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cially the Qingshankou Formation of the Turonian and Coniacian stages, provides a unique record for studying the
role of global climate control on organic matter accumulation. Organic enrichment in the Qingshankou Formation
along the Southeastern Uplift of the basin has been widely reported and is implicated in the formation of algal
blooming and a saline anoxic water environment. However, studies on the Qingshankou Formation in the Changling
Sag are relatively few, which leaves a significant gap to understand the controlling factors of organic enrichment at a
basin scale. In this study, the sedimentary environment of the first member of the Upper Cretaceous Qingshankou
Formation (K,qn') is reconstructed from petrological and geochemical data to discuss the sources and
preservation mechanisms of lacustrine shale organic matter in the Changling Sag (southern Songliao Basin). The
K,qn' is subdivided into three stratigraphic units: Sq1 phase, Sq2 phase, and Sq3 phase. Biomarker (abundance of
tricyclic terpane and regular steranes) and petrographical (maceral composition) data indicate that the organic
matter in K,qn' was mainly from terrigenous plants, with some algal input. Inorganic minerals (major and trace
elements) and petrological (framboidal pyrite size) data suggest a humid climate and saline anoxic water
environment at the Changling Sag during the most organic-rich Sq1 phase. During the Sq2 and Sq3 phases, a relative
low lake level and semi-arid climatic conditions likely prevailed. Moreover, these results imply that apart from a sa-
line anoxic water environment, the persistence of continentally derived organic matter in lacustrine shale is mainly
controlled by clay minerals. Accordingly, this study proposed a new enrichment model for lacustrine shale organic
matter. The new model complements existing lacustrine shale sedimentary models for sources of organic matter
and emphasizes the role of clay minerals in preserving organic matter.
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1. Introduction

The factors affecting organic matter enrichment include climatic fluc-
tuations and corresponding hydrodynamic conditions, source mixing and
organic matter flocculation (Neumeister et al,, 2020; Khaled et al., 2022).
For example, a sedimentary environment similar to the modern Black Sea,
characterized by high salinity, anoxia, and the predominance of organic-
rich black mud, facilitates the formation of organic-rich shales. Accord-
ingly, a “Black Sea Mud” sediment model has been proposed (Tourtelot,
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1979). However, shale can form not only in marine environments, but
more broadly in transitional, and terrestrial sedimentary environments
(Tourtelot, 1979; Zou et al,, 2013; Wu et al., 2021). The “Black Sea Mud”
model cannot explain the origin of organic-rich shale in continental facies.
Subsequently, additional sedimentary models have been proposed for
organic-rich black shales (Zou et al., 2013). These models share similari-
ties in sedimentary mechanisms, which involve (i) rapid lake-level rise
(due to Earth's dynamic processes, including climate change) that cre-
ated extensive anoxic conditions in the deep water and drove the oxy-
gen minimum zone toward shallow water, (ii) consequent enhanced
productivity in shallow water led to an excess supply of organic matter
and excessive oxygen consumption, and (iii) as a result, the intermit-
tent surface water anoxia, accelerating organic matter settling, burial,
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and preservation ultimately helped to form organic-rich shales. How-
ever, these sedimentary models do not address organic deposition and
preservation (especially the unique role of clay minerals) in the context
of paleoenvironmental changes.

The Cretaceous was characterized by greenhouse climate in geolog-
ical history, including a series of significant geological events, which oc-
curred at the Cenomanian-Turonian boundary, such as the Oceanic
Anoxic Event 2 (Sageman et al., 2006), high sea levels (Jenkyns, 2010),
the absence of sustained ice sheets (MacLeod et al., 2013), and the for-
mation of large igneous provinces (Scaife et al., 2017). These have led
to global development of organic-rich shale in this specific period in
the Cretaceous (Owens et al., 2018). In recent years, the formation envi-
ronment of organic-rich shale in the Western Tethys, original North At-
lantic, and South Atlantic shallow sea areas has been examined in detail
(Demaison and Moore, 1980; Kuypers et al., 2001; Schouten et al.,
2003), which provide an important reference for exploring the relation-
ship between global environmental change and deposition of organic
matter. However, most of these climate change records have been
obtained from marine sediments (Hasegawa et al., 2003); there is rela-
tively limited understanding of the terrestrial climate records, particu-
larly in East Asia (Fig. 1a).

The Songliao Basin is the largest Mesozoic—Cenozoic continental oil
and gas basin in Northeast China, with well-developed Cretaceous
strata (Feng et al., 2010; Wang et al., 2013; Xi et al., 2016). Thick
organic-rich shales in the Upper Cretaceous Qingshankou Formation
are widely distributed and form a unique sedimentary stratum in the
basin (Wang et al., 2020). In particular, shales extremely enriched in or-
ganic matter have been discovered from the first member of the
Qingshankou Formation (K,qn') in the Central Depression, confirming
their great potential for shale oil and gas exploration (Zhao et al.,
2020; Liu et al., 2021; Li et al., 2024). Previous studies have generally
believed that the organic matter enrichment in the Qingshankou
Formation is related to the formation of algal blooming and saline
anoxic water environment (Feng et al.,, 2009, 2011). Under this
context, organic accumulation is favored in muddy sediments under
conditions of relatively excessive organic matter supply, relatively
slow sedimentation rates, and bottom water oxidation. However, the
organic matter settled in sediments can continue to undergo oxidative
decomposition or be further degraded by microorganisms through
processes such as fermentation, anaerobic respiration, and alkane
production (Kennedy et al., 2002; Lalonde et al., 2012; Hemingway
et al., 2019). Therefore, the long-term preservation mechanism of
organic-rich shales is worth further exploring.

