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The Songliao Basin (SLB) located in northeastern China is one of the largest Cretaceous continental sed-
imentary basins in the world. The SLB is filled with sediments deposited in the Upper Jurassic, the Lower
Cretaceous and the Upper Cretaceous epochs. The Nenjiang Formation (K2n) is subdivided into five mem-
bers, where Member 2 (K2n

2) was deposited in the late Santonian in the lower part of the Nenjiang
Formation. This member is characterized by a thick succession of organic-rich source rocks. However,
the complexity of the depositional environment raises questions about the specific factors that drove this
accumulation of organic material. Here, we present data on the total organic carbon (TOC) contents and
their stable carbon isotope values (d13Corg), as well as biomarker data from 50 outcrop samples collected
from the Yuewangcheng (YWC) section, in the southeastern SLB. According to the variations of the bulk
organic parameters (TOC and d13Corg) and biomarker indices, the profile could be divided into three stages
(stages I–III). The distribution of biomarkers (n-alkanes, steranes and hopanes) and d13Corg values indicate
that the organic matter (OM) in the Lower K2n2 is derived largely from algae and macrophytes, with a
minor input from bacteria and land plants. The water column was stratified, as indicated by the presence
of gammacerane. Variations in the pristane/phytane (Pr/Ph) and aryl isoprenoids relative to phenan-
threne ratio (A-i/P) suggest that bottom waters were anoxic during Stage I (31.5–26.0 m) and Stage II
(26.0–16.3 m), with the anoxic layer impinging on the euphotic zone and a relative oxic environment
at Stage III (16.3–0 m). This brackish environment persisted in the water over the interval represented
by the section, as reflected by methytrimethyltridecyl chromans (MTTCs) Index (MTTCI) and a-MTTC/
c-MTTC ratios. Marine transgressions, with subsequent seawater incursions, can be detected with the
presence of 24-n-propyl-cholestanes and 24-isopropyl-cholestanes in the Lower K2n2 sediments, espe-
cially during Stage I. These seawater incursions are closely correlated with anoxic conditions and the
deposition of organic-rich source rocks.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The Cretaceous was an interval of greenhouse climate (Bice
et al., 2006), with high sea levels and intermittent oceanic anoxia
(Schlanger and Jenkyns, 1976; Haq et al., 1987; Skelton et al.,
2003; Jenkyns, 2010; Hu et al., 2012; Haq, 2014). Most of our
knowledge of the greenhouse climate and anoxic events in Earth’s
history comes from marine sedimentary records. In contrast, there
are few studies of Cretaceous continental deposits (Wang et al.,
2013). The Songliao Basin (SLB), which contains a complete succes-
sion of Cretaceous terrestrial sediments (Feng et al., 2010), is an
ideal place to study the evolution of Late Cretaceous terrestrial bio-
tas, paleoenvironments, and paleoclimates.

Based on the palynological data, Gao et al. (1999) argued that
although the Cretaceous atmospheric temperature changed fre-
quently in the SLB, the SLB had a subtropical environment. The
most significant data related to reconstructing Cretaceous climate
in the SLB are gathered from ostracod oxygen isotope measure-
ments from the SK-1 borehole covering the Turonian to Maas-
trichtian interval (Chamberlain et al., 2013). These ostracod
records present a distinct negative shift in isotope values
during the Turonian, followed by an increasing trend from the late
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Fig. 1. Sketch map showing the locality of study area: (a) Location of Songliao Basin
showing the six first-order tectonic units, cores SK-1 (N and S) and Yuewangcheng
(YWC) section; (b) The location of YWC section.
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Turonian through the early Campanian (Chamberlain et al., 2013).
These trends from the terrestrial SLB are similar to those seen in
global marine records (Friedrich et al., 2012), although the magni-
tude of the isotopic shift is much larger in the SLB. This difference
may be due to amplification effects, such as changes in the temper-
ature or relative humidity at the sites of evaporation over the
ocean, or changes in temperature in the regional drainage network
(Chamberlain et al., 2013; Wang et al., 2013).

The massive, organic-rich source rocks (i.e., dark mudstones, oil
shales, and black shales) in the SLB are concentrated in the lower
part of the Nenjiang Formation (K2n1+2). Paleoenvironmental con-
ditions during deposition of the oil shales in K2n1+2 have attracted
considerable attention (Wang et al., 2011; Bechtel et al., 2012; Jia
et al., 2013). Bechtel et al. (2012) proposed that the source rocks
were deposited in a deep, aerobic, and eutrophic freshwater lacus-
trine environment. Jia et al. (2013) suggested that high biological
productivity was the major controlling factor leading to organic
matter (OM) enrichment in the SLB.

Recent lines of evidence, including the discovery of foraminifera
(Xi et al., 2016), detection of 24-n-propyl-cholestanes and 24-
isopropyl-cholestanes (Hu et al., 2015; Cao et al., 2016a), and neg-
ative excursions of d34S (Cao et al., 2016b), suggest that multiple
marine transgressions occurred during the deposition of the lower
K2n2, and the subsequent deposition of hydrocarbon source rocks
may be related to these transgressions.

The conditions leading to the deposition of organic-rich source
rocks in the SLB are still debated, with evolution of the lacustrine
environment and changes in the global carbon cycle being two
possible explanations. A detailed investigation into environment
changes during the Late Santonian is crucial for understanding
the relationship between changing environmental conditions and
oil shale formation in lacustrine settings.

