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Abstract The Early Cretaceous is an important coal accumulation period in China. Abundant coal resources were formed

in the southeastern margin of Songliao Basin. Sequence stratigraphy and coal accumulation of the Early Cretaceous in the

southeastern margin of Songliao Basin have been studied on the basis of extensive outcrop and borehole data. Based on

regional unconformity, basal erosional surfaces of incised valley fills, and abrupt depositional facies-reversal surface, six

sequence boundaries have been identified, which subdivide the Early Cretaceous coal-bearing series into 5 third-order

sequences. Sequence I corresponds to Huoshiling Formation, sequences II and III correspond to member I and member II

of Shahezi Formation. Sequences IV and V correspond to member I and member II of Yingcheng Formation. Sequence I

developed at the initial subsiding stage, sequence II and III developed during the stable subsiding stage, while sequence IV

and V developed during the basin shrinkage stage. The major coal seams were developed in the sequence II and III, which

ensured the relative balance between the increase rate of the accommodation space and the rate of peat accumulation for a

longer period, thus forming a thick coal seam.
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1 Introduction

Songliao Basin is an important sedimentary basin in China,

filled with the Cretaceous strata which contain not only

abundant petroleum resources but also abundant coal

resources (Li 1988; Gao and Cai 1997; Wang et al.

2007, 2013). It is located between 119�400E to 128�240E,
and 42�250N to 49�230N, and covers roughly 260,000 km2

in Heilongjiang, Jilin, and Liaoning Provinces. Much

research has been done on the tectonic evolution (Liu et al.

2011; Wang et al. 2013) and the sequences stratigraphy of

Songliao Basin in relation with the oil exploration (Guo

et al. 2004; Wang et al. 2013). Although abundant coal

resources were developed in the Early Cretaceous strata of

this basin, the relationships between the sequence strati-

graphic framework and coal accumulation of this basin

have not been well studied (Shao et al. 2014). Abundant

coal resources developed in the southeastern margin of the

Songliao Basin in Jilin Province have been mined for some

decades (Han and Yang 1980), but the coal accumulation
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patterns were still not clearly recognized. The Yingcheng,

Changchun and Liufangzi sub-basins, located in the

southeastern margin of Songliao Basin in Jilin Province,

were found with the Early Cretaceous coals, which provide

opportunity to study depositional facies and sequence

stratigraphic framework of the Early Cretaceous coal-

bearing series, and the coal accumulation patterns can be

understood better through the study in these sub-basins.

Sequence stratigraphy has been used successfully in

passive continental margin environments (Vail et al. 1977;

Mitchum et al. 1977; Posamentier and Vail 1988; Van

Wagoner et al. 1990; Catuneanu et al. 2009) and rifted

lacustrine basins (Shanley and McCabe 1994; Lin et al.

2001; Feng et al. 2013a, b). In lacustrine basins, the pale-

otectonics and paleoclimates play an important role in

sequence development, as opposed to the global sea level

changes in the marine basins (Ravnas and Steel 1998;

Strecker et al. 1999; Zecchin et al. 2006; Martins-Neto and

Catuneanu 2010; Feng et al. 2013a, b; Li et al. 2018a, b;

Wang et al. 2019). Olsen (1990) distinguished Richmond-

type, Newark-type, and Fundy-type lacustrine depositional

models. Carroll and Bohacs (1999) proposed three ancient

lake types corresponding to 3 lacustrine facies associations,

based on the balance between rates of potential accom-

modation and sediment ? water supply. Since 1990s, a

great number of coal geologists also regard sequence

stratigraphy as a useful tool for analyzing the origin, form,

thickness, distribution, and quality of coal seams in a

sequence stratigraphic framework (Bohacs and Suter 1997;

Holz et al. 2002; Shao et al. 2003; Gibling et al. 2004;

Fielding et al. 2007; Jerrett et al. 2011; Wang et al. 2019).

The thick coals could be considered as an isochronous

surface in the coal-bearing series and often occur near the

maximum flooding surface (Diessel 1992, 2007; Flint et al.

1995; Shao et al. 2011; Wang et al. 2020), which depends

on the balance between the rates of accommodation and

peat accumulation (Bohacs and Suter 1997). In intra-con-

tinental rift coal-bearing basin, coal seams exhibit poor

stability with only local areas possessing great thickness

(Li et al. 2018b; Wang et al. 2019). These theories and

models need to be developed and improved in the coal-

bearing series of continental rift basins. How tectonics and

accommodation affect the spatial configuration of deposi-

tional facies and coal accumulation in the Songliao Basin is

a key research object.