To fill this gap, we studied core samples from the Changling Sag in
the southern Songliao Basin. The aims are to: (1) reconstruct the shale
sedimentary environment of the K,qn!, (2) establish a sedimentary
model in different sedimentary environments, and (3) propose a
“source-preservation” enrichment model for organic matter.

2. Geological setting

The Songliao Basin, situated in the northeastern part of China, ex-
tends in a north-northeastern orientation and covers an area of approx-
imately 26 x 10% km?. It is a large composite sedimentary basin
characterized by tectonic complexity (Feng et al., 2010; Zhang et al.,
2018). In the Changling Sag located in the southern Songliao Basin
(Fig. 1b), three stages of structural evolution are observed: rifting, sag-
ging, and inversion. The basement is comprised of late Paleozoic to
early Mesozoic metamorphic rocks and contemporaneous igneous
rocks (Fig. 1c). The basin hosts primarily Cretaceous strata, reaching a
maximum thickness of 7000 m (Feng et al., 2010).

During the early deposition of the Qingshankou Formation (K,qn), the
lake reached its maximum depth and extent, spanning an area of
approximately ~87 x 10° km? (Feng et al., 2010). In the center of this
lake basin, a suite of organic-rich deep lacustrine black shales were depos-
ited (Zhang et al., 2022) (Fig. 1d). The Qingshankou Formation is

Sedimentary Geology 466 (2024) 106649

subdivided into three members (K»qn', Koqn?, and K,qn®) based on
lithology (Fig. 2).

Well A in the Changling Sag was a drilling operation specifically
targeting the semi-deep to deep lake facies within the shale segments
(Fig. 1d). Comprehensive analysis of core samples and well logs was
conducted to identify and characterize the sequence interfaces of the
K,qn'! interval in the context of land-based deepwater sedimentation
and the Transgressive-Regressive cycle sequence theory (Abouelresh
and Slatt, 2012). The K,qn' interval was subdivided into three units
(Sq1 phase, Sq2 phase, Sq3 phase) (Liu et al., 2019b; Zhang et al., 2022).

3. Material and methods

A total of 34 dark gray and gray-black shale samples representative
of the main lithological units were selected from a depth range of 2360-
2468 m. Each of these samples was subjected to scanning electron mi-
croscopy (SEM), X-ray diffraction (XRD), and Rock-Eval pyrolysis anal-
yses to determine shale composition and properties. Additionally, based
on the total organic carbon (TOC) distribution, 20 representative sam-
ples with TOC contents spreading over the entire range were selected
for X-ray fluorescence (XRF), biomarker, and organic petrographical
analyses to provide further insights into shale geochemical features.

3.1. Total organic carbon (TOC)

To avoid contamination, weathered or contaminated surface mate-
rials were removed from the samples by cutting. Fresh samples were
then crushed and pulverized to 200-mesh powders. To remove carbon-
ate minerals, the samples were immersed into 10 vol% hydrochloric acid
(HCI) and subsequently thoroughly washed by distilled water to neu-
tralize any remaining HCI (Ma et al., 2020). The samples were then
dried in an oven at 70-80 °C. Before analysis, tungsten and iron acceler-
ants were mixed with the sample powders. The TOC content of each
sample was finally determined using a C-744 carbon analyzer.

3.2. Rock-Eval pyrolysis

100 mg sample powders were precisely weighed and analyzed using
a Rock-Eval 6 plus pyrolysis analyzer. The samples were programmed to
be heated from 300 °C (held for 3 min) to 650 °C with a heating rate of
50 °C/min. During this process, hydrocarbon abundances, including
S; (volatile hydrocarbon content) and S, (remaining hydrocarbon
generative potential), were quantified using a flame ionization
detector. To identify the peak generation of hydrocarbons, the Tpax
(calibrated temperature of maximum pyrolysis yield, °C) was carefully
recorded. The hydrogen index (HI, mg HC/g TOC) was then calculated
using the formula: HI = (S2 x 100) / TOC (Liu et al., 2019a).

3.3.XRD

The samples were first ground in an agate bowl and then sieved to
select powder with a particle size of 200 mesh. For the analysis, approx-
imately 2 to 3 g of each sample was used. The obtained powders were
dried, disaggregated and then filled into aluminum sample holders. Ad-
ditionally, a distinct portion of each sample was dispersed in a diluted
sodium phosphate solution through the use of a sonic probe. XRD anal-
ysis was conducted using a Bruker D8 Advance goniometer (Liu et al.,
2019b). The relative mineral percentage, determined by calculating
the area of the main peak, was corrected for Lorentz polarization
(Chalmers and Bustin, 2008).