In this study, we generated a high-resolution record of bulk OM
and biomarker data from an outcrop located in the southeastern
SLB, with the goal of reconstructing paleoenvironmental condi-
tions in a lacustrine environment during the Late Santonian. We
assessed the degree of water column stratification, redox condi-
tions, and water salinity, and discuss the role of marine incursion
events, in order to better understand the relationship between
paleoenvironment conditions and the deposition of organic-rich
source rocks in the SLB.
2. Geologic setting and sampling program

The Songliao Basin, located in northeastern China, is the largest
Cretaceous continental rift basin in the world (Fig. 1a). The modern
SLB is approximately 750 km in length and 350 km in width, with
an area of 260 000 km2. The tectonic evolution of the basin was
influenced by two Late Mesozoic active continental margins: the
Mongol-Okhotsk Belt to the north and northwest and Sikhote-
Alin Orogenic Belt to the east (Wang et al., 2016a). Two regional
angular unconformities separate the basin fill into three tectonos-
tratigraphic sequences. The first is a syn-rift volcanogenic succes-
sion, which was deposited from 150 to 105 Ma. This was
followed by a post-rift sedimentary succession from 105 to 79.1
Ma, then a structural inversion sequence from 79.1 to 64 Ma
(Wang et al., 2016a). Based on features of the basin fill exposed
at the surface, the SLB can be divided into six first-order structural
units: the western slope zone, the northern plunge zone, the cen-
tral depression zone, the northeastern uplift zone, the southeastern
uplift zone, and the southwestern uplift zone (Fig. 1a).

With a complete Cretaceous succession of organic-rich conti-
nental sediments, the SLB is one of China’s most valuable oil and
gas producing regions. The Nenjiang Formation (K2n) is one such
unit, deposited during the post-rift thermal subsidence stage. Early
in the deposition of K2n2, the entire basin, with an area of 200 000
km2, was occupied by deep-water lacustrine facies (Feng et al.,
2010).

For this study, 50 samples were collected from the Yue-
wangcheng (YWC) section (44�5201700N, 125�30017.4100E), located
on the southern bank of the Second Songhua River, in the south-
eastern part of the SLB (Fig. 1b). The YWC section is 32.3 m in total
stratigraphic thickness, and consists of mudstones, black shales
and oil shales (Fig. 2b). As these lithologies are widespread in the
SLB, the YWC section can be lithostratigraphically correlated with
the SK-1 borehole (Fig. 2a). The K2n1/K2n2 boundary is character-
ized by a distinct marker bed of black shale interbedded with oil
shale, allowing the YWC section to be assigned to the upper K2n1

and lower K2n2. The age of the K2n is late Santonian to middle Cam-
panian (84.5–79.1 Ma) which has been constrained by high-
resolution SIM/TIMS zircon U-Pb ages (He et al., 2012; Wang
et al., 2016b), magnetostratigraphy (Deng et al., 2013), and astro-
nomical tuning from the SK–1 Core (Wu et al., 2013; 2014). A zir-
con U-Pb age of 83.5 ± 0.5 Ma was also obtained from the base of
the YWC section, at 30.76 m (Yu, 2017). Wan et al. (2017) demon-
strated that the Cretaceous Normal Superchron ended at 83.07 ±
0.15 Ma, with this date also serving as an estimate for the age of
the Santonian–Campanian stage boundary. Based on lithostratigra-
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Fig. 2. (a) Correlation of Late Santonian Stratigraphy between SK-1 cores (N and S) (Wang et al., 2013) and YWC section. The TIMS U-Pb zircon radiometric age (Wang et al.,
2016b) is marked by a red character. The marker bed of black shale interbedded with oil shale was identified in the bottom of the YWC section, suggesting that the YWC
section could be related to the lower Member 2 of Nenjiang Formation (K2n2); (b) Depth variation of bulk geochemical parameters, including total organic carbon (TOC),
hydrogen index (HI) and isotopic composition of organic carbon (d13Corg) in lower K2n2 from the YWC section. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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phy and sediment thickness, it was concluded that the top of the
YWC section does not reach the Santonian–Campanian stage
boundary, with the entire YWC section restricted to the late Santo-
nian (Fig. 2b).
3. Analytical methods

3.1. Bulk organic analysis

The samples were first cleaned with distilled water, dried at 50
�C and crushed to a fine powder. Subsamples (150 mg) were pre-
pared for analysis of organic carbon (OC) content and the isotopic
composition of organic carbon (d13Corg), by treating them with 4 N
HCl to remove carbonate, then rinsing with distilled water and
freeze-drying. The OC content and d13Corg of the carbonate-free
samples were then measured on a Pyro Cube Elemental Analyzer
coupled to an Isoprime 100 continuous flow isotope ratio mass
spectrometer (IRMS). Detailed methods and instrumental condi-
tions for OC analysis are described in Xie et al. (2016). Carbon iso-
tope results are reported in ‰, relative to the Vienna Peedee
Belemnite (VPDB) standard. The analytical precision was better
than 3% (RSD) for OC content, and 0.3‰ for d13Corg. Each sample
was analyzed in duplicate, with the mean of the two measure-
ments reported in this study. Pyrolysis analyses were carried out
using a Vinci Rock-Eval VI instrument following the standard pro-
cedure after Espitalié et al. (1977) and Lafargue et al. (1998). The
parameters measured by this analysis included the TOC (wt%), S1
(mg HC/g rock), S2 (mg HC/g rock), S3 (mg CO2/g rock) and Tmax

(the temperature at which the S2 peak is highest, �C). Values for
the Hydrogen Index (HI) and Oxygen Index (OI) were calculated
as S2 � 100/TOC and S3 � 100/TOC, respectively.
3.2. Biomarker analysis

A representative aliquot of each sample was extracted for
organic geochemical analysis using a Soxhlet apparatus, with a
9:1 (v/v) dichloromethane (DCM)/methanol (MeOH) solution. After
72 h of extraction, the solvent was allowed to evaporate, and the
residues were dissolved in hexane to remove asphaltenes. The sol-
uble fraction was separated into aliphatic, aromatic, and polar frac-
tions via alumina/silica gel column chromatography, using hexane,
hexane/DCM (2:1, v/v), and DCM/MeOH (1:1, v/v), respectively.

