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Abstract

The Member I of the Qingshankou Formation (91.89~90.97 Ma) is the most significant
lacustrine shale in the Songliao Basin, and preserves a continuous and complete record of
terrestrial paleoenvironmental conditions and organic matter (OM) accumulation during
the early Late Cretaceous. Although its abundant OM has traditionally been attributed
to deep-lake anoxia, the accumulation mechanism in shallow to semi-deep lake settings
remains unclear. To address this gap, samples from the JYY1 well in the Changling Sag
were analyzed for TOC, iron species, and major/trace elements. The Al,O;/TiO, ratios
and PAAS-normalized REEs patterns indicate the provenance is predominantly felsic to
intermediate rocks, broadly compatible with tonalite. Geochemical proxies (tNa, V/Cr,
Feyr/Fer, Fepy/ Feyr, B/Ga, Ti/Al etc.) indicate a relatively humid climate, ferruginous to
ferruginous-euxinic bottom waters, and brackish to saline conditions during the Member
I deposition. In shallow to semi-deep lacustrine settings, redox conditions and detrital
dilution were the principal controls on OM accumulation. The upper interval exhibits
higher TOC because of improved OM preservation under ferruginous-euxinic bottom-water
and weaker detrital dilution. In contrast, stronger detrital dilution and ferruginous bottom
waters contributed to the lower TOC of the lower interval. These findings suggest that
widespread pyrite occurrence and elevated Fe,,, /Feyg ratios may help identify organic-rich
shale intervals and guide shale oil and gas exploration.
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(91.89-90.97 Ma), the Songliao Basin experienced a pronounced lake transgression asso-
ciated with the deposition of Member I of the Qingshankou Formation, which promoted
extensive black shale deposition. Member I represents an important interval of hydrocarbon
source rocks with considerable potential for shale oil exploration in the Songliao Basin [4,5].
The vertical continuity, extensive distribution, and high organic carbon content of Member
I shale make it suitable for investigating paleoenvironmental changes and the processes
responsible for organic matter enrichment.

Organic matter enrichment in shales reflects the combined influence of organic pro-
duction, settling, preservation, and burial processes [6,7]. Their relative contributions
depend on paleoenvironmental conditions, including paleoclimate, lake depth, redox state,
paleosalinity, terrigenous detrital input, and paleoproductivity [8]. Paleoproductivity is
essential for organic matter formation. Oxygen-depleted bottom waters promote organic
matter preservation by suppressing oxidative degradation. Terrigenous detrital input deliv-
ers nutrients to the lake system and may also play a role in dilution during organic matter
burial [9-11]. Therefore, the factors governing organic matter enrichment vary markedly
among different sedimentary basins. Changes in lake level (or sea level) may alter hydro-
dynamic energy, detrital supply, and the redox state of bottom waters, thereby changing
which processes primarily control organic matter accumulation at different depositional
stages [12].

Previous research on shale paleoenvironment and organic matter enrichment has
mainly addressed marine and deep-lake deposits, with comparatively limited investigation
of shallow to semi-deep lacustrine environments, especially slope areas experiencing rapid
hydrological changes. The Changling Sag, situated in the southern part of the Songliao
Basin, is characterized by multiple-circular slope breaks that influenced the distribution of
deltaic, shallow lacustrine, and semi-deep to deep lacustrine facies during the Member I
deposition [13]. Such a depositional setting allows paleoenvironmental changes in shallow
to semi-deep lacustrine shales to be examined alongside their organic matter enrichment
mechanisms. Studies on the paleoenvironment and the processes governing organic matter
accumulation of the Member I in the Changling Sag have achieved many findings. Using
continuous elemental profiles obtained from lithology-scanning logs, Bai et al. investigated
the relationship between paleoenvironmental conditions and residual hydrocarbons, identi-
fying paleoclimate and redox conditions as important controls on residual hydrocarbon
enrichment [14]. Based on major-element and trace-element compositions and biomarkers,
Ma et al. and Meng et al. linked differences in organic matter enrichment to variations in
its sources and the lake’s salinity [15,16]. From TOC and major-element and trace-element
data, Cheng et al. distinguished three organic matter accumulation models corresponding
to different lake environments: productivity-dominated model in shallow lakes, combined
productivity and preservation control in semi-deep lakes, and preservation-dominated
model in deep lakes [9]. Using organic petrological observations and framboidal pyrite
size distributions, researchers have highlighted the contribution of clay minerals to the
preservation of terrigenous organic matter [17]. However, interpretations of organic matter
enrichment models remain inconsistent. Such discrepancies may reflect variations in well
locations and sampling intervals, differences in paleoenvironmental proxy thresholds, inter-
actions among multiple controlling factors, and variations in the resolution and sensitivity
of analytical methods.

This study focuses on the shale succession of the Member I recovered from the JYY1 well
in the Changling Sag. Iron speciation, major-element, trace-element, and rare earth-element
data are integrated to reconstruct the depositional environment. Based on iron species,
we can further identify redox conditions such as ferruginous, ferruginous-euxinic, and
euxinic, which have not been discussed in the study area. By integrating these geochemical
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results with total organic carbon (TOC), this study identifies the principal factors governing
organic matter accumulation and explores how paleoenvironmental evolution influenced
organic matter accumulation in shallow to semi-deep lacustrine settings.

2. Geological Backgrounds

Situated in northeastern China, the Songliao Basin constitutes an important continental
petroliferous basin extending mainly along a northeast-southwest axis [18]. The basin is
subdivided into six first-order tectonic units: the Central Depression, Northern Plunge,
Western Slope, Southwestern Uplift, Northeastern Uplift, and Southeastern Uplift [19]. The
Central Depression contains the Qijia-Gulong and Sanzhao Sags in its northern part and
the Changling Sag in its southern part (Figure 1a; [19]). The Changling Sag exhibits lower
elevations in its eastern part than the western part, while its southern slopes are steeper
than those in the north [14,16].
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Figure 1. (a) The first-order and second-order structural units of the Songliao Basin. (b) Sedimentary
facies of the Member I across the Changling Sag [13]. The red solid circle indicates the location of the
JYY1 well. (c) Lithological column of the Member I of the JYY1 well [16].

During the deposition of the Member I (91.89~90.97 Ma), the Changling Sag underwent
its maximum lake transgression, leading to the formation of dark gray to black shale
and silty mudstones with considerable hydrocarbon generation potential [20,21]. The
paleogeomorphology of the Changling Sag is characterized by multiple stepped slope
breaks, which can be broadly divided into gentle slope and deep depressional zones [13,22].
The JYY1 well, located at the transitional zone separating the gentle slope from the deep
depressional zone [22], occurs at the boundary between deltaic and lacustrine depositional
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systems (Figure 1b; [14,23]). The lower interval of the Member I develops both shallow
to semi-deep lacustrine and deltaic facies, with lithologies dominated by dark gray shale
intercalated with thin siltstone and argillaceous siltstone beds. In contrast, the upper interval
is predominantly characterized by deep to semi-deep lacustrine dark gray to black shales
with minor thin interbeds of argillaceous siltstone (Figure 1c; [14,23]).

3. Samples and Methods

Thirty core samples were obtained from the JYY1 well over the depth interval of
2422.4~2522.1 m, with sampling intervals of 0.5~8.3 m (average of 3.4 m). To reduce potential
grain-size effects on paleoenvironmental interpretations, sampling was restricted to shale,
silty mudstone, and a small number of muddy siltstone, while siltstone was excluded
(Figure 2). The sampling density and stratigraphic coverage are considered adequate to
indicate the paleoenvironmental evolution of the Member 1. All 30 samples were crushed
to a particle size of >200 meshes (i.e., <75 pm) prior to subsequent analyses, including
major and trace elements. For closely spaced samples showing similar lithological and
paleoenvironmental characteristics, one representative sample was selected for TOC and
iron speciation analyses. Consequently, these measurements were performed on 16 samples.
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Figure 2. Photographs of the collected samples in the Member . (a) JYY1-3, 2422.38 m, black shale.
(b) JYY1-32, 2431.48 m, black shale. (c) JYY1-7, 2440.50 m, black shale. (d) JYY1-13, 2479.9 m, gray
muddy siltstone with wavy beddings. (e) JYY1-23, 2497.50 m, black-gray silty mudstone. (f) JYY1-9,
2458.25 m, black-gray muddy siltstone with horizontal beddings.

