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ABSTRACT 15 

Early Triassic temperatures were some of the hottest of the Phanerozoic, sea-surface 16 

temperatures approached 40°C, with profound consequences for both the sedimentology 17 

and faunal distributions in the oceans. However, the impact of these temperatures in 18 

terrestrial settings is unclear. This study examines shallow lacustrine sediments from the 19 

Lower Triassic succession of North China. These consist of diverse fluvial to shallow 20 

lacustrine sandstones and also spectacular, coarse conglomerates composed of diverse, 21 

intraformational clasts reworked from the interbedded sediments. The conglomerate 22 

beds can show inverse grading and high angle, flat-pebble imbrication in their lower part 23 

and vertically orientated flat pebbles in their upper part. The cobbles include cemented 24 
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and reworked conglomerate intraclasts and sandstone concentrically-laminated 25 

concretions that record multi-step histories of growth and reworking, pointing to rapid 26 

cementation of the sandy lake bed (likely facilitated by high temperatures). The 27 

conglomerates record frequent, high-energy events that were capable of brecciating a 28 

lithified lake bed and transporting cobbles in wave-influenced sediment-gravity flows. 29 

Initially, powerful oscillatory flows brecciated and deflated the lake bed and subsequently 30 

helped to sustain turbulence during short-distance lateral flow. It is possible that 31 

hurricanes, originating from the adjacent hyper-warm, Palaeo-Tethyan Ocean travelled 32 

into the major lakes of the North China continent during the Early Triassic.  33 

 34 

INTRODUCTION 35 

The Permo-Triassic mass extinction coincided with rapid warming that culminated with 36 

equatorial sea-surface temperatures which were by far the hottest of the Phanerozoic; 37 

approaching 40°C in the later Early Triassic (Sun et al., 2012). This Permo-Triassic thermal 38 

maximum made life in equatorial settings difficult and was a major factor in the development 39 

of widespread ocean anoxia (Wignall, 2015). These conditions also lead to frequent seafloor 40 

lithification in carbonate settings (Wignall and Twitchett, 1999; Woods et al., 2007), abundant 41 

ooid production (Li et al., 2019) and microbialite growth (Pruss et al., 2005; Baud et al., 2007). 42 

The impact of extreme warmth on marine environments is therefore well known. The effect on 43 

terrestrial life was manifest in that tetrapods became extremely rare in equatorial climes, 44 

probably due to the difficulties of sustaining their high metabolic lifestyles at excessively high 45 

temperatures (Sun et al., 2012; Allen et al., 2020; Romano et al., 2020). However, the effect 46 

of high temperatures on Early Triassic terrestrial sedimentation is less understood. It has been 47 

proposed that there may have been a major increase of aridity, for example, in North China, 48 

which was situated at low northern palaeolatitudes (Romano et al., 2020; Zhu et al., 2020), and 49 



 

 

in the Karoo Basin at high southern palaeolatitudes (Smith and Botha-Brink, 2014; MacLeod 50 

et al., 2017). Strong seasonality is another notable feature at both low northern (for example, 51 

South China) (Chu et al., 2020) and high southern palaeolatitudes (for example, Sydney Basin) 52 

(Fielding et al., 2019). Lakes provide especially good records of prevailing continental climate, 53 

and this study examines an Early Triassic fluvial–lacustrine system from the Liujiagou 54 

Formation of North China, focussing on the origin of some highly unusual intraclast 55 

conglomerates which are interpreted to be the product of the exceptional climatic conditions of 56 

the Early Triassic.  57 

 58 

REGIONAL GEOLOGY  59 

A series of large, intracontinental basins developed in the northern China during the 60 

Permian and Triassic on a stable, cratonic foreland (for example, the Junggar and Ordos basins) 61 

and were infilled with a range of continental facies: lacustrine, deltaic, fluvial and alluvial fan 62 

(Liu et al., 2015). The North China basins occupied the central, northern China and during the 63 

Early Triassic they were located at low, temperate latitudes (25–30°N) (Liu et al., 2015; 64 

Torsvik and Cocks, 2016) (Fig. 1). During lacustrine intervals alluvial facies fringed a lake 65 

within the Basin and, at times, alluvial conditions extended across the entire region (Zhu et al., 66 

2020).  67 

The Permo-Triassic stratigraphy of the studied sections belongs to the Shiqianfeng Group 68 

which is divided, in stratigraphic order, into the Sunjiagou, Liujiagou and Heshanggou 69 

formations. The lower part of the Sunjiagou Formation contains the Ullmania bronni–Yuania 70 

magnifolia plant fossil assemblage, the youngest Permian flora known from the region (Wang 71 

and Wang, 1986). Based on fossil content, the Permo-Triassic boundary is placed in the 72 

uppermost part of the Sunjiagou Formation whilst the base of the Spathian Substage 73 

approximately coincides with the base of the Heshanggou Formation (Tu et al., 2016), 74 



 

