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Abstract: The Songliao Basin (SLB) is a large terrestrial petroliferous basin located in northeastern
China. The Nenjiang Formation represents excellent hydrocarbon source rocks for the Daqing oil
field. Previous studies have indicated that the oil shale intervals from the first (K,n!) and second
(Kon?) members of the Nenjiang Formation were formed in different depositional settings. In this
study, we provide a new high-resolution (1 m interval) record from SK-1s core and compile three sets
of published datasets from two drilling holes (Zk3389 and LY-1) and a composite outcrop section.
According to the total organic carbon (TOC) chemostratigraphy, we have divided three variation
cycles spanning from Kon! to Kon? and detected three potential oil shale intervals in the Nenjiang
Formation. Combined with the productivity, salinity, and oxygenation proxies, we discuss the
paleolimnological environmental changes during deposition of the Nenjiang Formation. Our new
and compiled records support the model that excellent preservation conditions were associated with
the formation of organic-rich sediments in the Kon!, while the productivity was the major controlling
factor for organic matter enrichment in the Kon?.

Keywords: Songliao Basin; Nenjiang Formation; oil shale; organic matter enrichment

1. Introduction

The continental basin is an important carbon reservoir, playing a vital role in modu-
lating the carbon cycle at multiple time scales [1,2]. The Songliao Basin was a long-lived
terrestrial rift basin located in East Asia and preserved complete Cretaceous strata [3-5]
(Figure 1). These geological archives provide invaluable information associated with the
regional continental climate changes and the massive formation of lacustrine petroleum
source rocks within the Cretaceous greenhouse world [1,3-10]. In terrestrial sedimentary
basins, substantial studies have taken different factors into consideration when concerned
about the formation of organic-rich strata, including tectonic settings, paleoclimate changes,
primary productivity, redox conditions, and paleo-lake level [8,11-13].

The Qingshankou and Nenjiang Formations represent organic-rich sediments mainly
deposited under a warm and humid climate background and provide a solid materials
foundation for oil and gas exploration in Songliao Basin [4]. Previous studies widely
discussed sedimentary environments during the deposition of the organic-rich intervals
and simultaneously established a series of sedimentary models for interpretation of the oil
shale development in the Qingshankou and Nenjiang Formations [1,4,8,12-19]. The stable
and thick oil shale successions that developed at the bottom of Koqn'! and K;n? are accepted
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as marked layers throughout the Songliao Basin to correlate strata from different drilling
holes and sections (references herein and in this study) [20]. Interestingly, prior studies
have shown that two large marine transgressions occurred in the lower Qingshankou
and Nenjiang Formations during the Late Cretaceous period, possibly indicating a causal
linkage between oil shale development and seawater incursion events [7,21-24].
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Figure 1. Geological setting of the Nenjiang Formation. (a) Geological time framework of SK-1s core, the dashed area
represents the study interval (1 + 2 member of Nenjiang Formation). (b) Geographic distribution of the SK-1 core and
compiled study sites, modified from [6]. (c) The composite section located in Dehui area, modified from [7]. (d) The
evolution of the sedimentary facies of Nenjiang Formation from Kon! to Kyn?, modified from [8].
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The Nenjiang Formation contains two sets of economic hydrocarbon source rocks in
the lower Kon! and Kpn? (Figure 2). Several lines of evidence from geochemical proxies in-
dicate that these two suits of oil shale formed in two distinct depositional environments [8].
According to the hydrogen index (HI), kerogen types, n-alkanes, and carbon isotope, the
organic matter in Kon!, largely originated from algal organisms [12,25]. In Kpn!, a line of
evidence, including the discovery of foraminifera [21], marine-specific biomarkers [23,25],
and sulfur isotope [22], indicate that multiple marine incursion events occurred during
the deposition of the lower Kon!. Marine incursion events provided a plausible envi-
ronment for the formation of the oil shale under a stratified and anoxic bottom-water
condition [5,12,13,23]. The oil shale in lower Kon? was deposited during the largest lacus-
trine transgression inferred from the distribution of the black shales exceeding the present
basin’s boundary [26]. The organic matter in the Kyn? was largely derived from algal and
bacterial sources and combined with a gradual increase in land-plant input [8,12,19,25].
The organic geochemical data also indicate significantly different depositional environ-
ments for this oil shale interval [8,12,18,19]. Recently, a compound-specific isotope study
indicated a dramatically wet climate occurred during the Santonian—-Campanian transition
(roughly corresponding to the oil shale interval in lower Kon?) [27]. The rapid hydro-
climate change might cause high TOC content through enhancing terrigenous nutrients
into the lake [22,27]. However, the geochemical records from the composite section in
southern Songliao Basin raised another possible organic-rich explanation for the Kon? oil
shale interval [23,24]. Therefore, the relationship between the depositional environments
and the development of organic-rich sediments within the Nenjiang Formation is still
ambiguous [19,24]. A comprehensive understanding of the mechanism of the formation of
the organic-rich strata (i.e., Nenjiang Formation) is essential for further oil/gas exploration
in the Songliao Basin.

