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Abstract. The influence of oceanic anoxic events 3 (OAE3) and transgression
events during the Coniacian—Santonian boundary period on the sedimentary
paleoenvironment of Nenjiang Formation strata and the oil shale formation
mechanism is not clear yet. The high-precision determination of elements, stable
isotopes and biomarkers of the Nenjiang Formation oil shale samples was tested
in this study. The study showed that the source of organic matter (OM) of the
Nenjiang Formation oil shale was a mixture of aquatic organisms (algae and
bacteria) and higher plants. Some geochemical parameters also indicated that
the OMin the formation might contain a certain amount of marine organic matter.
Under OAE3, the pCO, and warm and humid paleoclimate caused an increase
in the total organic carbon (TOC) and the organic carbon isotope ((5’3Cm‘g )
negative deviation near the Santonian—Campanian (S—-C) boundary. Seawater
entered the Songliao Lake Basin, and the nutrient composition, water density
stratification and sulfate content increased. The reducing environment of the
bottom water was conducive to the accumulation and burial of organic matter.
With increasing sulfate content, the total organic carbon/total sulfur (TOC/TS)
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in the formation decreased, and the sulfate 6*'S produced a negative bias.
Under the influence of OAE3 and transgression events, the paleoenvironment
of oil shale formation in the Nenjiang Formation was divided into four stages.

Keywords: Nenjiang Formation, marine transgression, oceanic anoxic events 3,
oil shale formation mechanism, Songliao Basin.

1. Introduction

The geological and paleoenvironmental characteristics of Cretaceous events
are revealed by greenhouse climate and oceanic anoxic events (OAEs) [1].
Oceanic anoxic events that occurred during the periods of Aptian—Albian,
Cenomanian—Turonian and Coniacian—Santonian are known as OAE1, OAE2
and OAE3, respectively. OAEs may be related to increased concentrations
of greenhouse gases in the atmosphere [2], while the increase in greenhouse
gas concentration during the Santonian—Campanian (S—C) boundary period
may be enhanced by rifting and volcanism [3]. During the OAE3 period,
large amounts of organic-rich sediments appeared [4], and various source
rocks were formed in the marine bed [1]. However, it has not been reported
whether OAE3 had a global impact [5] and whether it could have affected
the sedimentary predecessors of the Songliao Continental Basin in the same
period. In 2013, Deng et al. [6] measured the U-Pb age of bentonite in the
Nenjiang Formation bottom oil shale formation to be approximately 83.7 Ma,
which is close to 83.5 Ma (S—C boundary) [7].

The Kula and Iznaaki plates experienced sudden changes in their
subduction directions at 90 Ma, 84 Ma and 71 Ma, ranging from N35°W to
N15°W and then to NO°W. The sinistral strike-slip system generated by this
plate movement could have led seawater westward into the lake basin [8, 9].
Moreover, the formation of the Nenjiang Formation in the Songliao Basin
also occurred at 84 Ma. Glauconite is often regarded as a marker mineral,
indicating the distinction between marine and terrestrial layers [10]. Xing et
al. [11] studied glauconite in the Songliao Basin and showed that the one in
the Nenjiang Formation layer was glauconite illite that formed in a freshwater-
brackish water environment. Euryhaline dinoflagellates and fish found in the
Nenjiang Formation layer lived well in a saline water environment and include
biomarkers with marine characteristics, such as gammacerane [11-13].
Foraminifera fossils have been found in the Nenjiang Formation, which
further proves the existence of marine organisms in the Songliao Basin [14].
With the goal of determining how marine transgression affected the Nenjiang
Formation deposits and the accumulation of organic matter in its layers,
previous studies were limited by sampling accuracy and the use of specific
research methods [12, 15, 16]. In the Southeastern Uplift area, Cretaceous
strata are well preserved [17]. The current study sampled complete Cretaceous
layer cores from scientific drilling in the Nong’an oil shale oilfield in the
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Southeastern Uplift area of the Songliao Basin and determined the elements,
stable isotopes and biomarker compounds of the Nenjiang Formation cores.
The aim was to provide an overview of the sedimentary paleoenvironment
and oil shale formation mechanism of the Nenjiang Formation under the
background of marine transgression and OAE3.

2. Geological setting

The Songliao Basin in Asia is a typical Cretaceous continental intracratonic
rift basin with a long history and a complete fill sequence [18, 19] (Fig. 1).
Based on the history of tectonic evolution, the Songliao Basin is divided
into six structural units: the Central Downwarp, the Southeastern Uplift,
the Southwestern Uplift, the Western Slope, the Northeastern Uplift and
the Northern Plunge (Fig. 1). Among them, the Central Downwarp has
accumulated the most important oil-bearing tectonic belts, including the
Dagqing Anticline, the Chaoyanggou Terrace and the Changling, Qijia-Gulong
and Sanzhao sags (Fig. 1, [17]).
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Fig. 1. Geological map and stratigraphy map of the Songliao Basin, northeastern
China. The oil shale age is Nenjiang Formation of the Santonian—-Campanian Stage of
the Upper Cretaceous (revised from [17]). (Abbreviation: Mem. — Member.)
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The Nenjiang Formation is the largest lacustrine flooding deposit in the
Songliao Basin. According to lithological assemblages, member 1 can be
divided into five sections that are primarily black mudstone and thin oil shale
deposits; member 2 is based on thick and stable oil shale layers in the whole
area and transitions upwards into black mudstone and grey-green mudstone;
members 3—5 of the Nenjiang Formation suffer denudation in the southeast
of the basin (absence in the Nong’an area) and are composed of lime, green
mudstone and grey-white sandstone in the basin centre and then transition to
purple-red mudstone deposits. As stated above, the U-Pb age of bentonite was
measured to be approximately 83.7 Ma in the Nenjiang Formation bottom oil
shale formation [6], which is close to the 83.5 Ma (S—C boundary) determined
by Wan et al. [7].

