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Introduction and Methods: To identify the unconventional shale oil exploration
potential of the third member of the Palaecogene Dongying Formation
(Ed3) in the Nanpu Sag, Bohai Bay Basin, variations in paleoclimate and
paleoenvironment and their influence on organic matter accumulation were
investigated through analyzing mineralogical and geochemical characteristics
of forty-nine mudstone samples.

Results: Results show that the Ed; mudstones exhibit strong heterogeneity
with the organic carbon content ranging from 0.30% to 2.66%, petroleum
potential yield ranging from 0.44 to 1141 mg/g, and hydrogen index ranging
from 57 to 466 mg/g TOC, which are dominated by mixed kerogen and
low maturity to maturity. Multiple mineralogical and geochemical proxies
suggest that the semi-humid to semi-arid paleoclimate during the Ed; period
governed the fluctuations of paleoenvironmental elements. From bottom
to top, the paleowater depth varied in an order of shallow water, deep
water, and shallow water, respectively, and the corresponding paleosalinity of
brackish water, fresh water, and brackish waterr, respectively. Water column
evolved from weak oxidation to weak reduction, and then to weak oxidation,
respectively. Two development models of the Ed; mudstones under semi-
humid to humid and semi-arid to arid climate were summarized based on
the influence of paleoenvironmental elements on organic matter supply and
preservation/degradation in sediments. Mudstones were deposited in a deep-
water environment with high primary productivity under the semi-humid to
humid climate. The mixed aquatic and terrigenous organic matte were efficiently
preserved in stratified and reduced water columns, resulting in high organic
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matter accumulation. Nevertheless, mudstones were developed in a shallow-
water environment with medium primary productivity under the semi-arid to arid
climate. Here, aquatic organic matter was oxidized and degraded in the oxidation
condition, leading to low organic matter accumulation.

Discussion: The exploration of unconventional shale oil in the Ed; member of
Nanpu Sag should focus on the organic-matter-rich mudstones developed in
the humid climate.

Dongying formation, paleoclimate, paleoenvironment, organic matter accumulation,

Nanpu Sag

1 Introduction

Organic matter accumulation in fne-grained sediments is a
complex geological process infuenced by multiple elements in
the paleoenvironment, which are controlled by the co-evolution
of tectonic and climatic factors (Carroll and Bohacs, 1999; 2001;
Quan et al., 2017; Wang et al., 2020). It is achieved through the
infuence of paleoproductivity, paleowater depth, paleosalinity,
and paleoredox conditions on the supply and preservation of
organic matter. Paleoproductivity is an important factor afecting
organic matter accumulation (Pedersen and Calvert, 1990). First,
high primary productivity enhances the organic matter content in
sediments. Second, the oxidation of excess organic matter can create
anoxic conditions because of the consumption of free oxygen in the
water column, which is conducive to the preservation of organic
matter. Salinity leads to signifcant diferences in the organic matter
accumulation by governing the species and richness of planktonic
organisms (Fu et al., 2022; Tang et al., 2020). Many euryhaline algae,
e.g., Cyanobacteria, diatoms, and green algae, etc., can survive in low-
salinity water, whereas only a few salt-tolerant algae, e.g., amphora
subacutiuscula, can thrive in high-salinity water. Nevertheless,
organisms that are adapted to specifc salinity ranges can propagate
in these environments, benefting from reduced competition for
nutrients, survival space, and limited predators (Xu et al., 2024).
Redox conditions play an important role in the preservation of
hydrogen-rich organic matter. Water stratifcation controlled by
the presence of salinity or temperature gradients can create an
anoxic condition (Ocubalidet et al., 2018), particularly in deep-
water environments. It is characterized by a lack of commutation
between the surface oxygen-rich water and bottom oxygen-
poor water at the stratifcation interface. Limited degradation of
planktonic algae results in high organic matter accumulation.
Nevertheless, a rapid commutation between the surface and
bottom water can lead to oxic conditions with weak stratifcation,
as seen in shallow-water environments (Lei et al., 2021b).
Intense degradation by aerobic bacteria in the oxygen-enriched
conditions could destroy algal organic matter during burial.
Terefore, the reconstruction of paleolacustrine environments
play an essential role in understanding the mechanisms of organic
matter accumulation in fne-grained sediments. As carriers, fne-
grained sediments record abundant information of paleoclimate
and paleoenvironment in geological history. Recently, various
methods have been developed to characterize the paleoclimate and
paleoenvironment, including paleobiology, mineralogy, elemental
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geochemistry, organic geochemistry, and isotopic geochemistry,
etc (Ghassal et al., 2018; Gyawali et al., 2019; Johnston et al.,
2017; Moradi et al., 2016; Tribovillard et al., 2006; 2008; 2012;
Yin et al., 2020; Wu et al., 2022).

In recent years, signifcant progress has been achieved in
exploring and developing continental shale oil in major petroliferous
basins in China, such as Songliao, Bohai Bay, Ordos, and Junggar
basins. To reduce exploration uncertainties, increasing attention
has been paid to the mechanisms of organic-matter-rich sediments
(Caietal., 2022; Wang et al., 2020; Wu et al., 2022; Zhang et al., 2017).
Nanpu Sag has been recognized as an important petroliferous sag
in the Bohai Bay Basin, with the conventional petroleum resources
at approximately 7,000 x 10* t, and the unconventional petroleum
resources at approximately 12,000 x 10*t (Jiang et al., 2023).
Organic-matter-rich sediments in the Es;, Es;, and Ed; members are
regarded as potential source rocks in the Nanpu Sag. Previous studies
have suggested that the Es; and Es; members, with deep burial, high
organic matter abundance, and Type [-0 kerogen, are major source
rocks in this sag. Owing to shallow burial and limited hydrocarbon
generation capacity, less attention has been forced on the Ed,
member in oil-gas exploration. Unexpectedly, unconventional shale
oil has been discovered in the Ed; member of the Linque and
Caofeidian sub-sags in the Nanpu Sag. No studies have concerned
with the mechanisms of organic matter accumulation in the Ed;
member, which hampered unconventional shale oil exploration.

In this study, a combination of mineralogy and geochemistry
was used to interpret the paleoclimate and paleoenvironment of
the Ed; member in the Nanpu Sag, and their infuence on organic
matter accumulation was discussed, providing insight into the shale
oil exploration.

2 Geological setting

T e Bohai Bay Basin is one of the major petroliferous basins in
eastern China, with proven oil reserves of more than 150 x 108t
and proven natural gas reserves of more than 0.36 x 102 m°. It is
situated in the east of North China Platform, and can be divided
into six sub-basins, namely Liaohe, Bozhong, Jizhong, Huanghua,
Jiyang, and Linging (Figure 1A). T e focus of this study, Nanpu Sag,
is situated in the northeast of Huanghua sub-basin and close to the
southern margin of the Yanshan fold belt, with an area of 1932 km?.
Based on the structural forms, it can be divided into eight secondary
structural belts, i.e., Nanpu No.1, Nanpu No.2, Nanpu No.3, Nanpu

frontiersin.org


https://doi.org/10.3389/feart.2024.1525594
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Yin et al.

FIGURE 1
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Regional structure (A, B) and stratigraphic comprehensive histogram (C) of the Nanpu Sag.