{2) Zk3389 (b) LY-1 {d}Composite
\@ 0‘5‘ & N Vi 4—_ i section
& & ToC £ P TOC ’
<F Ny & & 7/
05 10 15 F T 0 5 10 15 [/
: ‘ N i e
T , —_——r——— {c)SK-1s
< son i & &
o
2 g 5
; ™
540 o 100 1 ©
¥ 83.00 )
(&)
580 150 ]
A —
% 2
620 1 200==
| ;|
660 & L 250 L o~
< | 1 i
S = =
2 o ~ oEm 1 S
. 4 o - .
7 : o
v 8 P wE . ,
¥ . :
? @
- S S
Mudstone Qilshale | -+ Silty mudstone O
|~ Silislone |+« + Sandstone

Figure 2. TOC chemostratigraphic records from the Nenjiang Formation and stratigraphic correlation with four sets of TOC
records based on the TOC variation patterns. (a) The TOC curve from Zk3389 well [8]. (b) The TOC records from the LY-1
drilling core [18]. (c) The new TOC records from SK-1s. (d) The TOC records compiled from the composite section [7].

Here, we provide new TOC data in Nenjiang Formation from the SK-1s core and
simultaneously compile the published TOC data from another two drilling cores (i.e.,
Zk3389, LY-1) and a composite outcrop section located in the southeastern Songliao Basin
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(Figure 1). Moreover, we compile the published biomarker, element concentration, redox
proxies, and paleo-salinity proxies (Table 1) to discuss (1) the controlling factors to the
formation of the organic-rich strata; (2) the spatial difference of sedimentary environment in
the first and second members of the Nenjiang Formation; (3) the formation mechanisms of
oil shale intervals in the first and second members of the Nenjiang Formation, respectively.

Table 1. Definition of paleoenvironmental proxies used in this study.

Proxies Definition

Total organic carbon (TOC) content for whole rock sample, the TOC
TOC content is an important proxy for predicting the presence of oil shale and
has widely been used in petroleum geological field.

Phosphorus (P) contents are linked to primary productivity, because P is

P the limiting nutrient in lakes.
Pr/Ph has been widely used as an indicator of depositional redox
Pr/Ph conditions, with Pr/Ph > 3 indicative of oxic to suboxic depositional

conditions, while Pr/Ph < 0.8 indicates saline to hypersaline and/or
anoxic conditions.

The Sr/Ba ratio is widely regarded as an empirical indicator of
Sr/Ba paleosalinity. A high Sr/Ba ratio reflects high salinity, and a low Sr/Ba
ratio indicates low salinity.

Vanadium (V) and nickel (Ni) are important indicators for the redox
conditions. V is usually enriched in comparison with Ni in anoxic

V/Ni environments. Generally, a high V/Ni ratio reflects reducing conditions,
and a low ratio indicates oxidizing conditions.
CI Gammacerane index (GI) is widely regarded as an empirical indicator of

paleosalinity and possibly a marker for photic zone anoxia.

Methyltrimethyltridecyl chromans (MTTCs) are structurally similar to
MTTC tocopherols (vitamin E) but with a hydrogen replacing an OH at C-6. The
MTTC ratios are widely used as indicators of paleosalinity.

Ca/Mg ratios in sediments can provide information on salinity variation
Ca/Mg during their deposition. High values have been considered to reflect
saline water.

2. Geological Background

The Songliao Basin is located in northeast China and covers an area of roughly
260,000 km? in the Liaoning, Jilin, and Heilongjiang provinces (Figure 1). The basin trends
in NNE direction and geographically lies between 119°40’ E to 128°24' E and 42°25' N to
49°23' N [3]. A long-lived Jurassic to Cretaceous stratigraphic record was preserved in
a deep back-arc rifted sag basin [3,28]. The Mesozoic-Cenozoic terrestrial strata with an
uneven thickness consist of volcanic, volcaniclastic, alluvial-fan, fluvial, and lacustrine
sediments (Figure 2) [29]. An ICDP drilling project recovered a sedimentary succession
spanning the mid-Turonian to Campanian in two cores (SK-1s and SK-1n) in 2009 [3].
The SK-1s hole has intercepted four formations, ranging from Member 3 of the Quantou
Formation (K,q?) in the bottom to Member 2 of the Nenjiang Formation (K;n?) at the top.