The saturated hydrocarbon fraction was analyzed using an Agi-
lent 7890B gas chromatograph (GC) with a J&W HP-1MS fused sil-
ica column (60 m � 0.25 mm i.d.; 0.25 lm film thickness), coupled
to a flame ionization detector (FID) to obtain data on n-alkanes,
pristane and phytane. The injector and detector temperatures were
290 �C and 300 �C, respectively. Samples were injected in splitless
mode with N2 carrier gas. The oven temperature was initially 80 �C
(held for 2 min), followed by a programmed increase to 150 �C at a
rate of 15 �C/min, then to a maximum temperature of 300 �C (held
for 30 min) at a rate of 5 �C/min.



Table 1
Values for TOC, HI, Tmax, 20S/(20R + 20S) ratios of C29 sterane, bb/(aa+bb) of C29

steranes and 22S/(22S + 22R) ratio of C31 hopanes in samples from the YWC section.

Stage Depth
(m)

TOC
(wt%)

HI (mg
HC/gTOC)

Tmax

(�C)
C2920S/
(20R + 20S)

C29bb/
(aa+bb)

C3122S/
(22S + 22R)

III 1.10 1.01 115 439 0.05 0.24 0.11
2.20 1.00 113 438 0.03 0.23 0.11
3.30 0.88 112 439 0.05 0.24 0.11
4.70 1.04 112 436 0.03 0.23 0.11
7.60 1.63 229 440 0.03 0.24 0.11
8.51 2.01 236 435 0.04 0.25 0.10
9.81 1.76 216 435 0.04 0.22 0.10
10.71 1.38 243 440 0.04 0.23 0.08
11.51 1.46 253 439 0.05 0.25 0.10
12.51 2.05 270 437 0.03 0.22 0.08
13.51 1.80 239 438 0.03 0.22 0.07
15.07 1.41 211 437 0.04 0.22 0.12
15.77 1.54 239 436 0.03 0.20 0.14
15.97 1.35 237 441 0.03 0.21 0.12
16.22 1.65 248 438 0.02 0.19 0.11

II 16.37 1.87 278 436 0.02 0.18 0.20
16.87 2.21 246 435 0.03 0.20 0.13
17.37 1.88 280 436 0.03 0.21 0.13
17.87 2.44 348 436 0.02 0.23 0.07
18.37 2.44 286 437 0.04 0.20 0.10
18.87 2.26 260 434 0.03 0.19 0.06
19.43 2.02 283 437 0.02 0.20 0.16
19.54 2.14 214 434 0.02 0.19 0.12
19.64 2.03 316 435 0.02 0.20 0.09
20.07 2.66 317 435 0.04 0.21 0.09
20.49 3.03 347 431 0.04 0.20 0.10
20.99 3.31 331 435 0.05 0.22 0.06
21.49 3.32 365 431 0.03 0.23 0.00
21.99 3.02 359 436 0.02 0.19 0.12
22.49 2.92 435 434 0.04 0.20 0.14
22.99 3.06 367 435 0.03 0.20 0.16
23.49 3.36 360 432 0.04 0.19 0.16
23.99 3.39 391 435 0.03 0.19 0.08
24.49 3.47 403 434 0.03 0.19 0.18
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The saturated and aromatic fractions were analyzed using a
Thermo TRACE gas chromatograph equipped with a 60 m J&W
DB-5MS fused silica column (0.32 mm i.d.; 0.25 lmfilm thickness),
coupled to a Thermo DSQII quadrupole mass spectrometer (MS)
with an electron impact ion source at 70 eV. The initial oven tem-
perature was 80 �C (held for 2 min), with a programmed increase
to 120 �C at a rate of 15 �C/min, followed by a more gradual
increase at 4 �C/min to a maximum temperature of 300 �C (held
for 30 min). Samples were injected in splitless mode with helium
carrier gas, at a flow rate of 1.5 mL/min. The injector and ion source
temperatures were 290 �C and 230 �C, respectively; the MS scan
range was m/z 50 to 650. Fragment ions of m/z 191, 217, 133 were
chosen for identification of hopanoids, steranes, and aryl iso-
prenoids, respectively. Fragment ions of m/z 121, 135, 149 were
chosen for identification of methytrimethyltridecyl chromans
(MTTCs).

C30 sterane biomarkers were analyzed using a ThermoFinnigan
TSQ Quantum XLS UltraTriple Quadrupole GC–MS-MS with a DB-
5MS fused silica capillary column (50 m � 0.32 mm i.d.; 0.25 lm
film thickness). The injector and ion source temperatures were
300 �C and 250 �C, respectively. The instrument was run in MRM
mode, with an initial temperature of 110 �C (held for 2 min)
followed by a programmed increase to 240 �C at a rate of
10 �C/min, and a further increase to 305 �C (held for 20 min) at a
rate of 2 �C/min. A deuterated C27 sterane standard (d4-aaa
(20R)-cholestane) was added (50–250 ng) as an internal standard
to quantify the sterane biomarker content. Yields assume equal
mass spectral response factors between analytes. Compound quan-
tification was performed by peak area integration of m/z 98 and
217 in the extracted ion chromatogram for dinosteranes and 24-
propyl-cholestanes, respectively. Analytical errors were estimated
to be lower than 5% for target compounds. Detailed methods are
described in Hu et al. (2015).
24.99 3.59 424 436 0.04 0.21 0.11
25.49 3.11 481 436 0.04 0.19 0.19

I 26.31 3.01 490 433 0.03 0.17 0.14
26.81 5.11 552 435 0.03 0.17 0.09
27.31 5.76 611 435 0.03 0.17 0.11
27.81 4.31 669 436 0.04 0.17 0.11
28.33 4.07 532 430 0.04 0.16 0.14
29.28 6.86 703 433 0.03 0.15 0.14
29.96 6.55 632 431 0.05 0.16 0.12
30.23 6.75 590 436 0.04 0.14 0.16
30.66 6.33 530 434 0.04 0.16 0.24
30.74 6.77 541 430 0.04 0.19 0.13
31.09 5.00 632 436 0.06 0.22 0.15
31.39 5.55 673 440 0.04 0.15 0.15
31.52 4.27 642 440 0.05 0.17 0.16
4. Results