3.4. Major and trace elements
Powder samples were first combusted in a muffle furnace at tempera-

tures exceeding 1000 °C for 3-4 h (Huang et al., 2023) to calculate the loss
on ignition (LOI). For the analysis of major oxides, eight doses of lithium
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Fig. 1. Geological setting of the study area. (a) Locations of the OAE2 sections in the continents and drilling sites in the oceans (yellow dots) (Boulila et al., 2020); (b) structural distribution

of Songliao Basin; (c) structural cross-section of the Songliao Basin (Feng et al., 2010) and (d) sedimentary facies map (Liu et al., 2021).
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Fig. 2. Lithostratigraphy and sequence stratigraphy of the Kqn'.

tetraborate (Li;B407) were introduced, fused into glass beads, and
subjected to analysis using a PANalytical PW2424 X-ray fluorescence
(XRF) spectrometer. The analytical error remained below 5 %. Trace ele-
ment analysis involved two batches. One batch underwent examination
with an Agilent VISTA plasma emission spectrometer (ICP-AES) and an
Agilent 7900 inductively coupled plasma mass spectrometer (ICP-MS)
following the addition of perchloric acid, nitric acid, and hydrofluoric
acid. Another batch was added with LiBO,/Li,B40; solvent and then
melted at 1025 °C. After cooling down, it was analyzed by an Agilent
7900 inductively coupled plasma mass spectrometer (ICP-MS). The
concentrations of trace elements were derived by averaging the results
from the two analyses, which gave an error of <10 %.

3.5. Organic petrography

Microscopic observations were conducted using a Leica DM6000M
microscope. For detailed examination, polished sections of the samples
were immersed in oil (with a refractive index of 1.518) for the examina-
tion under an optical microscope. During the analysis, both white light
and fluorescence illumination methods were employed for the identifi-
cation of microscopic components (Flores et al., 2010). Maceral compo-
sition analysis was carried out using reflected white and fluorescent
light under a 50x objective. A total of 500 points per polished block
were counted using the singlescan method (Zhang et al., 2021).

3.6. Biomarker analysis

Saturated hydrocarbon analysis was performed using a Clarus 500
gas chromatography-mass spectrometer, which was equipped with an
HP-5MS fused silica capillary column (60 m x 0.25 mm x 0.25 pm).
The specific chromatographic temperature program implemented was

80 °C-150 °C-310 °C. Helium served as the carrier gas (Misch et al.,
2015). Before analysis (Fowler et al., 1995), the extracted soluble
organic matter underwent processing with chloroform/methanol
(87:13, v/v). It was then separated into saturated hydrocarbons, aro-
matic hydrocarbons, and polar compounds (including asphaltenes).
The saturated fraction was subsequently dissolved in hexane for gas
chromatography-mass spectrometer analysis.

4. Results
4.1. Lithology and sedimentary characteristics

Detailed descriptions, photographs, and sediment particle size analy-
sis from 107 m of core samples that penetrated the K,qn' are shown in
Fig. 2. The lithology of the Sq1 phase is predominantly characterized by
black shales, which frequently intercalated by silty intervals. The Sq2
and Sq3 phases are primarily composed of gray-black shales,
interspersed with thin layers of gray silty mudstones. Multiple
sedimentary intervals composed of both normal grading and inverse
grading in ascending order can be observed over the depth of 2430-
2440 m. At a macroscopic level, with an average thickness of around 0.9
cm, the demarcation between the lower reverse grading and upper
normal grading is clearly discernible. This boundary is characterized by
the presence of the highest concentration of larger clasts and a slightly
lighter coloration in the central region. Nevertheless, internal wave
erosional surfaces and microerosional surfaces can still be observed
(Fig. 3a), which are possibly related to the intensity of event-driven depo-
sition or erosion during rapid rise of lake level (Yang et al., 2017).

The alterations in color and grain size are more distinctly observable in
thin sections than in core samples. Under a microscope, the boundaries be-
tween normal grading and inverse grading become distinct, and the grain
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size and clay component become easily discernible. The coarsest quartz
grains are concentrated at the level separating normal grading from in-
verse grading (Fig. 3b). As the interval transits from inverse grading to nor-
mal grading, the content of coarse quartz grain increases, with individual
grain diameters reaching their maximum. In the zones between each ero-
sional surface, the highest concentrations of coarsest quartz grains and or-
ganic matter are noted to be higher (Fig. 3b, c). These erosional surfaces
can be classified into two types: wavy bedding and low-amplitude wavy
bedding. The interlayer erosional surfaces are present (Fig. 3b), but ero-
sional contacts within the sequence are unclear or missing, and the inter-
faces between layers are nearly parallel (Fig. 3c).

4.2. Mineralogical features

The mineral assemblage primarily consists of quartz (13.8 % to 76.6 %,
avg. 38.0 %), clay minerals (10.4 % to 60.4 %; avg. 43.1 %), and pyrite (0.6 %
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to 4.7 %; avg. 2.0 %), with minor amounts of carbonate minerals (such as
calcite, dolomite, siderite) (Fig. 4a). The quartz content in the Sq3 phase
(avg. 49.0 %) is much higher than those in the Sq2 phase (avg. 39.0 %)
and the Sq1 phase (avg. 34.7 %). The clay content (avg. 45.5 %) and pyrite
content (avg. 2.2 %) in the Sq1 phase are only slightly higher than the
other phases (Fig. 4a). The lithofacies types are siliceous shale and argilla-
ceous shale, with argillaceous shale exhibiting higher TOC content
(Fig. 4b).