The Nenjiang Formation, which is the focus of this study, was sub-divided into five
members, but only Members 1 and 2 developed organic-rich sediments. Members 1 and
2 of the Nenjiang Formation consist of grey to black mudstones and inter-bedded with
many thin and ellipsoidal dolomite beds [30]. The depositional environment of Members
1 + 2 of the Nenjiang Formation was regarded as a deep lacustrine facies [2]. The studied
interval in the Nenjiang Formation spans the Santonian to Campanian of the Late Creta-
ceous period. Its age model is well constrained by biostratigraphy, magnetostratigraphy,
cyclostratigraphy, and U-Pb radioisotope geochronology [6,31-33].
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3. Methods

Samples for this study were collected from SK-1s at a uniformly spaced 1 m from the
first and second members of Nenjiang Formation. A total of 157 samples were collected
from the 157 m (1127-970 m)-thick core in the core repository of the China University of
Geosciences (Beijing). The samples were cleaned with distilled water, dried at 50 °C, and
then, crushed to 200 mesh. The 2N HCL was added to approximately 0.5 g of sample pow-
der and allowed to react for ~24 h to remove the carbonate fraction. The residues, including
siliciclastic grains, pyrite, and organic matter, were then washed with deionized water until
solutions reached neutral pH prior to drying in a 60 °C oven overnight. The dried residues
were quantified in order to calculate % carbonate in the bulk samples; aliquots of between
0.5 and 5 mg were weighed into tin cups for organic carbon determinations.

Measurements for organic carbon abundance was packed with chromium oxide and
silvered cobaltous/cobaltic oxide and heated to over 950 °C. The analyte also flowed
through a second column at 950 °C packed with high-purity reduced copper wire for
quantitative reduction in NO, and N,O and O, resorption, as well as a Mg(ClOy);, desiccant
column to remove water. The CO, was separated from other gases with a 3-meter stainless
steel GC column packed with Porapak-Q heated to 60 °C.

Standard samples were measured between each set of 6 samples and uncertainties
for each analytical session based on these standard analyses were determined to be better
than 0.2%o, for organic carbon abundance composition. Total organic carbon contents were
calculated by quantifying the % carbonate in the bulk samples and IRMS CO, peak areas
relative to those from measured amounts of standards. The TOC content was analyzed by
Vario E L Cube organic element analyzer in the State Key Laboratory of Marine Geology,
Tongji University, Shanghai.

4. Results and Discussion

The Nenjiang Formation have been conducted comprehensive research on geology,
sedimentology, geochemistry, paleontology, and paleoclimate, but there is a lack of high-
resolution geological records and spatial correlation research, thus understanding of the
mechanism of oil shale formation in Nenjiang Formation is still insufficient. Here, we
provide high-resolution TOC data and compile published geochemical data for spatial
comparison and, further, comprehensively discuss the division, distribution, and formation
mechanism of the oil shales.

4.1. TOC Variations and Spatial Correlation

Chemostratigraphic correlation is mainly based on the geochemical records and their
variation trend, abnormal characteristics (extremum), and event signals. Especially in
marine stratigraphic records, chemostratigraphy is extensively used, including carbon
isotope stratigraphy, oxygen isotope stratigraphy, strontium isotope stratigraphy, etc. As
the largest sedimentary basin in East Asia during the Cretaceous period, the Songliao
basin has great potential for multi-temporal and spatial scale geochemical comparative
studies [1,9,10,34]. Jones et al. (2018) compared the organic carbon isotope data of the
Qingshankou Formation with the western interior basin in North America and revealed
oceanic anoxic event 3 (OAE3) in the continental sedimentary basin for the first time. The
Songliao basin has the biggest lake areas and relatively stable geochemical characteristics
during the deposition of the Nenjiang Formation, thus it is possible to conduct stratigraphic
correlation research within the basin [15].

In this study, we established the high-resolution TOC chemostratigraphy of the first
and second members of Nenjiang Formation. Combined with the previous research
results, we made a comparative study of TOC records and further revealed the consistency
and difference characteristics of organic carbon burial in the Nenjiang Formation of the
Songliao basin.