 

indicating that the intervening Liujiagou Formation encompasses the Griesbachian to Smithian 75 

substages. 76 

The Sunjiagou Formation ranges from 76 to 106 m thick, and consists of fine-grained 77 

sandstones, siltstones and mudstones interpreted to have formed mostly in terrestrial conditions 78 

although the presence of marine fossils in the south-west of the basin, suggests that the ocean 79 

lay in this direction and was at times, in open connection with the North China Basin. In 80 

contrast to the Sunjiagou Formation, the Liujiagou Formation is overwhelmingly dominated 81 

by fine to medium-grained sandstone. The basal contact is sharp and likely to represent an 82 

unconformity/sequence boundary (Zhu et al., 2020). Thicknesses of the Liujiagou Formation 83 

range from 111 to 340 m, and increase gradually from the south-west to the north-east in the 84 

North China Basin. Reported sedimentary features include cross-bedding, planar lamination, 85 

desiccation cracks, wave and current ripples, and wrinkle marks attributed to microbial mats 86 

(Chu et al., 2017; Chu et al., 2019). The depositional environments of the Liujiagou Formation 87 

are debated, although there is a consensus that braided, fluvial facies are important (Chu et al., 88 

2015; Tu et al., 2016; Zhu et al., 2020). Shallow lacustrine facies, with fringing fluviodeltaic 89 

facies, are also present as evidenced by the wave ripples and wrinkle marks (Chu et al., 2015; 90 

Tu et al., 2016). Zhu et al. (2020) also identified such facies, but considered aeolian facies to 91 

be more important. However, their two study sections in northern Shanxi Province were 92 

situated at the northern edge of the Basin and, as documented below, there is considerable 93 

evidence for subaqueous deposition over large areas of the Basin which rather suggests that 94 

the region did not experience an arid climate in the Early Triassic. Within this debated 95 

depositional context, this paper reports the presence of unusual, near-surface concretion growth 96 

and intraformational conglomerate formation. The succeeding Heshanggou Formation consists 97 

of red mudstones and subordinate sandstones ascribed to fluvial, floodplain and lacustrine 98 

origins (Guo et al., 2019; Zhu et al., 2020). 99 



 

 

 100 

STUDY AREA AND TECHNIQUES 101 

Detailed sedimentary logging was undertaken at four main study sites (Figs 1 and 2), and 102 

palaeocurrents measured, with 63 samples taken for petrographic analysis. Where closely 103 

spaced outcrops were available, correlation panels were constructed to assess lateral variation 104 

of beds. Detailed sketches were also made of clast orientations, on vertical and horizontal faces, 105 

within the numerous conglomerate beds that were encountered.  106 

Three sections of the Liujiagou Formation were studied in Henan Province: 107 

Yuntouling (34º17'33"N, 113º14'53"E), located in Yuzhou city, where a 50 m thick 108 

section of the Liujiagou Formation was examined amongst frequent small, somewhat 109 

discontinuous outcrops of light grey to red sandstone and conglomerate beds exposed along a 110 

hillside.  111 

Sugou (34º20'4"N, 112º59'17"E) located in Dengfeng City, 25 km west of Yuntouling. 112 

Continuous but slightly discontinuous outcrops occur along a wooded hillside.  113 

Dayulin (34º30'6"N, 112º9'20"E), in Yiyang County is an important reference section in 114 

Henan Province, 80 km west of Sugou section. The outcrops consist of a large roadcut, that 115 

provides a continuous exposure of the Sunjiagou Formation, whilst an adjacent creek section 116 

provides extensive exposures of the Liujiagou Formation. 117 

A fourth section, at Liulin (37º28'6"N, 110º40'60"E), in Shanxi Province, provides a long 118 

continuous section (more than 500 m thick) from the Sunjiagou to the Heshanggou formations 119 

along a roadcut adjacent to the Yellow River (Fig. 2). This location is about 440 km north of 120 

Dayulin section (Fig.1).  121 

 122 

FACIES DESCRIPTIONS 123 



 

 

The Liujiagou Formation records a range of depositional conditions, with fluvial facies 124 

being especially prevalent, together with potential aeolian facies (Zhu et al., 2020). Here, 125 

observations are restricted to the lacustrine and lake-margin facies that include conglomerates 126 

that form the focus of the study. 127 

 128 

Mudstone facies 129 

This facies consists of red mudstone beds ranging from 1 to 30 cm thick. They are 130 

typically massive, but can also show weak bedding and occasionally thin sandstone laminae 131 

up to 5 mm thick. The mudstone facies is a relatively minor constituent of the Liujiagou 132 

Formation and is best developed at Liulin. 133 

 134 

Cross-bedded sandstone facies 135 

This facies is the most common in the Liujiagou Formation and consists of red medium-136 

grained sandstones with trough cross-bedding or, more rarely, tabular cross-sets. Set thickness 137 

ranges from 0.1 m up to 1.0 m and can either consist of isolated sets or stacked cosets forming 138 

packages up to 4 m thick. At Liulin the lamination is often picked out by colour variations that 139 

range from deep red to pale pink (Fig. 3A). This stripey appearance resembles the pin-stripe 140 

lamination noted by Zhu et al. (2020) from other outcrops of the Liujiagou Formation, although 141 

there was no grain-size variation associated with the colour banding. Where the cross-bedded 142 

sandstone beds rest on mudstone facies, the contact is often slightly erosive with mud chips 143 

