely
due to weathering formation.
Microscopic and SEM imaging analyses of non-transparent LRMs
(Bed 13) show that some laminae are scattered on the surface with

their alignment parallel to bedding plane (Fig. 12A–B). Within the
host rock typically ﬁlamentous mica grains are also scattered between
quartz grains (40–140 μm in diameter) and oriented parallel to bedding
plane (Fig. 12C–D). The dark laminae are also identiﬁed in SEM images
and comprise clay minerals (dominated by Al, Si, O elements). They
surrounded detrital particles and are also orientated parallel to bedding
plane (Fig. 12E–F).
5.6.2. Interpretation
If only taking physical processes into account, the formation of LRMs
is enigmatic. Although the reworking by relatively weak wave/current
actions has been invoked for formation of LRMs, the presence of very
thin muddy layers on all troughs makes it untenable that only physical
processes are responsible. Growing evidence shows microbial involvement is crucial in the formation of LRMs (Noffke et al., 2001; Noffke,
2010). Inferred fossilized microbial mats covered the surface of the earlier ripple-marked sediments (reworked by former wave/currents).
When covered by relatively thin microbial mats, ripple marks may
have been better preserved with elevated ridges and deep troughs. Otherwise, ripple mark crests are ﬂattened into low ridges. Nevertheless,
even the non-transparent LRMs can also be recognized after lithiﬁcation
because microbial organics were recorded in the replacement by clay
minerals, consisting of the thin muddy coatings in the troughs. The oriented mica grains have been often interpreted as the result of bafﬂing
and trapping of microbes (Noffke et al., 2001; Sarkar et al., 2008; Mata
and Bottjer, 2009a; Noffke, 2010).
Besides, the co-occurrence of small scale, patchy ripple marks (Bed
11; Fig. 11A) with the typical LRMs indicates that microbial mats are unevenly distributed. These small-scale ripple marks were probably sealed
by relatively thin microbial mats, and thus have been more strongly
shaped by hydraulic reworking than microbial activities.
5.7. Co-occurrence of various types of MISSs
Two different types of MISS, leveled ripple marks and sand cracks,
co-occur on the same bedding plane of the Liujiagou Formation
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Fig. 12. (A–B) Some dark laminae aligned parallel to bedding plane (arrows). (C–D) Filamentous and parallel-oriented mica particles (white arrows) scattered between quartz grains.
(E–F) SEM images show that abundant clay minerals (arrows) occur near bedding plane and are arranged along detrital particles or quartz grains.

(Fig. 2). The associated MISSs are preserved in situ or had been
transported.
5.7.1. Description
The in situ associated MISSs occur on bedding plane of light reddish
coarse sandstone (Bed 29; Figs. 2, 13A–B); they are covered by a very
thin, dark reddish and mud-rich layer on the surface. The ripple marks
possess indistinct crests and troughs, which, however, form visible
alternating elevations and depressions (Fig. 13A). The associated
polygonal cracks are ﬁlled with light-colored coarse sandstone, which
is indistinguishable from the host rock. Cracks are 9.0–25 cm in length
and 3.0–15 mm in width, projecting 1–2 mm into sediments from bedding surface (Fig. 13B). The polygons, generally 21–70 cm long and
8.0–33 cm wide, include tetragonal, pentagonal, hexagonal, and irregular geometries (Fig. 13A).
The transported MISSs vary in morphology (Beds 19 and 28). The
one on Bed 19 is well preserved on light reddish coarse sandstone,
sealed by a thin, claret-colored, muddy layer on the bedding plane.
Rounded crested, asymmetrical ripple marks with ﬂat, wide troughs
are present. Their wavelengths vary from 3.5 cm to 6.5 cm and amplitudes have a size range of 1.0–1.5 cm (Fig. 13C). The cracks co-occur
on the bed, 0.8–5 cm long and 1–2 mm wide, overlying the ripple
marks, whose compositions accord with those of the host rock
(Fig. 13C). The other (Bed 28) is similar in terms of the features of
host rock and associated ripple marks, while the cracks are clearly