No.4, Nanpu No.5, Laoyemiao, Gaoshangpu and Liuzan, and three
sub-sags, i.e., Shichang, Linque and Caofeidian (Figure 1B). Te
Nanpu Sag is a Cenozoic sedimentary basin developed on Mesozoic
basement rocks, and exhibits faulting in the north and overlapping
in the south. It is overlain by Cenozoic clastic sediments with
a maximum thickness of 8,000 m, including Paleogene Shahejie
(Es) and Dongying (Ed) formations, Neogene Guantao (Ng) and
Minghuazhen (Nm) formations, and Quaternary Pingyuan (Qp)
Formation (Figure 1C). Particularly, the Ed Formation can be
divided into three members including Ed,, Ed,, and Ed;, from
bottom to top. Te Ed; member, as the focus of this study, is an
important source rock and oil-bearing reservoir in the Nanpu Sag.
Controlled by the combination of strong activity of boundary faults
and rapid subsidence of the basement, the deposition center of the
Ed; member was located in the Linque and Caofeidian sub-sags,
south of the Gaoliu fault. It is mainly composed of semi-deep/deep
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lake deposits. A series of fan delta sediments developed on the
northern steep slope, and braided-river delta sediments developed
on the southern gentle slope. Based on variations in lithological
association, the Ed; member can be subdivided into two intervals
including the lower interval (Edsl) and the upper interval (Edsu).
Te thickness of the Ed;l interval is between 200 and 550 m, with a
mud ratio of up to 70%, and the Edu interval is between 180 and
450 m, with a mud ratio of up to 60%. Among these mudstones,
colors are dominated by dark gray, black gray, and gray black, with
the alternating micro-layered, layered and massive structures.

3 Materials and methods

In this study, two sample sets were taken from the Linque
and Caofeidian sub-sags, because the deposition center of the Edj
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FIGURE 2
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Organic matter abundance [(A) Linque sub-sag; (B) Caofeidian sub-sag] and type (C) of the Ed;l and Edsu intervals in the Nanpu Sag. Note: Some data

was collected from the PetroChina Jidong Oilfield Company.

member was located in these two sub-sags. One sample set includes
forty-nine mudstone samples from six drilling wells (well location
is shown in Figure 1B). It was employed for TOC and Rock—Eval
pyrolysis analyses to estimate basic geochemical characteristics of
source rocks. Another sample set includes twenty-one mudstone
samples from Well E, which were selected for mineralogical
component, major element, trace element, gas chromatography
(GC), and gas chromatography-mass spectrometry (GC-MS)
analysis to investigate the paleoclimate and paleoenvironment.

TOC and Rock-Eval pyrolysis parameters such as S;, S,, Ss,
and T, were conducted via a Rock-Eval Il instrument furnished
with total organic carbon measuring function. Mineralogical
compositions were determined utilizing an X-ray difractometer.
Samples were crushed into a fne powder and then scanned from
5°C to 75°C at a rate of 2°C/min.

Major elements were determined using an X-ray fuorescence
spectrometer. First, powder samples (less than 200 mesh) were dried
in an oven at 105°C for 12 h. T ey were then heated at 1,000°C in
a muddle furnace for 2 h. Afer cooling to 400°C, ashed samples
were weighted, and the losses on ignition were recorded. Finally,
these samples were mixed with lithium tetraborate and fused into
glass beads for XRF analysis. Trace elements were determined using
an Agilent 7500A inductively coupled plasma mass spectrometer
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(ICP-MS). First, powder samples were placed into mu+le furnace
at 500°C to remove crystal water together with organic matter. Te
samples were sealed and dissolved with high-purity 0.1 mL HNO,
and 0.1 mL HF in a Tefon beaker, and then heated at 190°C in
an oven for 12 h. Afer cooling, the Tefon beaker was opened
and heated at 140°C to achieve initial dryness before reacting with
1.0 mL HNO;. Finally, the solution was transferred to a polyethylene
bottle and diluted to a mixture (100 g) with 2% HNO, for analysis.
Teresults were calibrated via standard and measured samples, with
an analytical error of less than 5%.

Bitumen extractions were extracted from the powder samples
using an azeotrope of methanol and methylene chloride (7:93)
in a Soxhlet apparatus for 72 h. Te fractions of hexane-soluble
organic matter were separated into saturated components,
aromatic components, and resin components through column
chromatography. Saturated components were dissolved in hexane
and analyzed by GC (a PONA fused silica column, 60 m x 0.25 mm
i. d.,, fIm thickness 0.25 uym, with the temperature programmed
from 40°C to 300°C at a rate of 4°C/min, and then held at 300°C
for 30 min). GC-MS experiments were executed on an Agilent
7890A-GC/5975C-MS instrument coupled with a HP-5MS fused
silica column (30 m x 0.25mm i. d., fim thickness 0.25 pm).
For biomarkers analysis, the fragmentograms of steroids (m/z
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TABLE 1 Bulk compositions of the Ed;l and Edzu intervals in the Nanpu Sag.

Depth (m) Interval Rock-Eval pyrolysis
HI ‘ Pl
1 Well E 3720 Edyu 0.45 0.02 0.50 437 111 0.04 052
2 Well E 3747 Ed,u 0.69 0.03 110 437 159 0.03 113
3 Well E 3760 Edsu 0.94 0.03 0.94 436 100 0.03 0.97
4 Well E 3785 Ed,u 1.66 0.15 3.99 440 240 0.04 4.14
5 Well E 3867 Edsu 158 0.19 458 440 290 0.04 477
6 Well E 3880 Edsu 1.39 0.20 391 438 281 0.05 411
7 Well E 3920 Ed,u 1.40 0.19 413 439 295 0.04 432
8 Well E 3965 Edsu 191 1.26 7.41 442 388 0.15 8.67
9 Well E 3975 Ed,u 178 081 6.74 444 379 011 7.55
10 Well E 4060 Ed,l 131 0.04 2.85 441 218 0.01 2.89
11 Well E 4070 Ed, 171 0.28 3.98 440 233 0.07 4.26
12 Well E 4083 Ed| 1.86 0.36 5.48 442 295 0.06 5.84
13 Well E 4090.2 Ed, 1.83 0.78 6.89 442 377 0.10 7.67
14 Well E 40925 Ed| 241 1.20 10.21 446 424 011 11.41
15 Well E 4100 Ed,l 167 0.43 5.11 444 306 0.08 5.54
16 Well E 4120 Ed| 151 0.26 379 441 251 0.06 4,05
17 Well E 4170 Ed,l 2.66 0.48 4.33 442 163 0.10 481
18 Well E 42155 Ed| 0.64 0.13 136 444 213 0.09 1.49
19 Well E 42163 Ed,l 1.38 0.63 377 448 273 0.14 4.40
20 Well E 4218.7 Ed,| 0.82 0.13 128 448 156 0.09 141
21 Well E 42195 Ed| 1.05 0.22 2.06 448 196 0.10 228
22 Well D 3591.6 Ed,u 0.30 0.27 017 437 57 061 0.44
23 Well D 3592.5 Ed,u 0.69 0.46 0.40 437 58 053 0.86
24 Well D 3617.6 Edyu 0.65 0.41 2.25 440 344 0.15 2.66
25 Well D 3618.6 Ed,u 0.99 0.39 332 442 334 011 371
26 Well D 3619.2 Edyu 1.60 0.65 7.46 441 466 0.08 8.11
27 Well F 4859.7 Ed,u 1.05 1.39 341 443 323 0.29 4.80
28 Well F 4862.6 Edsu 138 1.74 481 444 349 027 6.55
29 Well B 3793 Ed,u 0.79 055 1.46 438 186 027 201
30 Well B 3824 Edsu 0.39 0.26 0.60 436 153 03 0.86
31 Well B 3917 Ed,u 051 056 112 439 222 033 1.68

(Continued on the following page)
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TABLE 1 (Continued) Bulk compositions of the Ed;l and Edsu intervals in the Nanpu Sag.