As regards biostratigraphy, the palacontological characteristics of different
sedimentary periods are different and not only represent the sequence of
biological evolution but also provide good evidence for changes in the
sedimentary environment. Among sporopollenites, Borealipollis dominates
from the Yaojia Formation to the bottom of member 2 of the Nenjiang
Formation, and Aquilapollenites dominates member 2 of the Nenjiang
Formation. The main phytoplanktons of the Yaojia Formation are Pediastrum
and Botryococcus, while Dinogy mniopsis minor—Balumla is prevalent in the
Nenjiang Formation. The Upper Cretaceous Songliao Basinisrichin Ostracoda
fossils. The Nenjiang Formation has a variety of fossil assemblages, including
Cypridea gracila—Cypridea gunsulinensis, Cypridea anonyma—Candona
fabiforma and Mongolocypris magna—Mongolicys helium chinensis. The fossil
assemblages of member 2 include Cypridea liaukhenensis—Cypridea bella
and Pricanthella portentosa—Limnocypridea subcalariformis. Foraminifera
fossils, including Archaeoglobigerina blowi, Karrorulina hokkaidoana,
Hedbergella flandrini, Gavlinella sp. and Anomalides sp., were found only in
member 1 during the whole geohistory of the Songliao Basin [14, 20].

Exploration and drilling in the entire Songliao Basin showed that during
the sedimentary period of the Nenjiang Formation (Santonian and Campanian
stages), the lake surface was enlarged in places where oil shale was developed
[21]. The oil shale in member 1 contains dolomite beds, which is consistent
with the increasing salinity of transgressive marine facies. This view is
supported by the observation of a single class of triangular ring-edged spiral
groups in member 1 oil shale [14].

3. Sampling and methods

The NA-1 drilling was carried out 23 km north of Changchun City, and
complete cores from the Yaojia Formation to the Nenjiang Formation were
obtained (Fig. 1). All 124 core samples were washed to remove drilling fluid
from the cores, dried at 80 °C for 12 h, and then ground to a 200 mesh particle
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size. The samples were tested for total sulfur (TS), total organic carbon
(TOC), organic carbon isotope (8"°C_ ,) and sulfur isotope (8**S) contents. Six
samples from depths of 45, 52, 66, 73 79 and 92 m (NAO-1 to NAO-6) were
selected for organic matter extraction, composition separation, gas-phase mass
spectrometry of saturated hydrocarbons and isotope testing of hydrocarbon
monomers.

TS, 8*S, TOC and 6"°C , contents were determined by isotope ratio mass
spectrometry (IRMS) with an ISOprime100 instrument and a vario PYRO
cube elemental analyser (Elementar Analysensysteme GmbH, Germany).
Every ten samples were tested for quality against two standard samples,
IAEA-SO-5 and GBW04408. According to the standard sample analysis, the
error in analysis was better than 0.2%o. The standard protocols followed were
GB/T 18340.2-2010 and DZT 0184.14-1997.

Six powdered oil shale samples (from depths of 45, 52, 66, 73, 79 and
92 m; 20 g each) were extracted using a Soxhlet apparatus with a mixture
of dichloromethane and methanol (93:7). The extractable organic matter
(EOM) was separated into saturated hydrocarbon, aromatic hydrocarbon,
and nitrogen, sulfur or oxygen (NSO) and asphaltene compounds by liquid
chromatography. The saturated hydrocarbons were dissolved in petroleum
ether and analysed by gas chromatography-mass spectrometry (GC-MS) using
an Agilent 7890B-MSD with an HP-5 MS elastic quartz capillary GC column
(60 m x 0.25 mm x 0.25 mm). The distribution of n-alkanes and isoprene
was determined by GC-MS, and the biomarkers were studied in detail. The
standard protocol GBT-30431-2013 was followed.

The carbon isotope composition of specific compounds in the saturated
hydrocarbon fraction was analysed by an Agilent 7890B GC coupled to an
ISOprime100 isotope ratio mass spectrometer. The chromatographic column
and temperature programme were the same as those applied in GC-MS
experiments, and the error was better than 0.2%eo.