A great deal of researches have been conducted on the

stratigraphic subdivision and sub-correlation as well as

depositional models of the Cretaceous across the entire

Songliao Basin based on palynological data (Mi et al.

2010; Liu et al. 2011; Wang et al. 2016; Li et al. 2018a;

Sun et al. 2019), tectonic evolution (Feng et al. 2013b;

Wang et al. 2011; Wang et al. 2016), depositional envi-

ronments (Liu et al. 2011; Feng et al. 2013b), sequence

stratigraphic framework (Hu et al. 2001; Guo et al. 2004;

Wan et al. 2013; Wang et al. 2015),and oil and gas

enrichment (Mi et al. 2010; Sun et al.2019). However, the

coal accumulation in relation to the sequence stratigraphy

in Songliao Basin continental rift basins are still not well

understood, with previous studies being limited to a range

of several faulted sags or sub-basins, or only from the

perspective of lithological association analysis (Shao et al.

2017).

In this study, based on analyses of facies and facies

associations, the sequence stratigraphic framework of the

Early Cretaceous coal-bearing series in the Yingcheng,

Changchun and Liufangzi sub-basins along the southeast-

ern margin of Songliao Basin in Jilin Province is estab-

lished, and the distribution patterns of thick coal seams and

the main controlling factors of a sequence framework in

these rift sub-basins are discussed.

2 Geological setting

Songliao Basin can be divided into 6 structural units,

including northern uplift, northeastern plunge, western

slope, central depression, southwestern uplift, and south-

eastern uplift (Fig. 1). The study area is on the southeastern

uplift of Songliao Basin in Jilin Province, which includes

Yingcheng, Changchun and Liufangzi sub-basins. The

formation of Songliao Basin has experienced the Early

Cretaceous synrift stage, Early to Late Cretaceous postrift

stage and a Cenozoic stage of structural basin inversion (Li

1988; Shao et al. 2013; Wang et al. 2016). The most

important coal accumulation occurred in the synrift stage.

Coal-bearing deposits were formed in the Early Creta-

ceous synrift basin. The synrifting stage can be further

divided into 3 stages including the initial rifting stage

(Huoshiling Formation), strong downfaulting stage (Sha-

hezi Formation) and shrinkage stage (Yingcheng Forma-

tion) from base to top (Mi et al. 2010).

The Early Cretaceous strata overlie unconformably on

the Paleozoic rocks and they are conformably or uncon-

formably overlain by the Denglouku Formation of the

Early Cretaceous. Shahezi Formations is the main coal-

bearing series in the area. All these formations are com-

posed of siliciclastic rocks, intercalated with volcanic rocks

or volcaniclastic rocks.

Huoshiling Formation: this formation is distributed in

the Taojiagou, Yangcaogou and Yingcheng areas. There

are 3 lithological members:member I is the lower volcanic

rock member, member II in the middle is composed of

terrigenous clastic rocks, and member III is the upper

volcaniclastic rock member, most of which is intermediate

and basic rocks. During the volcanic eruption intermission,

the alluvial fan sediments deposited in the area far away
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from the volcano. The total thickness of this formation is

450–580 m.

Shahezi Formaiton: this formation is distributed in the

whole Songliao Basin. The strata can be subdivided into 2

members according to their lithology. Member I is repre-

sented by the bottom conglomerate unit, middle coal-bed

unit, upper sandstone and mudstone units. Member II is

represented by conglomerate-sandstone unit, mudstone and

coal-bed unit and conglomerate unit from base to top. The

sedimentary facies in Shahezi Formaiton include alluvial

river, fluvial fan, delta and lacustrine facies. The total

thickness of this formation is 350–690 m.

Yingcheng Formation: this formation is distributed in

Siping, Taojiatun, Dadingzi, Yangcaogou and Yingcheng

areas. The lithological units of this formation can be sub-

divided into 3 members, the bottom pyroclastic rocks

member (member I), lower coal-bearing member (member

II), upper pyroclastic rock member (member III) and top

sandstone-conglomerate member (member IV). Several

layers of volcanic rocks can also be found, with basal part

of this formation being gray or green tuffaceous sandstone.

The thickness of this formation is about 60–700 m (Fig. 2).

3 Sequence stratigraphy analysis

3.1 Key sequence stratigraphic boundaries

The foundation of the sequence stratigraphy mainly

depends on recognition of the key sequence stratigraphic

boundaries and analysis of the vertical and lateral distri-

bution of the lithofacies associations. The key boundaries

include the sequence boundary, initial flooding surface and

maximum flooding surface.