Depth (m) Interval Rock-Eval pyrolysis
T HI Pl

2 Well B 3912 Ed,u 084 047 281 444 336 014 3.28
33 Well B 3946 Ed,u 0.61 0.34 118 437 195 0.22 152
34 Well B 3936 Edsu 111 0.64 3.85 444 347 014 4.49
35 Well B 3974 Ed,u 095 0.44 2.36 443 249 0.16 28

36 Well B 4007 Edsu 1.23 0.39 441 443 358 0.08 48

37 Well C 41953 Ed,| 117 0.95 5.04 445 430 0.16 5.99
38 Well C 4196.2 Ed,l 112 1.07 439 445 391 02 5.46
39 Well C 41973 Ed,| 1.09 0.91 430 445 395 017 5.21
40 Well C 4198.3 Ed,| 1.32 0.92 587 445 443 014 6.79
41 Well C 4199.3 Ed,| 1.38 158 6.05 445 439 021 7.63
42 Well C 4200.9 Ed,| 1.28 147 5.74 444 449 02 7.21
43 Well C 42013 Ed,| 1.16 115 482 448 414 019 5.97
44 Well C 4202.8 Ed,| 137 152 6.32 447 461 0.19 7.84
45 Well A 45015 Ed,l 193 110 7.33 439 380 013 8.43
46 Well A 45025 Ed,| 1.28 0.37 3.08 437 241 011 345
47 Well A 4503.3 Ed,l 172 1.06 6.55 441 385 014 7.61
48 Well A 4506.6 Ed,| 1.82 0.50 8.08 443 444 0.06 8.58
49 Well A 4507.1 Ed,l 1.49 054 597 443 401 0.08 6.51

Note: TOC, total organic carbon, %.

S,, free hydrocarbon content, mg/g.

S,, remaining hydrocarbon generative potential, mg/g.
Tax Temperature at the maximum of S, peak, °C.
HI, Hydrogen index (S,/TOC x 100), mg/g TOC.

PI, Production index [S,/(S,+S,)].

PY, Petroleum potential yield (S,+S,), mg/g.

= 217) and terpenoids (m/z = 191) were recorded. Individual
components were identifed by comparing their retention times
and mass spectra with published data. Te relative abundances
of steroids and terpenoids were calculated by determining peak
heights in the m/z = 191 and m/z = 217 fragmentograms,
respectively.

4 Results

4.1 Basic geochemical characteristics of
source rocks

Owing to the rapid change in the deposition environment, the
Ed; mudstones exhibit strong heterogeneity, especially in terms
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of organic matter abundance, type, and hydrocarbon-generation
potential (Figure 2). Based on geochemical data analysis (Table 1),
the Edsl interval was in a range of 0.64%-2.66% in TOC, with
a mean of 1.48%, and in a range of 1.41-11.41mg/g in PY,
with a mean of 5.71 mg/g, indicating high-quality source rocks.
Te Edsu interval was 0.30%-1.91% in TOC, with a mean of
1.08%, and 0.44-8.67 mg/g in PY, with a mean of 3.78 mg/g,
indicating general-quality source rocks. Generally, hydrogen index
(HI) > 400 mg/g TOC, 150-400 mg/g TOC, 50-150 mg/g TOC
suggests oil-prone kerogen (Type-1), mixed kerogen (Type-11), and
gas-prone kerogen (Type-I1l), respectively. HI values of the Edsl
and Edsu intervals were 156-461 mg/g TOC and 57-466 mg/g
TOC, respectively, indicating that they were dominated by type
Il kerogen with a certain proportion of Type | and Ill kerogen.
Tnax Can serve as an efective proxy for evaluating thermal maturity
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TABLE 2 Mineralogical compositions of the Ed;l and Edzu intervals in the Nanpu Sag.

S\ Depth (m) Interval Mineral components (wt.%)
Quartz Feldspar Calcite Dolomite Clay minerals Pyrite Halite

1 3720 Edyu 416 133 85 76 28.0 0 10
2 3747 Ed,u 46.2 181 95 92 17.0 0 0
3 3760 Ed,u 38.6 8.7 8.2 9.0 309 0 36
4 3785 Ed,u 35.2 130 117 7.7 309 0 15
5 3867 Ed,u 37.2 11.8 134 5.0 306 0 2
6 3880 Edyu 435 11.2 13.7 10.1 215 0 0
7 3920 Ed,u 36.0 111 131 54 332 0 12
8 3965 Ed,u 44.3 245 7.1 46 195 0 0
9 3975 Ed,u 425 235 6.4 6.1 215 0 0
10 4060 Ed,l 37.8 201 55 5.1 315 0 0
1 4070 Ed, 404 10.4 6.6 36 374 16 0
12 4083 Ed,| 374 13.0 6.6 5.0 35.7 23 0
13 4090.2 Ed, 39.8 12.7 6.1 5.4 34.1 19 0
14 4092.5 Ed,| 445 138 5.0 33 314 20 0
15 4100 Eds! 44.1 77 76 47 35.9 0 0
16 4120 Ed,| 344 11.6 7.2 10.6 36.2 0 0
17 4170 Eds! 39.4 9.8 8.3 55 34.3 27 0
18 42155 Ed,| 355 151 12,0 4.0 334 0 0
19 4216.3 Eds! 407 9.8 9.6 65 311 23 0
20 42187 Ed,| 36.7 7.3 9.4 52 401 13 0
21 42195 Ed,| 434 8.1 10.4 6.4 305 12 0

(Bechtel et al., 2012). T, values for immature, low mature,
mature, high mature and overmature organic matter are <435°C,
435°C—445°C, 445°C—-455°C, 455°C—-490°C, >490°C, respectively.
Te Edgl and Edsu intervals had a narrow T, ranging from
440°C to 448°C and 436°C—444°C, respectively. It suggests that
the thermal maturity of the analyzed samples varies between just
pre-oil window and mid-oil window thermogenic conditions for
hydrocarbon generation. Note that in Figures 2A, B, the Ed; source
rocks developed in the deposition centers of the Nanpu Sag, namely
Linque sub-sag and Caofeidian sub-sag, are comparable.

4.2 Mineralogical components

Te mineralogical components identifed in the Ed; member
include quartz, feldspar, calcite, dolomite, clay minerals, and a
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small amount of pyrite and halite (Table 2). Quartz and clay
minerals were the dominant mineral components (Figure 3),
varying between 34.4wt.% and 46.2wt.% (average 39.9 wt.%),
17.0wt% and 40.1wt.% (average 30.7 wt.%), respectively. Te
contents of feldspar, calcite, and dolomite were in a range of
7.3-24.5 wt.%, 5.0-13.7 wt.%, and 3.3—10.6 wt.%, respectively, with
means of 13.1wt.%, 8.8 wt.%, and 6.2 wt.%, respectively. A low
content of pyrite was only found in the Ed;l interval ranged from
0 to 2.7 wt.% (average 1.2 wt.%), and halite was only found in the
Ed,u interval ranged from 0 to 3.6 wt.% (averagel.0 wt.%).