3.1. TOC and Rock-Eval Pyrolysis

To determine total organic carbon (TOC), inorganic carbon was eliminated by treating
the samples with an HCI-H,O mixture (1:7) at 60-80 °C for 2 h. Following acid treatment,
the residues were repeatedly rinsed with deionized water to eliminate the remaining acid
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and subsequently dried at 60 °C. TOC concentrations were measured with a LECO CS-
230 carbon-sulfur analyzer. The analysis followed the Chinese national standard GB/T
19145-2022 [24]. Untreated sample aliquots were analyzed by Rock-Eval pyrolysis with
a Rock-Eval 6 instrument to obtain T .., S;, S,, and S;. The hydrogen index (HI) was
calculated as HI = (S,/TOC) x 100 (mg/g).

3.2. Iron Species

Sequential extraction of highly reactive iron (Feyy) species was performed according
to Poulton and Canfield [25]. Pyrite-host iron (Fe,,, ) was initially isolated via the chromium-
reduction technique [26]. The carbonate-associated iron (Fe.y,), oxidizable iron (Fe,,),
and magnetite-bound iron (Fe,,,) were recovered through stepwise chemical treatments
as specified in the original protocol. The total Feyr concentration was calculated as the sum
of the four operational fractions. All extraction procedures were carried out at the Chengdu
University of Technology.

3.3. Major Elements

The powdered samples were dried and weighed, and their initial mass was recorded
as W1. The samples were subsequently calcined at 1000 °C for 2 h, and the remaining mass
was measured as W2. The Loss on ignition (LOI) was calculated using Equation (1):

LOI = [(W1 — W2)/W1] x 100%. (1)

Following ignition, the ashed material was fused with a flux mixture (Li, B4O;,-LiBO,-
LiF = 9:2:1), using NH,;NO; as the oxidizing agent. Ten major oxides, including SiO,,
Al,O3, Na,O, K,O, MgO, CaO, Fe,03, MnO, TiO,, and P,05, were quantified using an
Axios PW4400/40 X-ray fluorescence spectrometer made by the PANalytical (Almelo, the
Netherlands), with results expressed in wt.%. The measurements were conducted following
the Chinese national standard GB/T 14506.28-2010 [27].

3.4. Trace Elements (Including Rare Earth Elements)

For trace-element (Sc, V, Cr, Co, Ni, Cu, Zn, Zr, Th, U, Rb, Sr, Ba, Mo, Cd) and rare
earth element (REE; La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, Lu) analyses,
50 mg portions of powdered samples were digested in sealed vessels with HCI-HF-HNO;
at 200 °C for 48 h. After cooling and drying, the remaining sample was mixed with 2 mL
of 30% HNO; and maintained at 140 °C for 12 h. The resulting solutions were diluted to
the required volume with 1% HNOj; and subsequently analyzed using inductively coupled
plasma mass spectrometry (ICP-MS). An internal Rh standard was added to monitor
instrumental signal stability, and a procedural blank was processed in parallel to correct
for background interference and possible contamination, as recommended by Carvalho
et al. [28]. Relative standard deviations (%RSD) were below 5% for all analyzed elements.

4. Results
4.1. TOC and Rock-Eval Pyrolysis Parameters

TOC is commonly employed as an indicator of organic matter abundance in source
rock assessment. TOC values in the Member I range from 0.32% to 2.87%, averaging 1.30%
(Table 1). In the lower interval, TOC varies between 0.32% and 2.86%, with a mean of 1.00%.
By comparison, the upper interval has TOC values of 1.64-2.87%, averaging 2.20%. Thus,
the upper interval is characterized by greater organic matter abundance than the lower
interval. T,,, values are 439-457 °C (mean: 446 °C) in the lower interval and 440-450 °C
(mean: 445 °C) in the upper interval, suggesting that both intervals are thermally mature.
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Given their comparable maturity levels, depositional conditions may have played a more
important role in the observed differences in TOC.

Table 1. Total organic carbon (TOC) contents and Rock-Eval pyrolysis results for Member I samples
from the JYY1 well.

Interval Sample Depth HI Toax S, S, $;+S, TOC
No. (m) (mg/g) (°C) (mg/g) (mg/g) (mg/g) (%)

JYY1-3 2422.4 362.92 440 1.32 5.95 7.27 1.64

Upper JYY1-32 2431.5 353.54 447 1.65 10.13 11.78 2.87
interval JYY1-7 2440.5 368.04 443 1.22 6.21 7.43 1.69
JYY1-6 2448.6 450.95 450 1.35 11.68 13.03 2.59

Average 383.86 445 1.39 8.49 9.88 8.49

JYY1-9 2458.3 236.37 439 0.21 0.98 1.19 0.41

JYY1-25 2465.5 363.59 444 0.98 4.29 5.27 1.18

JYY1-11 2469.6 449.37 451 1.34 12.83 14.17 2.86

JYY1-14 2470.6 377.60 445 1.16 5.69 6.85 151

JYY1-13 2479.9 202.09 447 0.32 1.04 1.36 0.51

Lower JYY1-16 2485.5 208.04 440 0.32 1.09 1.41 0.52
interval JYY1-22 2491.5 313.77 441 0.82 4.72 5.54 1.50
JYY1-20 24942 171.01 453 0.21 0.6 0.81 0.35

JYY1-17 2499.8 277.53 444 0.58 2.6 3.18 1.14

JYY1-26 2511.8 227.51 457 0.26 0.73 0.99 0.32

JYY1-28 2518 197.40 451 0.36 1.34 1.70 0.68

JYY1-30 25221 200.49 443 0.38 2.03 241 1.01

Average 264.56 446 0.58 3.16 3.74 3.16

The upper and lower intervals have mean HI values of 383.86 and 264.56 mg/g, respec-
tively, and corresponding mean T ,,,, values of 445.0 and 446.25 °C (Table 1). In the HI-T .,
diagram, most samples from the upper interval occupy the type II; kerogen field, whereas
a few are located within the type I field (Figure 3a). Samples from the lower interval are
predominantly distributed in the type II, field, with several plotting near the type I, field.
Both intervals exhibit similar levels of thermal maturity (Figure 3a). According to the
TOC—(S; + S,) diagram, most upper-interval samples correspond to good source rocks,
with an average S; + S, of 9.88 mg/g (Figure 3b). Conversely, the lower-interval samples fall
within poor to good source rock categories, with an average of 3.74 mg/g (Figure 3b). These
results indicate higher organic matter abundance and hydrocarbon generation potential in
the upper interval.
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Figure 3. Assessment of source rock characteristics based on (a) the HI-T,,, relationship and (b) the
TOC-(S, + S,) relationship. The criteria used in both plots are adopted from the Chinese industry

specification SY/T 5735-2019 [29].
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4.2. Iron Species

The formation of pyrite through reactions between highly reactive iron (Feyy ) and H,S
under anoxic conditions provides the basis for using Fe,,, /Feyg and Feyg /Fer ratios to assess
depositional redox conditions [25,30]. Previous studies have proposed Feyy /Fer thresholds
of 0.22 and 0.38 for distinguishing oxic, potentially anoxic, and anoxic conditions. Under
anoxic conditions, Fe, /Feyy values below 0.7 are generally associated with ferruginous
settings, whereas values above 0.8 suggest euxinic conditions [31,32]. In the JYY1 well,
Fepr /Fet values for Member I range from 0.30 to 0.55, consistent with potentially anoxic to
anoxic conditions. The Fe,,, /Fey ratios vary between 0.02 and 0.58, with all values below
0.7, supporting ferruginous conditions (Table 2).

