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Abstract
Lakes are sensitive indicators of the balance between accommodation and sedi-
ment supply, recording high-resolution changes in palaeoenvironmental con-
ditions. Long-lived rift lake basins, however, are predominantly controlled by 
episodic accommodation changes and pronounced basinward facies shifts, com-
plicating the generalisation of tectonic and climatic controls on rift lake succes-
sions. This study proposes a sequence framework and depositional pattern for 
asymmetric half-grabens in syn-rift lake basins by characterising the lacustrine 
fan-delta deposits of the Lower Cretaceous Shahezi Formation in the Songliao 
Basin. Detailed sedimentologic and petrographic analyses identified 24 lithofa-
cies categorised into seven facies associations. A sequence stratigraphic frame-
work was constructed to outline the tectono-stratigraphic evolution during the 
syn-rift phase. The results indicate that the syn-rift Lishu palaeo-lake is charac-
terised by its relatively small size, steep slopes, poorly developed and siliciclastic-
dominant shoreline strata and significant input of allochthonous biodetritus. The 
syn-rift deposits show a distinct threefold conglomerate�sandstone�mudstone 
motif, with a complete cycle comprising a prolonged retrogradational phase (LST 
and TST) and a brief progradational phase (HST). Basin-bounding faults acceler-
ated hinterland erosion and increased sediment feeder system slopes by rotating 
hangingwall blocks; consequently, rapid sediment transport and localised gravi-
tational collapse caused the common occurrence of soft-sediment deformation 
structures and sublacustrine fan conglomerates. The substantial increase in ac-
commodation space, resulting from fault-generated subsidence, triggered lake ex-
pansion and further contributed to the development of transgressive system tracts 
and continuous mudstone deposition. These mudstones, rich in terrigenous or-
ganic matter and allochthonous fossils, correlate with carbonaceous mudstones, 
coals and conglomeratic sandstones in proximal overfilled sections, indicating a 
dynamic interplay between fan delta progradation and Lake Shoreline transgres-
sions. This study proposes a depositional model within a sequence stratigraphic 
framework for non-marine sediment accumulation in asymmetric half-grabens 
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1   |   INTRODUCTION

Lacustrine and related alluvial successions serve as high-
resolution records of continental climate change and ter-
restrial ecological evolution (e.g. Williamson et�al.,�2009). 
Lakes exhibit higher sensitivity to minor changes in en-
vironmental signals, including temperature, humidity, 
hydrology and organic matter input, due to the relatively 
small volumes of sediment and water compared to oceans 
(Bohacs,� 1998; Bohacs et� al.,� 2000). Thick and continu-
ous lacustrine deposits are regarded as ideal targets for 
reconstructions of deep-time palaeoclimate, palaeoenvi-
ronmental and palaeoecological conditions (e.g. Fürsich 
et�al.,�2007; Jiang et�al.,�2012). Carroll and Bohacs�(1999) 
proposed that the sedimentary record of lakes is fun-
damentally determined by accommodation space and 
sediment/water input. Based on the shifting balance be-
tween the rates of these two factors, lacustrine basins 
are classified as overfilled, balanced fill and underfilled, 
corresponding to three primary lake facies associations, 
respectively (i.e. fluvial�lacustrine, fluctuating profundal 
and evaporative; Bohacs,�1998; Bohacs et�al.,�2000; Carroll 
& Bohacs,�1999).

Most long-lived lacustrine basins have a tectonic ori-
gin, for example, rift lake basins (Katz,�1995; Kelts,�1988). 
The sequence stratigraphic model summarised from ma-
rine rift successions suggests that tectonically controlled 
change in accommodation space is the dominant control 
in determining sedimentary filling and stratigraphic archi-
tecture of rift basins (Martins-Neto & Catuneanu,� 2010; 
Ravnås & Steel,�1998). The rate of sediment supply plays 
a second-order role in sequence arrangement, whereas 
climatically forced eustatic fluctuations control the 
changes of high-frequency (fourth-order and lower rank) 
sequences (Prosser,� 1993; Van Wagoner et� al.,� 1990). 
Although these models have been suggested to be valid 
for rift lake systems (Holz et� al.,� 2017), more detailed 
studies are needed given the considerable differences in 
the spatio-temporal scale between marine and lacustrine 
settings. Rift lake deposits are typically characterised by 
abrupt lateral and vertical facies changes, indistinct indi-
vidual stratigraphic units and fewer continuous marker 
beds (Soreghan et�al.,�1999; Wadsworth et�al.,�2003). This 
complexity makes it challenging to generalise sedimen-
tary architectures and depositional patterns for rift lake 

basins. Additionally, autocyclic changes in lake level and 
depositional environments driven by climate tend to be 
obscured by extensive tectonism (Wadsworth et�al.,�2003). 
Interpreting palaeoenvironmental conditions based on rift 
lake deposits is further complicated by ambiguities in dis-
tinguishing climate-forced autocyclic changes from allo-
cyclic events triggered by tectonism.