4.3. Major and trace element characteristics

Table 1 presents the major and trace element data. The four major
elements are SiO, (avg. 55.8 %), Al,O3 (avg. 16.5 %), Fe,03 (avg. 5.4 %),
and CaO (avg. 2.6 %). When compared with the average major
element concentrations of the upper continental crust (UCC), the
K,qn' shale has lower contents of MgO (avg. 2.3 %), CaO (avg. 2.6 %),

/

Fig. 3. Sedimentary macroscopic characteristics and micro features of the K,qn'.
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Fig. 4. Characteristics of shale lithofacies of the K>qn'. (a) Whole-rock mineral distribution

and P,0s (avg. 0.13 %), while the contents of SiO, and Al,05 are close to
the UCC values.

The major large ion lithophile elements (Rb, Sr, Th, U, Ba) show
similar concentrations to the UCC, except for a slight depletion in Sr.
However, the transition metal elements (Ni, V, Cr, Co, and Cu) show rel-
atively weak enrichment. The element with the highest concentration

Table 1
Major and trace element compositions of the K,qn'.

Silty Silty Mudstone Shale
mudstone
’ e ] = [
Argillaccous, Siliceous
shale % shale Total Quartz+ Total Pyrite
#/\_ﬂ carbonate Feldspar clay

characteristics of the K,qn'; (b) triangular plot of whole-rock mineral composition of the K,qn'.

in the samples is Ba, ranging from 349 to 732 pg/g (avg. 448.55 ng/g).
While most trace elements show relatively constant concentrations,
Cu, Sr, and Ba exhibit significant variations. The Ba content in the Sq1
phase (avg. 437.6 ng/g) is higher than those in the Sq2 phase (avg.
439 ng/g) and the Sq3 phase (avg. 361.5 pg/g); the Sr content in the
Sq1 phase (avg. 349.4 pg/g) is also slightly higher.

Phase Depth/m Major elements (%) Trace elements (ug/g)

Si0,  ALO3 TiO, P,0s Fe,03 CaO MgO LOI Ba

Zr Sr Rb Zn Cu Ni Cr \Y Co Th U

Sq3 2361.03 4925 1471 034 006 531 752 354 9.87 351.00
236840 56.19 17.11 038 0.07 576 233 214 1286 372.00
Sq2 239920 5727 1794 066 013 560 089 206 9.06 415.00
2401.90 5850 17.71 0.78 028 393 1.11 185 7.47 432.00
241110 5334 1528 037 008 476 6.67 196 893 418.00
241186 5549 1648 0.64 0.18 5.17 299 215 11.04 438.00
241280 57.80 17.60 041 0.06 442 136 194 930 472.00
241670 5595 15.09 035 0.07 638 328 223 9.05 418.00
241950 5556 16.03 0.61 0.14 539 353 219 10.06 453.00
242150 56.46 17.71 045 0.07 576 085 235 971 466.00
Sq1 243150 55.17 1457 036 008 633 265 226 8.67 545.00
2436.10 55.77 1649 0.62 051 644 149 237 11.54 349.00
2440.10 5475 1630 040 0.07 649 276 273 861 381.00
2441.00 51.79 1369 035 0.08 7.02 6.69 261 959 431.00
244240 56.87 1798 071 020 468 122 216 11.79 466.00
2447.10 5579 1794 070 0.15 442 112 209 832 732.00
2451.10 57.08 1790 045 0.06 481 170 228 10.76 424.00
2457.59 58.08 1397 064 0.15 529 157 206 865 371.00
245959 57.12 1756 038 0.06 520 148 207 1223 396.00
246390 5797 1743 043 006 483 154 200 9.02 641.00

189.00 296.00 14290 152.10 34.10 32.70 3090 124.70 6.40 10.10 7.90
197.00 317.00 169.80 143.00 32.90 30.80 29.40 120.70 6.10 10.10 7.30
218.00 260.00 178.60 140.70 30.70 31.40 30.50 12850 580 7.00 5.40
259.00 301.00 176.50 137.40 28.70 25.00 30.20 130.10 450 10.70 9.10
205.00 334.00 15440 116.60 27.10 29.80 27.60 107.50 5.10 12.60 10.60
201.00 406.00 173.40 125.60 30.80 2850 29.10 108.00 490 11.10 10.20
231.00 306.00 178.80 12540 30.80 28.80 28.60 121.00 540 1130 10.30
190.00 438.00 14230 166.20 64.60 32.20 2040 86.60 640 7.90 6.20
199.00 480.00 157.70 108.20 29.90 26.60 26.90 109.80 4.70 930 7.80
229.00 270.00 183.00 126.70 38.80 3340 3590 12850 5.60 1140 14.90
191.00 362.00 123.90 100.30 44.00 28.60 21.00 114.00 4.70 5.10 7.10
203.00 316.00 161.20 127.10 39.20 36.10 35.10 122.70 470 8.00 11.10
202.00 353.00 176.80 112.00 2830 33.20 26.90 11660 3.40 11.70 15.10
178.00 357.00 120.30 141.10 26.60 30.00 29.10 122.60 6.30 10.10 12.80
219.00 278.00 176.70 11890 34.20 30.30 27.70 126.40 3.40 1240 15.30
272.00 253.00 161.30 121.20 27.80 3040 25.50 11590 3.70 9.00 11.40
229.00 272.00 196.90 129.00 33.80 2890 21.60 13020 290 11.10 13.80
259.00 233.00 12420 9150 1790 26.30 2550 12970 3.60 840 9.10
229.00 248.00 18570 107.90 27.50 25.10 2830 121.00 3.70 11.40 14.10
223.00 278.00 179.30 11730 31.10 2790 2270 127.00 350 8.10 6.20
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4.4, Bulk geochemical parameters

The TOC contents range from 0.23 % to 3.14 % (avg. 1.24 %), and the
HI ranges from 80 mg HC/g to 640 mg HC/g (avg. 265 mg HC/g). The
Tmax values range from 439 °C to 457 °C (avg. 446 °C). It can be
inferred from the HI and T4 values that the kerogen is primarily of
Types Il and II/11I, with localized development of Type I in the Sq1
phase (Fig. 5a). The TOC and S, values also confirm that the kerogen is
primarily Types Il and II/11I (Fig. 5b, c).