4.3 Major and trace elements

Te major element measurements are shown in Table 3.
Major elements such as SiO, (53.94%-63.72%), Al,O3
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FIGURE 3
Mineralogical compositions of the Edsl and Edsu intervals in
the Nanpu Sag.

(12.56%-14.98%),TFe,0;5 (4.62%-8.06%), CaO (2.74%-9.23%),
MgO (2.09%-3.74%), Na,O (1.36%—4.43%), K,O (2.01%—2.94%),
and TiO, (0.64%—2.26%) showed signifcant vertical fuctuations.
Terrigenous detrital, authigenic, and hydrothermal components
are the main sources of major and trace elements in sediments
(Tripathy et al, 2014; Xu et al, 2012). Al,O5; is chemically
stable and little afected by weathering and diagenesis in
late stage (Tribovillard et al., 2006). It is widely applied to
estimate terrigenous debris infux. Results show that the Al,O,
concentrations in the Ed,l and Edsu intervals were 13.13%—-14.72%
and 12.56%-14.08%, respectively, which were lower than that in
the PAAS (18.90%). Hence, it is preliminarily concluded that these
sediments were relatively poor in terrigenous detrital components
and rich in authigenic or hydrothermal components. CaO primarily
occurrs in carbonate minerals. Te CaO concentrations in the Eds|
and Edsu intervals fuctuated within the range of 2.74%-7.81%
and 5.60%-9.23%, respectively. From the Ed,l interval to the Ed,u
interval, the CaO concentration showed a trend of decreasing frst
and then increasing.

Te trace element measurements are shown in Table 4. Te
concentrations of most trace elements were lower than 100 x
1078, except for Ba (785 x 10°-2151 x 107%), Mn (462.3 x
106-979.6 x 107%), Sr (257.9 x 10-430.2 x 107%), and Zn (369.6
x 106-4911.0 x 107%). Tere was no signifcant correlation between
trace elements and Al,O4 in the analyzed samples (not shown),
indicating that the change in trace element concentration was not
governed by detrital fux. T e enrichment factor (EF), expressed as
(Element/Al)gampie/ (Element/Al)pans, can be applied to investigate
the variation in trace element concentrations in parent material afer
weathering, sedimentation, and diagenesis (Algeo and Tribovillard,
2009; Garzanti et al., 2015; Tribovillard et al., 2006; 2008). Dai et al.
(2015) classifed the enrichment or depletion of trace elements into
six levels: depleted (EF < 0.5), normal (0.5 < EF < 2), slightly
enriched (2 < EF <5), enriched (5 < EF < 10), signifcantly enriched
(10 < EF < 100), and unusually enriched (EF > 100). Results
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show that some trace elements in the Eds;l and Edsu intervals
displayed diferential enrichment, e.g., Ba and Sr were slightly
enriched with EF between 2.1 and 4.2, and Zn was enriched or
signifcantly enriched with EF between 6.1 and 38.7. T e remaining
trace elements were close to those in the PAAS with the EF
of 0.5-1.7 (Figure 4).

Diagenetic alteration can cause the enrichment of Mn
and the depletion of Sr in sediments, with the corresponding
Mn/Sr ratio more than 10 (Kaufman and Knoll, 1995). Results
show that the Mn/Sr ratios of the Edsl and Edsu intervals
varied between 1.2 and 2.0, suggesting that the trace element
concentrations were not afected by diagenetic alteration.
Morford et al. (2005) proposed that hydrothermal fuid would
enhance the abundance of Fe and Mn in sediments. And the
concentrations of both V and Mo are signifcantly altered because
of their involvement in the Mn cycle. No hydrothermal fuid
was observed in the Oligocene strata as well as in the overlying
strata in Well E. In addition, all samples in the Al-Fe-Mn
triangular diagram fall into the non-hydrothermal zone (Figure 5),
excluding the infuence of hydrothermal fuid on the variation
in trace element concentrations. T erefore, the measurements
of these samples are in response to the original sedimentary
environment and can be applied to investigate the paleoclimate
and paleoenvironment.

4.4 Biomarkers

4.4.1 n-alkanes and isoprenoids

Te identifed n-alkanes in the Edsl and Edsu intervals
were dominated by nC,,-nCss, with the max peak at nCy
or nCy. Te distribution pattern of n-alkanes is an efective
indicator for deciphering original organic matter origin
(Sachsenhofer etal., 2017; Volkman et al., 1990). Low-carbon
compositions (<nC,,) dominated in n-alkanes derive from algae
and microorganisms, and high-carbon compositions (>nCs)
dominated in n-alkanes originate from terrigenous higher
plants. Te distribution of n-alkanes in the Eds;l and Edsu
intervals was unimodal (Figure 6), where the abundance of low-
carbon and high-carbon compositions was similar (C,, /C,,* =
0.78-1.43, Table 5), indicating the mixed origin of aquatic and
terrigenous organic matter. Afected by low maturity, the Edsl and
Edsu intervals had high CPI values of 1.08-1.24 and 1.27-1.50,
respectively, and high OEP values of 1.03-1.15 and 1.16-1.35,
respectively.

Pristane (Pr) and phytane (Ph) are the most common
acyclic isoprenoids in source rocks. Tese two compounds are
primarily derived from phytol, which is present in the side chain
of chlorophyll. It is achieved under specifc redox conditions
(Peters et al., 2005a). Phytanol is preferentially oxidized to phytanic
acid under oxidation conditions, and then produces pristane via
the removal of ethanol. In contrast, phytanol is transformed into
dihydrophytol through hydrogenation under reduction conditions,
and subsequently produces phytane via hydrogenation and the
removal of ethanol. Te abundance of Prand Ph in the analyzed
samples was lower than that of adjacent n-alkanes, with both Pr/nC,;
and Ph/nCyg values less than 1.0 (Figure 7A). Additionally, the
abundance of Pr in the Ed;l and Ed,u intervals was higher than that
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TABLE 3 Major element concentrations of the Ed;l and Edsu intervals in the Nanpu Sag.

