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Abstract Oil shales were deposited in the Songliao Basin

(NE China) during the Upper Cretaceous period, represent-

ing excellent hydrocarbon source rocks. High organic matter

(OM) contents, a predominance of type-I kerogen, and a low

maturity of OM in the oil shales are indicated by bulk

geochemical parameters and biomarker data. A major con-

tribution of aquatic organisms and minor inputs from ter-

rigenous land plants to OM input are indicated by n-alkane

distribution patterns, composition of steroids, and organic

macerals. Strongly reducing bottom water conditions during

the deposition of the oil shale sequences are indicated by

low pristane/phytane ratios, high C14-aryl-isoprenoid con-

tents, homohopane distribution patterns, and high V/Ni

ratios. Enhanced salinity stratification with mesosaline and

alkaline bottom waters during deposition of the oil shales are

indicated by high gammacerane index values, low MTTC

ratios, high b-carotene contents, low TOC/S ratios, and high

Sr/Ba ratios. The stratified water column with anoxic con-

ditions in the bottom water enhanced preservation of OM.

Moderate input of detrital minerals during the deposition of

the oil shale sequences is reflected by titanium concentra-

tions. In this study, environmental conditions in the paleo-

lake leading to OM accumulation in the sediments are

related to sequence stratigraphy governed by climate and

tectonics. The first Member of the Qingshankou Formation

(K2qn1) in the Songliao Basin, containing the oil shale

sequence, encompasses a third-order sequence that can be

divided into three system tracts (transgressive system tract—

TST, highstand system tract—HST, and regressive system

tract—RST). Enrichment of OM changed from low values

during TST-I to high-moderate values during TST-II/III and

HST-I/II. Low OM enrichment occurs during RST-I and

RST-II. Therefore, the highest enrichment of OM in the sed-

iments is related to stages of mid-late TST and early HST.

Keywords Songliao Basin � Oil shale � Biomarker �
Paleo-lake environment � Climate and tectonics

Introduction

Oil shales with high organic carbon contents are often

considered to be excellent hydrocarbon source rocks (Feng

et al. 2009a). The Songliao Basin in north-eastern China,

with an area of approximately 26 9 104 km2, contains over

10 km of Cretaceous sediments (Gao and Cai 1997). The

basin has attracted considerable attention in recent years

because of the huge potential of oil shale resource (Liu and

Liu 2005; He et al. 2006; Qu et al. 2006; Wang 2006; Feng

et al. 2009a; Liu et al. 2009, 2010; Chi 2010; Jia et al.
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2011, 2012; Bechtel et al. 2012). However, detailed

insights into the enrichment of the organic matter during

the deposition of the oil shale-bearing formations are

lacking. Such information is required to establish the

relationship between changing environmental conditions of

oil shale formation and lake-level fluctuations, climate

change, and sequence stratigraphy (Bechtel et al. 2012).

The development of lacustrine hydrocarbon source

rocks is controlled by basin morphology and depositional

environment (Carroll and Bohacs 1999, 2001; Bohacs et al.

2000; Feng et al. 2011; Jia et al. 2013). The production and

accumulation of OM are strongly influenced by the lake

type (Bohacs et al. 2000), controlled by tectonics and cli-

mate (Carroll and Bohacs 1999). The oil shales of the

Songliao Basin developed during a period of warm-humid

climate and tectonic subsidence (Feng et al. 2010; Wang

et al. 2012). The formation and evolution of the basin have

been extensively studied (Liu et al. 1993; Wang et al. 1996;

Feng et al. 2010). During the post-rift thermal subsidence

period of the basin’s evolution, eutrophic and anoxic

conditions were established in the deep freshwater lake

(Bechtel et al. 2012).

The molecular composition of OM provides information

on the thermal history of sedimentary basins, the type and

origin of OM, and environmental conditions, including

water salinity and climate (Tissot and Welte 1984; Peters

et al. 2005). As with many other non-marine, organic-rich

petroleum source rocks in China, the deposition of oil

shales may be associated with marine transgressions or

saline lakes (Bechtel et al. 2012). Previous palaeontologi-

cal and biomarker studies have provided geochemical

evidence for marine transgressional events during the

deposition of the oil shale sequences in the Qingshankou

Formation of the Songliao Basin (Hou et al. 2000; Feng

et al. 2009a). However, the molecular and isotopic com-

positions indicate a predominantly aquatic organic input to

the oil shales (Feng et al. 2007). The presence of specific

biomarkers in the oil shales within the K2qn1 of the Son-

gliao Basin indicates a lagoonal depositional environment

characterized by water stratification and high salinity (Feng

et al. 2011; Bechtel et al. 2012).

In this study, based on sampled core profiles from the

Qingshankou Formation of the Songliao Basin, we relate

changes in the OM input and sedimentary environment

during the deposition of the oil shale sequences to sequence

stratigraphy.