4.1. Bulk organic matter

The total organic carbon (TOC) and HI values range from 0.80 to
6.86 wt% and from 112 to 703 mg HC/g TOC respectively (Table 1,
Fig. 2b). Variations in HI and TOC are correlated throughout the
section (Fig. 2b). The YWC section consists of the uppermost K2n1

and the lower K2n2 (Fig. 2b). The uppermost K2n1 is characterized
by low TOC and HI values which is significantly different from
those for the lower K2n2 member. This paper is focused on the
paleoenvironmental changes of the lower K2n2 member since this
contains the thickest organic source rock in the YWC section

Based on the stratigraphic variation in TOC and the HI, the late
Santonian lower K2n2 succession can be divided into three stages
(Table 1, Fig. 2b). Stage I (31.5–26.0 m) is characterized by the
highest TOC values (3.01–6.86%) and negative d13Corg values
(–30.2‰ to –28.0‰). Stage II covers the interval from 26.0 to
16.3 m and exhibits a decreasing trend in TOC (1.87–3.59%) cou-
pled with less negative d13Corg values. Stage III, from 16.3 to 0 m,
has relatively low TOC content (0.88–2.05%), with d13Corg values
with an interval from �28.7‰ to�26.9‰, more positive than those
seen in stages I and II. In general, the d13Corg profile varies inversely
with the TOC profile (Fig. 2b). The HI vs OI diagram shows that the
OM presents types I and II kerogen in Stage I. Most of the OM is
types II and III kerogen in stages II and III (Fig. 3). The HI values
show a considerable variation for the lower K2n2, and the range
of values are generally higher than 500 mg HC/gTOC in Stage I
and relatively lower in the range 112–248 mg HC/gTOC in Stage
III. The Tmax values for OM in our samples range from 430 �C to
441 �C (Table 1).
4.2. Biomarkers

4.2.1. n-Alkanes and the Pr/Ph ratio
n-Alkanes from n-C11 to n-C31 were detected (Fig. 4a). The rela-

tive proportions of n-alkanes of the C15–20, C21–25 and C27–31 ranges
were 22.3–58.1%, 33.8–61.6%, and 5.4–31.8%, respectively (Table 2).
The CPI27–31 (carbon preference index, Bray and Evans, 1961) val-
ues range from 4.3 to 9.2, indicating that the n-alkanes exhibit
obvious odd predominance (Table 2). Pr/Ph ratios range from
0.35 to 1.21, with the lowest values in Stage I (Fig. 5).
4.2.2. Steranes
Steranes were detected in all samples, including regular ster-

anes, 4a-methylsteranes, and C30 steranes (Fig. 4b). The
5b,14a,17a(H) isomers are present in the C27–C29 range. The car-
bon number distribution of regular steranes is C29 > C27 > C28 for
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all samples (Fig. 4b); the C27/C29 ratio varies from 0.35 to 0.72
(Table 2). C28–C30 4a-methylsteranes were also detected. A num-
ber of different C30 steranes, including dinosteranes (4,23,24-trime
thylcholestanes), 24-n-propyl-cholestanes, and 24-isopropyl-
cholestanes were detected (Fig. 4f), in concentrations in the range
0.06–4.57 lg/g, 1.53–59.4 lg/g, and 1.1–60.3 lg/g, respectively
(Fig. 6). Highest concentrations of C30 steranes were present in
Stage I.
4.2.3. Hopanoids and gammacerane
The distribution of hopanoids is characterised by the presence

of 17a,21b(H)- and 17b,21a(H)-hopanes ranging from C27 to C32,
with C28 hopanes absence; the most abundant hopanoid was
17a,21b-22R C30 hopane (Fig. 4d). Gammacerane was also detected
in samples from the YWC section (Fig. 4d), and the Gammacerane
Index (gammacerane/C30 ab-hopane) ranged from 0.05 to 0.29
(Fig. 5).
4.2.4. Methytrimethyltridecyl chromans
Methytrimethyltridecyl chromans (MTTCs) are present

throughout the entire section (Fig. 4e); these include trimethylated
2-methyl-2-(4,8,12-trimethyltridecyl) chromans (a-MTTC),
dimethylated 2-methyl-2-(4,8,12-trimethyltridecyl) chromans (b-
MTTC, c-MTTC and f-MTTC) and monomethylated 2-methyl-2-
(4,8,12- trimethyltridecyl) chromans (d-MTTC) (Sinninghe
Damsté et al., 1989). The MTTC Index (MTTCI) is defined as a ratio
of a-MTTC relative to the total MTTCs. Values of the MTTCI varied
between 0.54 and 0.74 (Fig. 5). The a-MTTC/c-MTTC (a/c) ratio
ranged from 2.30 to 6.82, displaying similar trends with MTTCI
(Fig. 5).

4.2.5. Aryl isoprenoids
C14–C22 aryl isoprenoids (A-i) were found only in stage I and II

samples (Fig. 4c). These compounds are present only in low abun-
dance, with C14 aryl isoprenoids being the most common. The ratio
of aryl isoprenoids to phenanthrene (A-i/P ratio) ranged from 0.15
to 1.2 (Fig. 5).
5. Discussion

5.1. Maturity assessment

Low Tmax values (430–441 �C) indicate that the OM is immature
to low maturity in the lower Member 2 of the Nenjiang Formation
(Table 1). The 22S/(22S + 22R) ratios of the 17a,21b(H)-C31

hopanes were between 0.06 and 0.24 (with a mean of 0.12) in
the samples of the lower K2n2. These values are distinctly lower
than the end point value of ca. 0.6 and are in agreement with the
Tmax values. Moreover, the 20S/(20R + 20S) ratios of C29 steranes
range from 0.02 to 0.06 suggest low maturity of the OM. Therefore,
this variation in the biomarker indices is not related to differences
in the maturity.