S\ Depth (m) Interval | TOC (wt%) Major element concentrations (%)

TFe,0s ‘CaO ‘MgO ‘Nazo K,O

1 3720 Edsu 0.45 55.46 13.89 5.07 5.60 2.20 152 2.67 0.72
2 3747 Edsu 0.69 60.07 13.22 4.62 6.52 2.16 1.40 2.82 0.69
3 3760 Edsu 0.94 56.66 12.84 471 6.58 217 143 2.60 0.67
4 3785 Edsu 1.66 57.79 12.56 4.66 9.23 2.22 1.36 2.59 0.64
5 3867 Edsu 158 53.94 13.26 4.81 731 219 142 2.47 0.64
6 3880 Edsu 1.39 59.12 13.66 4.80 5.61 2.09 1.54 2.57 0.67
7 3920 Edsu 1.40 58.16 14.08 5.05 6.73 2.25 142 271 0.69
8 3965 Edsu 191 58.16 13.83 4.83 6.20 2.09 1.46 2.84 0.69
9 3975 Edsu 178 59.59 13.16 4.63 5.92 2.14 1.62 2.33 0.73
10 4060 Ed,l 131 58.49 1461 5.50 3.86 2.27 2.97 2.59 0.88
11 4070 Ed,l 171 60.21 14.06 5.27 4.70 211 240 2.64 0.86
12 4083 Edjl 1.86 58.70 14.70 5.43 3.87 219 381 2.70 0.88
13 4090.2 Ed,l 1.83 62.92 14.72 5.34 3.17 2.26 4.04 2.94 0.86
14 4092.5 Edjl 241 59.38 14.51 5.20 3.74 2.29 3.50 2.78 0.84
15 4100 Ed,l 1.67 61.51 14.69 5.38 2.92 2.25 4.03 2.62 0.88
16 4120 Edjl 151 59.66 14.61 4.90 2.74 218 4.43 2.87 0.88
17 4170 Ed,l 2.66 60.47 14.22 4.87 3.67 2.20 3.59 2.37 0.87
18 42155 Edjl 0.64 62.68 14.95 7.50 7.33 3.74 3.02 2.18 1.95
19 4216.3 Ed,l 1.38 62.45 14.53 8.06 7.81 3.25 3.28 2.01 2.26
20 4218.7 Ed,l 0.82 58.32 14.98 5.45 4.18 2.24 3.61 2.61 1.03
21 42195 Edjl 1.05 63.72 14.92 7.71 7.44 3.03 3.20 2.38 1.94
PAAS 62.80 18.90 7.22 1.30 2.20 1.20 2.20 1.00

Note: PAAS, is the component of the Post-Archean Australian Shale published by Taylor and McLennan (1985).

of Ph, with Pr/Ph values ranging from 1.48 to 3.29 and 1.92 to 4.41, ranged from 32.5% to 44.4%, 18.8%—-31.4%, 31.1%-46.3% and

respectively. 26.5%-38.3%, 20.5%-30.0%, 38.2%-51.1%, respectively. T e typical
“V" shape observed in the Figure 6 also suggests a mixed origin of

442 Steroids aquatic and terrigenous organic matter.
Considerable steroid compounds such as pregnane, regular Tere are four common confgurations of regular steranes,

sterane, and diasterane were identifed from m/z = 217 ion including o0ao20R, oca20S, off20R, and apfp20S. Increasing
chromatograms (Figure 6). Regular steranes hold considerable  thermal maturity can transform unstable aa confguration into
biogenic signifcance (Farhaduzzaman et al., 2012; Peters et al,  stable Bp confguration, as well as convert unstable “R” shape into
2005b), e.g., Cy; regular steranes are mainly originated from aquatic ~ stable “S” shape (Hanson et al., 2000). Consequently, the ratios of
organisms, C,g regular steranes are derived from chlorophyll-c  C,q sterane Bp/(aa + BB) and C,q sterane 20S/(S + R) are expected
containing phytoplankton, and C,q regular steranes are primarily ~ to increase with increasing thermal maturity, with determined
sourced from terrigenous higher plants. Te relative abundances  thermodynamic equilibrium mixtures at 0.67-0.71 and 0.52-0.55,
of C,y, Cyg, Cyg regular steranes in the Edsl and Edgu intervals  respectively. Te isomerization of steranes in the Ed;l and Edsu
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TABLE 4 Trace element concentrations of the Ed;l and Edsu intervals in the Nanpu Sag.

SN Depth (m) | Interval Trace element concentrations (107)
Ga Mn ‘ Ni ‘ Sr \"

1 3720 Ed,u 2103 028 | 8824 1467 | 54600 | 3653 | 27950 | 7535 369.60 1554 | 2411
2 3747 Ed,u 1,224 025 | 7287 1391  567.80 | 3182 | 27740 | 7136 1857.00 2083 | 2159
3 3760 Ed,u 1377 026 | 7512 1469 | 54290 | 3308 | 297.80 | 70.52 216300 | 2172 | 2217
4 3785 Ed,u 1,194 025 | 7813 1690 | 53490 | 3248 | 36150 | 65.49 108200 = 1534 | 2184
5 3867 Ed,u 1,664 027 | 7651 1493 | 53600 | 3461 | 33360 | 64.92 40850 1700 = 2276
6 3880 Ed,u 1856 027 | 77.69 1321 | 50270 | 3425 | 27310 | 67.61 535.20 1505 | 2265
7 3920 Ed,u 835 028 | 9417 1509 | 47620 | 3679 | 29090 | 68.98 127900 | 2184 | 2387
8 3965 Ed,u 785 027 | 7386 1440 | 49690 | 3509 | 27420 | 68.76 516.90 1465 | 2272
9 3975 Ed,u 1,400 024 | 7853 1400 | 46230 | 3149 | 28180 | 77.43 109800 = 1911 2167
10 4060 Ed, 2132 03L | 89.75 1061 | 63930 | 4015 | 31930 | 94.30 675.00 1925 | 2519
1 4070 Ed, 1897 030 | 8770 1229 | 60020 | 37.07 | 30890 | 9141 623.90 1891 | 2395
12 4083 Ed,| 1837 031 | 8531 1048 58400 | 3848 | 32000 | 94.56 818.10 2162 | 2477
13 4090.2 Ed,| 1775 030 | 9137 1054 | 65660 | 3816 | 29400 9165 81650 1644 | 2549
14 40925 Ed, 1735 029 | 8584 1132 58630 | 3645 | 29020 | 89.05 643.00 1558 | 2474
15 4100 Ed,l 2102 030 | 89.20 1018 | 780.80 | 3862 | 28620 | 93.67 537.50 1659  25.80
16 4120 Ed, 1856 028 | 8027 9.63 56230 | 3522 | 257.90 | 94.27 254700 | 2058 | 2346
17 4170 Ed,l 1,298 028 | 8532 1056 | 71210 | 3461 | 26580 | 93.28 593.80 1295 | 2334
18 42155 Ed, 1,003 044 | 10600 | 17.16 | 91450 | 5463 | 42910 22190 | 4911.00 4214 3657
19 42163 Ed,l 800 048  85.00 1855  979.60 | 59.07 43020 | 25470 | 102300 | 3242 | 39.56
20 4218.7 Ed, 2151 032 | 8633 1233 | 57710 | 3986 | 31090 | 10940 | 74520 1893 | 2642
21 42195 Ed, 1,149 046 9319 1806 93820 | 5670 40100 | 22210 | 128500 | 29.61 | 37.74
PAAS 65000 = — 11000 | 1700 | 84700 | 5500 | 20000  1.00 150.00 2300 | 20.00

intervals was weak, with the C,q sterane Pp/(ca + BP) ratio of  efectively distinguish hydrocarbon generation products. Te Cyg
0.52-0.67 and 0.40-0.57 (Figure 7B), respectively, and the C,q  Ts/C,q hopane ratios of the Ed;l and Ed,u intervals ranged between
sterane 20S/(S + R) ratio of 0.36-0.41 and 0.27-0.44, respectively. ~ 0.37-1.49 and 0.16-0.54 (Figure 7C), respectively. T e abundance
T ese suggest that the Ed;l and Ed,u intervals is present in low-  of Cgy hopane was higher than that of C,q norhopane in the Ed;l

mature to mature stage. and Ed,u intervals, with the C,,/Cs, hopane ratios of 0.16-0.45
and 0.32-0.99 (Figure 7D), respectively. Te relative abundance
4.4.3 Terpenoids of Cs-Css homohopane represented a positive sequence, i.e.,

Considerable terpenoid compounds including tricyclic ~ C3; homohopane > C;, homohopane > C3; homohopane > Cs,
terpane, tetracyclic terpane, and pentacyclic triterpene such as  homohopane > C;; homohopane, especially the abundance of
C,; norneohopane (Ts), C,; norhopane (Tm), C,9 norhopane,  Cgz and Cz5 homohopane was extremely low, which is consistent
C,y norneohopane, C;, hopane, Cj-C3; homohopane, and  with the non-strong reducing sedimentary environment (Peters and
gammacerane were identifed from m/z = 191 ion chromatograms ~ Moldowan, 1991).