Geological setting

The Songliao Basin, located in the north-east of China, is

the largest oil- and gas-prone non-marine basin in China

and can be divided into six primary tectonic units: the

northern plunge zone, the central downwarp zone, the

north-eastern uplift zone, the south-eastern uplift zone, the

south-western uplift zone, and the western slope zone

(Feng et al. 2010) (Fig. 1). Oil shales are distributed mainly

in the south-eastern uplift zone, the north-eastern uplift

zone, and the central downwarp zone. The sediments of the

basin are dominated by Cretaceous terrigenous succes-

sions. The Upper Cretaceous strata consist from bottom to

top of the Qingshankou (K2qn), the Yaojia (K2y), the

Nenjiang (K2n), the Sifangtai (K2s), and the Mingshui

(K2m) Formations (Fig. 2). Oil shales are mainly concen-

trated in the Qingshankou (K2qn) and the Nenjiang (K2n)

Formations.

The basin was formed and filled in four tectonic evo-

lutionary stages: a pre-rift doming stage, a syn-rift subsi-

dence stage (fault subsidence), a post-rift thermal

subsidence stage (depression), and a structural inversion

stage (shrinkage) (Feng et al. 2010; Wang et al. 2012)

(Fig. 2). During the Cretaceous period, a humid to semi-

humid and subtropical climate prevailed (Huang et al.

1999a; Wang et al. 2012). In the Songliao Basin, the four

cooling events (K1h–K1sh, K1d4, K2n, and K2m2), three

warming events (K1d1–K1d2, K2qn–K2y, and K2s), and

three semi-arid events (K1sh3–K1sh4, K1d4, and K2s)

(Fig. 2) are confirmed by evidence from spore/pollen and

plant fossils, oxygen isotope data, and palaeoecology

(Wang et al. 2012).

A cyclic evolution of the sedimentary basin has been

outlined, controlled by tectonic and climatic changes

(Fig. 2). During the deposition of the early Qingshankou

and the early Neijiang Formations, two transgression

events (Liu et al. 1993) associated with basin subsidence

and warm-humid climate led to the maximum depth and

extent of the paleo-lake, covering an area of 8.7 9 104 and

20 9 104 km2, respectively (Feng et al. 2010). The warm

and humid climate during these stages of basin evolution

promoted blooms of aquatic organisms, and the stable water

column stratification was beneficial for organic matter pres-

ervation, resulting in the deposition of oil shales.

Samples and method

The samples were taken from Well Ngn2, which was

drilled in 2007 and is located in the basin’s south-east uplift

zone (Fig. 1). The depth of the fully cored Well Ngn2 is

331 m, comprising the Quantou and the Qingshankou

Formations (Fig. 3). We selected 64 samples (oil shale and

mudstone) from the first Member of the Qingshankou

Formation (K2qn1) for elemental (C, S) and Rock-Eval

analyses (Fig. 3). Based on these results, 23 samples were

selected for detailed biomarker and trace element mea-

surements (Fig. 3).
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The total carbon (TC) and sulphur (S) contents were

determined with a Leco elemental analyser. Total organic

carbon (TOC) was measured with the same instrument on

samples pre-treated with concentrated HCl. Pyrolysis was

carried out using a Delsi Rock-Eval Version RE II instru-

ment. With this method, the quantity of pyrolyzate (mg

HC/g rock) generated from the kerogen during gradual

heating in a helium stream is normalized to TOC to give

the hydrogen index (HI, mg HC/g TOC). The temperature

of maximum generation (Tmax) serves as a maturation

indicator.

For organic geochemical analyses, representative por-

tions of selected sediment samples were extracted for

approximately 1 h using CH2Cl2 in a Dionex ASE 200

accelerated solvent extractor at 75 �C and 5 9 106 Pa.

After evaporation of the solvent to 1 ml total solution in a

Zymark TurboVap 500 closed cell concentrator, asphalt-

enes were precipitated from a hexane-CH2Cl2 solution

(80:1) and separated by centrifugation. The fractions of the

hexane-soluble OM were separated into polar compounds,

saturated hydrocarbons, and aromatic hydrocarbons by

medium-pressure liquid chromatography using a Köhnen–

Willsch MPLC instrument (Radke et al. 1980).

The saturated and aromatic hydrocarbon fractions were

analysed on a gas chromatograph equipped with a 30 m DB-

5MS fused silica capillary column (i.d. 0.25 mm; 0.25 lm

film thickness) and coupled to a Finnigan MAT GCQ ion trap

mass spectrometer. The oven temperature was programmed

from 70 to 300 �C at a rate of 4 �C min-1, followed by an

isothermal period of 15 min. Helium was used as carrier gas.

The sample was not split and was injected at 275 �C. The

mass spectrometer was operated in the EI (electron impact)

mode over a scan range from m/z 50 to m/z 650 (0.7 s total

scan time). Data were processed with a Finnigan data system.

Identification of individual compounds was accomplished

based on retention time in the total ion current (TIC) chro-

matogram and comparison of the mass spectra with pub-

lished data. Relative percentages of different compound

groups in the saturated and aromatic hydrocarbon fractions

were calculated using peak areas from the gas chromato-

grams in relation to those of internal standards (deuterated n-

tetracosane and 1,10-binaphthyl, respectively).