5.2. Sources of organic matter in the YWC section

As shown in Fig. 3, the OM is Type I and II kerogen in Stage I,
suggesting that the OM is mainly derived from lake algae and
aquatic macrophytes. While the OM is Type II kerogen in stages
II and III, which indicates that the contribution of the lake phyto-
plankton to the OM declined. Therefore, the sources of OM in the
YWC section are predominantly from algae and aquatic macro-
phytes. The distribution of n-alkanes may also reflect the origin
of OM. Short-chain alkanes (<C20) are predominantly found in
algae (Cranwell, 1977), while medium-chain alkanes (C21–C25)
are mainly derived from aquatic macrophytes (Ficken et al.,
2000), and long-chain alkanes (>C27) with a predominance of odd
carbon-numbers are sourced from land plants (Eglinton and
Hamilton, 1967). The alkanes are characterized by relatively high
proportions of C15–20 and C21–25 alkanes (15.4–58.1% and 33.8–
61.6% respectively) and lower proportion of C27–31 alkanes (5.4–
40.1%) (Fig. 4a; Table 2). This composition suggests that the OM
is mostly derived from algae and aquatic macrophytes, with a
small contribution from land plants. The high CPI values also sug-
gest that the OM derived from minor land plant contributions
(Tissot et al., 1974). However, a possible origin of long chain n-
alkanes from microalgae has to be taken into account (Volkman
et al., 1998). For instance, Botryococcus braunii (race A) is known
to biosynthesise exclusively odd carbon numbered n-alkadienes
and trienes in the C25–C31 carbon number range and may
contribute to the C27–C31 n-alkanes (Metzger et al., 1991). The
n-alkane composition is characterized by a relatively higher
proportion of long-chain alkanes in stages I and III than in Stage
II, suggesting an increased contribution from land plants and/or
B. braunii (race A) to the OM in stages I and III.

The distribution of regular steranes also has the potential to
record the sources of OM. In the past, organic geochemists have
attributed C27 steranes to algae, whereas C29 steranes to land
plants (Volkman, 1986). However, some data suggest the C29 ster-
ols can also originate from green algae in old rocks (Kodner et al.,
2008). The regular steranes exhibit C29 > C27 in the lower K2n2

member. The molecular composition of n-alkanes suggests that
land plant input to the SLB OM pool is lower than that of the algae
and macrophytes. Therefore, green algae might contribute some
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Fig. 4. (a) Representative gas chromatograms of the aliphatic hydrocarbon fractions showing the distribution of n-alkanes, pristane (Pr) and phytane (Ph) in the lower K2n2
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portion of C29 steranes in the SLB. The similar carbon isotopic val-
ues of C27 and C29 steranes from the Nenjiang Formation in the SLB
also support this hypothesis (Wang et al., 2015). The relatively high
concentration of 4-methyl steranes might be derived from
dinoflagellates. Hou et al. (2000) has confirmed the presence of fos-
sil dinoflagellates in the Upper Cretaceous oil shales and found that
dinosteranes were the predominant C30 methyl steranes in the SLB.

A series of C30 steranes has been identified as definitive
biomarkers of marine organic input in sedimentary rocks and pet-
roleum, allowing marine sediments and hydrocarbons to be distin-
guished from their non-marine counterparts (Moldowan, 1984).
These diagnostic steranes include 24-n-propyl-cholestanes and
24-isopropyl-cholestanes, which are produced exclusively by mar-
ine pelagophyte algae (Moldowan et al., 1990) and marine demo-
sponges (Love et al., 2009) respectively. These compounds were
detected in all samples from the lower K2n2 (Fig. 6), indicating
marine OM input. The highest abundance of C30 steranes occurred
in Stage I, and may reflect a relatively large contribution of marine
algae in this interval.

Hopanes are found in the lipid cell membranes of many bacterial
groups, including cyanobacteria, heterotrophic bacteria, methan-
otrophs and chemoautotrophs (Sinninghe Damsté and Koopmans,
1997). The detection of hopanes in samples from the YWC section
indicates bacterial OM input. The ratio of steranes/hopanes (Ste/
Hop) can potentially reflect the relative contributions of algae and
bacteria. According to Mackenzie et al. (1984), low values are char-
acteristic of lacustrine environments, or facies influenced by
specific bacterial groups, while high values indicate marine, algal-
dominated OM. In the present study, the high Ste/Hop ratios in
Stage I probably reflect eutrophication and high biological produc-
tivity in the photic zone, with only a limited contribution from bac-
teria (Peters et al., 2005). The relatively low Ste/Hop values
(Table 2) in stages II and III are likely to indicate stronger bacterial
degradation and relatively poor OM preservation, which is in agree-
ment with the relatively high Pr/Ph ratios (Fig. 2).

Gammacerane is derived from tetrahymanol, a biomarker orig-
inating in bacteriovorus ciliates that typically live at or below the
chemocline (Sinninghe Damsté et al., 1995). The detection of gam-
macerane in all samples from the YWC section indicates that at
least some of the sedimentary OM derives from secondary con-
sumers (Fig. 4d), and that the water column was likely stratified.
Specific aryl isoprenoids, which are interpreted as derived from
photosynthetic green sulfur bacteria (Summons and Powell,
1987), were detected in stages I and II, implying that these bacteria



Table 2
Biomarker ratios in samples from the YWC section.