4. Results and discussion

4. 1. Petrography

According to observation of the NA-1 drilling core, the ore-bearing horizon of
oil shale mainly occurs at member 1 and the bottom of member 2. The main
lithology of oil shale of member 1 is grey-black mudstone shale with grey-
green argillaceous siltstone, grey-black oil shale with high organic abundance
is developed, and grey-black shale is present in member 2 (Fig. 1).
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4.2. Organic geochemistry
4.2.1. Bitumen bulk geochemical parameters

The results of sample EOM component separation are shown in Table 1 and
Figure 2. In these samples, the content of saturated hydrocarbons is the highest.
The content of saturated hydrocarbons extracted from the shale samples is
21-50%, with an average of 33%. The average contents of aromatic
hydrocarbons, NSO compounds and asphaltene are 19%, 32% and 16%,
respectively.

Table 1. Extractable organic matter yields and relative proportions of saturated
hydrocarbon fractions, aromatic hydrocarbon fractions and NSO compounds

Extractable Chromatographic fractions of bitumen extraction, oil wt%
Sample |Depth, | organic matter, -
m mg/g TOC Saturated Aromatic NSO Asphal- | HCs | Sat/Aro
hydrocarbons | hydrocarbons | compounds | tene

NAO-1 45 2.73 21 27 47 4 49 0.79
NAO-2 52 432 25 15 32 28 40 1.67
NAO-3 66 6.23 28 20 35 18 48 1.45
NAO-4 | 73 6.56 42 20 31 6 62 2.06
NAO-5 | 79 5.16 50 16 20 14 66 3.04
NAO-6 | 92 9.25 30 15 27 27 46 1.98
Average 5.71 33 19 32 16 52 1.83

Abbreviations: NSO — nitrogen, sulfur, oxygen; HCs — hydrocarbons; Sat — saturated; Aro — aromatic.
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Fig. 2. Ternary diagram of the extracted samples showing the relative proportions of
saturated, aromatic and NSO components.
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4.2.2. Molecular composition of hydrocarbons

The distribution of n-alkanes and biomarkers was determined by GC-MS
(Table 2, Fig. 3). The n-alkanes in oil shale samples include a set of saturated
n-alkanes and isoprenoids [19-23]. The distribution of n-alkanes shows that
low- to medium-molecular-weight compounds (n-C,—n-C,,) are dominant,
and there is a significant amount of waxy alkanes (+n-C,,) that are similar to
long-chain alkanes present in algae and bacteria [22] (Fig. 3).

The acyclic isoprenoids pristine (Pr) and phytane (Ph) were found in all
samples (Fig. 3). The Pr/Ph ratio has been widely used as a redox condition
parameter in sedimentary environmental research [23]. Lijmbach [24] showed
that Pr/Ph ratios below 0.6 indicated anoxic conditions, ratios between 1.0
and 3.0 signified suboxic conditions and ratios above 3.0 suggested oxic
conditions. For the six oil shale samples tested, the Pr/Ph ratios range from
0.47 t0 0.91 (average 0.7; Table 2.), pointing to suboxic conditions, which are
conducive to the preservation of organic matter.

The relationship between Pr/n-C , and Ph/n-C , is often used to study the
source of organic matter and the sedimentary paleoenvironment of source
rocks [25-28]. This study found the Pr/n-C17 and Ph/n-C18 values to be in the
range of 0.55-2.51 (average 1.12) and 1.78-2.16 (average 1.79), respectively.
The overall numerical fluctuation is relatively small, and the data indicate that
the algal/microbial sources of organic matter were deposited under reducing
conditions [29] (Fig. 4; Table 2).

Table 2. n-Alkanes to isoprenoids biomarker ratios

Regular steranes, m/z 217

Depth,

GI

Sample CPI Pr/Ph | Pr/n-C | Ph/n-C

C27/C29

(a0C,, steranes)/
m(a00C,,-C,-C,, steranes)
(aaaC, steranes)/
m(aaaC,,-C,.-C,, steranes)
(aaaC,, steranes)/
m(aoaC,,-C,.-C,, steranes)

<
=
o0

NAO-1 45 1.56 0.47 0.55 1.78 0.24 0.59 0.4 0.15

(=]
=
o0
o
~
=

NAO-2 52 1.51 0.91 2.51 2.16 0.41 1.02 | 0.18
NAO-3 66 1.77 0.65 1.3 1.48 0.35 0.18 0.46 0.76 | 0.23
NAO-4 73 1.34 0.55 0.96 1.26 0.38 0.15 0.47 0.81 0.31
NAO-5 79 1.66 0.85 0.62 1.97 0.29 0.23 0.47 0.62 0.27
NAO-6 92 1.99 0.75 0.78 2.07 0.32 0.19 0.48 0.67 0.29

Average 1.64 0.7 1.12 1.79 0.33 0.18 0.48 0.69 0.24

Abbreviation: CPI — carbon preference index.
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Fig. 3. (a—b) Gas chromatograms-mass chromatograms (TIC); (c—d) m/z 85 mass

chromatogram of saturated hydrocarbons; (e—f) m/z 191 mass chromatogram of

saturated hydrocarbons; (g—h) m/z 217 mass chromatogram of oil extracted from oil

shale of member 1 of the Nenjiang Formation.
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Fig. 4. Cross correlation between Pr/n-C,, and Ph/n-C , ratios [27, 28].