Fig. 1 Zoning map of structural

units of the Songliao Basin

(modified according to Feng

et al. 2010)
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All samples were analysed for elements using a high-

resolution inductively coupled plasma mass spectrome-

ter (HR–ICP–MS) at the Analytical Laboratory of the

Beijing Research Institute of Uranium Geology. The

samples for element analysis were all crushed and

ground to \200 mesh. The analytical precision is

Fig. 2 Integrated interpretation of stratigraphic column of the Songliao Basin [modified according to Liu et al. (2002), Feng et al. (2010), Wang

et al. (2012)]. SB sequence boundary
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estimated to be \5 % according to duplicate analysis of

samples and standards.

Results and discussion

Bulk and Rock-Eval parameters

TOC content is an important indicator for OM abundance

(Tissot and Welte 1984; Peters 1986). The TOC content of

the oil shale within the first Member of the Qingshankou

Formation (K2qn1) varies between 5.13 and 23.82 wt%,

exceeding the average TOC obtained from the mudstone

samples (3.16 wt%) (Fig. 4a). The total sulphur (S) content

of the oil shales is highly variable (0.98–5.29 wt%), and a

high average sulphur content is obtained within the K2qn1

(2.0 wt%). Most mudstones show lower sulphur content

(avg. 1.62 wt%) (Fig. 4b).

The potential yield (S1 ? S2) is a measure for the

hydrocarbon generation potential of rocks. The S2

contents predominate over the S1 contents by far in all

sediments of the K2qn1 (Fig. 4c), indicating the dominant

role of pyrolytic hydrocarbons. The potential yield of the

oil shale varies between 34.66 and 179.66 mg HC/g rock,

higher than the values obtained from the mudstones (avg.

19.06 mg HC/g rock) (Fig. 4d). The highest hydrogen

index (HI) values above 600 mg HC/g TOC are obtained

from the oil shale sequences (Fig. 4e), and the low Tmax

values (430–440 �C) indicate marginal maturity of the oil

shales around 0.5 % vitrinite reflectance values (Vr)

(Bechtel et al. 2012). The trend in Tmax towards slightly

lower values with depth may be caused by a change in

kerogen-type towards pure Type-I of the oil shale

sequences. In the HI versus Tmax diagram (Espitalié et al.

1984; Fig. 5), most oil shale samples fall inside the field

characteristic for Type-I kerogen, except for a few in the

Type-II area, indicating aquatic organisms as the main

primary producers of OM. Minor admixture of Type-III

kerogen (terrigenous OM) or mineral matrix effects of a

few mudstone samples may cause deviation towards lower

Fig. 3 Lithologic profile with

position of test samples and

photographs of cores from Well

Ngn2. Fm. formation, No.

number
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HI values. The HI versus oxygen index (OI) diagram has not

been applied because of unreliable OI values.

Molecular composition of saturated and aromatic

hydrocarbon fractions

The quantities of chloroform bitumen ‘‘A’’ in the kerogen

of the oil shale samples in the K2qn1 vary between 0.12 and

1.02 wt%, with an average value of 0.45 wt%, exceeding

by far the values obtained from mudstones (avg. 0.11 wt%)

(Table 1). The data argue for abundant lipid-rich OM input

during the deposition of the oil shale sequences.

Oil shales of K2qn1 are characterized by high quantities

of n-alkanes (474–1,619 lg/g TOC) (Table 1; Fig. 6a). In

the mass chromatograms of the saturated hydrocarbon

fractions, abundant hopanoids (C29–30) (250–1,239 lg/g

TOC) (Table 1; Fig. 6b), gammacerane (Fig. 6a), and low

quantities of b-carotene (21.4–66.2 lg/g TOC) (Table 1;

Fig. 6a) are present. Moreover, abundant steranes (C27–29)

(823 lg/g TOC) (Table 1; Fig. 6c), and highly variable

contents of 4-methylsteranes (C28–30) (948 lg/g TOC)

(Table 1; Fig. 6d) are detected. In the mass chromatograms

of aromatic hydrocarbon fractions, a series of monoaro-

matic steroids, benzohopanes aryl-isoprenoids, and meth-

ylated 2-methyl-2-(trimethyltridecyl) chromans (MTTCs)

occur (Table 1).

The molecular composition of the hydrocarbons within

the Qingshankou Formation has recently been described in

detail by Bechtel et al. (2012). For the sequence strati-

graphic interpretation, only the major results are summa-

rized below.

Maturity of organic matter

The pyrolysis parameter Tmax is intimately associated with

the thermal history of OM (Tissot and Welte 1984). The

Fig. 4 Bulk organic geochemical parameters of Well Ngn2 in the Qingshankou Formation. The grey line in the TOC depth trend represents

average TOC content of 1 m of core. Dep. depth
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low Tmax (430–440 �C) (Fig. 4f) values, together with the

presence of type-I kerogen (Fig. 5), indicate the low

maturity of OM in the oil shale sequences. The extractable

organic matter (EOM or bitumen) yield varies between

37.1 and 57.2 mg/g TOC (Table 1), reflecting immaturity

to marginal maturity of the oil shale samples (Tissot and

Welte 1984; Peters and Moldowan 1993).