Fig. 1 Sketch map showing structural units and coal basins location of Songliao Basin ( modified according to Wang et al. 2007 and Feng et al.

2013b)
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3.1.1 Sequence boundary

In the research area, the sequence boundary can be repre-

sented by the regional unconformity, basal erosional sur-

faces of incised valley fills and the abrupt depositional

facies-reversal surface (Vail et al. 1977; Mitchum

et al. 1977; Posamentier and Vail 1988; Van Wagoner

et al. 1990).

(1) Regional unconformity. the unconformable surface

is an ideal sequence boundary which represents a long term

exposure of the basement. The base of the Huoshiling

Formation is a regional unconformity which is underlain by

the Palaeozoic strata. The unconformity is widespread and

correlatable in a large area and constitutes a good sequence

boundary.

(2) Erosional base of incised valley fills. the thick-bed-

ded conglomerates and sandstones tend to have an obvious

erosional base, and they represent incised channel deposits.

These erosional bases can be regarded as sequence

boundaries formed during low base level. In the research

area, the conglomerates and sandstones develop well at the

bottom of member I and member II of the Shahezi For-

mation, and the basal surfaces of these conglomerates and

sandstones represent regional sequence boundaries

(Fig. 2). At the bottom of the Yingcheng Formation, the

conglomerate is associated with the volcanic rocks, and the

base of this association is also regarded as a sequence

boundary (Sun et al. 2019; Wan et al. 2013).

(3) Reversal surface of vertical facies. Sequence

boundary is usually associated with the exposure events in

the updip area of the basin, but in the downdip area of the

basin and inter-fluvial zone of the updip area, the incised

channels do not develop very well and a relatively con-

formable surface could develop at the corresponding

horizon. In this case, a shallowing upward (commonly

showing coarsening upward) succession will turn to a

deepening upward (commonly showing fining upward)

succession, and the surface separating these 2 successions

is correlatable with the unconformity in the updip area of

the basin. The surface between member I and member II of

Shahezi Formation in Yingcheng sub-basin has been

interpreted as this type of the sequence boundary (Fig. 3 at

No.7150 borehole).

3.1.2 Transgressive surface and maximum flooding surface

Lacustrine transgressive surface is the surface formed when

lake water floods acrossed a slope break or the lowstand

incised valley for the first time. In the study area, the

bottom boundary of fine-grained rock such as mudstone,

silty mudstone, and siltstone that lies immediately above

the incised valley filled with sandy conglomerates is

regarded as the transgressive surface. This surface is

coincident with the sequence boundary in the inter-fluvial

area where no channel sandstones or conglomerates are

developed. The bottom of the lower coal-bearing of

member I in Shahezi Formation is a transgressive surface

in the research area (Fig. 3 No.7816, 7820 borehole).

The maximum flooding surface (mfs) is a depositional

surface formed at the maximum rates in base level rise

when the rates in the creation of accommodation space

largely outpaced the rates in sediment supply. In a

sequence, when some fine-grained lithologies present as

relatively greater-thickness, their bottom can be regarded

as the maximum flooding surface. When a series of the

darkest lithofacies horizons representing deepest environ-

ments repeats in the vertical section only the bottom of the

thickest horizon can be taken as the maximum transgres-

sive surface. In the research area, the thick-bedded mud-

stone at the bottom of the upper sandstone and mudstone

segment in member II of the Shahezi Formation is a

maximum flooding surface (Fig. 3. No.13-3 borehole in

Liufangzi sub-basin).

3.2 Sequence stratigraphic framework

Based on recognition of the key sequence stratigraphic

surface, six sequence boundaries are recognized, including

the unconformity beneath the Huoshiling, Shahezi, Ying-

cheng, Denglouku Formations, and the bases of incised

valley fill conglomerates in the Shahezi Formation.

The Early Cretaceous successions can be subdivided

into 5 sequences by these sequence boundaries. The

Huoshiling, Shahezi, and Yingcheng formations of Early

Cretaceous strata are correlated with the stages from Ber-

riasian to Barremian (Wang et al. 2013), spaning from 245

to 125 million years ago, and lasting for 20 million years

(Cohen et al. 2013). Assuming the several tens of million

years hiatus during unconformity-based boundaries, each

of these sequences represent roughly less than 4 million

years and have fallen into the third-order sequence realms

of (Vail et al. 1977).