(Figure 6). Te Ts/Tm ratios of the Edsl and Ed,u intervals varied Gammacerane, an important biomarker, is derived from the
in the range of 0.74-4.81 and 0.25-1.20, respectively, which can  reduction of tetrahymanol (Ten Haven et al., 1989). T e principal
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FIGURE 4

range of values (min-max) and the inner line shows the mean value.

Enrichment factors of major and trace elements for the Edsu (A) and Edsl (B) intervals in the Nanpu Sag. Note: The extent of the boxes represents the

FIGURE 5
Al-Fe-Mn diagram of the Ed;l and Edsu intervals in the Nanpu
Sag (after Adachi et al., 1986).

source of tetrahymanol seems to be bacterivorous ciliates, which
thrive at the interface between aerobic and anoxic zones in stratifed
water columns (Hakimi et al., 2016; Yuan et al., 2017). Tis
compound was commonly observed in the analyzed samples. Te
gammacerane index, expressed as gammacerane/(gammacerane
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+ Cg hopane), was less than 0.2 (Figure 7E). Cig and Cy
tricyclic terpane are mainly derived from terrigenous higher
plants (Adegoke et al, 2015). Higher C;9/Cyq tricyclic terpene
(C1g/Cy3TT) and C,y/Cys tricyclic terpene (C;9/Cy3TT) indicate
more terrestrial organic matter input (Hao et al., 2011). T ese two
ratios were comparable in the Ed;l and Ed,u intervals (Figure 7F).
Te former had C;g/CxTT and C,o/Co;TT ranging from 0.09 to
2.07 and 0.28-1.63, respectively, and the latter from 0.05 to 1.01
and 0.17-0.80, respectively. T is implies that diferential terrestrial
organic matter inputs were present in the Edsl and Edgu intervals.

5 Discussions
5.1 Paleoclimate

Te migration and distribution of specifc elements in
sediments vary signifcantly under diferent climatic conditions
(Moradi et al., 2016). Recently, C-value is widely employed to
investigate paleoclimate changes. It is based on the hypothesis that
Fe, Mn, Cr, Co, Ni, and V are typically enriched within humid
conditions, whereas Ca, Mg, Ba, Sr, K, and Na are concentrated
within arid conditions (Fedo et al., 1995; Li et al., 2020). Te C-
value is calculated as follows: C-value = y(Fe + Mn + Cr + Co + Ni
+V)/3(Ca+ Mg + Ba + Sr + K + Na) (presented as 107°). Generally,
C-value 0.6 suggests intense chemical weathering within humid
climate (Qiu et al., 2015). Te C-values of the Ed;l interval ranged
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FIGURE 6
Biomarker fingerprints for the Edsl and Edsu intervals in the Nanpu Sag.

from 0.32 to 0.45, with an average of 0.40. An increasing trend
from bottom to top was observed in the Ed,l interval (Figure 8),
indicating that the paleoclimate changed from semi-arid to semi-
humid. Te C-values of the Edsu interval varied between 0.30
and 0.39, with an average of 0.36. In contrast, a decreasing trend
from bottom to top was observed in the Ed,u interval (Figure 8),
suggesting that the paleoclimate shifed from semi-arid to
semi-humid conditions.

Te content of carbonate minerals (e.g., calcite, dolomite,
aragonite) in sediments is particularly sensitive to paleoclimate
changes (Gyawali et al., 2019). Two origins have been proposed to
explain carbonate minerals in sediments. Protogenous components
are derived from the weathering and denudation of carbonate-
bearing parent rocks around the lake basin. In contrast, authigenic
components are those precipitated by chemical and biological
sedimentation in the lake basin, which is closely linked to climate
change. Dean et al. (2015) proposed that increasing content of
authigenic carbonate minerals in sediments indicates the transition
from humid climate to arid climate. Previous studies have shown
that the provenance of Paleogene sediments in the Nanpu Sag is the
granite rocks of the Yanshan fold belt, excluding carbonate rocks
(Lei et al., 2021a). Tat is, the carbonate minerals detected in the
analyzed samples are authigenic and can be used as paleoclimatic
indicators. T e content of carbonate minerals in the Edsl interval
ranged from 8.3% to 17.8%, with an average of 13.3%. A decreasing
trend from bottom to top indicated that the paleoclimate had
changed to humid conditions. Te content of carbonate minerals
in the Edsu interval varied between 11.7% and 23.8%, with an
average of 17.4%. In contrast, an increasing trend from bottom to
top suggested that the paleoclimate had shifed to arid conditions.
Tisis consistent with the paleoclimate changes inferred from the C-
value (Figure 9A). Variations in paleoclimatic conditions lead to
signifcant diferences in the deposition environment by regulating
factors such as weathering intensity, primary productivity, and water
column conditions, etc.
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5.2 Paleoenvironment

5.2.1 Paleoproductivity condition

Paleoproductivity in the water body is fueled by various
unicellular planktonic organisms, which serves as the material
foundation for the accumulation of organic matter in sediments
(Pedersen and Calvert, 1990). Biogenic Ba involving plankton decay
has been proved to be a reliable proxy for paleomarine productivity
(Paytan and Grifth, 2007; Plewa et al., 2006; Tribovillard et al.,
2012), specifcally, concentration of 200-1,000 ug/g indicates a
medium productivity and 1,000-5000 ug/g represents a high
productivity. However, estimating paleolacustrine productivity
with biogenic Ba is rarely reported. To avoid interference from
terrigenous debris, the biogenic Ba in a sample can be estimated
using the following formula: Bayi, = Baya - Aligtar X (Ba/Al)pass,
where Bay;, represents the biogenic concentration of Ba, Bayy
and Al refer to the total concentrations of Ba and Al in the
sediment, respectively. A value of 0.0075 is adopted as the Ba/Al
ratio in the PAAS. Results show that the Ed;l and Edsu intervals
had high Bay;, values, ranging of 800-2150ug/g and 785-2103ug/g,
respectively, indicating a medium to high paleoproductivity. T is is
consistent with the paleoproductivity inferred from the abundance
of planktonic algae fossils in sediments. Abundant planktonic algal
fossils were observed in the Ed;l and Edsu intervals, with content
up to 16%-50% and 22%—40% (Figure 8), respectively. T ere was
no signifcant correlation between TOC values and Bay;, values
for most samples (Figure 9B). Tis phenomenon suggests that,
in addition to aquatic organisms, terrigenous higher plants have
contributed to the accumulation of organic matter in the Edsl and
Edsu intervals. T is matches well with mixed organic matter inferred
from the relative abundance of C,;, C,g, C,q regular steranes.