4.5. Organic compound distributions

Table 2 shows that the distribution pattern of regular steranes fol-
lows the order of C29 > C27 > (28, with the concentrations of C29
steranes ranging from 25 % to 60 % (avg. 47 %), C28 steranes from 11 %
to 66 % (avg. 38 %), and C27 steranes from 2 % to 61 % (avg. 15 %). The
gammacerane index (Gl = gammacerane/C30 hopane) also displays
variability, with the highest GI values (0.05 to 0.63; avg. 0.22) in the
Sq1 phase, followed by a range of 0.07 to 0.28 (avg. 0.16) in the Sq2
phase, and the lowest range of 0.13 to 0.14 (avg. 0.135) in the Sq3 phase.

5. Discussion
5.1. Source of organic matter

Regular steranes primarily originate from sterols, with C27 steranes
mainly from phytoplankton, C28 steranes from algae, and C29 steranes
from terrestrial plants (Cheng et al.,, 2019). The relative proportions of
these regular steranes have been utilized to determine the source of or-
ganic matter. In the C27-C28-C29 regular sterane source discrimination
diagram, our samples mostly fall in the terrestrial plant domain with a
few in the mixed source domain (Fig. 6a). In the Sq1 phase, kerogen is
of humic and sapropelic type, further indicating significant contribution
of components from terrestrial higher plants to the TOC (Ardakani et al.,
2022). Tricyclic terpane is also a common biomarker for sedimentary
environment analysis (Dahl et al., 1993). On the tricyclic terpane ter-
nary diagram (Xiao et al., 2018), our data suggest that the development
environments of the source rock were mainly freshwater/brackish ter-
restrial facies and delta facies (Fig. 6b). The Sq1 phase shows some
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local marine transgression effects, but it is dominated by C19 + 20 TT,
implying that the depositional environment of the source rock was
likely deltaic conditions with a high input of terrigenous material
(Fig. 6b).

From the perspective of organic petrology, liptinites mainly originate
from algae, whereas vitrinite and inertinite primarily represent higher
plants (Flores, 2002; Flores et al., 2010; Liu et al., 2017, 2020). Therefore,
the relative abundances of maceral composition can be employed to
qualitatively assess the source of organic matter (Flores, 2002). The
maceral composition of the Sq1 shale is characterized by a dominance
of vitrinite (avg. 59 %), followed by liptinite (avg. 23 %) and inertinite
(avg. 18 %) (Table 2). This confirms that organic matter sourced from
terrestrial higher plants is rich in the Sq1 phase (Dai et al., 2020).

5.2. Paleoenvironmental conditions

5.2.1. Paleoredox

The redox state of the environment influences the enrichment of
redox-sensitive elements such as Mo, U, V, Cr and Ni in sediments. Con-
sequently, the content or ratios of these elements in sediments can be
utilized to assess the redox state (Jones and Manning, 1994). Normally,
Ni/Co, V/Cr, and U/Th ratios are considered more reliable than the con-
tents of individual elements. A reducing (anoxic) state can be inferred
when U/Th > 1.25, V/Cr > 4.25, or Ni/Co > 7, whereas U/Th < 0.75, V/
Cr < 2, or Ni/Co < 5 reflects an oxidizing environment. Ratios falling be-
tween correspond to a dysoxic environment (Jones and Manning,
1994). As shown in Fig. 7, the Sq1 samples show data ranges from
3.49 t0 6.03 for V/Cr, 4.77 t0 9.97 for Ni/Co, and 0.77 to 1.39 for U/Th, im-
plying a general dysoxic-anoxic condition. In the Sq2 and Sq3 samples,
the data range from 3.58 to 4.31 for V/Cr, 5.03 to 5.96 for Ni/Co, and 0.72
to 1.31 for U/Th, indicative of a dysoxic environment.

Furthermore, the distribution of framboidal pyrite has also been
widely used as an indication of redox conditions (Wilkin et al., 1996;
Zhang et al,, 2022). The rate of the pyrite precipitation process is closely
linked to the extent of bottom water anoxia. Consequently, the size and
shape features of framboidal pyrite act as a conspicuous indicator of
redox conditions. Pyrite framboids that originate in strongly anoxic en-
vironments show smaller but more evenly dispersed characteristics
compared with those formed in oxic/dysoxic bottom waters (Huang
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Table 2
Maceral content and biomarker parameters of the K,qn'.