The 17b, 21a(H)-C30 hopane (moretane)/17a, 21b(H)-

C30 hopane ratios of the oil shales vary between 0.38 and

0.65, indicating immaturity of OM (Table 1). The 22S/

(22S ? 22R) homohopane ratios can also be used to

characteristic the maturity of OM (Waples and Machihara

1991; Peters and Moldowan 1993). The equilibrium value

for S/R isomerization of homohopanes is reached at

0.57–0.6 (Seifert and Moldowan 1986). The ratios obtained

for all oil shale samples vary between 0.39 and 0.43

(Table 1), lower than the equilibrium value reflecting the

low maturity of the oil shales.

Origin of OM input

The n-alkane distribution patterns of immature samples can

be used to assess OM input from different producers

(Fig. 6a; Brassell et al. 1978). Long-chain n-alkanes ([n-

C27) are characteristic biomarkers for higher terrestrial

plants, whereas short-chain n-alkanes (\n-C20) are found

predominantly in algae and microorganisms. The n-alkanes

of intermediate molecular weight (n-C21–25) are reported to

have originated from sphagnum or aquatic macrophytes

(Bechtel et al. 2007). Higher relative proportions of short- to

mid-chain n-alkanes (0.44) in comparison with long-chain

n-alkanes (0.38) are detected in the oil shale samples

(Fig. 6a). Together with the fact that terrigenous OM is

generally overestimated based on n-alkanes, since land

plants typically contain more n-alkanes than aquatic OM

(Peters et al. 2005), the results indicate a major contribution

of aquatic organisms to OM deposition.

High contents of steroids and steroids/hopanoids ratios

(C1) indicate the predominance of OM production by

phytoplankton (Moldowan et al. 1985). In contrast, lower

contents of steroids and steroids/hopanoids ratios (\1)

suggest a high contribution of microbial biomass (Tissot

and Welte 1984). In the present case, the high steroids/

hopanoids ratios (Table 1) most probably reflect eutrophi-

cation and high bio-productivity within the photic zone of

the water columns, and limited importance of cyanobac-

teria as primary producers (Peters et al. 2005).

Algae are the predominant primary producers of C27

sterols, while C29 sterols are more typically associated with

land plants (Volkman 1986). In most oil shale samples, the

C27 steranes predominate over the C29 and C28 steranes

(C27 [ C29 [ C28) (Table 1; Fig. 6c). The relative propor-

tions of C27, C28, and C29 steranes in the ternary plot (Fig. 7)

indicate a tendency towards higher proportions of C27 ster-

anes in the oil shales than the mudstones. The sterane dis-

tribution patterns (Fig. 6c) are consistent with the dominant

contribution of aquatic algae to OM production. However,

numerous results from recent biomarker studies add to the

growing list of microalgae that contain high proportions of

24-ethylcholesterol (Volkman et al. 1999).

Methylsteroids with a C30 dinosterol structure are con-

sidered as biomarkers of dinoflagellates (Robinson et al.

1984), while other C30 4-methylsteroids appear to be

related to marine and lacustrine precursors (Volkman et al.

1990; Peters et al. 2005). The 4-methylsteranes can be

present in marine and lacustrine environments (Brassell

et al. 1986; Summons et al. 1992; Peters et al. 2005). The

high contents of 4-methylsteranes most probably originated

from dinoflagellates. Abundant 4-methylsteroids (948 lg/g

TOC) are detected in all oil shale samples of the K2qn1

(Table 1; Fig. 6d), indicating that some species of dino-

flagellates adapted to living in the saline water environment

at that time, as confirmed by research from Gao et al.

(1992).

The outlined biomarker data argue for algae predomi-

nance in OM input. This interpretation is further supported

by laminated algenites, accounting for up to 38 vol.% of

macerals, and telalgenite (botryococcus), representing up

to 6 vol.% of particulate OM (Fig. 8).

Terrigenous detrital matter input

The detrital input can be characterized by trace element

analyses based on the principle of element migration and

Fig. 5 Plot of Tmax versus HI (according to Espitalié et al. 1984)
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sedimentary differentiation. Aluminium (Al) and titanium

(Ti) are enriched mainly in the clay minerals, reflecting the

input of detrital minerals (Deng and Qian 1993; Wang et al.

1997). In contrast to Al, Ti cannot be incorporated into

siliceous deposits in neutral-to-alkaline environments.

Therefore, Ti is used as an indicator of detrital matter

input. In general, a higher content of Ti reflects an

increased input of detrital matter.

Moderate contents of Ti (0.29 %) are detected in the

lower oil shale sequence of the K2qn1, and low contents of

Ti (0.24 %) are present in the upper oil shale sequence,

which are far less than those within the mudstone sequence

(up to 0.39 %). The data indicate moderate detrital input

during the deposition of the oil shales. Low input of min-

eral matter minimizes the effect of OM dilution.