As one of the longest lived and largest lake basins glob-
ally, the Songliao Basin contains an almost complete sed-
imentary record of terrestrial climate change during the 
Cretaceous (Wang et� al.,� 2016; Wang et� al.,� 2024). Over 
the past decade, significant progress has been made in un-
derstanding the fluvial, lacustrine and deltaic depositional 
systems of the Songliao Basin, specifically for advanced 
interpretations of how changes in basin configuration, 
accommodation space, sediment and water supply, strati-
graphic architecture and facies distribution are intercon-
nected (e.g. Feng et�al.,�2010; Wang et�al.,�2016). However, 
much of this work has focused on post-rift successions 
and their associated oil-prone source rocks in the northern 
sub-basins. In contrast, the syn-rift deposits have received 
limited attention due to their deep burial (>2500 m) and 
restricted distribution. These deposits are further compli-
cated by abrupt vertical and lateral facies changes, driven 
by highly active tectonics in these relatively small basins 
and climate-induced lake-level fluctuations. As a result, 
the depositional patterns and stratigraphic frameworks 
may show great variability, both between different de-
pressions within the Songliao Basin and within different 
areas of the same depression. A single model cannot fully 
capture the variability of these lake systems or accurately 
represent their depositional processes.

A previous study by Wang, Li, et�al.�(2023) elucidated 
the terrestrial dominance of organic matter in profun-
dal mudstones from the Lishu Rift Depression in the 
south-eastern Songliao Basin and its direct correlation 
with depositional sequences and climate change. Their 
results highlight the lacustrine and fan-delta system in 
the Lower Cretaceous Shahezi Formation as a natural 
laboratory for assessing sediment accumulation in syn-
rift lakes. Building on Wang, Li, et�al.�(2023), this work 
employs additional cores to investigate the depositional 
processes and tectono-sedimentary evolution of the 
Lishu palaeo-lake during the Shahezi Formation pe-
riod by integrating lithofacies, facies associations and a 

bounded by active faults. The findings offer insights that complement existing 
models developed for marine rift systems.
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sequence stratigraphic framework. The main objective 
of this study was to elucidate the sequence framework 
and depositional pattern of syn-rift lake basins. The find-
ings aim to refine interpretations of the tectonic, prove-
nance and climate influences on sediment deposition in 
these basins. Furthermore, this study explored the ori-
gin and deposition of dispersed biodetritus and organic 
particles within the fine-grained rocks of the Shahezi 
Formation. The outcomes are intended to provide more 
general insights into the development of thick, organic-
rich mudstones and the depositional factors leading to 
high concentrations of terrigenous organic matter in 
syn-rift lake basins.

2   |   GEOLOGICAL SETTING

The Songliao Basin, situated within the eastern segment of 
the Central Asian Orogenic Belt, is a wide rift basin devel-
oped upon pre-Triassic volcanic/metamorphic basement 
during the Late Jurassic to Cretaceous (Figure�1A; Meng 
et�al.,�2021). It has been suggested that the development 
of the Songliao Basin was correlated with the northwest-
ward subduction of the palaeo-Pacific plate (Izanagi plate, 
145�85 Ma) beneath the Mongolia�North China continent 
(Figure� 1A; Maruyama & Send,� 1986; Yang,� 2013; Yang 
et�al.,�2015). The combination of supracrustal stretching 
and backarc extension induced extensive rifting and vol-
canic eruptions within the Songliao Basin during the Late 
Jurassic and Early Cretaceous (Meng et� al.,� 2021; Wang 
et� al.,� 2016). Subsequent thermal contraction of the as-
thenosphere contributed to pronounced subsidence and 
sediment accumulation during the Late Cretaceous (Feng 
et�al.,�2010; Meng et�al.,�2021; Wang et�al.,�2016). During 
the latest Cretaceous, regional compressional stress in-
duced by plate collision resulted in basin-scale folding, 
uplift and denudation of underlying sequences within 
the Songliao Basin (Wang et� al.,� 2016). As a result, the 
Songliao Basin is characterised by a three-phase tectono-
stratigraphic pattern, the syn-rift, post-rift and structural 
inversion sections spanning from the Huoshiling to the 
Mingshui formations, demarcated by three regional un-
conformities (T5, T4 and T03 surfaces) (Figure� 2; Feng 
et�al.,�2010; Wang et�al.,�2016).