Depth n-alkanes (%) CPI27–31 Ste/Hop C27/C29

Sterane
(m)

P
n-C15–20

P
n-C21–25

P
n-C27–31

III 1.1 44.1 35.0 20.8 5.6 1.8 0.65
2.2 46.1 40.8 13.2 5.8 2.1 0.52
3.3 40.5 40.6 18.9 5.6 2.3 0.52
4.7 51.2 36.9 11.8 6.5 1.9 0.45
7.6 40.4 45.7 13.9 6.0 1.4 0.51
8.51 47.0 45.2 7.8 6.0 1.7 0.67
9.81 42.4 47.9 9.8 7.1 2.4 0.50
10.71 43.0 44.8 12.1 6.6 2.4 0.49
11.51 40.6 48.3 11.1 5.9 3.1 0.54
12.51 47.9 40.0 12.1 5.8 1.5 0.56
13.51 51.5 38.9 9.6 5.4 1.4 0.47
15.07 49.3 40.5 10.2 4.9 3.8 0.49
15.77 38.1 46.8 15.1 6.0 4.8 0.42
15.97 35.9 48.7 15.4 5.5 5.7 0.44
16.22 40.2 46.0 13.9 6.3 3.0 0.41

II 16.37 28.7 54.0 17.3 7.0 2.5 0.39
16.87 45.1 46.6 8.3 5.3 1.5 0.42
17.37 45.4 46.7 7.9 6.0 1.6 0.47
17.87 37.2 53.4 9.4 6.2 2.0 0.55
18.37 30.4 61.6 8.0 7.6 1.3 0.49
18.87 45.9 48.2 5.9 8.5 1.5 0.37
19.43 52.4 37.1 10.5 5.8 1.6 0.31
19.54 58.1 33.8 8.1 6.1 1.6 0.28
19.64 55.2 38.1 6.7 6.1 1.8 0.42
20.07 43.4 51.2 5.4 6.2 1.5 0.44
20.49 37.3 54.5 8.3 6.6 1.5 0.51
20.99 35.9 54.2 9.9 6.8 1.1 0.46
21.49 35.3 55.0 9.8 6.6 1.1 0.5
21.99 41.8 51.0 7.2 5.8 1.8 0.49
22.49 40.9 50.0 9.2 6.0 1.5 0.46
22.99 34.9 56.7 8.4 6.5 1.3 0.42
23.49 40.3 53.2 6.5 6.9 1.3 0.45
23.99 43.0 50.9 6.1 5.1 1.3 0.47
24.49 39.8 50.1 10.1 6.4 1.3 0.48
24.99 47.6 43.9 8.5 5.4 3.5 0.62
25.49 51.0 40.8 8.2 5.4 3.0 0.47

I 26.31 39.8 47.9 12.3 5.6 3.4 0.49
26.81 39.1 53.5 7.4 4.6 2.8 0.51
27.31 36.4 50.6 13.0 6.1 3.5 0.47
27.81 44.0 44.7 11.3 5.1 5.1 0.49
28.33 50.1 37.2 12.7 5.0 3.0 0.35
29.28 28.1 47.3 24.5 7.3 2.9 0.49
29.96 40.5 47.8 11.7 5.2 1.9 0.49
30.23 39.6 50.2 10.2 5.8 2.0 0.54
30.66 51.4 40.5 8.2 4.3 2.0 0.48
30.74 49.8 37.0 13.2 5.0 2.3 0.51
30.79 40.5 37.6 21.9 9.2 1.6 0.43
31.09 43.3 36.9 19.8 6.8 3.5 0.72
31.39 47.0 40.6 12.4 5.1 2.7 0.40
31.52 22.3 45.9 31.8 5.2 2.3 0.60

P
n� C15�20 ¼

P
C15þC16þ���þC20ð ÞP

C15þC16þ���þC30þC31ð Þ ð%Þ
P

n� C21�25 ¼
P

C21þC22þ���þC25ð ÞP
C15þC16þ���þC30þC31ð Þ %ð Þ

P
n� C27�31 ¼

P
C27þC28þ���þC31ð ÞP

C15þC16þ���þC30þC31ð Þ %ð Þ
CPI27�31 ¼ C27þC29þC31

C26þC28þC30
þ C27þC29þC31

C28þC30þC32

� �
� 0:5

Ste/Hop = steranes/hopanes.
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were the source of at least some of the OM in this interval (Table 2;
Fig. 5).

Typical d13C values of terrestrial OM range from �25.8‰ to
�21.8‰ (Ando et al., 2002; Hasegawa et al., 2003; Uramoto
et al., 2009; 2013). Cretaceous wood fossil has a d13C values range
from �19.8‰ to �26.6‰ (Ando et al., 2002; Robinson and
Hesselbo, 2004), while modern C3 plants have a d13C range from
�37‰ to �20‰, with an average of �28.5‰ (Kohn, 2010). As the
d13C values of lacustrine OM are generally more depleted than
those of terrestrial OM during the Cretaceous (Schnyder et al.,
2009), the relatively low d13Corg values measured in the lower
K2n2 (�30.2‰ to �26.9‰; Fig. 2) suggest that the OM preserved
in the YWC section is predominantly derived from autochthonous
lacustrine OM. However, the d13Corg values measured in this study
are more depleted than the d13C values of lacustrine OM (�24.7‰
to �21.9‰) in the Gyeongsang Basin of Korea (Hong and Lee,
2013), which are closer to those of Cretaceous terrestrial OM. This
implies that, in addition to global changes, local environments play
a key role in carbon recycling. Furthermore, the depleted d13Corg

values in Stage I may also be related to seawater incursion, as sup-
ported by the detection of C30 steranes (Fig. 6) and by typical Cre-
taceous marine OM with depleted d13C values (�28.3‰ to
�22.5‰) (Sinninghe Damsté et al., 2010). Alkaline seawater enter-
ing a relatively acidic lake (Xi et al., 2011) leads to an increase in
dissolved CO2 in the lake water, which can drive the depletion of
13C in the photosynthetic products (Hu et al., 2015). In addition,
the depleted d13Corg values are consistent with the low values of
Pr/Ph and high TOC and HI values (Figs. 2 and 5) in Stage I. The
low Pr/Ph values together with the presence of gammacerane
(Fig. 5) indicate that the lake had a shallow chemocline during this
interval. Previous studies showed that chemoautotrophic bacteria
and methanotrophic bacteria prevailed in the bottomwater of Son-
gliao paleolake (Wang et al., 2015) with low d13Corg values (Luo
et al., 2014) when the shallow chemocline environment prevailed.
Therefore, the depleted d13Corg values of OM in the lower K2n2 are
controlled by their parent material inputs and depositional
environments.