The m/z 217 mass chromatogram of saturated hydrocarbons in the oil shale
samples shows the different distribution of diasteranes and steroids. Among
these compounds are conventional steroids C,, C,, and C,,, which are related
to the organic matter source materials (Fig. 3; Table 2).

A study by Huang and Meinschein [30] established that the conventional
steroids C,,, C,, and C,, were all specific to different sources of organic
matter, and their relative proportions could be used to study the contribution
of various types of the matter (Fig. 5). The relative proportions of steroids C,.,
C, and C,, in the Nenjiang Formation oil shale samples were calculated to
be the following: C,, 41-59%, average 48%; C,, 12-23%, average 18%; and
C,, 24-41%, average 33% (Table 2; Fig. 3). Previous studies have established
that C,, steroids are sourced from zooplankton and red algae, C,; steroids
originate from diatoms, green algae and higher plants, and C,, steroids are
derived from higher plants, some brown algae and green algae [30, 31]. Based
on the relative contents of C,, C,, and C,, steroids, it is speculated that the
samples in this study predominantly originate from plankton and higher plants
and may be mixed with some marine organic matter.

Gammacerane was initially considered a high salinity indicator [32], and it
is also thought to be related to the increase in salinity in marine and lacustrine
environments [23, 33] (Fig. 6). The gammacerane index (GI, gammacerane/
aB-C,, hopane) of the extracted samples reflects a high salinity, reducing
environment [34] (Fig. 3; Table 2).

The TS content in the oil shale samples studied is positively correlated with
GI values. The Nenjiang Formation oil shale samples are characterized by
high sulfur contents, low TOC/TS ratios and high GI values, which suggests
the high water column salinity and sulfate concentration in the oil shale

29°



98 Wentong He et al.

C,, Steroids

Phytot [
planl(ton

N
o \| f

C,, Steroids 0.2 0.4 0.6 0.8 C,, Steroids

E Open marine D Estuarine or shallow lacustrine
lI-I Lacustrine Terrestrial

Fig. 5. Ternary diagram of the relative proportions of steroids C,,, C,, and C,
(relationship between organic matter input and depositional environment).

sedimentary environment. Based on the sedimentary facies characteristics of
the Nenjiang Formation, it is likely that in the period of oil shale deposition,
short-term seawater intrusion into the lake basin led to water stratification,
forming a closed anoxic environment at the bottom of the basin with high salt
and gammacerane contents (Fig. 1). In the later stage of oil shale deposition,
the seawater channel entering the lake basin was closed, and the salinity of the
closed anoxic environment at the bottom of the lake decreased slowly.
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Fig. 6. Plot of gammacerane index and Pristane/Phytane of the extracted oil samples [23].
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4.2.3. Hydrocarbon monomer carbon isotopic composition

The carbon isotopic compositions (CIC) of n-alkanes, Pr and Ph in the oil shale
samples from the Nenjiang Formation are plotted in Figure 7 and presented
in Table 3. The carbon isotopic composition of hydrocarbon monomers can
reflect the source and composition of organic matter in sediments [35]. The
CIC of hydrocarbon monomers in the oil shale samples studied was between
—30.7 and —26.4%o. It has been thought that the organic matter in lacustrine
sediments is a mixture of sapropelic and humic components. The carbon
isotope distribution curve of n-alkanes in lacustrine organic matter generally
increases with increasing carbon number [35, 36].
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Fig. 7. Carbon isotopic composition of n—alkanes, pristane and phytane in saturated
hydrocarbons.

The carbon isotope distribution of n-alkanes has no obvious change from
n-C . to n-C,,. After n-C,,, the n-alkanes gradually become heavier with
increasing carbon number, indicating that the sources of high-carbon and low-
carbon organic matter are similar, mainly the input of lake organic matter, and
the input of higher plants accounts for a relatively small proportion.

4.3. Total organic carbon and organic carbon isotopes

The test results show that "°C__ in oil shale is from —26 to —33%., and the
TOC content varies between 0.29 and 6.18%. The changes in TOC and 6"°C ors
give evidence of obvious stratigraphic characteristics. From the bottom to the
middle of member 1 of the Nenjiang Formation, 813C0rg suggests an obvious
negative migration with a negative migration range of 6%o, and the TOC of
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Table 3. Carbon isotopic composition of n—alkanes, Pr and Ph in saturated
hydrocarbons

Depth, |« | 1.c Pr | n-C Ph | n-C, | n-C, | n-C,, | n-C

m 16 17 18 19 20 21 22

Sample

5°C, . %0, PDB

NAO-1 45 -30.4 | -29.5 | -30.4 | -30.1 | -29.2 | -30.6 | -29.2 | -29.4 | -28.3
NAO-2 52 -30.1 | -29.8 | -30.5 | -30.6 | -29.4 | -30.1 | -29.8 | -30.8 | —29.8
NAO-3 58 -30.2 | -29.7 | -30.4 | -30.3 | —29.6 | -30.5 | -30.4 | -30.2 | -29.1
NAO-4 66 -30.7 | -30.1 | -30.5 | -30.2 | —28.7 | -30.2 | -30.2 | -29.6 | -29.4
NAO-5 73 -30.5 | -30.1 | -30.1 | =30.5 | —28.5 | =30.1 | —-30.4 | —29.5 | -29.6