Redox conditions

Vanadium (V) and nickel (Ni) are important indicators for

the redox conditions. Vanadium is usually enriched in

comparison with nickel in anoxic environments (Lewan

and Maynard 1982; Peters and Moldowan 1993). In gen-

eral, a high V/Ni ratio reflects a reducing environment, and

a low ratio indicates oxic conditions. The higher V/Ni

Fig. 6 Saturated hydrocarbon fractions for oil shale (sample S29) from the Qingshankou Formation. a Gas chromatograms (TIC), b m/z 191 for

hopanes, c m/z 217 for steranes, and d m/z 231 for methylsteranes. Ph. phytane, Std. standard

Fig. 7 Ternary plot of relative proportions of C27, C28, and C29

steranes for the Qingshankou Formation
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ratios of the oil shales (4.6) relative to the mudstones (2.8)

(Fig. 11) in the K2qn1 sediments are consistent with the

proposed anoxic environment during the deposition of the

oil shale sequences. This interpretation is confirmed by

Pr/Ph ratios significantly lower than 1.0 (Table 1),

reflecting anoxic bottom water conditions (Didyk et al.

1978; Kohnen et al. 1991). The increased abundance of the

C35 homohopanes relative to the C33 and C34 homologues

further indicates an anoxic environment during the depo-

sition of the oil shale sequences (Peters and Moldowan

1993).

Aryl-isoprenoids are thought to derive from carotenoids

specific for the photosynthetic green sulphur bacteria

(Summons and Powell 1987). These organisms are photo-

trophic anaerobes and thus require both light and H2S for

growth. The C14-arylisoprenoid present in the oil shale

samples (2.2 lg/g TOC) (Table 1) is interpreted as an

indicator for the activity of phototrophic anaerobes during

periods of enhanced salinity stratification and euxinic

conditions within the water column.

Lake water salinity

Strontium (Sr) and barium (Ba) are two elements with

different geochemical behaviour in various sedimentary

environments (Liu et al. 1984; Wang 1996). The Sr/Ba

ratio is widely regarded as an empirical indicator of pale-

osalinity (Liu 1980). In general, a high Sr/Ba ratio reflects

high salinity, and a low Sr/Ba ratio indicates low salinity

(Deng and Qian 1993). The oil shale sequences show high

Sr/Ba ratios (0.85), indicating a saline water environment

during their deposition (Fig. 11). Abnormally, high Sr/Ba

ratios (1.2; Fig. 11) are observed in a few samples of the

lower oil shale sequence, which could be due to periodic

sea water intrusion with high contents of strontium (up to

756 lg/g) during the early deposition of the K2qn1.

Gammacerane is a major biomarker in many lacustrine

and marine sediments, indicating salinity stratification of

the water columns during their deposition (Sinninghe

Damsté et al. 1995; Grice et al. 1998). High gammacerane

index values are often associated with low Pr/Ph ratios and

Fig. 8 Polished section under oil immersion from S29 of Well Ngn2. a Reflected fluorescence, b white light

Fig. 9 Proposed revision of salinity inferences from MTTC ratio

versus Pr/Ph for the Qingshankou Formation (after Schwark et al.

1998)

Fig. 10 Cross correlation between total sulphur (S) versus TOC for

the Qingshankou Formation
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the presence of carotenoids in the extracts (Peters et al.

2005). Abundant gammacerane contents with high gam-

macerane index (0.45) (Table 1) and moderate b-carotene

contents (41.6 lg/g TOC) (Table 1) are detected in all oil

shale samples of the K2qn1, which provides evidence for

water column stratification associated with increased

salinity in the bottom waters during the deposition of the

oil shale sequences.

Although the MTTC ratios are widely used as an indi-

cator of paleosalinity, the reason for the correlation is

unknown because the origin of MTTCs is unclear (Sin-

ninghe Damsté et al. 1993; Barakat and Rullkötter 1997;

Peters et al. 2005). By referring to the variation of Pr/Ph

versus MTTC ratio and the salinity region division pro-

posed by Schwark et al. (1998), differences in water col-

umn salinity are suggested. All samples are distributed

within the regions of normal marine-like salinity and

mesosaline conditions. A general tendency towards lower

MTTC ratios with decreasing Pr/Ph ratios is observed

(Fig. 9). This is in agreement with the interpretation of low

Pr/Ph ratios of the oil shale sequences reflecting enhanced

salinity stratification of the water column (ten Haven et al.

1988).

The ratio of TOC to total sulphur content (TOC/S) can

be used as an indicator of lacustrine versus marine envi-

ronments. Empirical investigations relate TOC/S values of

about 2.8 ± 0.8 to marine conditions, whereas values

�2.8 may be indicative of freshwater conditions (Berner

and Raiswell 1983; Berner 1984). The TOC/S ratios within

the lower part of oil shales (below 220 m) are almost all

\2.8 (Figs. 10, 11) with high S contents (Fig. 4b), indi-

cating a high saline water environment. However, there are

some samples below 220 m with higher TOC/S ratios

(3.7–10.9) (Fig. 11) as a result of sulphate-limited pyrite

formation during periods of high OM productivity and

deposition (abnormal region in Fig. 10). Despite the higher

concentration of sulphate in the saline water compared with

fresh water, all soluble SO4
2- ions were reduced by the

high contents of OM, leading to high contents of residual

OM with high TOC/S ratios (abnormal region in Fig. 10).