Sedimentary Geology 466 (2024) 106649

Phase Depth/m Maceral composition (%) Gl Regular steranes distribution (%) Tricyclic terpane (TT, %)
Liptinite Vitrinite Inertinite 20R C27 20R C28 20R C29 C19 + 20TT C21TT C23TT
Sq3 2361.03 22 51 27 0.13 37 20 43 31 50 19
2368.40 21 51 28 0.14 8 31 60 26 11 33
Sq2 2399.20 18 74 8 / 23 34 43 53 21 27
2401.90 12 54 34 0.28 13 37 50 21 34 45
2411.10 25 34 41 0.07 10 47 42 34 35 31
2411.86 22 50 28 0.07 46 18 37 48 17 35
2412.80 23 57 20 0.18 8 33 59 47 19 34
2416.70 21 63 16 / 16 41 43 53 23 24
2419.50 26 46 28 0.19 3 47 50 34 32 34
Sq1 2431.50 20 70 10 0.14 3 46 51 46 23 31
2436.10 26 62 12 0.63 3 47 50 18 40 42
2440.10 15 48 37 0.44 11 42 47 44 26 29
2441.00 17 67 16 0.21 14 40 46 52 22 26
2442.40 24 50 26 0.21 3 45 52 19 38 44
2447.10 20 70 10 0.20 17 33 50 52 19 29
2451.10 23 67 10 0.31 8 36 56 411 23 36
2453.00 18 60 22 0.13 9 66 25 54 14 32
2457.59 45 45 11 0.13 7 51 41 49 17 33
2459.59 21 59 20 0.05 13 36 51 52 20 28
2463.90 19 63 18 0.18 7 36 59 46 20 34
2468.56 34 54 13 0.17 61 12 27 60 12 28
2469.70 23 50 27 0.06 3 50 47 25 39 36

etal., 2019; Zhang et al., 2022). The size of framboidal pyrites in the Sq2
and Sq3 phases is generally larger, ranging from 2.1 to 9.8 um (avg. 4
um), with very few framboidal aggregates <2 pm in diameter. The size
standard deviation values range from 2 to 4. In contrast, in the upper
part of the Sq1 phase, framboidal pyrites are abundant but small, with
diameters ranging from 0.5 to 4.5 pm (Fig. 8). When plotted on the en-
vironmental discrimination diagram, the samples from the Sq2 and Sq3
phases fall within the dysoxic area, while the sample from the Sq1 phase
lands in the anoxic area.

In summary, based on whole-rock trace element data and size distri-
bution of framboidal pyrite, we can infer that the redox conditions at the
bottom of the Sq1 phase was oxidic with a transition to anoxic condi-
tions toward the top, and gradually changed from anoxic to dysoxic con-
ditions in the Sq2 and Sq3 phases (Fig. 9).

5.2.2. Water salinity

Water stratification commonly occurs in saline environments, re-
sulting in anoxic layers that are conducive to the preservation of organic
matter. This stratification is strongly dependent on salinity levels, which

SteraneC, (%)
(a) A Sq3 I Terrestrial plants
11 Mainly terrestrial plants
O Sq2 [T Mixed source
® Sq1 1V Algae
V Mainly algac

VI Phytoplankton
VI Mainly Phytoplankton

20 30 %0 80
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10 20 30 a0 30 al) 70 80 20
SteraneC,,(%) CooneTT/%

are positively correlated to the GI values (Moldowan et al., 1985). The GI
values of the Sq1 phase are highest (between 0.04 and 0.62; avg. 0.22),
drop to 0.07 to 0.28 (avg. 0.16) in the Sq2 phase, and display lowest
values in the Sq3 phase (between 0.13 and 0.14; avg. 0.135). The overall
Gl ranges of these phases indicate that the sampled sediments were pri-
marily deposited in a slightly saline water environment, with high TOC
shales mainly developed in saline environments (Fig. 10).

The Sr/Ba ratio of sediment is another effective salinity indicator
(Remirez and Algeo, 2020; Wei and Algeo, 2020). It increases with the
salinity of water body, as the formation of SrSO,4 precipitates requires
higher salinity conditions than BaSO,4 precipitates (Zeng et al., 2015).
Salinity of sedimentary environments can be distinguished by Sr/Ba
values of >1 for saline, 0.5-1 for brackish, and <0.5 for freshwater,
respectively (Li et al., 2020). It is important to note that the premise to
use Sr/Ba values as a paleosalinity indicator is that Sr in sediments is
primarily associated with clays rather than carbonates, as carbonates
can store significantly more Sr than clays (Remirez and Algeo, 2020).
The studied samples have a very low carbonate content (Fig. 4a), and
thus the amount of strontium sequestered in carbonates is minimal.

C,TT/%

Zonel Marine/saltwater
terrestrial facies

Zone2 Freshwater/brackish
Lterrestrial facies

Zone3 Swamp facies

(b)

90

Zoned River/delta facies
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Fig. 6. (a) A ternary diagram of relative abundance of C;7-Cog-Co9 cxatx R steranes (Cheng et al., 2019); (b) a ternary diagram of relative abundance of Cyg20TT, C31TT, and C3TT of the

Koqn! (Xiao et al., 2018).
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2006).

Therefore, the Sr/Ba paleosalinity indicator can be applied to our
samples. The Sr/Ba ratios of the studied samples (0.35 to 1.35; avg.
0.77) suggest that the K,qn' was deposited in a brackish-freshwater
environment, and high TOC shales were mainly formed in saline condi-
tions (Fig. 10).