In general, the trend of TOC data of the first and second members of the Nenjiang
Formation in the SK-1s well is consistent with the previous results [7,12], but with more
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abundant high-frequency variations characteristics (Figure 2). Song et al. (2013) divided the
TOC values from the Nenjiang Formation into four sections in SK-1s. In this part, we adopt
their division scheme to describe the change in TOC. Part I (1128-1117 m): the TOC content
in this section firstly increased and then decreased, with an average of 4.9% and reached
to the maximum at 11.26%; part II (1116-1099m): the TOC content in this part is very
low, ranging from 0.44 to 1.41%, with an average of 0.9%; part III (1099-1026 m): the TOC
content of this section has changed greatly and presents a decreased trend with fluctuated
variations, with an average content of 3.5%; part IV(1025-973 m): this part includes all
the TOC records of the second member of Nenjiang Formation in SK-1s hole. From the oil
shale interval, the TOC content is extremely high and rapidly decreases upward, basically
maintaining a relatively stable TOC values (2-3%).

The strata of Nenjiang Formation can be comparative in the whole basin. We collected
two wells (Zk3389 and LY-1) and one composite profile and compared their strata according
to the TOC datasets with SK-1s TOC records. Among them, the oil shale at the bottom of
the second member of the Nenjiang Formation is not only comparable from lithological
viewpoint in the whole basin, but also consistent in high TOC value, so it can be used as a
marker layer for stratigraphic correlation within the Nenjiang Formation [4,35]. In Zk3389,
the variation trend of TOC data of the Nenjiang Formation shows two cycles from high
value to low value, and the two high values of TOC represent two potential oil shales [8,18].
In LY-1 well, the variation trend of TOC is basically consistent with that of SK-1s. It is
obvious that there are three organic rich intervals, which may indicate three potential oil
shale layers. In the composite profile, the most obvious characteristic is that the bottom of
Kon? has a high TOC content; meanwhile, the bottom of Kon! also has about 10 m thick
high TOC intervals. These two sets of high TOC intervals may represent two layers of
oil shale.

Combined with the TOC records of SK-1s, we made horizontal correlation and strati-
graphic division of the four sets of TOC data according to the correlation principles of
chemostratigraphy. We defined the TOC change pattern from high value to low value and
then shift to high value as a complete cycle. Exemplified from the SK-1s, we divided the
TOC curve into three cycles (Figure 2). In the other three TOC data records, the TOC profile
from well LY-1 also has three cycles. However, Zk3389 and the composite section TOC data
can only be divided into two TOC change cycles, which may indicate the presence of strata
hitas. According to our comparison results, we noticed that the TOC curves from Zk3389
and profile are lack of oil shale interval at the bottom of Kon!. From the high TOC values
records in the middle of Kpn!, the general trend of the four TOC datasets shows a high
degree of consistency.

As mentioned above, the oil shale intervals in Nenjiang Formation are consistent well
with the high TOC values [8,18], although their results have only evaluated two potential
oil shale intervals in the Nenjiang Formation due to the low resolution of TOC data or
presence of strata hitas. Additionally, the lithological associations of Nenjiang Formation
mainly consist of grey to black mudstone, and their TOC background values are basically
below 3%, while the oil shale intervals have extremely high TOC content, which can
reach ~14% (Figure 2). Therefore, we conclude that the TOC content could be a useful
indicator, in part, for predicating the presence of oil shale in Nenjiang Formation. Besides,
TOC content as an indicator for shale oil presence also has been used in Bohai Bay Basin
(Shahejie Formation), Sichuan Basin (Wufeng and Longmaxi Formation), and Junggar
Basin (Lucaogou and Fengcheng Formation). Therefore, according to the TOC values,
we have identified three potential oil shale intervals in the Nenjiang Formation from the
SK-1s well; they are located at the bottom of Kon! member (1125-1115 m), the middle of
Kon! member (1099-1070 m), and the bottom of Kon? member (1024-1016 m) (Figure 2).
Obviously, the distribution of the three high-TOC segments is different among the four sets’
records. Collectively, the oil shale in K2n2 is relatively stable throughout the whole basin,
with an average thickness of 10 m. The oil shale in the middle of Kn! with an average
thickness up to 20 m and characterized by “thick in the south and thin in the north”. While
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the oil shale in the bottom of Kpn! is relatively thin, generally 3-5 m, only in SK-1s drilling
core, the thickness can reach to 10 m.