(up to 20 cm in diameter) resting on the basal surface in the toesets and also occasionally 144 

scattered on the foresets. Cross-bed flow directions vary considerably: some cosets can show 145 

a flow (Fig. 3A) whilst other cosets show great variability (Fig. 3B and C). 146 

 147 

Planar-laminated sandstone 148 



 

 

Persistent sheets of red planar-laminated medium-grained sandstone are often interbedded 149 

with the red mudstone and cross-bedded sandstone facies. The basal portion of beds can have 150 

red mud chips when in contact with the mudstone facies. Bedding surfaces often show primary 151 

current lineation. 152 

 153 

Swaley cross-stratified (SCS) sandstone facies 154 

This facies is comprised of red and grey-purple, medium-grained sandstone showing 155 

broad, erosive troughs, up to 2 m in diameter and 20 cm deep, with smaller examples typically 156 

having half these dimensions. Beds of swaley cross-stratified sandstone range from 0.3 to 1.0 157 

m thick. The troughs are infilled with strata that show concave-up (swaley) laminae and in 158 

some examples the later part of the trough filling becomes hummocky (Fig. 4B). In a few 159 

examples, the flanks of the troughs have mud chips at the basal contact. Occasionally the 160 

troughs have not been infilled with sand and are instead filled with red mudstone of the 161 

overlying beds.  162 

 163 

Wave-rippled sandstone facies 164 

This facies consists of red and grey-purple fine and medium-grained sandstone with wave 165 

ripples. Two main types occur, and the first consists of isolated beds of generally small wave 166 

ripples (wavelengths ca 2 to 3 cm) (e.g. Chu et al., 2017, fig. 2F). This type is often associated 167 

with wrinkle structures, likely produced microbial mats, such as the ‘old elephant skin’ textures 168 

described by Chu et al. (2017). The second type comprises beds up to 0.5 m thick of aggrading 169 

wave ripples with larger wavelengths (Fig. 4C). Occasional examples of Skolithos cut the 170 

aggrading wave ripple laminae as do irregular, vertical zones of disruption, approximately 5 171 

cm wide. The latter often terminate in a broad funnel within the aggrading wave ripple beds 172 

and are considered to be a form of escape trace (Fig. 4A).  173 



 

 

 174 

Intraformational conglomerate facies 175 

This facies consists of red and grey conglomeratic beds with intraformational clasts 176 

spanning a broad range of sizes from a few millimetres up to 30 cm in diameter. The diverse 177 

types and origins of the clasts are described and discussed below. Beds range from 0.2 to 1.0 178 

m thick and contacts are invariably sharp and erosive, showing up to several decimetres of 179 

erosive relief. Where beds can be traced laterally they often show both bed cut-out and 180 

amalgamation (Fig. 5A and B). Gutters, seen at basal contacts, can be aligned at high angles to 181 

the prevailing flow direction recorded by the cross-bedding described below (Fig. 6) 182 

Generally, the clasts in the intraformational conglomerate facies generally do not show 183 

well-developed grading, although weak inverse grading is sometimes seen in the basal parts of 184 

beds and the largest clasts are often found within the centre of the beds. Occasionally the 185 

conglomerate beds pass upward into either planar-laminated or trough cross stratified medium-186 

grained sandstones. Some examples of conglomerate beds show low angle cross-sets, with 187 

foresets distinguished by changes in the average grain size of clasts (Fig. 5A). Clast shape is 188 

varied and ranges from angular to spherical blocks and includes common flat pebbles up to 10 189 

cm in maximum dimension (Fig. 7). The latter often show no preferred orientation, especially 190 

in the centre of beds, but they can also occur in alignment. Towards the base of beds (but not 191 

at the base), the flat pebbles can show imbricate stacking, often at angles of ca 30o and 192 

sometimes higher (Fig. 7D and G), especially where the flat pebbles have lodged in the spaces 193 

between larger clasts. Where visible, this alignment shows that the long axis (a-axis) of the 194 

clasts are dipping upflow. In the topmost parts of beds, the flat pebbles often show vertical 195 

alignment (Fig. 7B and F) and, occasionally, are arranged in radial fans (Fig. 7C). These latter 196 

examples are reminiscent of the ‘vertically imbricated rosettes’ seen in Cambrian flat-pebble 197 

conglomerates (Myrow et al., 2004, fig. 3D), although the Liujiagou examples are untidier. 198 



 

 

The matrix of intraformational conglomerates includes sand-grade material, coarse sparry 199 

calcite cement and pyrite crystals. Within individual beds the matrix is usually concentrated in 200 

the lower part with cement dominating in the upper part (Fig. 7). Areas of shelter porosity are 201 

common where larger clasts, typically flat pebbles, have roofed a void beneath which finer 202 

sediment is absent (Fig. 8A). This observation strongly suggests that the matrix sediment 203 

infiltrated downwards into the pebble piles after their emplacement. Narrow zones of 204 

isopachous fringe cement are developed on some intraclasts but coarse, poikilotopic, sparry 205 

cement is the most important void-filling component. The coarse spar has quartz silt grains 206 

floating within the cement indicating that cementation was occurring near the sediment surface 207 

where sediment was able to infiltrate (Fig. 8B and C).  208 

 209 

SEDIMENTARY ENVIRONMENTS 210 

The diverse facies within the Liujiagou Formation suggest a variety of depositional 211 