In contrast, pyrite formation in the upper part (above

220 m) was limited by sulphate availability (*1.0 wt% S)

(Fig. 4b) during periods of moderate to low OM produc-

tivity, as reflected by the lower average TOC values

(Fig. 4a). Therefore, the high TOC/S ratios exceeding or

near 2.8 in the upper part are interpreted as reflecting

decreased water salinity (Fig. 11). This interpretation is

confirmed by low gammacerane index, low b-carotene

contents, and high MTTC ratios.

Paleoclimate reconstruction

The strontium (Sr)/copper (Cu) ratio is an important ele-

mental indicator for paleoclimate reconstruction (Lerman

1989; Wang et al. 1997). In general, Sr/Cu ratios between

1.3 and 5.0 indicate a warm-humid climate, whereas a ratio

Fig. 11 The vertical evolution of OM enrichment in the different

system tracts. LST lowstand systems tract, TST transgressive systems

tract, HST highstand systems tract, RST regressive systems tract, OM

organic matter, TDM terrigenous detrital matter, A aquatic organism,

T high plants, ST system tract, Seg. segment of organic matter in

system tract. Dotted arrows inferred trend, straight arrow abnormal

samples
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[5.0 points to a hot-arid climate (Lerman 1989). However,

concentrations of Sr and Cu will be influenced by the scale

of the lake basin, the offshore distance, and the water

depth. However, high Sr/Cu ratios are suggested to reflect a

hot-arid climate, and low Sr/Cu ratio indicates a warm-

humid climate.

A Sr/Cu ratio of 10.0 was taken as the boundary for the

climate division of the K2qn1. The lower Sr/Cu ratios within

the oil shale sequences (8.2) (Fig. 11) indicate a warm-

humid climate, and the higher Sr/Cu ratios within the

mudstone sequences (15.6) (Fig. 11) reflect a hot-arid cli-

mate. This interpretation is confirmed by new evidence from

spore/pollen and oxygen isotope data (Wang et al. 2012).

High Sr/Cu ratios (up to 15.2) (Fig. 11) found in some

samples of the lower oil shale sequence may be caused by

the periodic transgression events during the early K2qn1.

Organic matter enrichment and sequence stratigraphy

Organic matter enrichment in the lacustrine sediments is

controlled by the same factors as for other environments

and can be expressed in a simple relation (Bohacs 1990,

1998; Bohacs et al. 2000):

Organic Enrichment ¼ ðProduction

� DestructionÞ=Dilution

The above formula indicates that enrichment of OM

should be enhanced during periods of high productivity,

increased preservation of OM, and decreased dilution by

mineral matter (Talbot 1988). The flourishing of aquatic

organisms is beneficial to enhancement of biological

productivity, anoxic bottom water conditions are

favourable for OM preservation, and minor detrital matter

input minimizes the dilution effect. However, moderate

detrital matter input is associated with increased nutrient

supply, promoting blooms of aquatic organisms.

According to the principle of continental sequence stra-

tigraphy (Liu et al. 2002), a complete third-order sequence is

recognized in the first Member of the Qingshankou For-

mation (K2qn1) and in the fourth Member of the Quantou

Formation (K1q4) (Fig. 11a). The sequence is divided into

four system tracts: lowstand system tract (LST), transgres-

sive system tract (TST), highstand system tract (HST), and

regressive system tract (RST). The enrichment of OM within

the different system tracts of the K2qn1 was controlled by

tectonics and climate, as outlined below.

1. The TST, during the period of lake-level rise (equiv-

alent to the early period of the K2qn1), is marked by

grey–green sands to dark-grey mudstones, developing

from shallow to semi-deep to deep lacustrine facies

(fining upward sequence; Fig. 11a). The climate grad-

ually changed from hot-arid (LST) to warm-humid

(TST) (Fig. 11c) associated with a rapid tectonic

subsidence, resulting in the rapid expansion of the

lacustrine area. The rates of potential accommodation

continuously exceeded water and sediment fill, indi-

cating an under-filled stage (Carroll and Bohacs

1999). The transgression can be divided into three

stages:

I. The early (I) stage of TST is characterized by

shallow lacustrine sediments (Fig. 11a) with low

OM productivity [100–200 g/(m2 a)] (Ning et al.

2010). The OM derived from mixed sources

of terrigenous plants and aquatic organisms

(Fig. 11d). The V/Ni ratios (3.3) reflect a weakly

reducing environment (Fig. 11e), confirmed by the

Pr/Ph ratios (Feng et al. 2009b). The Sr/Ba ratios

are approximately 0.6 (Fig. 11f; Wang et al. 1994),

indicating a relatively low water salinity. Despite

appropriate conditions for aquatic OM production

and preservation, the high contents of the detri-

tal mineral matter input (0.36 % Ti), as reflected

by transgressive sand (Fig. 11a), led to low

OM enrichment, due to dilution by the mineral

matter.