different, which display spindle-like, ‘V’ shaped and triple junction
morphology (Fig. 13D). Cracks are 0.9–2.5 cm long and 1–4 mm
wide.
Polished slab and corresponding microscope imaging show that one
thin, dark mud-rich layer is present on the topmost bedding plane
(Fig. 13E–F). The dark lamina consists of a large amount of clay minerals
pervasively surrounding quartz grains, illuminated by SEM investigations (Fig. 13G–H). Intriguingly, the other lamina can be recognized
within the vertical cross-section, occurring about 1 cm underneath bedding plane (Fig. 14A). Both microscopic and SEM analyses suggest that
abundant ﬁber-like mica grains are interwoven by the relatively thick
lamina (Fig. 14B, E), composed mainly of clay minerals (Fig. 14F). The
mica grains are aligned parallel or sub-parallel to bedding plane
(Fig. 14E), as demonstrated on the rose diagram (Fig. 14B–D). In addition, quartz particles display no grain-to-grain contact, but ﬂoat with
their long axes parallel to sedimentary surface within lamina (Fig. 14B,
E–F). These grains are 60–160 μm in diameter, but concentrated on
70–90 μm in size, much ﬁner than those out of the lamina, whose
sizes range from 130–250 μm (Fig. 14B).
5.7.2. Interpretation
The dark colored lamina on the bedding plane (Fig. 13E–F) is
interpreted as a possible fossilized microbial fabric. These microbial
mats covered the ripple-marked sediments and varied in thickness
from place to place. The relatively thick lamina indicates that local
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Fig. 13. (A–D) Field photos showing the co-occurrence of leveled ripple marks and sand cracks. The cracks display polygonal (A–B, Bed 29; C, Bed 19) or spindle-like, V-shaped and triple
junction morphology (D, Bed 28). (E–F) Thin, dark, mud-rich layer near bedding surface. (G–H) SEM images suggest the uppermost laminae are composed of abundant sheer clay minerals,
surrounding the quartz particles, which are aligned parallel to bedding plane.

aquatic or subaerial conditions were stable and favorable for microbial
mat's sustained growth. In contrast, when local conditions were inhospitable for microbial mat's growth, fully transparent ripple marks
formed, and some of these can be seen on bedding plane (Bed 29).
The polygonal sand cracks were created, resulting from dehydration of
the locally thick, water-enriched microbial organics. Few organics
would remain during the decay of microbial mats over time, but be replaced by a large component of clay minerals (Fig. 13G–H). Interestingly, the lamina below the surface within the vertical cross-section could
stand for the earlier colonization and development of biomass. The
quartz particles within the lamina (i.e. represent possible mat fabrics)

are relatively ﬁne in size (Fig. 14B), because the ﬁlaments (i.e. microbes)
would create micro-zones of lower current velocity that allows
suspended, silt-sized detritus to settle (Noffke, 2010).
6. Discussion
6.1. Biogenicity of the Early Triassic MISS on terrestrial ecosystems
MISS is a useful signature for understanding evolution of microbial
ecosystems in geological history by comparing modern analogues
(Noffke et al., 1997, 2003b; Noffke, 2010). However, caution is needed
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Fig. 14. (A) Laminae recognized within vertical cross-section, occurring about 1 cm underneath bedding surface (Bed 29). (B) Abundant ﬁber-like mica grains are interwoven by relatively
thick laminae and quartz particles display no grain-to-grain contact, but ﬂoat with their long axes parallel to bedding surface within laminae, further analyzed by SEM imaging (Fig. 14F).
(C) Sketches showing orientation of mica grains in Fig. 14B. (D) Rose diagram indicates that mica grains are aligned parallel to sub-parallel to bedding plane. (E) Close-up of boxed area in B
showing abundant mica particles within laminae (yellow arrows). (F) SEM image of boxed area in B shows that thin clay minerals surrounding quartz particles.