settings that likely spanned from fluvial to lacustrine conditions. The cross-bedded sandstone 212 

facies are the most commonly encountered (for example, Fig. 3A) and suggest the importance 213 

of channel deposition either within a fluvial or fluviodeltaic context.  The planar-laminated 214 

sandstone beds could have formed in similar settings, under higher velocity flow regimes, 215 

although their often-extensive nature indicates that a distributary mouth bar setting is also 216 

possible. In contrast, the presence of stacked sets of cross-beds, recording multidirectional 217 

flow, is more typical of shoreface settings (cf. Schuster and Nutz, 2018) and suggests that 218 

lacustrine deposition is also recorded in the Liujiagou Formation. Deposition within such a 219 

lake is indicated by the presence of wave-rippled and SCS sandstone facies that record the 220 

influence of fair-weather and storm waves. 221 

The mudstone facies record quieter deposition from suspension which again is likely to 222 

have been in a lacustrine setting. The presence of sand laminae indicates somewhat coarser 223 



 

 

clastic influx, perhaps from hyperpycnal flows sourced from distal distributaries. The lack 224 

fossils suggests a mostly azoic lake, although the presence of occasional escape traces (and 225 

Skolithos burrows) in the wave-rippled sandstone facies indicates the occasional presence of a 226 

benthic fauna. Potentially some of the mudstone beds could have formed in a floodplain setting, 227 

although diagnostic features such as desiccation cracks, pedogenic structures and plant roots 228 

are not present. However, the presence of reworked intraclasts of mudstone within the fluvial 229 

(or fluviodeltaic) cross-bedded sandstone implies that a muddy floodplain was developed 230 

adjacent to the channels. 231 

Overall, the Liujiagou Formation in our study sites records a depositional setting that 232 

included extensive lakes and feeder fluvial systems that supplied sand and mud. The lakes were 233 

influenced by fair-weather and storm waves, although the water depth is unlikely to have been 234 

great as deep-water lake facies are not known. It was in this setting that the intraformational 235 

conglomerate horizons were formed by high-energy events of significant strength. Before 236 

discussing their origin, in the context of the depositional environments indicated by the other 237 

Liujiagou facies, this study first documents the diversity and origin of the constituent clast 238 

types.  239 

 240 

INTRACLAST TYPES 241 

The intraformational conglomerates of Liujiagou Formation are composed almost entirely 242 

of clasts generated within the depositional environment, whilst extraclasts transported into the 243 

depositional setting are extraordinarily rare. Five different varieties of clast (Fig. 9) are present: 244 

 245 

Mud clasts  246 

Red mud clasts range from ca 0.1 mm up to 15 cm in maximum dimension. They range 247 

in shape and are commonly flat pebbles or discs, although some of the smallest examples can 248 



 

 

be irregular in shape (Fig. 10A). The largest examples tend to be more equidimensional and 249 

are typically rounded (Figs 6B, 6D and 9). Lithologically, the mud clasts are identical to the 250 

interbedded red mudstone facies, from which they are no doubt derived, and they are especially 251 

common in the basal parts of erosive-based sandstone beds that rest on mudstones. Some mud 252 

clasts exhibit a rind of calcitic, isopachous fringe cement that often shows abrasion.  253 

The truncated cement lining suggests there was at least two stages of reworking of some 254 

mud clasts: the first eroded the clast from a partly lithified mudstone before burial, followed 255 

by growth of a cement lining. A second phase of erosion and abrasion partly removed the 256 

fringing cement (Fig. 10A to C).     257 

 258 

Sandstone clasts 259 

Intraclasts composed of fine to medium-grained sandstone, cemented by fine microspars, 260 

are the most common clast type encountered in the intraformational conglomerate facies. They 261 

show a diverse range of shapes although spherical and flat pebble varieties are especially 262 

common (Fig. 7). Most clasts are in the size range of ca 1 mm to 10 cm, but occasionally, some 263 

out-sized angular clasts can reach 30 cm in maximum dimension (Fig. 11A). It is often possible 264 

to see original planar lamination and cross-bedding within the larger clasts.  265 

The sandstone clasts are clearly derived by erosion of the interbedded sandstone facies of 266 

the Liujiagou Formation because they are lithologically identical. Rounding of the smaller 267 

clasts could be the product of transport and abrasion although it could also (at least partially) 268 

reflect the exhumation of part-cemented spherical and tabular patches of sediment. Examples 269 

of spherical concretions of identical size to the spherical clasts seen in the conglomerate facies, 270 

are encountered, in the interbedded sandstone facies. In contrast, the angular, larger blocks 271 

seem to have been derived from fragmentation of more extensively cemented sandstone beds.  272 

 273 



 

 

Concentrically-laminated concretions 274 

Many sandstone intraclasts are either internally homogenous or show planar lamination 275 

but there are also spherical, sandstone clasts that show concentric internal laminae. The 276 

concentrically-laminated concretions (CLCs) are present in all of our study sections and they 277 

are especially abundant at Yuntouling and Sugou. The clasts range from 3 to 20 cm in diameter, 278 

and the laminae are often asymmetrically developed and show a succession of growth phases 279 

with later laminae discordant to earlier ones (Fig. 11B and C). The truncation of laminae at the 280 

contacts between these phases suggests that periods of abrasion interrupted the growth of the 281 