II. The middle (II) and late (III) stages of TST are

characterized by (semi-)deep lacustrine deposition

(Fig. 11a). The geochemical evidence, including

low Pr/Ph ratios, high C14-arylisoprenoid contents,

and high V/Ni ratios (Fig. 11e), indicates a

strongly reducing depositional environment with

enhanced saline bottom water conditions, con-

firmed by low TOC/S ratios, high gammacerane

index values, high b-carotene contents, low MTTC

ratios, and high Sr/Ba ratios (Fig. 11f). During the

stage of TST(II), high C27/C29 sterane ratios (1.4)

and abundant 4-methylsteranes (1,500 lg/g TOC)

(Fig. 11d) indicate the absolute predominance of

aquatic organisms, with moderate detrital matter

input (0.29 wt% Ti) (Fig. 11g), resulting in very

high TOC contents (10.0 wt%) (Fig. 11b). How-

ever, during the stage of TST (III), moderate C27/

C29 sterane ratio (0.8) and decreased 4-methyl-

steranes contents (750 lg/g TOC) (Fig. 11d) indi-

cate the reduced contribution of aquatic organisms,

causing the slightly lower TOC contents (4.0 wt%)

(Fig. 11b).

2. The HST formed in a period of relatively stable lake-

level (equivalent to the middle stage of the K2qn1), as

marked by the deposition of the dark oil shales

(Fig. 11a). The grey to dark-grey mudstones with grey

muddy siltstones are characteristic for a (semi-)deep
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lacustrine environment (Fig. 11a) with stable lake-

level and shoreline. The potential accommodation

approximately equals water and sediment fills (bal-

anced-fill stage; Carroll and Bohacs 1999). The lake

reached its maximum depth and extent with a stable

salinity stratification of the water column. The HST

can be divided into two stages:

I. During the early (I) stage of HST, the low Sr/Cu

ratios reflect a warm-humid climate (Fig. 11c).

The moderate Pr/Ph ratios, C14-arylisoprenoid

contents, and V/Ni ratios (Fig. 11e) indicate a

suboxic environment with moderate saline deep

water conditions, confirmed by lower gammacera-

ne index values, b-carotene contents, MTTC

ratios, and Sr/Ba ratios (Fig. 11 f). A mixed source

with major contributions from aquatic organisms

and minor inputs of land plants (Fig. 11d) as well

as excellent OM preservation with low detrital

matter input (Fig. 11g) led to a high TOC content

(8.0 wt%) (Fig. 11b).

II. During the late (II) stage of HST, the climate

changed into (semi-)warm-humid with higher Sr/

Cu ratios (Fig. 11c). The increased C27/C29 ster-

ane ratios (0.7) and 4-methylsterane contents

(1,000 lg/g TOC) (Fig. 11d) indicate the pre-

dominance of aquatic organisms (green algae,

dinoflagellates) in the OM production, deposited

under weakly reducing conditions (Fig. 11e)

within a brackish water environment (Fig. 11f).

An enhanced detrital matter input is suggested by

higher Ti contents (0.30 %) (Fig. 11g). The

decreased TOC contents (5.0 wt%) (Fig. 11b)

are probably caused by less favourable conditions

for OM preservation.

3. The RST is defined by an initial drop of the lake-level

(equivalent to the late period of the K2qn1), marked by

the appearance of grey–green mudstones of shallow

lacustrine facies (coarsening upward sequence;

Fig. 11a). The climate gradually changed from

(semi-)warm-humid to hot-arid (Fig. 11c) accompa-

nied by slower tectonic subsidence, resulting in a

smaller lacustrine area. The influx rate of water and

sediment fill generally exceeded the available accom-

modation space (over-filled stage; Carroll and Bohacs

1999). The RST can be divided into two stages:

I. During the early (I) stage of RST, the geochemical

data indicate moderately reducing bottom water

conditions (Fig. 11e) and a moderately saline

depositional environment (Fig. 11f). The predom-

inance of aquatic organisms is confirmed by higher

C27/C29 sterane ratios and 4-methylsterane con-

tents (Fig. 11d), favoured by the (semi-)warm-

humid climate (Fig. 11c). However, the OM

enrichment (Fig. 11b) is diluted by the high

mineral matter input (0.35 % Ti) (Fig. 11g).

II. During the late (II) stage of RST, the lake shrunk

and fluvial systems developed. A higher contribu-

tion of land plants to OM deposition (Fig. 11d)

under weakly reducing conditions (Fig. 11e) and

within a brackish water environment (Fig. 11f) is

suggested by geochemical data. Moreover, the

enhanced detrital matter input (Fig. 11g) under a

hot-arid climate is confirmed by higher Ti contents

(Fig. 11c). Therefore, this stage is characterized by

low OM enrichment (Fig. 11b).

A model for changing environmental conditions leading

to OM accumulation during different system tracts is pre-

sented (Fig. 12).

1. During the under-filled stage of the TST, the rapid

tectonic subsidence and warm-humid climate resulted

in the establishment of a deep lake. Salinity stratifi-

cation with highly saline and strongly reducing bottom

water was responsible for excellent OM preservation.

Moreover, the flourishing of the aquatic organisms

(dinoflagellates, green algae, botryococcus) was fur-

ther promoted by moderate input of nutrients with

weaker dilution effects, leading to high OM produc-

tivity. These conditions led to OM enrichment with

high TOC content up to 23.0 wt% (Fig. 12a).