In summary, the combination of d13Corg values and biomarkers
from the YWC section indicates a mixture of OM sources, including
lacustrine algae and bacteria, aquatic macrophytes, terrigenous
plants, and marine algae.

5.3. Paleoenvironmental changes during deposition of Member 2 of the
Nenjiang Formation

5.3.1. Redox conditions
The isoprenoids pristane (Pr) and phytane (Ph) are present in

considerable abundances in all samples (Fig. 5). According to
Didyk et al. (1978), Pr/Ph ratios < 1.0 indicate anoxic conditions,
while Pr/Ph ratios > 1.0 reflect oxic conditions. However, the utility
of the Pr/Ph ratio as a redox indicator can be affected by variability
in the maturity of the OM (ten Haven et al., 1987) and by different
precursors of pristane and phytane (Goossens et al., 1984;
Volkman and Maxwell, 1986; Rowland, 1990). Bechtel et al.
(2012) and Wang et al. (2015) argued that the pristane and phy-
tane in Songliao Basin sediments are derived from similar sources,
as they show a consistent range of d13C values. Moreover, all sam-
ples from the YWC section were found to be immature. Therefore,
the relatively low Pr/Ph ratios observed in Stage I (with the excep-
tion of two samples) are likely to be a faithful recorder of anoxic
depositional conditions.

Aryl isoprenoids (1-alkyl-2,3,6-trimethyl) are derived from
isorenieratane in Chlorobiaceae, and thus are a specific biomarker
for the presence of green sulfur bacteria in the photic zone in the
depositional environment (Summons and Powell, 1987). These
organisms are phototrophic anaerobes that require both light and
H2S for growth, implying anoxic conditions at photic zone water
depths. In modern environments, they occur in water bodies that
contain sulfate and are sufficiently quiescent and organic-rich to
promote sulfide production close to the photic zone (Summons,
1993). b-Carotane and isorenieratane were detected in most of
samples in stages I and II. Therefore, the presence of aryl iso-
prenoids in stages I and II (Fig. 5) indicates a shallow chemocline
environment with anoxic conditions in the bottom water expand-
ing into the euphotic zone. The ratio of aryl isoprenoids relative to
phenanthrene (A-i/P) are higher in Stage I than Stage II, implying
that the water column was more anoxic in Stage I, a result that



Fig. 5. Depth variation of Pr/Ph, A-i/P, the Gammacerane Index, MTTCI (a-MTTC/total MTTCs) and MTTC a/c ratio in the YWC section.
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is not consistent with variation in the Pr/Ph ratio. Aryl isoprenoids
were not detected in Stage III (Fig. 5), which combined with the
higher Pr/Ph ratio in this stage, suggests a relative deeper chemo-
cline environment in this interval.
5.3.2. Water salinity
Methytrimethyltridecyl chromans (MTTCs) are similar to toco-

pherols, although unrelated (Peters et al., 2005). The biological
source of MTTCs may be eubacteria or archaea (de Leeuw and
Sinninghe Damsté, 1990); alternatively, Li et al. (1995) proposed
that MTTCs derive from chlorophyll and alkylphenols during diage-
nesis. Regardless of their biological source, MTTCs are widely inter-
preted as an indicator of water column salinity (Sinninghe Damsté
et al., 1993; Wang et al., 2011), with higher MTTCI values repre-
senting lower salinity (Sinninghe Damsté et al., 1987). As seen in
Fig. 5, the a/c ratio has a positive relationship with MTTCI, suggest-
ing that both proxies reflect similar variations in paleosalinity.
Variation in the MTTCI and a/c ratio in the lower K2n2 suggest that
the salinity of the water column was unstable. Considering varia-
tions in Pr/Ph and MTTCI, a salinity classification was proposed
by Schwark et al. (1998). Wang et al. (2011) proposed an amended
salinity classification with four classes: hypersaline, mesosaline,
normal marine, and brackish to fresh water. Ignoring hypersaline
environments, normal marine salinity is suggested when the a/c
ratio is in the range of 2–15 and the MTTCI falls between 0.4 and
0.7; mesosaline conditions are reflected by a/c values < 2 and
MTTCI values < 0.4, and fresh to brackish environments are indi-
cated by a/c ratios > 15 and MTTCI values > 0.7.

As shown in Fig. 7, the samples were deposited under normal
marine salinity in the lower K2n2, which suggests a temporary
marine environment for the Songliao paleolake during the lower
K2n2. While previous studies based on the variation of the gam-
macerane index and MTTCI have interpreted the depositional envi-
ronment as a fresh to semi-brackish lake (Wang et al., 2011;
Bechtel et al., 2012), our study suggests that the differences might
reflect the spatial differences of salinity in the paleolake. Wang
et al. (2011) investigated samples from the SK-1 core, which is sit-
uated in the central part of the basin, whereas the outcrop investi-
gated in our study is located in the southeast of the SLB. Moreover,
the concentrations of C30 steranes in our study are higher than
those in the previous work on SK-1 core investigated by Hu et al.
(2015), which suggest that the southern part of the lake was more
affected by marine incursions. This interpretation is also supported
by the sediment facies, with fluvial/delta sediments deposited in
the northern part of the basin (Feng et al., 2010), indicating that
riverine fresh water came mostly from the north.