NAO-6 79 -30.2 | -29.5 | -30.2 | -30.1 | -29.9 | -30.4 | -30.1 | -29.7 | -29.3

the corresponding formation indicates a positive migration with a range of
5%. At the top of member 1, there is a positive deviation in TOC and 813C0rg
contents. Specifically, the average 6‘3Corg content is —27.6%o, and the average
TOC content is 0.38%. At depths of 48—110 m, the 813C0rg averages —29.9%o
and TOC averages 3.35%. At depths of 10 m—48 m, the respective average
figures are —26.8%o and 1.94% (Fig. §; Table 4).

Previous studies believed the CO, concentration fluctuations during
the Cretaceous OAE3 period to be related to extensive volcanic activity
and resulted in a series of biogeochemical events [1, 5—7]. Quan et al. [37]
quantitatively restored the atmospheric CO, concentration near the S-C
boundary of the Late Cretaceous, based on the stomatal characteristics of the
fern-type Ginkgo biloba cuticle in the Zijiayin Basin. The researchers showed
that the concentration of CO, increased from 531 ppm in the Santonian to
624 ppm in the S—C boundary and then decreased to 558 ppm in the Late
Campanian, indicating that it peaked near the S—C boundary. The soil-forming
carbonate may also prove useful in restoring paleo-CO, concentrations [38].
Hong and Lee [39] restored the 6‘3Corg content of the soil-forming carbonate
in the Gyeongsang Basin, Korea, using the paleobarometer model. The results
obtained by Quan et al. [37] and Taijka [40] revealed that the concentration of
pCO, decreased significantly from the S-C boundary to the Early Campanian.
In addition, Hong and Lee [39] determined that during the Cretaceous, the
change in CO, concentration in the atmosphere was related to the change in
paleotemperature.

With increasing atmospheric pCO,, the mass of *C and "C in dissolved
inorganic salts in water will also increase. This process disrupts the original
C equilibrium between calcium carbonate and CH, O, and the carbon isotope
fractionation value will change significantly [41]. With increasing atmospheric
pCO,, the content of dissolved CO, in the lake basin also increased gradually,
and “C in CH,O produced by photosynthesis was consumed in large amounts.
Therefore, the increase in atmospheric CO, concentration during the S-C
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Table 3 (continued)

n-C,, | n-C, | n-C,, | n-C,, | n-C,, | n-C,, | n-C, | n-C,/ | n-C,, | n-C,, | n-C,,
6‘3Corg, %o, PDB
—282 | 284 | 277 | 279 | 278 | -27.6 | 27.8 | 274 | -27.7 | -27.6 | -27.1
289 | -28.6 | -28.6 | -27.8 | -28.9 | -27.5 | -27.8 | 274 | 272 | -27.2 | -26.8
—28.5 | 28.6 | 284 | 284 | 284 | 274 | -27.6 | -27.8 | -27.1 | -27.3 | -27.2
—29.5 | 287 | 283 | 274 | 282 | -27.6 | -27.8 | -27.3 | -27.3 | -27.5 | -26.4
294 | 28.6 | 284 | 27.6 | 284 | -28.1 | 284 | 274 | 27 | 27.1 | -26.7
—29.1 | 285 | 284 | 284 | 279 | -27.8 | -28.8 | -27.9 | 274 | 273 | 274

boundary period may be the main reason for the increase in TOC content and
the negative deviation in 813Corg content in sediments.

The greenhouse climate conditions in the OAE3 period were warm and
humid paleoclimate conditions [1]. Studying the climate fluctuation in the
Bering Strait during the Cretaceous period through examination of 6'8O
change and flora distribution, Tajika [40] showed that the climate in the
Santonian—Early Campanian period was relatively warm. Previously it has

3BC, TOC, 3*STS, TS, TOC/TS,
%o, VPDB wt% %0, VPDB wt% wt%/wt%
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been established that plants exchange water and gas with air through leaf
stomata to control the carbon isotope value of the organic matter produced
by them [39]. Under humid climate conditions, the leaves of terrestrial plants
open their stomata and increase the number of stomata to absorb more water,
and the carbon isotope fractionation in the organic matter produced by plant
photosynthesis will expand, resulting in a negative 8‘3CDrg value [39]. Yan [41]
believes that near the boundary period of the first and second segments of the
Nenjiang Formation the humidity was relatively high, and then the climate
gradually became dry. Therefore, the researcher concludes that the warm
and humid paleoclimate may have been the main mechanism of the negative
513Cmg deviation near the S—C boundary [41].

4.4. Total sulfur and total sulfur isotope contents

The total sulfur isotope and TS contents of oil shale fluctuate with formation
change but not similarly. The average content of the total sulfur isotope in oil
shale is 6.07%o at depths of 133—85 m, and a large, sudden positive deviation
occurs at 85 m, with an approximate amplitude of 20%o. The average sulfur
isotope content of the 85—45 m oil shale is 20.02%o, the highest value being
24.16%o0 at 78 m. The total sulfur isotope content of the 45-10 m oil shale
gradually declines to 7.32%o at 32 m (Fig. 8; Table 4) [42].