3.2.1 Sequence I

The representation of sequence I is Huoshiling Formation

which has incomplete lithology information and only

manifests a suite of volcanic rocks alternated with alluvial

fan conglomerates. This sequence, with a regional basal

unconformity, can be subdivided into lowstand systems

tract (LST), transgressive systems tract (TST), highstand

systems tract (HST) in the Yingcheng sub-basin and

Changchun sub-basin, and thin coal seams can be found in

the TST of the volcaniclastic rocks member in Yingcheng

sub-basin.
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3.2.2 Sequence II

Sequence II corresponds to member I of Shahezi Formation

in the research area which represents the early phase of

stable subsiding stage in the area. The bottom

conglomerate member, middle coal-bearing member, upper

sandstone and mudstone member which compose the

lithological members are corresponding with the LST, TST

and HST, respectively.

Fig. 2 Cross sections showing sequence stratigraphic framework of the Early Cretaceous coal-bearing strata in the east margin of Songliao

Basin
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The bottom conglomerate member is dominated by

alluvial fan facies, represented by the matrix-supported

conglomerates and clast-supported conglomerates, with the

latter being developed with trough cross beddings. The

erosional base developed in conglomerates which repre-

sents the sequence boundary, while the whole conglomer-

ate member represents the LST of this sequence. Coal

seams can be found in the middle coal-bearing unit of the

TST which is dominated by sandy mudstone, siltstone,

mudstones, and several cyclical sandstone-mudstone suc-

cessions. The thick coal seams intercalated with thin

mudstones deposited in delta plain swamp environments

during this period. The upper sandstone and conglomerate

member of the HST is dominated by an intercalation of

sandstones and conglomerate. A thick succession of silt-

stone and mudstone can be found in the middle to upper

parts of this member, which represented the shallow

lacustrine facies during the flooding period of the early

HST. The overlying sandstone and mudstone interbedding

shows an upward coarsening succession, which represented

a later HST.

The TST is the best period for the coal formation in

every basin, while there are still some minable coal seams

in HST of the Liufangzi sub-basin and Yingcheng sub-

basin in the meandering river delta.

3.2.3 Sequence III

Sequence III corresponds to member II of the Shahezi

Formation in the research area during the late phase of

further downfaulting stage in the area. Unlike sequence II,

tectonic movements in sequence III were weaker, so the

lithology in this sequence was finer, especially in Ying-

cheng and Liufangzi sub-basins. The base of the sequence

is represented by the basal erosional surfaces of incised

valley fills, and local unconformity is recognized in the

Fig. 3 Integrated columnar section showing sedimentary facies and sequence stratigraphy of the Early Cretaceous coal-bearing series in the

southeastern margin of Songliao Basin
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area. This sequence can be subdivided into the LST, TST

and HST, which correspond to the bottom conglomerate-

sandstone member, middle coal-bearing member, upper

sandstone, mudstone and conglomerate member.

In sequence III, the LST is dominated by a series of gray

sandstones or conglomerates which were deposited in

braided fluvial environments. The TST is dominated by

sandstone and mudstone interbedding, showing an upward

fining sequence variation from delta plain facies to delta

front and shallow lacustrine facies. The HST is represented

by another sandstone and conglomerate interbedding,

showing an upward coarsening sequence. In each basin, the

upper part of the TST and lower part of HST are dominated

by the facies variation of delta front, delta plain to braided

fluvial. The delta plain was developed in the late TST and

early HST and the upper coal seams were formed. In

Yingcheng sub-basin and Changchun sub-basin, the upper

coal seams were less developed than that in sequence II.

3.2.4 Sequence IV

Sequence IV corresponds to bottom volcanic rocks member

and lower coal-bearing member in Yingcheng Formation in

the research area. The lithology is a suite of volcanic-ter-

rigenous siliciclastic rocks, and volcanic rocks are inter-

mediate and basic rocks. The base of the sequence is

represented by a regional unconformable boundary

between sequence IV and sequence V, which can be rec-

ognized in the seismic section (Guo et al. 2004). The

clastic rock and thin coal seams deposit in sequence IV in

the area which is far from the volcano in TST or HST in the

alluvial fan environement of the Yingcheng sub-basin. In

Changchun sub-basin, the lithology is mainly tuff rocks. In

Liufangzi sub-basin, sequence IV has not been found.