Table 2. Total iron (Fer) and iron speciation compositions for the Member I in JYY1 well.

Interval  Sample No. D(‘:fl’;h (IZZT) ff/g 1:(?,;:3" ff/o) F(i;:;s lzﬁ /*0*;‘ Feyg/Fer  Fe,, /Feyy
JYY1-3 24204 387 1.05 042 0.17 0.17 1.81 0.47 0.58
Upper TYY1-32 24315 361 0.85 0.46 0.15 0.16 1.62 045 0.52
i JTYY1-7 24405 341 0.60 0.73 0.15 0.13 1.61 047 0.37
TYY1-6 24486 359 0.78 0.46 0.08 0.14 1.46 041 0.53
Average 3.62 0.82 0.52 0.14 0.15 1.63 0.45 0.50
JYY1-9 24583 315 0.56 0.55 0.13 0.20 144 0.46 0.39
TYY1-25 24655 450 0.94 0.59 0.12 0.34 1.99 0.44 047
JYY1-11 2469.6 411 0.33 0.61 0.11 0.38 142 0.35 0.23
TYY1-14 24706 4.86 045 0.72 0.15 0.51 1.83 0.38 0.25
TYY1-13 24799 316 0.14 045 0.14 0.20 0.94 0.30 0.14
Lower TYY1-16 24855 341 0.11 0.82 0.14 0.26 1.33 0.39 0.08
interval JYY1-22 24915 437 0.80 0.66 0.18 0.3 2.00 0.46 0.40
TYY1-20 24942 418 0.08 0.88 0.22 0.2 147 0.35 0.05
TYY1-17 24998 436 0.70 0.52 0.16 0.26 1.64 0.38 043
TYY1-26 25118 376 0.02 0.75 0.15 0.28 121 0.32 0.02
TYY1-28 2518 3.70 0.31 0.34 0.14 0.31 111 0.30 0.28
JYY1-30 25221 393 117 0.57 0.20 0.22 2.17 0.55 0.54
Average 3.96 0.47 0.62 0.15 0.30 1.55 0.39 0.27

4.3. Major and Trace Elements

The geochemical characteristics of major and trace elements serve as important proxies
for constraining sediment provenance and depositional environments. The Member I shale
is dominated by SiO, (52.0~65.4%) and Al,O; (12.7~20.2%). Specifically, the upper interval
exhibits average SiO, and Al,O; contents of 57.6% and 17.9%, respectively, whereas the
lower interval shows values of 58.9% and 16.6%, respectively. This vertical variation is
consistent with the lithological transition from mudstone-dominated facies in the upper
interval to increased silty intercalations in the lower interval. The concentrations of Fe,O;,
K,0, Na,O, MgO, and CaO are all below 8%, while those of TiO,, P,Os5, and MnO are each
less than 1% (Table 3). Notably, the relatively low CaO (<7.1%) and MgO (<3.0%) contents
suggest that calcite and dolomite are not abundantly developed in the Member I shale.

In this study, trace element abundances in the Member I samples (Table 4) were ex-
pressed relative to the Upper Continental Crust (UCC) and presented as spider diagrams
(Figure 4). The resulting patterns reveal marked differences in elemental enrichment.
Among the terrigenous elements, Zr and Th exhibit UCC-normalized values of approx-
imately 2, indicating obvious enrichment. In contrast, Sc has a mean normalized value
of 1.3, close to the UCC, although slight enrichment occurs in a few samples. Redox-
sensitive elements, including Mo, V, Ni, and U, show varying degrees of enrichment. Mo
exhibits the highest abundance, at 5.1 x UCC, followed by Ni (average 3.2), while V and
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U show moderate enrichment, with averages of 2.6 and 1.9 times of the UCC, respectively.
Productivity-related elements Cu and Zn exhibit weak to moderate enrichment, with aver-
age values of 1.8 and 1.6 times of the UCC, respectively. In contrast, Ba and Sr, which are
commonly used as indicators for paleosalinity, are generally close to the UCC or exhibit
slight depletion, with normalized averages of 0.7 and 0.9 times of the UCC, respectively.

Table 3. Major elemental content for the JYY1 well in Member I.

Interval Sample Depth Sio, Al,O; Fe,04 CaO MgO K,O Na, O TiO, P,05 MnO LOI
No. (m) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
JYY1-3 24224 57.5 19.1 5.5 1.0 2.0 45 2.0 0.67 0.27 0.06 7.08
JYY1-4 24254 57.0 17.9 6.0 2.1 2.0 41 2.1 0.62 0.17 0.08 7.49
TYY1-32 24315 58.3 18.2 5.2 0.9 1.8 3.6 2.6 0.67 0.18 0.05 8.15
Upper JYY1-5 2433 57.7 17.6 6.2 1.1 2.1 3.6 2.6 0.69 0.13 0.08 8.14
interval JYY1-7 2440.5 53.8 17.3 49 3.8 29 39 22 0.67 0.17 0.09 10.02
JYY1-6 2448.6 58.0 18.0 5.1 1.9 1.8 4.0 2.5 0.66 0.15 0.04 7.71
JYY1-8 2450 60.5 17.2 48 2.3 17 4.0 24 0.64 0.13 0.07 5.79
Average 57.6 17.9 5.4 1.9 2.1 4.0 2.3 0.66 0.17 0.07 7.77
JYY1-9 2458.3 64.1 15.8 45 1.7 15 3.8 2.7 0.65 0.22 0.07 4.54
JYY1-10 24593 65.4 143 5.0 2.1 1.8 2.9 2.9 0.70 0.19 0.12 4.46
TYY1-2 2463 62.6 12.7 45 5.4 1.4 2.8 2.6 0.53 0.13 0.16 6.89
JYY1-25 2465.5 53.8 16.4 6.4 5.2 2.5 41 1.7 0.62 0.21 0.09 8.8
TYY1-11 2469.6 55.2 17.1 5.9 29 22 4.0 24 0.63 0.15 0.09 9.26
TYY1-14 2470.6 56.9 16.6 6.9 2.0 2.5 41 2.1 0.62 0.15 0.09 7.82
JYY1-12 2476.4 57.9 16.8 6.6 17 22 4.1 2.3 0.68 0.17 0.10 747
JYY1-15 2479.4 59.6 20.2 44 0.7 2.0 438 2.4 0.84 0.23 0.04 4.74
JYY1-13 2479.9 63.9 16.6 45 14 1.6 3.8 2.8 0.68 0.20 0.08 4.01
JYY1-18 2483.1 60.7 17.8 5.0 1.0 1.9 43 2.6 0.69 0.17 0.07 5.75
JYY1-16 24855 60.4 16,5 49 25 2.0 41 25 0.66 0.18 0.09 6.17
Lower JYY1-19 2490.6 57.8 18.3 5.9 1.2 2.1 46 1.7 0.66 0.17 0.05 7.32
interval TYY1-22 24915 55.9 16.9 6.2 3.1 26 42 1.8 0.66 0.21 0.10 8.19
JYY1-20 24942 51.9 17.3 6.0 5.4 3.0 44 15 0.77 0.27 0.10 9.03
JYY1-23 24975 62.6 15.2 5.9 25 2.0 34 2.4 0.71 0.22 0.08 4.96
JYY1-17 2499.8 61.5 16.9 6.2 1.1 1.8 3.8 25 0.65 0.18 0.06 5.13
TYY1-21 2501.8 57.8 17.4 5.6 1.6 25 44 2.0 0.69 0.18 0.08 743
JYY1-31 2509.8 61.1 17.8 5.0 17 1.9 43 2.1 0.70 0.15 0.04 5.05
TYY1-26 2511.8 57.3 16.3 5.4 46 2.0 4.0 1.8 0.71 0.15 0.09 7.51
IYY1-27 2514.6 58.1 17.9 6.2 13 2.1 43 22 0.63 0.12 0.07 6.63
TYY1-28 2518 58.7 16.1 5.3 3.9 24 3. 1.9 0.68 0.17 0.08 6.73
TYY1-29 2520 53.8 14.8 5.9 7.1 2.8 35 15 0.69 0.21 0.14 9.13
JYY1-30 2522.1 57.9 15.8 5.6 43 1.8 3.8 24 0.63 0.27 0.10 7.03
Average 58.9 16.6 5.6 238 2.1 4.0 2.2 0.67 0.19 0.09 6.70