The reducing bacteria in the sediment can promote the reaction of its organic
matter with sulfate to generate hydrogen sulfide gas (H,S). The generated
hydrogen sulfide and iron oxide or iron ions in the formation continue to react
to form pyrite. This entire process is called microbial sulfate reduction (MSR).
By simulating the MSR reaction process under experimental conditions, it was
found that sulfur isotopes in sulfides could generate up to 70%o fractionation
and produce large amounts of pyrite [43]. The principle of the MSR reaction
discloses that the production of pyrite is mainly controlled by the sulfate
concentration, organic matter abundance and dissolved iron concentration in
the aqueous and sedimentary environment. The most favourable environment
for large-scale pyrite production is an anaerobic environment rich in high-
concentration organic carbon and sulfate. Previous related studies have shown
that sulfate reduction reactions usually occur below the interface between
sediments and seawater in the seafloor environment, and the bottom layer
of seawater forms a sulfate-rich and reducing environment. At the sediment-
water interface, the MSR reaction occurs to form pyrite, which results in a
significant reduction in TOC/TS in the sediment. The TOC/TS ratio less than
1 indicates that there is a sulfide reduction environment in sediment pores
that are rich in organic deposits [44—50]. In the lake environment, the supply
of iron and the productivity of organic matter are usually higher than those
in the marine environment [51]. Therefore, the sulfate content is the most
significant factor restricting MSR, so the TOC/TS ratio of terrestrial sediment
is relatively high, and researchers typically used TOC/TS as a reference to
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identify seawater and non-seawater environments [46, 47]. In modern marine
sediments, the TOC/TS is 2.8 + 0.8, with an average of approximately 3 [46].

The TOC/TS ratios at the top of the Yaojia Formation and in the lower part
of the Nenjiang Formation (117-83 m) are low, mostly less than 1, which is
consistent with the typical vulcanization environment in the modern Black
Sea. This reveals that the vulcanization environment of pore water or deep
water may be related to transgression at this stage [41, 52]. The middle part
of member 1 (80-33 m) was determined to have been in a normal marine
environment, and the average sulfur content in the samples is 1.28%, which
is higher than the average sulfur content in modern lake sediments, indicating
that there was a high sulfate concentration in the lake water at that time. Higher
concentrations of sulfate are needed in high-salinity water environments
[46]. The sediments of the Songliao Basin are obvious lacustrine facies, so
it is considered that the sedimentary conditions of this stage were those of
a brackish water-saline water environment. The identification of biomarkers
such as gammacerane also indicates the existence of a marine saline water
environment. The TOC/TS ratio in the upper part of member 2 restores a low
value at 32 m. At the same time, sulfur isotope fractionation did not change
significantly at this stage, indicating that the sulfur cycle did not fluctuate
much. Studies on biomarker compounds of upper mudstones in member 1
showed that the water body in the Songliao Basin was apparently desalinated
after the Santonian—Campanian boundary. Organic geochemical evidence
of a high Pr/Ph ratio and a low GI suggest low salinity and high biological
productivity in the water environment in the upper part of member 2 [42, 53].
The TOC/TS ratio may have decreased due to the oxidation of organic matter
with decreasing depth. The top strata of the Nenjiang Formation are mainly
composed of coarse silty mudstone and sandstone. The TOC and TS contents
in these strata are relatively low and TOC/TS relatively high. Although some
samples exhibit TOC/TS < 1, they are not of indicative significance to the
sedimentary environment due to the change in provenance [16], which may
be a response to the change in the provenance of coarse-grained silicate
sediments (Fig. 8, Fig. 9).

At the same time, by investigating the TOC contents in the Nenjiang
Formation core, we can see that the TOC in member 1 (87-57 m) core can
reach 6.55%, averaging 4.04%. According to the above analysis of oil shale
deposits, a water environment with a high TOC content corresponds to a sulfide-
containing, high-salinity deep water layer. Seawater injection results in salinity
stratification of seawater, and the reducing environment in the bottom water
body is conducive to the accumulation and preservation of organic matter.

A recent study by Brunner and Bernasconi [43] showed that during
the reduction of sulfur in the sulfur cycle pathway the direction and scale
of kinetic sulfur isotope fractionation under sulfate reduction were directly
related to extracellular sulfate concentration. Experiments carried out by the
researchers demonstrated that fractionation could reach 66%o at high sulfate
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Fig. 9. Relationship between total organic carbon and total sulfur.

concentrations [43]. At very low TS concentrations, <200 uM, sulfur isotope
fractionation was significantly inhibited [54]. A recent study by Canfield
and Tharndrup [55] on vulcanization systems showed that sulfate-reducing
bacteria in independent natural communities could produce large kinetic
fractionation under vulcanization conditions. The disproportionation reaction
could obviously increase the fractionation during the sulfate reduction reaction,
which could lead to the value of fractionation between reactant sulfate and
product sulfide exceeding 70%o [55].