because some MISS-like structures have geometry and dimensions so
similar that they are difﬁcult to distinguish from each other (Noffke,
2009), and from purely physical or chemical processes without involvement of microbes (Schieber et al., 2007).
The Dayulin MISSs are all commonly present in shallow marine
siliciclastic settings in the geological past (Noffke et al., 2003a, 2008;
Pruss et al., 2004; Porada and Bouougri, 2008; Mata and Bottjer,
2009a,2009b; Lan and Chen, 2012, 2013; Lan et al., 2013). Of these, polygonal sand cracks, worm-like structures, wrinkle structures, and
leveled ripple marks are sealed by a very thin, dark mud-rich layer, possibly representing primitive microbial organics. Thin laminae are also
commonly present just beneath the bedding plane (Figs. 5H–J, 6D, 7C,
8C–D, 12A–B, 13E–F). Their counterparts occurred frequently in deep
time MISSs and have been interpreted as an indirect evidence of ancient
biomass arisen from mat-decay products (Garlick, 1988; Schieber,
1999; Sur et al., 2006; Seilacher, 2007; Noffke, 2010; Samanta et al.,
2011), composed of a majority of clay minerals (chemically comprise
by Al, Si and O). They were created by the replacement of microbial carbonaceous products subsequently in the aftermath of biomass degradation or during early diagenesis, which may have inherited the original
morphology of mat-constructing microbes. Mica grains embedded in
laminated layers show euhedral and ﬁlamentous morphology and are
oriented parallel to bedding plane in this study (Figs. 6E–F, 8E–F, 12C–
D, 14B, E) and previous literature (e.g., Noffke et al., 2003b; Banerjee
and Jeevankumar, 2005; Seilacher, 2007; Noffke, 2010; Luo et al.,
2013), indicating that they could not be formed as cement, but formed
probably due to ‘ﬂypaper effect’ with the involvement of biomass

(Schieber, 1998). Other MISSs (i.e., gas domes, sponge pore fabrics) resemble superﬁcially their marine counterparts. Growing evidence
shows that those marine examples of MISSs are likely biogenetic
(Noffke, 2010; Lan and Chen, 2013).
Besides, the oriented grains ﬂoat commonly within laminae of the
Dayulin MISSs (Figs. 6G–I, 9B–C, 12E, 13F, 14B). Modern laboratory
experiments show that the mediation of microbial organics has played
an important role in the formation of oriented grains. This is because
sand particles were pushed upward by constantly growing of bioﬁlm
envelopes, ﬁnally separated from one another (Noffke, 2010). Quartz
grains therefore have ﬂoating texture and were oriented in alignment
parallel to bedding planes.
To probe genesis of these MISSs, we have also observed several types
of sedimentary structures possibly related to biomass in modern ﬂuvial
systems (Fig. 15A–D). These enigmatic structures are exposed along the
small creek, near the Dayulin section where the creek is a microbe-rich
system (Fig. 15E–F) with relatively dry condition. Much evidence shows
that microbial activity may have been crucial in the formation of these
modern ‘MISSs’ (i.e., Noffke, 2010), suggesting that their counterparts
in geological past may also be likely biogenic in origin.
All lines of evidence suggest that the Dayulin MISSs are of biogenic
origin.
6.2. Depositional preference of MISSs in terrestrial ecosystems
Geobiologic analyses on MISS examples from 20 studied sites in
modern oceans reveal that microbial mats inhabited a wide range of
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Fig. 15. (A–D) Field photos showing possible modern counterparts of MISSs, which vary in morphology and size from a small creek near the Dayulin section. (E) Microspheroids shown in
SEM image. (F) Filaments (yellow arrows) in SEM image.

niches from deep sea to nearshore due to the long-term pattern of
storms and tidal cyclicities (Noffke, 2010). Similar pattern is also
suggested by the deep time marine MISSs (Bouougri and Porada,
2002; Mata and Bottjer, 2009b; Eriksson et al., 2010; Noffke, 2010; Lan
and Chen, 2012, 2013). On land such MISSs are well known back into
the Archean (Mossman et al., 2008; Simpson et al., 2013;
Beraldi-Campesi and Retallack, 2015). The Dayulin examples (Chu
et al., 2015; this study) indicate that MISS-related microbial mats proliferated in the aftermath of the PTB extinction.
The Dayulin MISSs are all preserved in sandstone, with grain sizes
varying from ﬁne to very coarse. They are widely distributed in three facies associations: lake delta, riverbed/point bar setting, and ﬂood plain.
Although no major differences were observed in MISSs from these three
facies associations, microbial record seems to be relatively fewer in lake
delta settings probably because the widespread ﬁne sediments (i.e.
mudstone) prohibited the growth of MISS-related microbial mats. Besides, marine MISS-related microbial mats inhabit relatively calm conditions (Noffke, 2010). In contrast, the Dayulin MISS-related microbial
mats colonize the riverbed sediments, which were deposited in a relatively high energy condition with upper ﬂow regime. Paleosols in the

sequence are clayey and have large drab-haloed root traces as evidence
for woody vegetation that would have disrupted microbial mats in the
likely Permian-Triassic boundary interval of the upper Sunjiagou Formation and in the clayey Heshanggou Formation.