2. During the balanced-filled stage of the HST, the lake

reached its maximum depth owing to sustained

tectonic subsidence and warm-humid to (semi-)

warm-humid climate. The enhanced freshwater input

resulted in a decrease in water salinity, reducing the

abundance of saline-tolerant organisms under the

action of low input of nutrients. A lower OM

productivity by freshwater algae is occurred. There-

fore, OM enrichment decreased, as indicated by TOC

contents of up to 8.0 wt% (Fig. 12b).

3. During the over-filled stage of the RST, the hot-arid

climate caused a shrinking lake-level, indicated by the

occurrence of shallow lacustrine sediments. Increased

input of detrital matter and land plants lowered OM

enrichment, and the TOC reached values up to 4.0 wt%

(Fig. 12c).

The high water salinity during the early deposition of

the Qingshankou Formation in the Songliao Basin could be

caused by marine transgression events. Evidence comes

mainly from the presence of marine organisms (bivalve)

(Gu et al. 1976), fossil fish (Zhang and Zhou 1978),

dinoflagellates (Gao et al. 1992), calcareous nannofossils
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(Ye and Wei 1996), foraminifera (Xi et al. 2011), marine

biomarkers (dinosteranes, C30 steranes) (Hou et al. 1999,

2000; Feng et al. 2009b), and authigenic glauconite (Chen

1980). However, the abundance and diversity of marine

organisms in the Songliao Basin show great differences in

comparison with the marine environment and biota (Huang

et al. 1999b; Mao and Yu 1990; Sun et al. 1997). During

the period of LST of the K1q4, the development of evap-

orates under the hot-arid climate (Wang et al. 1995; Huang

et al. 1999b) resulted in high salinity within the basin. With

the development of TST of the K2qn1 under the humid-

warm climate (Huang et al. 1999b) and the rapid tectonic

subsidence (Feng et al. 2010), evaporates of older layers

may have been dissolved, leading to salinity stratification

of the water column. During the period of HST, the lake

reached its maximum depth and extent (Huang et al.

1999b). The high input of freshwater decreased water

salinity. During the period of RST, the lake-level dropped

as a result of the hot-arid climate (Huang et al. 1999b) and

slower tectonic subsidence.

Summary and conclusions

The development of the oil shale was controlled by warm-

humid climate and tectonic subsidence in the K2qn1 of the

Songliao Basin. In the oil shale sequences, high TOC content,

potential yield, and chloroform bitumen ‘‘A’’ contents indi-

cate high OM accumulation rates. The predominance of type-I

kerogen and a low maturity of OM are evident. High relative

proportions of short- to mid-chain n-alkanes in comparison

with long-chain n-alkanes, high steroid/hopanoid ratios, the

Fig. 12 The OM evolution model of the different system tracts in the Qingshankou Formation
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predominance of C27 ? C28 over C29 regular steranes,

abundant 4-methylsteroids, and algal-derived macerals

[lamalgenite (38 vol.%) and telalgenite (botryococcus) (6

vol.%)] provide evidence for the predominance of aquatic

phytoplankton. Moderate input of detrital matter and persis-

tent nutrient supply promoted blooms of aquatic organisms.

The presence of reducing saline bottom water conditions and

minor dilution effects by mineral matter, indicated by geo-

chemical parameters, led to excellent preservation of OM.

The K2qn1 of the Songliao Basin represents a third-order

sequence divided into three system tracts (TST, HST,

RST), which can be related to differences in OM accu-

mulation rates. The inputs of OM changed from the ter-

rigenous-derived OM stage (TST-I) to the blooms of

aquatic organisms (TST-II). Decreasing contributions of

aquatic organisms (TST-III–HST-I) were followed by

intensified autochthonous OM production during HST-II–

RST-I. During RST-II, intensified OM input from land

plants occurred. The redox conditions of the lake changed

from the weakly reducing (TST-I) to anoxic (TST-II and -

III), followed by a decrease in bottom water reductivity

(HST-I and -II). Finally, increasing Eh is occurred during

stages RST-I and RST-II. Salinity within the lake changed

from mesosaline (TST-I, -II and -III) to normal marine-like

salinity (stage of HST-I and -II). Salinity in the bottom

water decreased during stages RST-I and RST-II. The

detrital matter input was higher during TST-I than during

stages TST-II/III and HST-I/II, followed by enhanced input

during RST-I and RST-II. The outlined changes in the

paleoenvironment are related to differences in OM accu-

mulation rates, which changed from low values (TST-I) to

high-moderate values during stages of TST-II/III and HST-

I/II, and finally to low values during RST-I and RST-II.

High OM enrichment is found in the stages of mid-late

TST and early HST. Under the control of warm-humid cli-

mate and tectonic subsidence during these stages, the (semi-)

deep lacustrine environment provided the location for the

blooms of aquatic organisms. Moderate detrital input

delivered nutrients enhancing OM productivity. Salinity

stratification of the water column and reducing bottom water

conditions was favourable for OM preservation.
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