CLCs. In some cases, the final laminae overgrow two (and occasionally three or four, or even 282 

six) adjacent CLCs producing large, composite clasts with two spherical core clasts joined to 283 

produce a figure ‘8’ pattern in outcrop (Fig. 11D). Examples are also seen whereby the 284 

spherical clasts have an attached late stage ‘wing’ (Fig. 11E) or the concentric laminae have 285 

nucleated on sandstone intraclasts (Fig. 11F). Laminae are defined by colour variations from 286 

red to pale pink to sandy grey and, in thin section, are defined by subtle variations in the 287 

concentration of iron oxides. The CLC cement consists of either microspar or (more rarely) 288 

coarse, radially-oriented calcite crystals that are highly reminiscent of the calcite that forms 289 

speleothems (Fairchild et al., 2006). Some CLCs show alternations of both types of cement 290 

growth (Figs 12A and 13C).  291 

The CLCs are calcite-cemented spheres of sandstone which are considered to be reworked 292 

concretions. This notion is supported by the presence of original bedding within some CLCs 293 

(Fig. 12B) and the common occurrence of in situ examples in the sandstones interbedded with 294 

the conglomerates (Fig. 12C and D). Many of the CLCs have clearly undergone several 295 

episodes of reworking. Figure 12 charts the development of some examples that show 296 

prolonged, multi-stage histories of formation. Cementation appears to have been close to the 297 

sediment surface with the result that the concretions were regularly reworked, reorientated in 298 



 

 

situ (for example, Fig. 13A) or partially exposed on the lake bed and truncated (Fig. 13B). The 299 

cement style, from microspar to radial crystals, often varied between reworking episodes (Fig. 300 

13C). Other evidence for early cementation, noted above, includes the abraded, isopachous 301 

fringe cement seen on mudstone clasts, floating grains in the coarse spar cement and the 302 

presence of conglomerate intraclasts within the conglomerate beds described below. 303 

 304 

Compound intraclasts 305 

The conglomerate beds are composed of sandstone and mudstone clasts reworked from 306 

the interbedded sediment but there are also clasts of reworked conglomerate of identical 307 

lithology (Figs 7B, 7D, 9 and 14A). These compound intraclasts range from rounded to 308 

irregular, angular shapes and from a few centimetres to boulders approaching 30 cm in 309 

maximum dimension. The truncation of internal grains, such as CLCs, at the margins indicates 310 

the reworked/abraded origin of these clasts. Also, the matrix of conglomerate intraclasts can 311 

differ from the surrounding sediment. For example, the intraclasts in Fig. 7B have a sandy 312 

matrix but are encased in a conglomerate with a sparry calcite matrix. 313 

 314 

Exotic clasts 315 

Nearly all the clasts encountered in the conglomerate facies of the Liujiagou Formation 316 

were derived from erosion of interbedded sediments. The exceptions are a single pebble of 317 

sandstone and rare pebbles of grey-white micritic limestone (s) (Figs 9 and 14B), which range 318 

from a few centimetres up to 20 cm in diameter. These lithologies not seen in the study sections 319 

suggesting they have been transported into the depositional environment although it is possible 320 

that they are derived from rare beds encountered within the Liujiagou environment which were 321 

not observed during our study.  322 

 323 



 

 

ORIGIN OF INTRACLAST CONGLOMERATES 324 

The conglomerates of the Liujiagou Formation clearly record powerful erosive events that 325 

cannibalised older conglomerate horizons and exhumed and transported sandstone intraclasts 326 

and concretions up to the size of boulders. The largest clasts are angular and appear to have 327 

been derived by the fragmentation of a lithified lake bed, something that would have required 328 

exceptional energy. Inverse grading, where present, occurs as a result of larger particles moving 329 

away from the bed, through a geometrical mechanism of larger particles moving over smaller 330 

ones, and kinetic sieving as smaller particles move downward (Sohn, 1997; Dasgupta & 331 

Manna, 2011). Powerful, storm-generated waves were likely initially responsible for the 332 

generation of clasts, by brecciation and deflation of the lake bed, and then for providing the 333 

turbulent dispersion necessary to move the largest clasts up to mid-flow levels (Fig. 15). 334 

However, the local presence of imbrication near the base of some beds suggests intergranular 335 

collisions and laminar flow in the final stage of clast deposition (cf. Walker, 1975).  336 

The vertical alignment of flat pebbles in the uppermost parts of conglomeratic beds is 337 

highly unusual and unlikely to have occurred intrinsically in a high-density flow. This recalls 338 

the vertical stacking of shells seen in wave-agitated settings today (Sanderson and Donovan, 339 

1974) and is also seen in flat pebble conglomerates attributed to storm events (Wignall and 340 

Twitchett, 1999), where rosettes also occur (Myrow et al., 2004). The vertical alignment 341 

suggests that the final stages of conglomerate emplacement saw lateral flow cease but orbital 342 

water movement was still present and able to orientate the flat pebbles. Thus, oscillatory flow 343 

may have been acting throughout the history of bed formation, initially eroding the substrate, 344 

then maintaining turbulence during flow of a high-concentration sediment-gravity current, and 345 

finally reworking the flat clasts in the top of the bed once flow had ceased (Fig. 15).  Suspension 346 

of clasts by oscillatory currents would probably have been necessary to generate the sediment-347 

gravity flow because depositional gradients on the lake bed were likely very low. Wave 348 