6.3. Implications for post-extinction microbial proliferation in terrestrial
ecosystems
Both modern MISS-related microbial mats and deep time examples
have been interpreted to be created by the interaction of physical agents
such as wind, wave and current with microbial organics (Noffke and
Paterson, 2008; Noffke, 2010). Similar MISSs have also been widely reported from the marine Lower Triassic successions of western US and
north Italy, and have been interpreted as indication of environmental
stresses following the end-Permian great dying (Pruss et al., 2004,
2006; Mata and Bottjer, 2009a). Similarly, the Dayulin MISSs may
indicate a devastated terrestrial ecosystem and environmental deterioration following the PTB biocrisis, but it is equally plausible that they
reﬂect climatic change to semi-arid conditions.
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More recently, Chu et al. (2015) proposed that microbial mats were
oases for surviving aquatic animals, because the top layer of microbial
mats generates oxygen, as revealed by analogy with modern microbial
mats (Gingras et al., 2011; Tarhan et al., 2013). This scenario, however,
is weakened by the failure to ﬁnd any ostracods or other animal fossils
directly from the wrinkled beds in the studied sections. This is also
true for our ﬁeld observations that all MISS-bearing horizons lack any
animal body and trace fossils in Dayulin. Accordingly, the new observation and materials from Dayulin do not support Chu et al.'s (2015) oasis
scenario for animal's survival in terrestrial ecosystems after the PTB
mass extinction.
In contrast, the late Changhsingian part of the Sunjiagou Formation
and Olenekian Heshanggou Formation are highly bioturbated and
yield abundant burrows, but lack MISSs. Thus, it seems that the MISSbearing habitats were not conducive for animals to inhabit. Whereas
MISSs were very rare when animal activities were frequent. The proliferation of MISS-related microbial mats may indicate the degradation of
terrestrial ecosystems or arid climate immediately after the severe
Permian–Triassic mass extinction. The known materials indicate that
terrestrial MISSs seem to be limited in Induan and disappeared in
Olenekian. This phenomenon is also reinforced by our observations of
three other sections in Henan Province. If so, the terrestrial ecosystems
were likely devastated in Induan, but much improved in Olenekian. In
contrast, marine MISSs occurred through the entire Early Triassic
(Pruss et al., 2004, 2006; Mata and Bottjer, 2009a), indicating that recurrent devastation of marine ecosystems may have extended to the end of
the Early Triassic, as supported by independent evidence from geochemical and geobiologic studies (Ezaki et al., 2012; Saito et al., 2014,
2015). However, these inferred differences between Early Triassic
MISS in terrestrial and marine settings may be biased by the small
number of studied sites and preservational states, and needs to be
tested by additional studies on the Early Triassic terrestrial MISSs.
7. Conclusions
The present study on the Lower Triassic MISS from terrestrial
ecosystems in North China clariﬁed the following new observations of
MISS relevant to their morphology, biogenicity, and implications on
post-extinction environmental stresses:
(1) A total of six types of well-preserved MISSs are described from
the Induan terrestrial successions exposed in the Dayulin section
of Yiyang area, North China, including polygonal sand cracks,
worm-like structures, wrinkle structures, sponge pore fabrics,
gas domes and leveled ripple marks. They represent the ﬁrst record of diverse MISSs in lacustrine and ﬂuvial settings in Early
Triassic, broadening microbial distribution to terrestrial settings
in the geological past.
(2) Thin clayey laminae and ﬁlamentous mica grains arranged parallel to bedding plane as well as oriented sand quartz ﬂoating in
lamina are the main features visible under the microscope, further supported by EDS-equipped SEM. Several lines of evidence
indicate the Dayulin MISSs are created with the involvement of
ancient microbes.
(3) Proliferation of MISS-related microbial mats, and rarity of metazoan animal fossils and burrows, may indicate environmental
devastation and arid climate in the aftermath of Permian–
Triassic biocrisis.
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