In lacustrine systems, sulfates are usually derived from weathering of
continental rocks, including the oxidation of pyrite and dissolution of evaporite.
The sulfate isotope values of evaporite dissolution (mainly gypsum) usually
range from +10 to +30%o, and the sulfate isotope values of iron oxide sources
are mostly between —40 and +5%o [55]. The sulfate abundance of lacustrine
systems is generally 10-500 puM, but it can reach 2 mM or higher under
the special conditions of a river environment in some evaporite-enriched
sedimentary rocks [56]. Although evaporite sedimentary strata developed
in the Quantou Formation of the Songliao Basin, the background value of
0*S in Nenjiang Formation lakes is approximately +5%o. It is obvious that
sulfate in lake water does not originate from evaporite but mainly from pyrite
oxide imported from land. At the same time, the dissolved evaporite with a
higher isotope value than that of pyrite oxide may not be the main cause of the
negative sulfur isotope deviation in the Nenjiang Formation.

The negative deviation in pyrite &**S in oil shale at the bottom of the
Nenjiang Formation (114-87 m) may have been due to the increase in
sulfate concentration in the lake basin, which led to an increase in the sulfate
reduction rate and the enhancement of microbial sulfur disproportionation.



110 Wentong He et al.

The contents of pyrite and organic matter at the bottom of member 1 are
very high, which indicates that high nutrient contents accelerate the sulfate
reduction rate and increase pyrite deposition. The stratified water-sediment
interface is the main place for sulfur metabolism and provides good conditions
for disproportionation. Although the existence of gammacerane in member 1
of the Nenjiang Formation is a strong evidence of water stratification [12], it
may lead to a negative deviation of 6**S through disproportionation. However,
its fractionation value is far from the expected value of disproportionation,
which is more than 45%o. The concentration of sulfate in modern seawater is
10—-15 Mm, but in lake water it is only 10-500 um [46, 47]. The transgression
event at the bottom of member 1 could have introduced a high concentration
of sulfate into the lake basin and rapidly expanded the lake sulfate reservoir. In
the process of kinetic isotope fractionation, the sulfate concentration (starting
material) in lake water rapidly increased, and the reaction speed of MSR also
accelerated, which will expand the sulfur fractionation between sulfate and
pyrite and lead to the negative deviation of sulfur isotopes in pyrite. With
increasing sulfate concentration, that of sulfides will increase and accumulate
in pore or deep water through sulfate reduction reactions. Pyrite can be formed
if ferrous ions are abundant enough on the surface of minerals. For example, in
the deep anaerobic Black Sea, high concentrations of dissolved sulfides cause
large amounts of pyrite to form in water columns and accumulate in sediments
such as rain [47, 57-59]. Therefore, the increase in sulfate concentration
caused by transgression is the best explanation for the negative sulfur isotope
bias, palacontological evidence and biomarker compound evidence in member
1 of the Nenjiang Formation [60].

During the formation of oil shale in the middle part of member 1 (§7-57 m),
the lake basin was isolated from seawater due to a decrease in sea level, and
the connection between the lake basin and seawater was gradually closed.
The influence of transgression on sediments gradually weakened, and the
concentration of sulfate in lake water decreased with the rapid distillation
of sulfate. At the same time, sulfate reduction led to a decrease in sulfate
content and the occurrence of pyrite burial [60—62]. Although the TS content
of oil shale in the corresponding formation is reduced, it is still relatively
high. When pyrite burial results in a low sulfate concentration, sulfur isotope
fractionation will decrease, and residual sulfate and sulfide will produce a
positive deviation in 6*S. The sulfur isotope value of pyrite in the middle of
member 1 exhibits a positive deviation of +23%o.

The TS of evaporite in member 3 of the Quantou Formation has been
previously tested by other researchers. The 6*S value varies from +8.1 to
+13.2%0, with an average of approximately +10%.. These results may
represent the background value of sulfate 3**S in lake water [63]. During the
Cretaceous, the average value of sulfate 6*S in seawater was +19%o [51-61].
This transgression process inevitably increased the original sulfate 6°*S value of
lake water. However, even if the sulfate in lake water is completely replaced by
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seawater sulfate, the recorded peak sulfur isotope value of sedimentary pyrite
did not exceed +19%o. Sulfide is the product of MSR. Under the conditions
of the mass balance fractionation law and kinetic isotope fractionation, SO *,
with a relatively weak O-S bond, is preferentially used as energy in MSR.
Even if the sulfur isotope fractionation value of sulfate is 0, that of sulfide
cannot be higher.

It is believed that the positive deviation of sulfur isotope fractionation is due
to the heterogeneity of the composition of water. In an area isolated from sulfate
in a water body, the sulfate concentration is very low, and that of organic matter
is enriched. There may be a minimum sulfate concentration area in anaerobic
water bodies, and in this region, Rayleigh fractionation of sulfate results in a
further reduction in its concentration, and the residual sulfate of heavier 6*S
may be the source of sulfate in pore water. Superheavy pyrite would likely not
form in the lowest sulfate zone and would form by the distillation of sulfate
into the pores of sediment. This process is similar to that which caused the
positive deviation in 6**S in the OAEs of the Toarcian stage [63].