100 % (o) 100 % (1)

10 - 10

Sample/UCC
Sample/UCC

0.1 4 0.1

0.01 0.01 +

S¢ V Cr Co Ni CuZn Zr Th U Rb Sr Ba Mo Cd Sc V Cr Co Ni Cu Zn Zr Th U Rb Sr Ba Mo Cd

Figure 4. Spider diagram showing trace element concentrations of (a) the upper interval and (b) the
lower interval for the Member I samples from the Changling Sag. Each black polyline corresponds
to one sample measured in this study. Elemental abundances are expressed relative to the upper
continental crust (UCC) reference values reported by Taylor and McLennan [33].

https://doi.org/10.3390/geosciences16110450


https://doi.org/10.3390/geosciences16110450

Geosciences 2026, 16, 450

9 of 24

Table 4. Trace elemental compositions for the JYY1 well in Member I, all in yig/g content.

Inter-  Sample  Depth ¢y ¢, © Ni Cu zZn zZr Th U Rb St Ba Mo Cd
val No. (m)
JYY1-3 24224 11 144 103 19 51 42 128 310 18 6.6 50 237 397 12 13
TYY1-4 24254 20 177 111 28 62 46 147 341 24 56 74 382 513 14 16
JYY1-32 24315 13 218 134 22 75 54 119 360 19 58 61 254 337 12 17
Upper  JYY1-5 2433 12 196 121 23 69 54 130 354 19 60 33 264 368 10 16
interval  JYY1-7 24405 17 212 108 27 64 73 108 374 31 87 23 357 266 17 1.8
TYY1-6 2448.6 8 128 70 15 47 34 103 210 13 48 78 269 468 14 16
JYY1-8 2450 17 121 100 28 55 38 123 307 22 70 115 555 868 11 15
Average 14 171 107 23 60 49 123 322 21 64 62 331 460 13 16
TYY1-9 2458.3 9 118 122 12 49 35 81 418 13 27 23 151 318 4 20
JYY1-10 24593 9 103 97 8 34 29 8 423 16 35 10 151 241 1 20
TYY1-2 2463 15 8 94 16 42 25 84 447 24 42 50 555 358 3 20
JYY1-25 24655 11 118 211 20 103 35 88 200 21 60 52 497 400 7 15
JYY1-11 24696 10 132 76 13 55 43 96 208 18 58 68 344 381 11 17
JYY1-14  2470.6 9 126 8 17 59 33 8 197 14 59 46 236 333 6 15
JYY1-12 24764 25 182 128 24 55 49 118 356 30 75 175 487 600 13 1.8
JYY1-15 24794 15 197 121 13 51 51 179 504 35 80 102 359 432 2 24
JYY1-13 24799 12 139 177 32 90 40 129 730 30 70 60 348 471 3 33
JYY1-18 24831 13 159 95 16 44 47 129 413 21 48 57 267 407 6 20
JYY1-16 24855 13 144 119 15 57 40 121 401 27 61 61 435 450 6 18
Lower  Tyy149 24906 14 219 113 23 60 52 111 349 19 53 34 210 277 11 17
interval = 1yy100 24915 20 196 153 23 82 49 107 345 21 57 41 300 272 10 17
JYY120 24942 25 181 206 31 110 65 124 352 27 39 25 357 244 3 17
JYY1-23 24975 6 133 146 20 95 44 90 468 3 36 12 149 185 3 22
JYY1-17 24998 12 137 117 48 8 46 195 805 24 71 64 275 411 15 37
JYY121 25018 14 208 133 22 73 63 112 363 20 46 35 275 311 8 18
JYY1-31 25098 12 166 94 15 55 43 122 420 27 49 59 265 315 4 21
JYY1-26 25118 23 148 117 21 52 43 97 376 33 51 127 463 45 3 20
JYY127 25146 11 187 84 21 44 42 113 393 18 48 34 223 305 10 18
TYY1-28 2518 15 153 101 20 55 38 120 380 23 38 28 283 338 4 18
TYY1-29 2520 13 161 150 20 71 49 104 365 24 40 52 456 263 2 17
JYY1-30 25221 11 140 112 21 58 46 110 388 33 50 58 481 303 5 20
Average 14 153 124 20 64 44 113 404 23 52 55 329 351 6 20

5. Discussion
5.1. Provenance

Identifying the parent rocks is a prerequisite for reliable paleoenvironmental recon-
struction, because variations in sediment provenance may affect sample composition and
the interpretation of paleoenvironmental proxies. Aluminum (Al) and titanium (Ti) ex-
hibit relatively limited mobility during sediment transport and deposition, and their ratios
largely reflect the composition of the source rocks. Hayashi et al. [34] demonstrated that
the Al,O3/TiO, ratio in fine-grained sedimentary rocks effectively preserves signatures of
their parent rock, with Al,O;/TiO, ratios of 3~8 for mafic igneous rocks, 8~21 for interme-
diate igneous rocks, and 21~70 for felsic igneous rocks (Figure 5). As shown in Figure 5,
the Member I samples from the JYY1 well predominantly plot within the felsic igneous
zone, which is determined to be the parent rock. Furthermore, the potential parent rocks
including gneiss, gabbro, tonalite, and granite are plotted in Figure 5, which shows that
tonalite has the closest Al,O5/TiO, ratio to that of the studied samples.
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Figure 5. Plot of TiO, versus Al,O; for the Member I in the JYY1 well. All the black circles are samples
in this study. Dividing lines of Al,O;/TiO, are in accordance with Hayashi et al. [34]. The potential
parent-rock data represent basement rocks of the Songliao Basin, whose lithological compositions
are comparable to those exposed in the adjacent Zhangguangcai, Great Xing’an, and Lesser Xing’an
Ranges [35].

Rare earth elements (REEs) are chemically stable and barely affected by weathering or
diagenetic alteration, making them reliable tracers for provenance discrimination [36,37].
With the exception of sample JYY1-23, all other samples exhibit similar PAAS-normalized
REEs distribution patterns, characterized by relatively flat trends (Figure 6), indicating the
absence of significant fractionation between light REEs (LREEs) and heavy REEs (HREEs).
This consistency points to a common source affinity. In contrast, the PAAS-normalized
REEs patterns of gneiss, gabbro, and granite differ markedly from those of the Member
I samples (Figure 6). Tonalite, however, exhibits a relatively flat PAAS-normalized REEs
distribution pattern that closely resembles that of the Member I samples (Figure 6).