Based on the oil shale thickness information, average TOC values, and the distribution
areas of oil shale [36], we can roughly calculate the amount of organic carbon burial flux
in the north part of Songliao Basin. Because of the incomplete development of the oil
shale interval in the bottom of Kon! and lack of distribution area information, we only
calculate the two oil shale intervals in the middle of Kon! and bottom of Kyn?. The oil
shale in the middle of Kon! has an average thickness of ~20 m and a distribution area
of 21,000 km?, with an average TOC of 3.85% (calculated from three drilling cores and a
composite section). The calculated organic carbon burial of the oil shale in the middle of
Konl is 4.0 x 10'® gC (Table 2). Using the same calculation formulation, we have obtained
the amount of organic carbon burial flux (2.6 x 1016 gC) of oil shale interval in the bottom of
Kon? (Table 2). Taking the oil generation efficiency (~348 mg/g) into account, the potential
unconventional oil resources of Nenjiang Formation can reach to 229 x 108 t, which is very
close to Wu et al. (2019) calculation results (i.e., 211 x 108 t).

Table 2. Organic carbon burial in two oil shale intervals of Nenjiang Formation in north part of
Songliao Basin.

The Middle of Kpn! The Bottom of K;n?
Area (Km?) 21,000 20,000
Thickness (m) 20 10
Average TOC (%) 3.85 5.2
Oil shale density (g/ cm?) 25 2.5
OC burial (gC) 4.0 x 10 2.6 x 1010
Total OC burial (gC) 6.6 x 106

4.2. The Controlling Factors for Organic Matter Enrichment in the Nenjiang Formation

The enrichment of organic matter and the formation of oil and gas resources are very
complex processes, involving many interrelated sedimentary processes and controlling
factors. Generally speaking, primary productivity, preservation conditions, and dilution
of terrigenous detritus are the three most important factors affecting the enrichment of
organic matter in the lake catchment [11]. These three factors are closely related to the
global/regional climate change and lake water biogeochemical characteristics [18]. More-
over, recent studies also state clearly that the driving force of astronomical orbit controls
the enrichment of organic matter [14,37,38]. The Songliao Basin, as the largest paleolake in
East Asia during the Cretaceous, is rich in oil and gas resources. The mechanisms related
to enrichment of organic matter have been extensively studied. Lacustrine water column
salinity stratification during the Qingshankou and Nenjiang Formations facilitated the
formation of dysoxic—anoxic conditions at the lake bottom, favoring organic matter preser-
vation and carbon sequestration into organic-rich black shale [1,8,12,13,18,22]. However,
the relationship between the change in bottom water conditions and the enrichment of
organic matter is still controversial (e.g., Qingshankou Fm. [1]). In this study, we compiled
salinity, redox, and other indicators that matched with TOC data to discuss the relationship
between bottom water environments and the TOC variations.

In Zk3389, the redox index (V/Ni; Pr/Ph) in Kon! and K;n? shows two different
trends. In Kon'!, the redox proxies indicate a partial reduction in bottom water environment,
while in Kon?, more oxidation environment was inferred from the V/Ni and Pr/Ph paleo-
redox indicators. The salinity index (Sr/Ba; MTTC, GI) of Kon! and Kyn? also showed
obvious differences. Generally, the salinity of Kon! was higher than that of Kon?. In
addition, the salinity index and redox index have a good synergistic change, which may
indicate the causal relationship between salinity stratification and anoxic environment
(Figures 3 and 4).
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gammacerane index (GI). (a) The Zk3389 TOC and P element content [8]; (b) The oxygenation indicators (V/Ni and Pr/Ph)
from Zk3389 core samples [8]; (c) The salinity proxies (GI, Sr/Ba and MTTC) of Zk3389 [8]; (d) The TOC content of LY-1
core [18]; (e) The salinity proxies (Sr/Ba and Ca/Mg ratios) of LY-1 drilling core [18]; (f) The TOC content of SK-1s core;
(g) The Pr/Ph ratios as a oxygenation index for SK-1s [13]; (h) Paleosalinity biomarker proxies (MTTCI and GI) of SK-1s [13];
(i) The TOC content of the composite section [7]; (j) The oxygenation proxies (Pr/Ph, GI) of the composite section [7]. The
pink arrow (D—@®) in the picture: the three change cycles of TOC.
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Figure 4. Cross-plot of paleoenvironmental proxies for the Nenjiang Formation in the Songliao Basin. (A) Correlation
analysis of the TOC and Pr/Ph ratios for the Nenjiang Formation samples from SK-1s. (B) The MTTCI and Pr/Ph cross plot
indicated a salinity stratified bottom water conditions for Kyn;. (C) Cross-plot of TOC versus Sr/Ba ratios for the LY-1 and
Zk3389 wells, showing different enrichment mechanism of organic-rich sediments between Kon! and Kpn?.