5.2.2 Paleowater depth condition

Investigation on modern sediments shows that certain elements,
e.g., Mn and Fe, are signifcantly diferent during sedimentation. Mn
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- w has strong stability and tends to be enriched in deep water afer
‘é;? g long-distance migration (Toyoda, 1993). In contrast, Fe is unstable
U‘"E § § E = and enriched in shallow water afer short-distance migration.
(@) . . .
) E T erefore, the Mn/Fe ratios are commonly employed to investigate
N R ) paleowater depth. A high value indicates the presence of a deep-
| o+ < . .
N | NE G 2 water environment and vice versa. Results show that the Mn/Fe
= ] & . . —
£ 0aR s & 8¢ ratios of the Ed,l interval ranged from 136.6 x 107 to 160.8 x
% . g: 107*, with an average of 148.9 x 107*. An increasing trend from
= ) £ 5 5 ¢ bottom to top was observed in the Ed,l interval (Figure 8), indicating
9 X f'g; that the paleowater depth changed from shallow water to deep
@ . . .
= g O 3 8 § £ water. Te Mn/Fe ratios of the Ed,u interval varied between 133.4
§ Q x 10-149.5 x 107, with an average of 144.1 x 10™*. In contrast,
g 8 £ 8 8 & a decreasing trend from bottom to top was observed in the Edsu
v O S S S g Y p 3
- g interval, suggesting that the paleowater depth evolved from deep
#; . § water to shallow water. Note that in Figure 8, the Mn/Fe values
el S 8 % 3 exhibit similar trends as C-values in the vertical. T is phenomenon
g suggests that the variation in water depth during the Ed; period
= o £ was controlled by climatic factors. Enhanced lake evaporation and
= 00 5 § f © weakened atmospheric precipitation occur in the transition from
o | v i . . S :
- | 2 S o humid to arid climate, resulting in the transformation of lakes from
,'L S g_’ % deep-water to shallow-water environment, and vice versa.
S < [Te) N . . . -
E i GO EREREE g Te fuctuation in water depth during the Ed; period caused
o = § the diferent burial efciency of organic matter (Figure 9C).
= § o SR R B - Generally, a reduction condition with stable water stratifcation
% I £ |§ G| 3 = commonly developed in a deep-water environment, whereas
= = :?3 an oxidation condition with unstable water stratifcation
" o‘adﬂ s 5 @ ;g formed in a shallow-water environment (Lei et al., 2021b).
%’ o R N ) Hence,the burial efciency of organic matter in the deep-water
o S ~ . 9& environment is signifcantly higher than that in the shallow-water
= A < ~ ™ ~ - N
E2 OV EREERS ¢ environment.
)
o 8 5.2.3 Paleosalinity condition
= N - < . "
o = (OO NSy é Trace elements such as Sr and Ba are particularly sensitive to
‘é’_ o S changes in water salinity. T ese two elements commonly occur as
,Z% LéJ § § § % thg .form of ion§ in low salinity water'. Sr has stropg'er migration
© i ability than Ba in water body. Increasing water salinity can cause
< 5 2 8 9 13 Ba®* precipitating as BaSO, prior to Sr?* precipitating as SrSOy,,
2 A R % resulting in a higher concentration of Sr in sediments compared to
5 T = Ba. As a result, the Sr concentration and Sr/Ba ratio recorded in
§ a oY) c:" E E g sediments is positively correlated with the paleosalinity. In general,
< 'g f the Sr concentration (presented as 107°) less than 300 was a fresh
i o - - I 9“3 water environment, 300-800 was a brackish water environment,
ey S 2o SRR 800-1,000 was a saline water environment, and more than 1,000 was
> ﬁ <, an ultra-saline water environment. \Wei and Algeo (2019) held that
2 S
[ < - J = Sr/Ba <0.2 was fresh water, 0.2—0.5 was brackish water, and >0.5 was
o 9 8 ] 9 3 . | . ;
v [ e S S S Q saline water. Sr concentrations in the Edsl and Edgu intervals were
g E <§ in a range of 257.90-405.20 (average 313.30) and 273.10-361.50
E © = UD o | © | o S_f (average 296.90), respectively, with corresponding Sr/Ba ratios were
1 A o © n H
§ c =5 ° S ©° Js 0.14-0.32 (average 0.20) and 0.15-0.29 (average 0.22), respectively.
2 T'>u ¢ g Tese indicators suggest that the water body fuctuated between
(] < 3 < . . . .
4 o s | m| =5 |28 fresh and brackish water (Figure 9D). Note that in Figure 8, Te
[ = 8 & & g E Sr/Ba values and C-values have a rough mirroring relationship in
il L2 . . . .
g < £ % the_ v_ertlcal._Tls phenomen(_)n implies that the changes of_watt_er
= 55 g § g % £ salinity during the Ed; period was also controlled by climatic
S HA g | ¢ ¢ g 2 factors. When the humid climate changes to arid climate, the
= (6] . . . .
n T a concentration of various ions in the water tends to concentrate due
w o O . . .
2 z o o o B to the combination of enhanced lake evaporation and weakened
— N o o 2 . - . .
= E3S) atmospheric precipitation, and vice versa.
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FIGURE 7

10.3389/feart.2024.1525594

Cross-plots of various biomarker parameters (A—F) for the Edsl and Edsu intervals in the Nanpu Sag.

Abundant gammacerane is asign of stratifcation in high salinity
water (Ten Haven et al., 1989). Gammacerane index less than 0.2
for a freshwater environment, and more than 0.2 for a saltwater
environment (Yuan et al., 2017). T e gammacerane indexes of the
Ed,l and Ed,u intervals were 0.04—0.14 and 0.02-0.07, respectively,
with an average value of 0.09 and 0.04, respectively, indicating that
fresh and brackish water coexisted during this period.

In summary, the suitable salinity during the Ed,; period
was conducive to the fourishing of aquatic organisms. Tis
can be evidenced by abundant planktonic algal fossils, e.g.,
Chlorella Gracilis, Granulosus, Reticulosus, Rugosus, Spinococcus,
Ceratophyllum, etc., provided by the PetroChina Jidong
Oilfeld Company.
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5.2.4 Paleoredox condition

Redox-sensitive trace elements such as V and Ni can be
diferentiated under diferent redox conditions. T ese two elements
are prone to precipitate at anoxic water column and dissolve at oxic
water column, and not afected by the diagenesis (Schefer et al.,
2006; Tribovillard et al., 2006). Most samples have no obvious
enrichment or depletion in the both V and Ni elements, with
the EFs of 0.66-2.36 and 0.82-1.39, respectively (Figure 4). Tis
phenomenon is a response to the weak reduction-weak oxidation
conditions. Generally, V/(V + Ni) < 0.46 was an oxic condition
with weak stratifcation, 0.60—-0.84 was a dysoxic condition with
medium stratifcation, and >0.84 was an anoxic condition with
intense stratifcation and H,S in the bottom water (Hatch and
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FIGURE 8

10.3389/feart.2024.1525594

Vertical distribution of palaeoclimate and palaeoenvironment indexes for the Eds;l and Edsu intervals in Well E. Note: Algal fossil data were collected

from the PetroChina Jidong Oilfield Company.