Unlike the other samples, JYY1-23 displays an REE distribution pattern inclined toward
the left after the PAAS normalization, together with a low (La/Yb)y value of 0.1 (Table A1),
reflecting relative HREE enrichment. This sample also yields a notably high Zr/Rb ratio
of 38.4 (Table 5), reflecting an increased contribution of Zr-rich coarse-grained detrital
components and a corresponding decrease in Rb-rich clay minerals, both of which point to
intensified hydrodynamic conditions during deposition. Given that clay minerals and other
fine-grained suspended particulates are the primary carriers of REEs [38], the clearly low
REEs concentration of 49 in this sample is likely due to reduced input of fine-grained clay
fractions. Furthermore, grain-size sorting may have modified the relative proportions of
different REEs-bearing minerals, thereby leading to relative depletion of LREEs. In addition,
plagioclase typically exhibits positive Eu anomalies [33], and the weak positive Eu anomaly
of 1.11 observed in this sample (Table A1) further suggests an increased contribution of
feldspar-rich components. Collectively, these geochemical anomalies in sample JYY1-23 can
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be primarily attributed to an increased influx of silty fractions in response to transiently
enhanced hydrodynamic conditions.

0% 10 10
—_—

AR —— e

< : o <

< 7 C‘\\ PR : <

g BF=f—pu——a—= B i’,‘

& g 5 581 g

& 0.1 & 0.1

—E—Gneiss Gabbro L —B— Gneiss Gabbro
£ Tonalite Granite I £ Tonalite Granite
or+-- -
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Figure 6. The spider diagram of REEs normalized by the PAAS for the of (a) the upper interval and (b)
the lower interval in the Changling Sag. Each black polyline corresponds to one sample analyzed in
this study. The reference data for potential parent rocks are derived from the Songliao Basin basement,
which shares similar lithological characteristics with the surrounding Zhangguangcai, Great Xing’an,
and Lesser Xing’an Ranges [35].
Table 5. The calculated paleoenvironmental proxies for the JYY1 well in the Member 1.
Paleoclimate Red.o.x Palef) salin- Detrital Input Paleoproductivity
Sample Depth Condition ity
Interval No (m)
. Mo/ Sr/ B/ . Zr/ Si/
CIA CIAc¢ TNa V/Cr Al Ba Ga Ti/Al Rb Al P/Al Ba/Al Cu/Al

JYY1-3 2422.4 67 83.9 —0.80 1.40 121 060 448 0.040 6.2 3.0 0.012  0.004 0.0004

JYY1-4 2425.4 62 82.1 —0.82 1.60 147 075 543 0.039 4.6 3.2 0.008  0.005 0.0005

JYY1-32 2431.5 66 80.2 —0.78 1.62 127 075 6.66 0.042 59 3.2 0.008  0.003 0.0006

Upper JYY1-5 2433 64 80.0 —0.78 1.63 1.05 072 568 0044 108 33 0.006  0.004 0.0006
interval JYY1-7 2440.5 60 81.7 —0.83 1.96 186 134 658 0044 164 3.1 0.008  0.003 0.0008
JYY1-6 2448.6 61 80.2 —0.63 1.83 144 057 438 0.041 2.7 32 0.007  0.005 0.0004

JYY1-8 2450 59 80.1 -0.77 1.21 115 064 322 0.042 27 3.5 0.006  0.010 0.0004

Average 63 81.2 —0.77 1.61 135 077 520 0.042 7.0 32 0.008  0.005 0.0005

JYY1-9 24583 59 783  —080 097 043 047 527 0047 184 32 0012 0.004  0.0004
TYY1-10 24593 56 761  —0.79 107 019 062 471 0056 429 41 0011 0003  0.0004
TYY1-2 2463 52 759 —0.83 0.8 042 155 383 0048 9.0 46 0008 0.005  0.0004
TYY1-25 24655 62 827 —074 056 078 124 449 0043 39 49 0010 0005  0.0004
JYY1-11 24696 58 800 —064 173 118 090 377 0042 31 33 0007 0004  0.0005
JYY1-14 24706 59 815 —0.68 141 064 071 435 0042 43 32 0007 0004  0.0004
JYY1-12 24764 61 737 —081 142 148 081 433 0045 20 34 0008 0007  0.0005
JYY1-15 24794 67 819 —086 162 016 083 532 0047 50 34 0009 0004 0.0005
JYY1-13 24799 60 702 —088 079 036 074 461 0046 122 3.0 0010 0.005  0.0005
JYY1-18 24831 64 802 —081 167 069 066 476 0044 72 38 0008 0004  0.0005
JYY1-16 24855 57 729 —081 121 071 097 48 0045 65 34 0009 0005  0.0005
Lower JYY1-19 24906 66 840 —085 194 110 076 503 0041 102 37 0007 0.003  0.0005
interval JYY1-22 24915 62 824 —084 128 113 110 528 004 84 32 0010 0.003  0.0005
JYY1-20 24942 65 841 —0.88 0.88 037 146 577 0050 141 33 0013 0.003  0.0007

JYY1-23 2497.5 57 70.9 —0.85 0.91 041 081 612 0.053 384 3.0 0.012  0.002 0.0005
JYY1-17 2499.8 63 719 —-0.91 1.18 1.67 067 442 0.044 127 41 0.009 0.005 0.0005
JYY1-21 2501.8 62 81.8 —0.83 1.56 090 089 578 0.045 105 3.6 0.009 0.003 0.0007
JYY1-31 2509.8 62 81.9 —0.85 1.77 044 084 583 0.045 72 3.3 0.007  0.003 0.0005
JYY1-26 2511.8 61 82.1 —0.86 1.27 035 1.02 451 0.049 3.0 3.4 0.008  0.005 0.0005
JYY1-27 2514.6 64 81.8 —0.83 222 1.05 073 450 0039 117 35 0.006  0.003 0.0004
JYY1-28 2518 61 81.8 —0.85 1.51 044 084 462 0.048 138 32 0.009 0.004 0.0005
JYY1-29 2520 63 82.7 —0.87 1.07 031 174 468 0.053 7.0 3.6 0.012  0.003 0.0006
JYY1-30 2522.1 57 79.5 —0.82 1.25 065 159 3.87 0.045 6.7 3.6 0.014  0.004 0.0006
Average 61 79.1 -0.82 1.31 069 095 481 0.046 112 37 0.009 0.004 0.0005

In summary, the provenance for the Member I remained generally stable. Both char-
acteristics of Al,O;/TiO, ratios and PAAS-normalized REEs distribution indicate a pre-
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dominantly felsic to intermediate provenance, broadly compatible with tonalitic source
rocks. Consequently, the vertical variations observed in the geochemical proxies used in
this study primarily reflect changes in paleoenvironment rather than shifts in sediment
source composition. This interpretation provides a geochemical basis for reconstructing
paleoenvironmental evolution and investigating the mechanisms controlling organic matter
accumulation during the Member I deposition.

5.2. Paleoenvironment
5.2.1. Paleoclimate

Paleoclimate influences organic matter accumulation by regulating source-rock weath-
ering, detrital input, and nutrient availability. The degree of chemical weathering was
evaluated using the Chemical Index of Alteration (CIA) [39], calculated as follows:

CIA = [A1203 / (A1203 =+ Cao* + Nazo + Kzo)] X ].OOO/O (2)

All oxide concentrations in this equation are expressed on a molar basis. CaO* denotes
the CaO fraction associated with silicate minerals and was estimated using the correction
procedure of [40]:

CaO — L'P,0s, if CaO — 2P,05 < Na,O
Na,O, otherwise

CaO" = { (3)

As chemical alteration intensifies, mobile elements such as Ca, Na, and K are progres-
sively depleted relative to Al, leading to higher CIA values [39]. Conversely, lower values
generally reflect less extensive alteration. For the Member I, CIA values vary between 52
and 67, averaging 61 (Table 5). The A-CN-K diagram was employed to examine weather-
ing trends and post-depositional alteration (Figure 7a). The theoretical weathering trend
proceeds from tonalite toward clay minerals, including kaolinite, gibbsite, and chlorite,
approximately parallel to the A-CN side. Potassium metasomatism may facilitate the conver-
sion of kaolinite to illite and plagioclase to K-feldspar, causing sample compositions to shift
toward the K apex [41]. In Figure 7a, the samples define a trend that departs slightly from
the ideal weathering trajectory, suggesting different degrees of K-metasomatism. Potassium
alteration is more pronounced near the Al,O; apex and weaker toward the CaO* + Na,O
apex. The CIA values were therefore adjusted along the dashed correction trajectories to
obtain CIAc (Table 5). Corrected values range from 70.2 to 84.0, averaging 79.1 in the lower
interval and 81.2 in the upper interval (Table 5).