The Lishu Rift Depression, within an approximate area 
of 2300 km2, is an asymmetric half-graben located at the 
south-eastern segment of the Songliao Basin (Figure�1D; 
Wang, Yang, et�al.,�2023). A northwest�southeast seismic 
profile across the depression reveals that it is bounded 
to the west by the Sangshutai master fault and dips to-
wards the southeast (Figure�1C; Wang et�al.,�2017). This 
depression consists of seven sub-tectonic units, as out-
lined in Figure� 1D. Similar to the Songliao Basin, the 

tectono-stratigraphic section in the Lishu Rift Depression 
also contains syn-rift and post-rift sections, which are clas-
sified as two Megasequences (I and II) separated by a re-
gional unconformity (T3 surface) (Figure�2). However, the 
structural inversion sequences represented by the Sifangtai 
and Mingshui formations are absent due to stratal uplift 
and erosion (Figure� 2; Wang et� al.,� 2015, 2021). The fa-
cies association, depositional systems and sequence strati-
graphic framework of the Lishu Rift Depression have been 
investigated in previous studies (Deng et�al.,�2021; Wang 
et�al.,�2017; Yang et�al.,�2021). Two surfaces, T42 and T4, 
have been interpreted as two Supersequence boundar-
ies in the syn-rift section, demarcating a change in tec-
tonic regime from rift initiation, through rift climax, to 
rift deceleration (Figure�2; Wang et�al.,�2015, 2021; Yang 
et�al.,�2021).

The rift initiation phase (Supersequece I1) consists 
of the Upper Jurassic�Lower Cretaceous Huoshiling 
Formation (SQ1), characterised by volcanic rocks inter-
bedded with clastic deposits (Figure�2). The sedimentary 
rocks are lacustrine mudstones and siltstones, as well as 
alluvial fan breccia and conglomeratic sandstones, in-
dicative of shallow water settings during the early rifting 
stage. The rift climax section (Supersequence I2) contains 
the Lower Cretaceous Shahezi (SQ2�3) and Yingcheng 
(SQ4�5) formations. During this period, the Lishu Rift 
Depression entered the most intense rifting stage with a 
maximum subsidence rate of 385 m/Ma (Wang et�al.,�2021; 
Yang et�al.,�2021). The basin-controlling Sangshutai Fault 
changed the configuration of the Lishu Rift Depression 
from a few isolated grabens to a single wedge-shaped 
half-graben (Figure� 2). Thick successions originating 
from fan deltaic, fluvial and lacustrine settings were de-
posited in the SQ2�5 sequences. The rift deceleration 
phase (Supersequenec I3), corresponding to the Lower 
Cretaceous Denglouku Formation (SQ6), is character-
ised by a transpressional tectonic regime and left-lateral 
strike-slip fault systems (Figure� 2). Drill cores from this 
sequence contain conglomeratic sandstones, medium-
coarse sandstones and mudstones recording braided river 
delta progradation alongside continuous lake shrinkage.

3   |   DATA AND METHODS

The dataset used in this study consists of cores, interpreted 
seismic reflection profiles and wireline logs (i.e. gamma 
ray (GR) and deep lateral resistivity (LLD)) from 20 bore-
holes in the Lishu Rift Depression (see Supplementary 
Materials for detailed information about sampling strat-
egy, sample preparation and experimental methods). Cores 
were examined to produce sedimentological logs. Sand- 
to gravel-sized lithofacies were described based on their 
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attributes encompassing lithology, grain size, composition 
and sedimentary structures, as outlined by Miall� (2013). 
Fine-grained lithofacies were defined through the inte-
gration of sedimentary texture, bedding and composi-
tion, employing the nomenclature framework suggested 

by Macquaker and Adams�(2003) and Lazar et�al.�(2015). 
Interpreted seismic data and wireline logs help to explain 
the rock features and depositional settings of intervals 
without core data. The log data were further used to cre-
ate stratigraphic cross-sections and isopach maps.

F I G U R E  �   (A) Topographic and overlapping simplified tectonic map of north-eastern Asia, showing the tectonic regime during the Late 
Jurassic to Early Cretaceous. SBB, Siberia Block; SCB, South China Block; SLB, Songliao Basin. (B) Tectonic units and fault distributions 
in the Lishu Rift Depression (modified after Wang et�al.,�2017; Deng et�al.,�2021; Yang et�al.,�2021). (C) An interpreted seismic reflection 
profile a�a� highlighting the faults, basin structure and stratigraphic architecture (modified after Wang et�al.,�2017). Refer to Figure�1B for 
its location. (D) Tectonic units and rift depression distribution in the Songliao Basin. Northern Slope (I), North-eastern Uplift (II), Western 
Slope (III), Central Depression (IV), South-eastern Uplift (V) and South-western Uplift (VI).
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