Leventhal, 1992). Te Eds;l and Edsu intervals had a narrow
variation in the V/(V + Ni) ratios, ranging from 0.65 to 0.73
(averaging 0.70) and 0.65 to 0.71 (averaging 0.68), respectively.
It suggests that the activity of water body during the deposition
of the Ed;l and Edsu intervals was weak, with a predominantly
weak reduction-weak oxidation condition. Tis is consistent with
the sedimentary structures observed in the mudstone core, where
the alternating micro-layered, layered, and massive structures
appear to be a response to the weak reducing-weak oxidizing
condition.

Te Pr/Ph ratio is also an important parameter to characterize
redox conditions. Previous reported that Pr/Ph < 1 represented
anoxic conditions, 1.0-3.0 suggested slightly oxic conditions,
and >3 indicated oxic conditions (Peters et al., 2005a). Te
Pr/Ph ratio may be infuenced by maturation. Te infuence of
maturation on the Pr/Ph ratios could be ignored because all
the samples were of low maturity. Te Pr/Ph ratios of the Ed,l
and Edsu intervals were 1.48-3.29 and 1.92-4.41, respectively,
with an average value of 2.07 and 2.62, respectively, which
further indicated that the water body was dominated by weak
reduction-weak oxidation environment. As shown in Figure 7A, the
discriminant diagram of Pr/nCy; and Ph/nC,4 also support this
conclusion.

Organic matter accumulation in the Ed; member was clearly
controlled by redox conditions. It can be inferred from the positive
correlation of TOC values with V/(V + Ni) ratios (Figure 9E) and
negative correlation with Pr/Ph ratios (Figure 9F) in most samples.
A few samples deviated from the trend line, which may be related to
abundant terrigenous organic matter with the degradation-resisting
structure.
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5.3 Development model for organic-matter
accumulation in fine-grained sediments

Previous studies suggested that organic matter accumulation in
fne-grained sediments is infuenced by multiple elements in the
paleolacustrine environment, which is controlled by the co-evolution
of tectonic and climatic conditions. T e Nanpu Sag underwent rapid
subsidence during the Eds period, with a maximum subsidence
rate of 550 m/Ma (Wang et al., 2012). On the one hand, rapid
subsidence provided sufcient accommodation space particularly in
the deposition centers of the Linque sub-sag and Caofeidian sub-sag,
with a maximum deposition thickness of up to 900 m. On the other
hand, a semi-deep/deep lake environment occurred during the Eds
period, benefting from subsidence rates that exceeded material supply
rates. T e paleoclimate changed between semi-humid and semi-arid
conditions during the Ed; period. Hence, two development models
of the Edj source rock under semi-humid to humid and semi-arid to
arid climate were established.

Owing to the combination of weakened lake evaporation
and enhanced atmospheric precipitation, the existing deep-water
environment was prone to forming a weak reduction condition
with stable water column stratifcation under the semi-humid to
humid climate (Figure 10A), such as in samples number 12-16.
High water infow under the semi-humid to humid climate brought
considerable plant debris and terrigenous debris into the lake basin,
as evidenced by moderate C19/Cy3TT, Cyo/CysTT, and Al,O4 ratios
(Tables 3, 5). Terrigenous debris can provide abundant nutriment
to support the growth of planktonic organisms, improving primary
productivity. Tis interpretation is supported by the presence
of abundant planktonic algal fossils, e.g., Chlorella Gracilis,
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FIGURE 9

10.3389/feart.2024.1525594

Relationship between TOC and palaeoclimate and palaeoenvironment indexes (A—F) for the Edzl and Edzu intervals in the Nanpu Sag.

Granulosus, Reticulosus, Rugosus, Spinococcus, Ceratophyllum
Chlorellas, and Pediastrums, observed in organic-matter-rich
mudstone. Te accumulation of mixed aquatic and terrigenous
organic matter provided material for Type O kerogen. Te semi-
deep to deep lake had a water temperature gradient, giving rise
to stable water column stratifcation under gravity (represented by
moderate gammacerane indexes). No commutation between the
surface and bottom water at the stratifcation interface, resulting
in a weak reduction condition (represented by high V/(V + Ni)
and low Pr/Ph values). Limited degradation occurred in the aquatic
and terrigenous organic matter that could be efectively preserved
during burial. Te coexistence of mixed organic matter input
and relative reduction condition gave rise to high organic matter
accumulation. Vertically, the unconventional shale oil discovered in
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the Ed; member of the Nanpu Sag corresponds to the same location
as the samples number 12—-16 in well E.

On the other hand, owing to the combination of enhanced lake
evaporation and weakened atmospheric precipitation, the existing
shallow-water environment is prone to forming a weak oxidation
condition with unstable water column stratifcation under the semi-
arid to arid climate (Figure 10B), such as samples number 1-3.
Te unstable water column stratifcation can be evidenced by low
gammacerane indexes. Low water infow under the semi-arid to
arid climate brought limited plant debris and terrigenous debris
into the lake basin, as evidenced by low C;g/Cy3TT, Cyo/CysTT,
and Al,O; ratios. As a result, insuffcient nutriment presentin
these terrigenous debris could only support medium primary
productivity. As oxygen-sensitive material, hydrogen-rich organic
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FIGURE 10

10.3389/feart.2024.1525594

Development model (A, B) of source rock for the Ed;l and Edsu intervals in the Nanpu Sag.

matter might be preferentially oxidized and subsequently degraded
under an aerobic condition. T is is supported by the observation
of a positive correlation between TOC and V/(V + Ni) values,
as well as a negative correlation between TOC and Pr/Ph values.
Te coexistence of limited organic matter input and relative
oxidation conditions resulted in low organic matter accumulation.
T eexploration potential of unconventional shale oil in this location
has not yet been realized.

6 Conclusion

Based on mineralogical and geochemical analysis of forty-nine
mudstone samples, following conclusions can be obtained:

(1) Fine-grained sediments record abundant information of
paleoclimate and paleoenvironment in geological history. Te
integrated mineralogy and geochemistry are a valid method in
understanding the paleoclimate and paleoenvironment.

Te Ed; source rocks exhibit strong heterogeneity, especially
in terms of organic matter abundance, type, and hydrocarbon-
generation potential. Overall, they are dominated by general-
quality to high-quality source rocks with mixed kerogen at low
mature to mature stage.

Te alternated paleoclimate between semi-humid to semi-
arid during the Ed, period governed the fuctuations of
paleoenvironment elements. Two development models of
the Ed; source rock under semi-humid to humid and
semi-arid to arid climate were established to interpret the
deposition process involving organic matter supply and
preservation/degradation.

Te exploration of unconventional shale oil in the Ed,
member of Nanpu Sag should focus on the organic-matter-rich

@
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mudstones developed in the humid climate. Reconstruction
of the development model of organic-matter-rich mudstone
based on the paleoenvironment controlled by the co-evolution
of tectonic and climatic factors is a valid method for
understanding unconventional shale oil exploration potential.
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