 

 

modification of sediment-gravity currents has also been invoked to explain the origin of 349 

shoreline and shelf turbidites in low-gradient marine settings (Myrow et al., 2002; Lamb et al., 350 

2008). The presence of shelter porosity and the development of a sand matrix in the lower parts 351 

of conglomerate beds suggests sand settled vertically through the pore spaces of the bed after 352 

the coarser material accumulated. This could have occurred in the latest stages of a waning 353 

flow as sand, transported in suspension, settled into the open pores of the conglomerate. 354 

The high-concentration sediment gravity flows were likely non-cohesive debris flows 355 

(sensu Talling et al., 2012). Clasts do not project above the bed tops indicating that more 356 

cohesive-style flow did not occur. However, occasional cross-bedding developed both within 357 

the conglomerates and gradationally above the beds, in overlying sandstone, suggests that some 358 

flows occasionally evolved to lower concentrations that allowed bedform development.  359 

 360 

DISCUSSION 361 

The sedimentology of the Liujiagou Formation records a range of depositional 362 

environments located around fluvial systems and the transition into shallow lakes subject to 363 

fair-weather and storm waves. Additionally, this setting was subject to high-energy events that 364 

generated high concentration flows capable of transporting clasts up to boulder size. These 365 

flows were preceded by considerable deflation of the lake bed that exhumed concretions and 366 

fragmented cemented areas of substrate. Similar storm-wave fragmentation of lithified 367 

carbonate substrates has been recorded from marine settings (Bouchette et al., 2001). 368 

Potentially such erosion and deposition events could record major flash floods into the lake 369 

environment following catastrophic rainfall in the hinterland. However, the conglomerate beds 370 

are almost entirely composed of clasts generated within the depositional environment 371 

indicating that they were not associated with an influx of material. Evidence for late stage 372 

oscillatory flow is also unlikely in a flash-flood scenario. 373 



 

 

Storm sedimentation is well known from large lake bodies, and generates characteristic 374 

facies such as hummocky cross-stratified sandstone (Greenwood and Sherman, 1986; 375 

Tänavsuu‐Milkeviciene and Frederick Sarg, 2012; Schuster and Nutz, 2018; Zhang et al., 376 

2018). Coarser, storm-related facies are also known. In the modern Great Lakes, storms 377 

produce metre-deep scours filled with bedded gravel and coarse sand in shoreface settings 378 

(Bray Jr and Carter, 1992). A local, intraformational beach rock conglomerate has been 379 

documented from a Late Triassic lake in south-west England (Milroy and Wright, 2000). This 380 

example is considered to have formed by in situ brecciation of lithified beds of oolite by storms 381 

that re-orientated and aligned the coarse clasts. Clearly, wave and storm energy can be 382 

considerable in large lakes and capable of eroding, winnowing and transporting coarse 383 

sediment. However, the North China Basin conglomerates record events of exceptional 384 

strength for a lacustrine setting, which were capable of generating and transporting much larger 385 

clasts than those reported from other lakes. The evidence for extremely powerful events raises 386 

the possibility that hurricanes may have been impacting the North China Basin in the Early 387 

Triassic. Modern hurricanes are capable of considerable substrate erosion but they tend to be 388 

associated with only modest lateral transport (especially when compared with major winter 389 

storms) because they do not couple effectively with the water column; their high speeds ensure 390 

there is little time for this to occur (Duke, 1985), with the result that their deposits consist of 391 

remobilised local sediment (Goni et al., 2007). This is seen with the Liujiagou conglomerates 392 

which were essentially generated in situ from the interbedded sediment (including the 393 

reworking of earlier conglomerates) followed by transport and emplacement within the same 394 

sedimentary setting.  395 

Oxygen isotope and earth-system modelling evidence indicates that ocean surface 396 

temperatures adjacent to the North China continent reached temperatures >35°C in the Early 397 

Triassic (Sun et al., 2012; Penn et al., 2018). This is likely to have intensified the monsoonal 398 



 

 

climate and generated hurricanes of immense power in the open ocean. However, hurricanes 399 

typically lose their energy on landfall and would not be generally expected to impinge upon 400 

lake systems. Nonetheless, hurricanes may have transited into the North China Basin lake 401 

because there was unlikely to have been a major terrestrial barrier between the Palaeo-Tethys 402 

Ocean to the south-west (Fig. 1). Marine fossils are intermittently encountered in this area, 403 

suggesting that there was little to hinder a hurricane’s passage into the Basin where they could 404 

be sustained by latent energy from the lake. Hurricanes derive their energy from the upper 405 

ocean with the effect being weakened when surface temperatures are decreased by vertical, 406 

turbulent mixing of cooler deeper waters. Such an effect is not seen in broad, shelf seas and 407 

this helps to counterbalance the effect of the relatively low volume of warm waters in such 408 

shallow-water settings. As a consequence, some modern, shelf seas often see intensification of 409 

a hurricane’s strength as they progress across them (Price, 2009). Furthermore, future warming 410 

conditions are predicted to see the rate of decay of hurricanes on landfall diminish considerably 411 