The sodium depletion index (TNa) was also applied to assess weathering intensity,
as it records Na loss associated with plagioclase alteration in granitic terrains [2,42]. It is
defined as follows:

TNa = [(CNa, w x CZr,p)/(CNa, p x CZr,w)] — 1, (4)

Here, C denotes the weight-based concentration of an element, and the subscripts w
and p identify the weathered material and the corresponding parent rock, respectively [43].
Tonalite was selected as the reference composition because of its geochemical similarity to
the Member I sediments. An average Na/Zr ratio of 244.8, derived from tonalitic rocks in
the Zhangguangcai, Great Xing’an, and Lesser Xing’an Ranges, was adopted for calculating
T™Na [35]. Generally, T™Na exhibits a negative correlation with weathering intensity [2],
that is, lower TNa values correspond to stronger chemical weathering, whereas higher
values indicate weaker weathering conditions. The Zr/Sc ratio was employed to indicate
sedimentary recycling and hydraulic sorting [37]. TtNa shows no obvious correlation
with Zr/Sc in the upper interval with R?> = 0.0515, indicating negligible influence from
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hydraulic sorting (Figure 7b). With respect to the lower interval, TNa shows a very weak
correlation with Zr/Sc with R?> = 0.1064. Only three circled samples show high Zr/Sc
ratios within this interval. In summary, TNa is weakly influenced by hydraulic sorting and
sedimentary recycling.
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Figure 7. (a) A-CN-K diagram for the Member I samples from the JYY1 well after correction for
excess K. The red solid arrow indicates the ideal tonalite weathering pathway; the blue hollow squares
represent the ideal compositions of specific minerals and rocks; the thick blue lines indicate the
compositional ranges of smectite and illite; the black solid line represents the actual weathering trend,
whereas the black dashed arrows represent the CIA correction directions [41]. CIA. = corrected
CIA, A = ALL,O;, CN = CaO* + Na,O, K = K,0O, Ka = Kaolinite, Gb = Gibbsite, Chl = Chlorite,
Pl = Plagioclase, Ksp = K-Feldspar, Sme = Smectite, Ill = Illite, Bst/Gab = basalt/gabbro, Ton = tonalite,
Grd = granodiorite, Grt = granite. (b) Correlation diagram between t™Na and Zr/Sc for the Member I
samples of the JYY1 well.

After excluding the three anomalous samples, mean CIAc and TNa values are 80 and
—0.81 for the lower interval, compared with 81.2 and —0.77 for the upper interval. A humid
subtropical to tropical climate during the Member I deposition is supported by low ostracod
8180 values [44] and vegetation records dominated by broad-leaved evergreens rather than
conifers [45]. In addition, **Mg indicates a rainfall-driven lake flooding event during
lower-interval deposition [46], consistent with the pronounced Na depletion observed
here. Because CIAc differs only slightly between the two intervals, TNa provides a clearer
indication of their relative weathering conditions. Considering that more samples in the
lower interval contain more silt-grain particles and develop clear wavy and horizontal
beddings (Figure 2d—f), we tend to attribute the high Zr/Sc ratios to hydraulic sorting. The
lower interval is therefore interpreted to have experienced greater precipitation and stronger
hydrodynamic activity, whereas the upper interval reflects relatively reduced rainfall and
calmer depositional conditions.

5.2.2. Redox Conditions

The concentrations of redox-sensitive elements, such as Mo, U, Ni, V, Cu, and Co, can
offer insights into oxygen availability during deposition [47-50]. Under oxic conditions,
sedimentary V is mainly associated with detrital material and generally occurs at low
concentrations. As oxygen availability declines, V(V) can be reduced to V(IV) or V(III),
promoting its accumulation through interactions with organic matter, precipitation as
poorly soluble hydroxides, and formation of organic complexes [50]. In contrast to V, Cr
has a limited tendency to precipitate as insoluble sulfides and can be released back into
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the water column as organic matter decomposes. Therefore, the Cr content in sediments is
mainly controlled by detrital inputs [50]. An increase in V/Cr may consequently indicate
enhanced authigenic V enrichment under more reducing conditions. In oxygenated waters,
Mo predominantly occurs as dissolved molybdate and has limited affinity for particulate
phases, leading to low sedimentary Mo accumulation [51]. Under anoxic conditions, Mo
retention can be enhanced through interactions with organic thiomolybdates and iron
sulfides [52]. Accordingly, higher Mo/Al ratios may reflect more reducing depositional
environments.

Algeo and Liu [53] suggested that variations in terrigenous detritus input among
different sedimentary basins may lead to differing redox classification thresholds, yet the
inflection point where two independent proxies concurrently show an increasing trend can
be taken as the boundary between oxic (or possibly anoxic) and anoxic environments. As
shown in Figure 8, a positive correlation exists between the two proxies when V/Cr > 1.4
and Mo/Al > 1.0, with R? = 0.54 for the upper interval of Member L. Therefore, V/Cr = 1.4
and Mo/Al = 1.0 are determined as the thresholds between possibly anoxic and anoxic
conditions. Vertically, the average V/Cr is 1.31 in the lower interval of the Member I, and
increases to 1.61 in the upper interval (Table 4), indicating a higher enrichment of authigenic
V in the upper interval. Both the V/Cr and Mo/Al proxies consistently demonstrate that
the upper interval was deposited in anoxic conditions.

25 1
] 0 anoxic
2 } o RE=05439 g
J (@] "
O .
: (@] O O © Q _.0‘6:",...
1.5 1 o V/ICr=1.40 IRCAE
5 S 0 RX:0.1145
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Figure 8. Bivariate analysis showing the relationships of Mo/Al versus V/Cr for the Member I shale
in the Changling Sag.

Iron speciation was further used to evaluate redox conditions and potential microbial
respiration pathways. Commonly applied Feyg/Fer criteria distinguish anoxic (>0.38),
potentially anoxic (0.22-0.38), and oxic (<0.22) settings [30,54]. The proportion of pyrite-
bound iron also provides information on water-column chemistry: Fe,, /Feyy values above
approximately 0.7-0.8 are generally associated with euxinia, whereas lower ratios are
consistent with ferruginous conditions [55]. For lacustrine shales, Zhang et al. and Li et al.
proposed additional e, /Feyy ranges to infer dominant respiration pathways: 0.5-0.8 for
bacterial sulfate reduction (BSR), below 0.15 for dissimilatory iron reduction (DIR), and
0.15-0.5 for their combined influence [3,56]. Mean Feyy /Fer ratios increase from 0.39 in
the lower interval to 0.45 in the upper interval, accompanied by an increase in Fe,, /Feyg
from 0.27 to 0.50 (Table 2). Therefore, the lower interval is dominated by ferruginous
conditions, under which DIR is the prevailing microbial respiration pathway. By contrast,
BSR becomes more important in the upper interval (Figure 9). This conclusion is further
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supported by the elevated HI values in the upper interval (Figure 10), as increased BSR
activity would produce H,S, which is toxic to methanogens and microorganisms involved
in DIR [57], thereby inhibiting their organic matter mineralization and ultimately leading
to better preservation of hydrogen-rich organic components [3].
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Figure 9. Iron-speciation characteristics of the Member I shale in the Changling Sag, with redox and
microbial respiration fields defined according to Raiswell et al. [31] and Li et al. [3].
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Figure 10. Paleoclimatic and paleoenvironmental oscillations of the Member I shale in the Changling
Sag. Dashed lines are based on the results of this study, and solid lines represent GI data from [16].