The paleosalinity proxies from LY-1 revealed similar salinity features by comparing
them with the Zk3389 drilling hole records (Figure 3). In the three TOC cycles, redox
indicators from the SK-1s presented distinct variabilities. In cycle 1, the high TOC interval
is associated with the reduction bottom water environments, while low TOC corresponds
to the oxygenated bottom water conditions. In cycle 2, The bottom water condition is
reductive, and the TOC data present a fluctuating decreased trends. Therefore, in this
interval, the preservation conditions may not the only controlling factor for formation of the
high TOC value, the productivity of the lake or terrestrial input may also have an impact
on the change in TOC. In addition, the salinity index also shows high-frequency variations
in this section, which may indicate the periodic input of fresh water. However, the redox
index from the composite section has little change in the first and second members of the
Nenjiang Formation, which cannot be used to evaluate the redox information recorded in
the section.
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In summary, the geochemical data from drilling holes seem more suitable to reflect
the relationship between lake bottom water environments and TOC variations than profile
records. The salinity stratified and anoxic bottom water environments in K,n! basically
corresponds to the high TOC intervals (Figure 3). While the oil shale interval in Kyn? was
featured by low salinity and relatively oxidized bottom water environments. Therefore,
the formation conditions of the high TOC intervals in Kon! and Kyn? seem different, which
may represent two mechanisms of organic matter enrichment.

The bottom water environments of the Kon! are more conducive to the preservation
of organic matter. According to the P concentration from Zk3389, the productivity change
in the first Nenjiang Formation is not obvious and basically remains stable (Figure 3).
Therefore, the productivity has little effect on the enrichment of TOC. The enrichment of
organic matter in the Kon! is mainly due to favorable preservation conditions. Previous
studies have shown that the high salinity, stratified, and anoxic bottom water environment
may be caused by intermittent transgression provided a favorable preservation condition
for organic matter preservation. In recent years, marine fossils, biomarkers, and isotopes
from the Kpn! indicate that intermittent transgression occurred in the Songliao Basin during
the Nenjiang Formation [5,12,21-24,39]. When the high-salinity seawater enters the lake, it
would cause a series of changes in the biochemical balance of the lake water body. This
process has been discussed by a recent study [40]. However, the understanding of the
enrichment model and its phase characteristics between transgression events and TOC
variations are still deficient and need future evaluation.

The water environment of the oil shale at the bottom of Kon? is quite different from that
of Kon!. According to the P concentration from the Zk3389 well, the primary productivity of
the lake in this period is higher than that of Kyn?, although the water environment is more
oxidized (Figure 3). When the primary productivity is very high, the deposition rate and
amount of organic matter will increase correspondingly. When the organic matter settles to
the bottom of the lake, part of the organic matter is decomposed and oxygen is consumed;
however, due to the high deposition rate, a large amount of organic matter is still buried
and preserved [41]. P is a relatively poor nutrient element in lake environment, mainly
from terrestrial input [42]. The high content of P element in oil shale of Kon? may represent
an intensive terrestrial input. Gravity flow deposits were also developed in this period [43].
Besides, the hydrogen isotopes of n-alkanes also show abnormal variation under the
oil shale strata, indicating the abnormal water circulation process in this period [26].
Therefore, this evidence may indicate that the hydrological cycle of the Songliao Basin
was strengthened and the source-to-sink system was changed, resulting in an increased
terrestrial input, and ultimately leading to the lake became eutrophic. Therefore, the
“productivity” model is the dominant factor for the formation of oil shale in Kyn?.

5. Conclusions

In this study, we provided a new high-resolution TOC record from SK-1s core and
compiled another three records from two drilling holes and a composite outcrop section to
discuss the organic carbon burial mechanisms in the Nenjiang Formation. Three potential
oil shale layers are present in the Upper Cretaceous Nenjiang Formation of the Songliao
Basin. The oil shale interval in Kyn? was a marker layer, which can be tracked in the whole
basin. Therefore, based on the marker layer and the geochemical data variation patterns,
we have correlated the four sets of geochemical records and discussed their similarities and
differences in response to depositional environments. Excellent preservation conditions
were responsible for the formation of the organic-rich sediments in the oil shale in Kon!,
while primary productivity is the major controlling factor for OM enrichment in the oil
shale layer in Kon?.
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