(Li & Chakraborty, 2020). In the super-greenhouse world of the Early Triassic the impact of 412 

hurricanes in continental settings could therefore have been considerable. 413 

The frequency of the high-energy (hurricane?) events in the North China basins is difficult 414 

to assess but the multiple episodes of reworking recorded by many intraclasts suggests that 415 

they were not uncommon. The evidence is diverse and includes concretions showing multiple 416 

phases of reworking (for example, Fig. 13), reworked conglomerate clasts and the many 417 

intraclasts that show phases of cement growth followed by reworking and abrasion (Fig. 10). 418 

More traditional storm deposition, in the form of the SCS facies, could also record hurricane 419 

events. More indirectly, the presence of gutter marks recording different flow directions to the 420 

overlying beds (Fig. 6) suggests that some storm/hurricane events generated erosional bypass 421 

surfaces that otherwise left no record. These were only covered by deposition from later flows. 422 



 

 

The possibility that hurricanes were impacting sedimentation in a North China lake 423 

provides an indirect clue of high temperatures in the Early Triassic. More direct evidence 424 

comes from the abundant evidence for rapid cementation. The coarse, poikilotopic, sparry 425 

cement of the conglomerates is typical of that from a freshwater phreatic setting. The presence 426 

of clasts of cemented conglomerate within younger conglomerates indicates that this 427 

cementation was occurring near the sediment surface whilst the growth of CLCs may even 428 

have been at the sediment surface (Fig. 13). It is noteworthy that similar CLCs also occur in 429 

the coeval strata of the Katberg Formation, South Africa (Johnson, 1989), although they have 430 

not undergone reworking in their fluvial setting and so lack the complex histories of growth–431 

erosion–regrowth seen in the Liujiagou Formation. High temperatures may also explain why 432 

the lake was essentially devoid of life for much of its Early Triassic history. Only several escape 433 

traces are recorded in this study while a few ichnofossils, for example limulid trackways (Shu 434 

et al., 2018) and Skolithos linearis, S. verticalis and Palaeophycus (Guo et al., 2019), are 435 

reported from the Liujiagou Formation. Limulids are able to survive in a much broader range 436 

of conditions, including high temperatures, than most lacustrine taxa, although experimental 437 

work has shown that even they perish at temperatures >35oC (Ehlinger and Tankersley, 2004). 438 

 439 

CONCLUSION 440 

Large lakes can record storm activity with hummocky and swaley cross-stratified 441 

sandstone being the most common product, and examples are seen from the Early Triassic 442 

North China Basin of North China. These occur amongst lacustrine facies that are associated 443 

with fluvial or fluviodeltaic facies. Also present are erosive-based, clast-supported, coarse 444 

conglomerate beds. These are interpreted to be the product of exceptionally powerful, erosive 445 

events that likely record the passage of hurricanes across the lake. The clasts were sourced by 446 

erosion of the lake bed and include extraordinary, concentrically-laminated concretions that 447 



 

 

record multiple episodes of burial, cementation and reworking, together with pebbles, cobbles 448 

and boulders of calcite-cemented sandstone and intraclast conglomerate. Short distance 449 

transportation of this material was in non-cohesive debris flows subject to oscillatory currents 450 

that reworked the upper part of beds into stacked, edgewise flat-pebble conglomerates.  451 

The occurrence of these unusual, intraclast conglomerates is likely due to a series of 452 

factors related to the high prevailing temperatures in the region in the Early Triassic. Such 453 

warmth favoured rapid cementation of the lake bed and likely generated frequent, powerful 454 

hurricanes in the adjacent ocean, which were able to travel into the lake system causing 455 

considerable lake-floor erosion. 456 
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FIGURE CAPTIONS 595 

Figure 1. Early Triassic regional palaeogeography of North China (A) and location map of 596 

study sections (B) and (C).  597 

 598 

Figure 2. Summary lithologic columns of the Liulin, Dayulin, Sugou and Yuntouling sections. 599 

Blue shadows with arrows mark the beds with concentrically-laminated concretions (CLCs). 600 

Sedimentary logs at (A), (B), (C) and (D) are shown in Fig. 5. 601 

 602 

Figure 3. (A) Colour-laminated trough cross-bedding of Liujiagou Formation, Liulin 603 

Palaeocurrent is from right to left (southward). Wenchao Shu is 1.7 m tall. (B) Multidirectional, 604 

trough cross-bedded sandstone of the Liujiagou Formation, Sugou. Height of face is ca 1 m. 605 

(C) Sketch of cross-bedding in (B). Locations of strata are shown in Fig. 2. 606 

 607 

Figure 4. Strata in the Liulin section. (A) Interbedded red sandstone and mudstone beds with 608 

bedding styles shown in panels (B) and (C). Irregular, near-vertical zones of homogenous 609 

sediment, marked with black dashed lines in the lower part of the face are interpreted as 610 



 