5.2.3. Paleosalinity

Differences in the geochemical behavior of Sr and Ba provide the basis for using their
ratio as a paleosalinity proxy. Although both elements can remain dissolved in freshwater,
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increasing salinity promotes the precipitation of Ba as BaSO,4, while Sr tends to remain in
solution until salinity reaches higher levels [58,59]. Sr/Ba values above 1.0, between 0.5 and
1.0, and below 0.5 have previously been associated with saline, brackish, and freshwater
settings, respectively [59]. In the Member I shale, Sr/Ba varies between 0.47 and 1.74,
averaging 0.91. Only sample JYY1-9 has a ratio below 0.5 (0.47; Table 5). These values
generally indicate brackish to saline depositional conditions. The lower interval exhibits
a higher average Sr/Ba ratio (0.95) than the upper interval (0.77), possibly suggesting
elevated salinity during deposition of the lower interval.

Boron uptake by clay minerals is influenced by its concentration in the surrounding
water, providing a basis for using sedimentary B as a salinity indicator [60,61]. The B/Ga
ratio further exploits the contrasting mobility of these elements: dissolved borate is relatively
mobile, whereas Ga is less readily transported. As a result, higher B/Ga ratios have been
interpreted as reflecting increased paleosalinity [62]. Wang et al. proposed B/Ga ranges
of below 3.0-3.3, 3.3-4.5, and above 4.5-5 for freshwater, brackish, and saline conditions,
respectively [63]. Among the JYY1 samples, only JYY1-8 has a B/Ga ratio of 3.22, indicating
a freshwater environment. Mean B/Ga values are 5.20 in the upper interval and 4.81 in the
lower interval (Table 5). This upward increase is consistent with the higher Gammacerane
Index (GI) reported for the upper interval of the Member I in the Changling Sag [16]
(Figure 10), suggesting a relative increase in salinity.

5.2.4. Detrital Dilution

The input of terrigenous detritus into sediments may dilute their organic matter content.
In fine-grained sediments, Al is largely associated with aluminosilicates, particularly clays
and feldspars, whereas Ti and Zr are frequently associated with relatively coarse detrital
particles or heavy minerals, including rutile and zircon [64]. In contrast, Rubidium tends to
be enriched in clay minerals [64]. These contrasting mineral associations allow Ti/Al and
Zr/Rb to reflect variations in grain size, hydraulic sorting, and detrital composition [65,66].
For the Member I shale from the JYY1 well, Ti/ Al ratios span 0.039-0.056 with averages
of 0.046 in the lower interval and 0.042 in the upper interval (Table 5; Figure 10). Zr/Rb
spans 2.03-42.90 and shows an average of 11.2 in the lower interval compared with 7.0 in
the upper interval (Table 4).

Si/Al was additionally examined to help distinguish the effects of mineral composition
and grain size on Ti/Al and Zr/Rb. Within shale succession, Si is predominantly hosted by
quartz, feldspars, and clay minerals, whereas Al is mainly associated with feldspars and clay
minerals. K-feldspar and albite have Si/Al atomic ratios of approximately 3, compared with
1-1.7 for common clay minerals such as illite and smectite [67,68]. Accordingly, elevated
Si/Al values may indicate a greater relative contribution from coarser clastic minerals,
including quartz and feldspar. Typical muddy siltstones from well JYY1 (e.g., JYY1-13,
JYY1-23, and JYY1-9) exhibit Si/Al values of 3.85, 4.12, and 4.06, respectively, exceeding
those of the other shale samples. This contrast supports the use of Si/Al to distinguish the
relative contributions of coarse clastic minerals and fine-grained clay components in the
Member I. Comparable vertical trends are observed for Si/Al, Ti/Al, and Zr/Rb, all of which
exhibit higher average values in the lower interval relative to the upper interval (Figure 10;
Table 4). These differences suggest a larger proportion of silt-sized detritus and a stronger
dilution effect in the lower interval. The occurrence of wavy and horizontal bedding,
together with its relatively lighter rock color (Figure 2), further supports deposition under
higher-energy hydrodynamic conditions.
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5.2.5. Paleoproductivity

Organic matter accumulation is partly influenced by primary productivity, which can
be assessed using geochemical proxies, particularly phosphorus (P) and barium (Ba). Phos-
phorus supports algal growth and may provide information on productivity in the water
column [69,70]. Barium is associated with sinking biogenic particles, and its accumulation
in sediments has been used to infer productivity [71]. To reduce the influence of detrital
contributions, P and Ba concentrations were normalized to Al [71,72]. However, both ele-
ments may be remobilized under anoxic conditions, potentially affecting their preservation
in sediments [50]. Cu/Al was therefore included as an additional indicator because Cu
can be transported with organic matter and subsequently retained in pyrite during organic
matter degradation under anoxic conditions [50].

The Member I samples have P/Al ratios of 0.006-0.014, close to the UCC value of 0.009.
Mean P/Al values are 0.008 for the upper interval and 0.009 for the lower interval (Table 4).
Ba/Al is generally below the UCC value of 0.007, except in JYY1-8 (0.010), indicating
overall Ba depletion. The upper interval has a slightly higher mean Ba/Al ratio (0.005)
than the lower interval (0.004; Table 4). Both intervals have an identical mean Cu/Al ratio
of 0.0005. The relatively small stratigraphic variations in these three proxies may suggest
that paleoproductivity did not change substantially during the Member I deposition in the
Changling Sag.

5.3. Accumulation Mechanism for Organic Matter
5.3.1. Controlling Factors for Organic Matter Accumulation

The enrichment of organic matter involves multiple interacting processes. In this study,
statistical analysis was conducted to assess its controlling factors. Specifically, 16 valid
samples from the Member I of the JYY1 well were analyzed using Origin 2021 to generate
a correlation heatmap. A total of 14 variables, including TOC and geochemical param-
eters representing paleoclimate, paleoproductivity, redox conditions, paleosalinity, and
detrital dilution, were subjected to a two-tailed Pearson correlation analysis. This analysis
evaluated the magnitude and direction of linear associations between environmental param-
eters and TOC. Pearson’s correlation coefficient (r) served to quantify these associations,
while p-values were obtained via two-tailed significance testing, with statistical significance
defined at p < 0.05.

The statistical results suggest that oxygen-depleted bottom-water conditions played an
important role in preserving organic matter (Figure 11). Positive correlations with TOC
are observed for Mo/Al, V/Cr, and Fepy/ Feyg, with respective r values of 0.69, 0.67, and
0.54 (p = 0.003, 0.004, and 0.03, respectively). This indicates that the anoxic conditions,
specifically the ferruginous condition, effectively restricted the oxidative decomposition
of organic matter, acting as the most critical factor for its preservation. In comparison,
Cu/Al (r = —0.06, p = 0.84), P/Al (r = —0.51, p = 0.04), and Ba/Al (r = —0.17, p = 0.54)
do not exhibit statistically significant positive associations with TOC. These results suggest
that primary productivity was unlikely to be the dominant controlling factor for organic
matter accumulation in the study area. TOC is strongly negatively correlated with Ti/Al
(r =—0.82, p = 0.0001), consistent with dilution by silt-rich detritus. A positive TOC—tNa
relationship (r = 0.69, p = 0.003) further suggests that relatively reduced precipitation
may have facilitated organic matter accumulation. Taken together, the results support a
preservation-dominated accumulation pattern, with detrital dilution acting as an additional
negative influence.
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Figure 11. Pearson correlation heatmap of TOC and paleoenvironmental proxies for the Member I
samples from the JYY1 well. Statistical significance is indicated by *, **, and ***, corresponding to
p < 0.05, p < 0.01, and p < 0.001, respectively.