Gammacerane (Ga) is widely regarded as an indicator of salinity
stratification in the water column during deposition (Sinninghe
Damsté et al., 1995); the Gammacerane Index is calculated from
the concentration of gammacerane relative to C30 ab-hopane. High
Gammacerane Index values are often associated with low Pr/Ph
values. Therefore, the observed variation of Gammacerane Index
and Pr/Ph in the lower K2n2 indicates variable water stratification
accompanied by changes in salinity. The Gammacerane Index
shows a relatively strong water stratification in Stage I, while this
stratification was reduced in stages II and III.
5.4. Seawater incursion events

Specific marine biomarkers (24-n-propyl- and 24-iso-propyl-
cholestanes) were identified in the YWC section indicating that
marine OM was advected into the Songliao freshwater lake envi-
ronment during deposition of the lower K2n2. The distribution of
C30 steranes in the YWC section (Fig. 6) suggests that seawater
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incursions were frequent in the lower K2n2. Concentrations of C30

steranes are higher in Stage I than stages II and III, indicating that
greatest degree of seawater incursion occurred in the lowermost
K2n2.

Furthermore, the YWC section shows higher concentrations of
C30 steranes than Sk-1 core samples (Hu et al., 2015), which is
likely due to the position of the YWC section closer to the marine
margin. Marine planktonic foraminifera have been reliably identi-
fied from Songliao Basin strata (Xi et al., 2012, 2016), and other
geochemical proxies such as C30 sterane biomarkers (Hu et al.,
2015) and sulfur isotopes (Huang et al., 2013; Cao et al., 2016b)
confirmed a marine influence on the Songliao paleolake during
the Late Cretaceous. These seawater incursion events are likely
controlled by tectonic activity, eustatic sea level changes, and a
variable lake level (Hu et al., 2015; Xi et al., 2016).

In the early phases of K2n2 deposition, semi-deep to deep lacus-
trine facies covered the entire area of the Songliao Basin (Feng
et al., 2010). Substantial rises in the lake level occurred during
deposition of the lower K2n2 and enlarged the area covered by
the lake. During the late Santonian, sea level was approximately
25–75 m higher than today (Haq, 2014). As the coast was not far
from the eastern margin of the Songliao Basin (Gao et al., 1992;
Hu et al., 2015), seawater ingression into the Songliao paleolake
could have easily occurred when the levels of both the lake and
the ocean were high. A schematic diagram of the varying paleoen-
vironments during deposition of lower Member 2 of the Nenjiang
Formation is suggested in Fig. 8.

The Pr/Ph ratio has a negative relationship with 24-n-propyl-
and 24-isopropyl cholestane concentrations (Fig. 9c and d), sug-
gesting that seawater incursion events were closely related to



Fig. 8. Cartoon illustrating three stages of the evolution of the Songliao Basin during the lower K2n2 (without scale).
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changes in water column redox conditions. When seawater enters
a lake environment, it carries with it a load of nutrients that may
promote primary productivity, driving anoxia in the bottom water.
Seawater flooding into the lacustrine Songliao Basin would also be
expected to increase the water salinity. Nevertheless, the MTTCI
and Gammacerane Index have no obvious relationship with the
concentrations of 24-n-propyl- and 24-isopropyl-cholestanes
(Fig. 9e–h).

The area of the Songliao paleo-lake was as great as 260 000 km2

during the K2n2 interval, much more extensive than during any
other period of the Cretaceous (Feng et al., 2009). Therefore, this
may infer that a massive influx of freshwater must have occurred,
both expanding the lake’s extent and diluting its salinity. Depleted
d2H values of n-alkanes (Cao et al., 2016a) further support this
hypothesis. The drought taxa percentages from the palynological
record also indicate a relatively humid climate at 84.0 Ma in the
SLB (Ji et al., 2015). In addition, the concentrations of 24-n-
propyl- and 24-isopropyl-cholestanes show a positive relationship
with TOC (Fig. 9a and b), implying that seawater incursions may
have been related to the formation of organic-rich source rocks.

Another possible explanation for the high TOC intervals is that
marine algae entered the paleo-lake environment every time a
marine transgression occurred. However, Hu et al. (2015) argued
that marine algal input was likely not the sole explanation for
the high TOC in the source rocks. Another possibility is that lacus-
trine primary productivity increased during lower K2n2 deposition
(Feng et al., 2009; Xi et al., 2012; Jia et al., 2013; Zhao et al., 2014),
which may be partially related to enhanced nutrient availability
during marine seawater incursions. In conclusion, both the high
biological productivity and efficient preservation were major fac-
tors controlling OM enrichment in the lower K2n2.
6. Conclusions

Rock-Eval pyrolysis data indicate that the OM in Nenjiang For-
mation source rocks is mainly Type II and immature. The distribu-
tion of biomarker (n-alkanes, regular steranes, C30 steranes,
hopanes, aryl isoprenoids) and the d13Corg values indicate an algal
and microbial origin, with a contribution from terrigenous OM.

The lower Member 2 of the Nenjiang Formation was deposited
in a stratified water column, with an intermittently anoxic photic
zone during stages I and II, as indicated by the Gammacerane
Index, low Pr/Ph ratios, and the presence of aryl isoprenoids. The
MTTCI suggests that the sediments were deposited in a brackish
environment. The presence of 24-n-propyl-cholestanes and 24-
iso-propyl-cholestanes in the lower K2n2 suggests frequent
but intermittent seawater incursions. High concentrations of C30
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steranes are generally correlated with low Pr/Ph ratios and high A-
i/P values in Stage I, implying that the seawater incursion led to
aerobic and brackish conditions in the lacustrine environment.
High primary productivity, combined with efficient preservation,
led to substantial OM accumulation in the lower K2n2.
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