3.2.5 Sequence V

Sequence V corresponding to upper volcanic rocks member

and top sandstone-conglomerate member can only be

found in Yingcheng sub-basin. The thin coal seams formed

in the alluvial fan environments of sequence V are similar

to those in the Sequence IV alluvial fan.

4 Coal accumulation model in the sequence
stratigraphic framework

Coal accumulation models and depositional models of

continental basins in the sequence stratigraphic framework

have been widely discussed (Bohacs and Suter 1997; Shao

et al. 2011; Li et al. 2018b; Wang et al. 2020). Olsen

(1990) developed three lacustrine depositional models

based on observations from the Triassic fault basins of the

North American Atlantic continental margin: Richmond-

type, Newark-type, and Fundy-type. The Richmond-type is

characterized by significant coals and highly bioturbated

shallow-water and fluvial sequences. The Newark-type is

characterized by many Van Houten cycles, extreme lateral

continuity, and a tendency for coarse-grained sediment to

be absent from deeper water facies and is restricted to the

basin margins. The Fundy type is characterized by sand-

patch cycles, evaporites, and eolian dunes. Carroll and

Bohacs (1999) improved the definition of three ancient lake

types, based on the relative balance between rates of

potential accommodation (mostly tectonic) and sediment ?

water supply (mostly climatic). Based on sequence strati-

graphic, paleogeographic and coal accumulation analysis,

combined with Olsen (1990), and Carroll and Bohacs

(1999), the coal-accumulation model is summarized for the

southern Sonliao Basin (Fig. 4).

Based on the data collected in the study area, the dis-

tribution of coal seams in Early Cretaceous sequence

stratigraphic framework has been studied. The thickness of

coal seams from sequence I to sequence IV is: 0.13 m,

3.1 m, 2.53 m, 0.195 m and 0.13 m (Table 1). It shows

that sequence II is the best coal accumulation period in the

study area, sequence III is the second best, while sequence

I is the worst.

In general, coal accumulation was affected by the tec-

tonic movements in the study area, and sequence IV and V

developed during the basin shrinking stage. During

sequence I, sequence IV and sequence V, tectonic and

volcanic activities were intense in this area, so coal seams

were not easy to form. Sequence I developed at the initial

subsiding stage, and sequence II and sequence III devel-

oped during the stable subsiding stage. During sequence II

and sequence III the relative balance between the

expanding rate of accommodation space and the peat

accumulating rate favored the formation of the regionally

thick coal seams. These 2 sequences correspond to the

lower coal seams and the upper coal seams respectively.

In sequence II, coal seams can be found in the middle

coal-bearing unit of the TST which is dominated by sandy

mudstone, siltstone, mudstones, and several cyclical

sandstone-mudstone successions. The thick coal seams

intercalated with thin mudstones were deposited in delta

plain swamp environments. In sequence II, the thick coals

were formed in the delta plain environments which were

developed in the late TST and early HST. These charac-

teristics suggest a transformation stage from a Newark-type

to Richmond-type basin, which also makes a transitional

stage between an overfilled and balanced-filled lake basins

(Olsen 1990; Carroll and Bohacs 1999).

In overall, during the initial subsiding stage and

stable subsiding stage, with the tectonic movements

background, the coal seams formed in the LST, TST and
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later stage of the HST. Then the tectonic movements made

the basin basement subsidence rate become higher. In the

stable subsiding stage, the rate of the basement subsidence

and accommodation space expansion changed slowly and

then the main coal seams deposited near the area of the

maximum flooding surface (Fig. 4).

5 Conclusions

(1) Based on recognition of the key sequence strati-

graphic surface, basal erosional surfaces of incised

valley fills, abrupt depositional facies-reversal sur-

face in the research area, the coal-bearing series can

be subdivided into 5 third-order sequences by 6

sequence boundaries. Sequence I corresponds to

Huoshiling Formation, sequence II and III

correspond to member I and member II in Shahezi

Formation. Sequence IV and V correspond to

member I and member II in Yingcheng Formation.

(2) Coal accumulation and stratigraphic sequence was

affected by the tectonic movements in the south-

eastern margin of Songliao Basin in the Early

Cretaceous. From sequence I to V, the coal accu-

mulation changed from the LST, TST and late HST

to the horizons around the maximum flooding

surface. The best periods for coal accumulation are

sequence II and III, in which the relative balance

between the increase rate of accommodation space

and the peat accumulating rate favors the formation

of the regionally thick coal seams, forming regional

lower coal seams and upper coal seams respectively.

Fig. 4 The distribution of main coal seams in the sequence stratigraphic framework of the study area
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