5.2.3. Paleoclimate

Paleoclimate can significantly impact the paleoproductivity and
preservation of organic matter. To understand paleoclimatic effect,
trace element data can provide important insights (Chen et al., 1999;
Yandoka et al.,, 2015). For example, elements such as Fe, V, Ni, Cu, and
Co are highly soluble in water during warm and humid climatic condi-
tions, and thus can be used to trace climatic variations (Martinez-Ruiz
et al., 2015). In addition, Sr/Cu and Rb/Sr ratios are also commonly
used to infer past climatic conditions with 1 < Sr/Cu < 10 and Rb/Sr <
0.5 typically indicating a humid climate, whereas Sr/Cu > 10 and Rb/
Sr > 0.5 indicating a dry and hot climate (Yandoka et al., 2015; Song
etal, 2016).

The Sr/Cu ratios of the Sq1 samples are less than or equal to 10 in
about half of the samples (Fig. 10), which strongly suggests that the pa-
leoclimatic conditions in that period were generally warm and humid.
This interpretation is consistent with previous studies which reported
high Sr/Cu ratios in the southeastern uplift of the Songliao Basin (Jia
et al., 2013). Furthermore, the low Rb/Sr ratios of the studied samples

(0.16-0.75; avg. 0.52), indicative of differential mobilization of ele-
ments from the parent rocks during chemical weathering, corroborate
these interpretations and are consistent with previous studies (Wu
etal,, 2023).

5.2.4. Terrigenous input

Terrigenous clastics, as one of the most important sources of sedi-
ments, are considered to be one of the key factors affecting the compo-
sition of black shales as well as the accumulation and preservation of
organic matter (Ibach, 1982; Wu et al., 2023). Specifically, terrigenous
clastics can act as diluent to decrease organic content, but the clay com-
ponent can act as an adsorbent to enrich organic content. Thus, the in-
fluence of terrigenous input on the depositional environment must be
considered when studying the aggregation and preservation of organic
matter (Wu etal., 2023). Elements such as Al, Ti, and Zr have high chem-
ical stability and are least affected by weathering during sediment trans-
port and deposition (Tribovillard et al., 2006), making them reliable
indicators of terrigenous input.

The high content of Al (avg. 9.06 %) at the bottom of the Sq1 phase
could be potentially attributed to a relatively low lake level (Ghienne,
2003). Subsequently, the terrigenous input significantly decreased in
the upper part of the Sq1 phase (avg. 8.08 %), suggesting a notable rise
in the lake level by that time. In the Sq2 and Sq3 phases, the Al content
gradually increases (Fig. 10), which indicates a sustained long-term
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increase in clastic input. The variations in the Ti content curve are con-
sistent with those in the Al content curve (Fig. 10), demonstrating an
initial decrease followed by an increase in detrital input.

5.3. Sedimentary formation model of organic matter
The Upper Cretaceous Qingshankou Formation in the Songliao Basin

was deposited in a large depression lake basin associated with a large-
scale water inflow. This lake basin featured a wide expansion and a

deep to semi-deep water column, leading to the deposition of thick
layers of dark mudstone and shale enriched in organic matter (Liu
et al., 2021; Zhang et al., 2022; Wu et al,, 2023). The K»qn' exhibits a
vertical deltaic progradation trend, transitioning from deep-lake to
semi-deep-lake conditions (Fig. 11).

The Sq1 deposition period corresponds to the lake flooding period,
when the water body expanded associated with decreased input of ter-
restrial materials into the deep lake (Fig. 11a). However, fine-grained
sediment can deposit not only under quiet-water, deep-lacustrine
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Fig. 10. The water salinity, paleoclimate and terrigenous input of the Koqn'.
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depositional environments but also under stronger hydrodynamic con-
ditions (Mulder et al., 2003). The sedimentation event responsible for
these features likely signifies flood-generated hyperpycnal flows in a
deep lake depositional environment (Fig. 3) (Mulder and Alexander,
2001; Yang et al., 2017; Zou et al., 2023). Intermittent floods under
lake invasion conditions could still bring terrestrial materials, and the
input of multi-period hyperpycnal flow activities continued to carry a
large amount of nutrients and promoted the prosperity of surface plank-
ton. In addition, the higher Sr/Ba value and GI value reflect the higher
salinity of the lake water, while the higher Sr/Cu value reflects the
warm and humid paleoclimate conditions. The lake water eventually
became stratified and conducive to euryhaline organisms and the

Sedimentary Geology 466 (2024) 106649

preservation of organic matter. Furthermore, the deepening of water
body resulted in increased water retention, which increased the pri-
mary productivity of the water body in this period to a medium level.
The shale deposited in this semi-deep to deep lake area was poor in car-
bonate minerals but rich in clay minerals (Fig. 4). As a result, organic
matter was well developed and preserved in deeper water bodies, re-
sulting in high TOC content to the Sq1 phase, which becomes the
main source rock in the basin, and currently the main development sec-
tion of shale oil.