5.3.2. Accumulation Model for Organic Matter

A conceptual model was developed to illustrate organic matter accumulation in the
Member I of the Changling Sag (Figure 12).

The lower interval (stage a) is a high precipitation and strong runoff period. Dur-
ing this stage, the climate was humid, and heavy precipitation led to an elevated riverine
input (Figure 12a). This diluted the lacustrine water column to brackish conditions and
markedly enhanced the hydrodynamic energy. Intensified hydrodynamic activity weakened
water-column stratification and enhanced vertical mixing of oxygen-rich waters, resulting in
elevated oxygenation of the bottom water, with only localized development of ferruginous
conditions. In this type of water column, organic matter was largely degraded by aerobic
microbes in overlying oxic water, and further decomposed by prevailing DIR in the ferrugi-
nous bottom water [3,56]. Under this scenario, euhedral and framboidal pyrite formation
was only formed in pore waters beneath the sediment-water interface. Meanwhile, runoff
supplied abundant coarse detrital particles, particularly silt, which reduced the relative
abundance of organic matter in the sediments through dilution. Together, these processes
limited organic matter enrichment during Stage a.

The upper interval (stage b) is a low precipitation and weak runoff period. At this stage,
both precipitation and riverine influx declined, resulting in a weak hydrodynamic lake with
a brackish to saline water column. Under such a relatively stable water column structure, a
well-developed redox stratification was prone to form, resulting in an enlarged ferruginous-
euxinic bottom water and a thinner overlying oxic water. Therefore, organic matter was
better preserved due to the inhibited oxidative degradation. Meanwhile, increased BSR in
the ferruginous-euxinic bottom water could release toxic H,S to suppress DIR and methano-
genesis, which also promoted organic matter preservation [3]. Framboidal and euhedral
pyrites formed in both bottom and pore waters. Additionally, fine-grained sediment such
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as clay minerals could also adsorb organic matter and protect it from oxidation or microbial
alteration [17,73]. The combined effects of water-column stratification, reducing conditions,
and mineral-associated protection favored organic matter accumulation during Stage b.
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Figure 12. Conceptual model depicting the organic matter enrichment processes in the lower (a)
and upper (b) intervals of the Member I lacustrine shale from the Changling Sag. The $**Mg-based
reconstruction of mean annual precipitation (P, m/yr) during the Member I deposition (91.9-90.7 Ma)
is from Liu et al. [46].

6. Conclusions

(1) Evidence from Al,O3/TiO, ratios and PAAS-normalized REEs patterns suggests
that the Member I sediments in the Changling Sag were mainly derived from felsic to
intermediate source rocks, with geochemical characteristics broadly consistent with tonalite.

(2) The Member I deposition in the Changling Sag occurred under a humid subtropical
to tropical climate, accompanied by moderate to strong chemical weathering and generally
brackish-to-saline lake conditions. During lower-interval deposition, greater precipitation
and riverine input promoted vigorous water circulation in a brackish, ferruginous lake.
In contrast, reduced rainfall and fluvial supply during upper-interval deposition favored
weaker hydrodynamic activity and the development of brackish-to-saline, ferruginous—
euxinic conditions.

(3) The enrichment of organic matter in the Member I was primarily governed by
preservation conditions and detrital dilution. Higher TOC in the upper interval was favored
by the expansion of ferruginous—euxinic bottom waters, reduced silt-sized detrital contribu-
tions, and enhanced organic matter retention by clay minerals. In the lower interval, greater
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silt input and less favorable preservation conditions limited organic carbon accumulation.
The occurrence of abundant pyrite and elevated Fe,, /Fepy ratios may therefore provide
supplementary evidence for identifying organic-rich shale intervals with shale oil and
gas potential.
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Appendix A

Table Al. Rare earth elemental compositions and calculations for the JYY1 well in Member I, all in
ug/g content.

Interval Saﬁ‘gle D(z";h La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb L %‘;L REE E;‘f
JYY1-3 24224 30 59 9 33 7 12 6 09 5 23 11 36 06 39 06 06 184 085
JYY1-4 24254 44 82 13 46 9 16 8 12 7 35 15 45 07 46 07 07 259 090
JYY1-32 24315 37 75 10 38 7 12 6 10 6 29 13 39 06 40 06 07 221 084
Upper JYY1-5 2433 31 66 10 37 7 13 7 11 6 27 13 41 06 43 07 05 204 090
interval  JYY1-7 24405 54 125 17 66 13 26 12 18 11 46 22 66 10 64 10 06 365 096
JYY1-6 24486 28 55 7 27 5 10 5 07 4 08 23 04 23 04 09 137 093
JYY1-8 2450 38 8 13 51 11 21 10 15 9 34 18 53 08 53 08 05 268 097
Average 37 78 11 43 8 16 7 12 7 32 14 43 07 44 07 07 234 091
JYY1-9 24583 17 39 8 31 7 15 7 12 7 28 15 46 07 48 08 03 159 099
JYY1-10 24593 29 67 11 4 10 19 10 16 9 39 19 56 09 57 09 04 239 088
JYY1-2 2463 53 116 16 62 13 25 12 18 10 50 21 61 09 58 09 07 35 095
JYY1-25 24655 38 84 10 39 8 15 7 10 5 11 31 05 30 05 10 202 094
JYY1-11 24696 34 73 9 33 6 11 6 08 5 10 28 04 28 04 09 175 080
JYY1-14 24706 21 43 6 24 5 10 5 07 4 08 24 04 24 04 07 116 099
JYY1-12 24764 78 158 21 75 14 27 12 17 9 43 19 54 08 52 08 11 428 097
JYY1-15 24794 59 144 19 70 14 25 13 20 11 46 24 70 11 68 10 06 399 086
JYY1-13 24799 50 120 16 62 13 24 12 19 11 46 23 69 10 70 11 05 354 0.89
JYY1-18 24831 36 75 11 42 9 17 8 13 8 35 16 48 08 50 08 05 239 094
JYY1-16 24855 52 124 16 62 13 23 11 18 10 45 21 61 09 61 09 06 353 090
Lower JYY1-19 24906 26 59 9 33 7 12 6 11 7 28 14 44 07 47 07 04 187 089
interval = 7yy12p 24915 44 87 14 54 11 21 9 14 8 42 17 52 08 51 08 06 286 095
JYY1-20 24942 63 141 20 76 16 32 14 21 11 49 23 66 10 62 09 08 411 101
JYY123 24975 3 9 2 8 2 06 2 06 4 10 09 29 05 34 05 01 49 111
JYY1-17 24998 46 103 15 56 11 21 10 15 9 43 18 57 09 59 09 06 311 095
JYY121 25018 37 77 11 41 8 16 7 12 7 34 14 43 07 44 07 06 237 093
JYY1-31 25098 49 117 16 59 12 21 11 17 10 43 20 59 09 60 09 06 334 085
JYY1-26 25118 74 163 21 75 15 27 13 20 12 58 24 70 11 67 10 08 453 0.89
JYY1-27 25146 26 59 9 35 8 14 7 12 7 30 15 46 07 49 08 04 196 092
JYY1-28 2518 42 101 14 52 11 22 10 16 9 41 19 57 09 58 09 05 299 097
JYY1-29 2520 71 156 20 75 14 30 13 19 10 46 21 59 09 55 08 10 426 1.03
JYY1-30 25221 62 148 18 70 14 27 13 20 11 53 23 67 10 65 10 07 412 093
Average 4 98 14 51 10 20 9 15 9 41 18 52 08 52 08 06 288 094
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