Subsequently, the input of weathered sulfate during the top deposition of
member 1 interfered with the existence of the lowest sulfate zone, resulting in
a high-sulfate-concentration and homogeneous environment overall [64, 65]
(Fig. 8). From the upper to the middle part of member 2, the overall 3**S in lake
water declines steadily until the mid-Campanian period when the 63*S returns
to the background value. Because the sulfate reservoir is very small at this
stage, the isotope records are more susceptible to local fluctuations, resulting
in frequent changes in the depth and spatial distribution of 6*S. Therefore,
this decline in overall **S may be due to the increase in sulfate and nutrients
caused by long-term continental weathering, which may be related to the high
atmospheric CO, concentration at this stage.

4.5. Paleoenvironmental reconstruction

The study of the Nenjiang Formation (83.7 Ma) in the Songliao Basin of the
Cretaceous showed that OAE3 and transgression events might have led to the
formation of oil shale with high oil potential [6]. During the depositional period
of continental lacustrine sediments in depression basins, the atmospheric CO,
concentration persistently increased, and high-salinity seawater intruded
into the basin due to the rise of the sea level. Then, the sea level decreased
and seawater was isolated from the lake basin. Large quantities of organic
matter-rich oil shales with marine characteristics were formed in this series
of processes. A typical transgression model of a continental lake basin can
be described as having four stages, based on the results of stable isotope,
elemental content and biomarker determination in oil shale samples belonging
to different stages (Fig. 10).

The first stage is characterized as follows. The lake water is shallow, and
there is no density stratification. The organic matter content in lake sediments
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Terrigenous clastic

Jia-Yi Graben

Section location

Stage 4

Terrigenous clastic

Fig. 10. Paleoenvironmental reconstruction of the Nenjiang Formation layer.

is low, which may be caused by the oxidative environment at the bottom of
the lake basin. The mudstones formed during this period are mostly light-
coloured.

The second stage is described as follows. With rising sea level, seawater
flows into the lake basin, which increases the salt concentration in the lake
basin. Marine microorganisms also enter the lake basin with the seawater.
The sulfate content in the lake water increases, the density of the water body
is stratified obviously, and a sulfide layer is formed at the bottom, which leads
to an increase in the sulfate reduction rate and the enhancement of sulfur
disproportionation by microorganisms, resulting in the negative deviation in
the pyrite &**S value, which is larger than the background value of the lake
water. At the same time, due to the increase in atmospheric CO, content, a
large number of organisms in the lake basin produce and accumulate organic
matter in the stratum.

The third stage consists in the following. Transgressions are weakened in
this period. With decreasing sea level, currently, the water level in the lake
basin is relatively high, and nutrients in the lake water are abundant. The
organic matter content in the sediments of the lake bottom is also relatively
high. The formation of pyrite reduces the concentration of sulfate in the lake
basin, and the sulfur isotope fractionation value decreases. In an isolated area
with sulfate in the water body, where the sulfate concentration is very low and
organic matter is enriched, there may be a minimum sulfate concentration area
in the middle of the anaerobic water body.

The fourth stage involves the following. The seawater is completely
isolated from the lake basin The input of sulfate in weathered minerals
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destroys the existence of the lowest sulfate area in the lake basin resulting in a
high-concentration and homogeneous sulfate environment overall.

5. Conclusions

Based on the systematic sampling, petrological observation and geochemical

characteristics of oil shale from the Nenjiang Formation of NA-1 drilling in

the Southeastern Uplift of the Songliao Basin, the following conclusions are
drawn:

1. Through the observation of drilling cores it was found that the oil shale
in the Nenjiang Formation mainly developed in members 1 and 2 of the
formation. The lithology of oil shale is grey-black shale.

2. The oil shale is of high quality and has a high extractable organic matter
content(2.73-9.25mg/gTOC), highyieldofhydrocarbon fractions (40-66%)
and high saturated/aromatic hydrocarbons ratio.

3. The source material of the Nenjiang Formation oil shale is a mixture of
aquatic organisms (algae and bacteria) and higher plants. Some geochemical
parameters also indicate that the organic matter in the formation may
include some marine organic matter. The organic matter in the Nenjiang
Formation was deposited in a saline, reducing environment, which was
conducive to the enrichment and preservation of the matter.

4. Under the influence of oceanic anoxic events 3, pCO, and the warm and
humid paleoclimate caused an increase in the total organic carbon value
and the 513Cmg negative deviation near the S—C boundary.

5. Seawater entered the Songliao Lake Basin, and the nutrient composition,
water density stratification and sulfate content increased. The reducing
environment of the bottom water was conducive to the accumulation and
burial of organic matter. With the increase in sulfate content, the total
organic carbon/total sulfur value in the formation decreased, and the total
sulfur isotope produced a negative bias.

6. Under the influence of oceanic anoxic events 3 and transgression events,
the formation model of the Nenjiang Formation oil shale is complex and
unique. Based on geochemical data, the paleoenvironment of the Nenjiang
Formation oil shale formation is divided into four stages.
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