In the Sq2 and Sq3 deposition periods, the lake began to shrink,
associated with decreasing water salinity and increasing terrigenous
input, which developed interbedded mudstone and siltstone (Fig. 11b).
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Fig. 11. The organic matter accumulation mechanism and formation model of organic matter of the Koqn'.
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Moderate Sr/Ba values and Sr/Cu values indicate moderate salinity and
semi-arid paleoclimate conditions with a dysoxic bottom water environ-
ment during this period. The lake water stratification was not significant,
producing an environment that was less conducive to the survival of
aquatic life and the preservation of organic matter (Zhang et al., 2022).
The hyperpycnal flow activity during this period was limited and the nu-
trient elements in the lake basin were insufficiently supplied, restricting
the prosperity of organisms to a certain extent. In addition, the high detri-
tal input practically diluted the content of organic matter. Altogether, the
relatively low primary productivity and the dilution of inorganic particles
resulted in smaller TOC contents in the Sq2 and Sq3 phases than in the
Sq1 phase.

5.4. Geological preservation of organic matter

The formation of organic-rich shale requires a relatively abundant
supply of organic matter. To ensure accumulation, it is crucial that or-
ganic matter degradation should not occur too rapidly, neither should
be the sedimentation rate of terrigenous clastics too high. Under this
context, organic accumulation is favored in muddy sediments under
conditions of relatively excessive organic matter supply, relatively
slow sedimentation rates, and bottom water oxidation. However, the
organic matter settled in sediments can continue to undergo oxidative
decomposition or be further degraded by microorganisms through pro-
cesses such as fermentation, anaerobic respiration, and alkane produc-
tion (Kennedy et al., 2002; Lalonde et al., 2012; Hemingway et al.,
2019). The mechanism to favor the long-term preservation of organic
matter in black shales over the degradation processes is not well under-
stood yet.

Our data show that the vertical variations of TOC and total clay
mineral contents are highly correlated in the K,qn! (Fig. 12). This
phenomenon suggests that clay minerals play an important role in the
enrichment and long-term preservation of organic matter (Liu et al.,
2019b; Murray and Jagoutz, 2024). Furthermore, experimental studies
have shown that different types of clays have variable capacities for or-
ganic carbon adsorption. For example, each gram of illite-kaolinite clay
can adsorb 29.2 mg of organic carbon, each gram of montmorillonite
clay can adsorb 77.5 mg of organic carbon, and each gram of
hydroaluminosilicate clay can adsorb 123.5 mg of organic carbon
(Churchman et al., 2020). Organic matter bound within the interlayers
of clay minerals is relatively resistant to oxidation or microbial alter-
ation and thus can be better preserved (Saggar et al., 1996; Brockamp,
2011). When montmorillonite flocculates and settles, some montmoril-
lonite escapes in the form of shed particles, which may subsequently re-
assemble and sink (Blattmann et al.,, 2019). Hence, these results imply
that, apart from a saline anoxic water environment, the persistence of

Sedimentary Geology 466 (2024) 106649

continentally derived organic matter in lacustrine shale is controlled
by clay minerals.

Given that clay minerals are widespread in lacustrine environments
and their important role in organic preservation as shown above
(Kennedy et al., 2002; Blattmann et al., 2019), we propose a new
“source-preservation” enrichment model for shale organic matter
(Fig. 13). In this model, the rapid rise of lake level and hyperpycnal
flows are crucial for the transport of terrigenous organic matter to the
shale depositional environment, where it interacts and mixes thor-
oughly with clay minerals (Fig. 13b). This interaction leads to the ad-
sorption of recalcitrant dissolved organic carbon by clay minerals. Clay
minerals can effectively preserve organic matter in sediments which
eventually form organic-rich shale through diagenesis (Fig. 13c).

The new model complements existing models of lacustrine
shale deposition and emphasizes the role of clay minerals in pre-
serving organic matter. However, some key parameters, such as
the effect of environmental conditions (pH, salinity, temperature,
redox conditions) on adsorption efficiency and the effectiveness
of different types of clay minerals, remain unknown, which pre-
vents quantitative assessment of organic preservation in shales. It
would be necessary to conduct laboratory experiments to deter-
mine these parameters in the future.

6. Conclusions

This study advanced our understanding of the paleoenvironmental
evolution and organic matter enrichment in the K»qn', Changling Sag,
Songliao Basin. The data yield several key conclusions:

(1) The TOC and S2 values confirm that the kerogen is primarily
Types II and II/IIl. These shales are considered as fair to good
hydrocarbon source rocks, with the highest-quality source rock
primarily developed in the Sq1 phase. Biomarker and petro-
graphical data indicate that the organic matter of K,qn' was
mainly from terrigenous plants with some algal input.
Inorganic minerals and petrographical data indicate a warm and
humid climate, intense anoxia, and a high degree of salinity strat-
ification in the Changling Sag during most of the organic-rich Sq1
phase. During the Sq2 and Sq3 phases, a relative low lake level
and semi-arid climatic conditions prevailed.
(3) These results imply that, apart from a saline anoxic water envi-
ronment, the persistence of continentally derived organic matter
in lacustrine shale is controlled by clay minerals. We proposed a
new “source-preservation” enrichment model for lacustrine
shale organic matter: The rapid rise of lake level leads to infill
of terrigenous organic matter by hyperpycnal flows to the deep
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Fig. 13. The “source-preservation” enrichment model of organic matter. (a) Before lake transgression; (b) sedimentation of shales driven by hyperpycnal flow of high plant fragment water
bodies; (c) sedimentation of organic matter-rich clay sediments following mixture between clays and organic matter during the transgression.

lake, where it is fully mixed with clay minerals. Clay minerals can
effectively preserve organic matter in sediments which eventu-
ally form organic-rich shales through diagenesis.
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