 

burrows, likely escape traces. (B) Shows scours with swaley cross-stratification (SCS) fill that 611 

locally grades into hummocky-cross stratification; and (C) shows aggrading wave-rippled 612 

horizons. Location of outcrop is shown in Fig. 2. 613 

 614 

Figure 5. Sedimentary logs of the Liujiagou Formation. (A) and (B) intraclast conglomerate 615 

beds with reworked concretions, Yuntouling. Location (A) shows correlation of two short 616 

sections ca 15 m apart, revealing the lateral impersistence/amalgamation of the conglomeratic 617 

horizons and their erosive basal contacts. (C) and (D) Cross-bedded sands capped by an 618 

intraformational conglomerate, Duizuiya.  619 

 620 

Figure 6. Gutter casts from Dayulin (A) and Liulin (B) to (D). (A) Gutter casts, emphasized 621 

with yellow dashed line, at the base of an intraformational conglomerate beds, that are aligned 622 

orthogonally to the flow direction recorded by imbrication in the overlying strata. (B) Erosion 623 

surface with several gutter casts. The conglomeratic component of the bed includes mudstone 624 

boulders, especially in the lower part of the bed where they have been partially lost due to 625 

modern erosion leaving hollows in the outcrop. (C) and (D) Show details of the gutter casts 626 

(yellow arrows) in (B). 627 

 628 

Figure 7. Photographs and interpretive sketches of flat pebbles seen in vertical views. All from 629 

Dayulin except (C) which is from Liulin: (A) and (B) show the dominance of high angles 630 

amongst the largest clasts; (C) shows a fan-like structure developed in a flat-pebble 631 

conglomerate. (D) Imbricated flat pebbles from near the bottom of a conglomerate bed that 632 

shows inverse grading. (E) Intraclast conglomerate bed with variable stacking of flat pebbles. 633 

Note that cementation of the basal ca 15 cm of the bed has somewhat obscured the clasts at 634 

this level. (F) Vertical alignment of flat pebbles in the topmost parts of bed. (G) High angle 635 



 

 

imbricated stacking of flat pebbles at the bottom of the bed. For clarity, only flat pebbles and 636 

compound intraclasts (reworked conglomerate) are highlighted in interpretive sketches. 637 

 638 

Figure 8. (A) Conglomerate with shelter porosity infilled with coarse, calcite cement (yellow 639 

arrows), Dayulin. (B) and (C) Photomicrographs in plane and cross polar light showing a 640 

calcite cement-filled void developed between two intraclast pebbles. Floating sand grains 641 

(black arrows) are seen within the cement, especially in the upper right.  642 

 643 

Figure 9. Categories of clast found in the Liujiagou Formation, Lower Triassic, North China. 644 

 645 

Figure 10. (A) Mudstone intraclast with fringing isopachous cement that has been partially 646 

eroded (arrowed at point of truncation). (B) Mudstone intraclast, with erosion structures, dog-647 

tooth (first generation) and blocky (second generation) calcite cement in the matrix. (C) Silt 648 

clast with erosion structures (arrows), bladed (first generation) and blocky (second generation) 649 

calcite cement in the matrix. 650 

 651 

Figure 11. (A) Intraclast conglomerate with boulder-size sandstone clasts and concentrically-652 

laminated concretions (CLCs; arrowed). (B) Abundant, large CLCs (arrowed and one 653 

example highlighted) in a bedding-plane view. (C) Poorly-sorted conglomerate bed showing 654 

CLCs and large, conglomerate intraclasts in the upper right. (D) Large clast consisting of two 655 

amalgamated CLCs within an intraclast conglomerate bed. (E) CLC with a ‘wing’ structure – 656 

a concretionary overgrowth that shows internal planar lamination. (F) CLC nucleated on a 657 

sandstone intraclast. All pictures are from Yuntouling except (C) which is from Dayulin. 658 

 659 



 

 

Figure 12. (A) Three concentrically-laminated concretions (CLCs) showing phases of 660 

radially-oriented calcite crystal growth (partially highlighted) on a nucleus with microspar 661 

cement. (B) CLC showing planar, internal lamination of the original host sediment and the 662 

concentric laminae of the concretionary growth. (C) A laminated sandstone bed with swaley 663 

cross-stratification and an unreworked, concentric concretion adjacent to the pen. (D) 664 

Sandstone with three CLCs including coalescing examples. All from Yuntouling. 665 

 666 

Figure 13. Interpreted history of growth of three concentrically-laminated concretions (CLCs), 667 

showing phases of cement growth immediately below the sediment surface, punctuated by 668 

reorientation, reworking and abrasion (red arrows) episodes. (A) Asymmetrical concretion 669 

with pendulous growth. (B) Near-symmetrical concretion with phase of erosive truncation. (C) 670 

Concretion showing a phase of radially-oriented calcite crystal growth and phases of growth 671 

where only the lowermost surface of the CLC saw concretion growth. 672 

 673 

Figure 14. (A) Intraclast conglomerate beds with large sandstone/amalgamated clasts and 674 

concentrically-laminated concretions (CLCs). The dashed line in (A) highlights a large 675 

intraclast of conglomerate reworked from an older conglomerate bed. (B) Conglomerate bed 676 

with a single limestone clast in the upper right. Both from Yuntouling. 677 

 678 

Figure 15. Four-stage model for the generation of intraclast conglomerates in the Liujiagou 679 

Formation. 680 
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