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ABSTRACT

The Nabiao Formation of the Middle Devonian Eifelian period has been identified as a promising site for shale gas
exploration in the Youjiang Basin, South China. And yet, little is known about the accumulation mechanism of
organic matter under transgression in the archipelago paleogeography. In this study, the core samples were
analyzed by thin section microscopy, field emission-scanning electron microscopy, pyrite morphology, X-ray
diffraction, and geochemical analysis (total organic carbon (TOC) content, sulfur content, organic petrography,
inorganic carbon isotope and major and trace elements) to understand changes in and controls on the miner-
alogy, lithofacies, depositional environments, as well as the organic matter accumulation mechanism of the
Nabiao Formation. The study indicates that organic-rich sediments were deposited during the two transgressions
of the Chotec Event and the Kacak Event. The deposition of carbonaceous mudstone occurred in water columns
with weak upwelling, while siliceous mudstone and siliceous shale were developed in a strong upwelling water
column. The correlations between multiple geochemical proxies (paleoredox, paleoproductivity, and terrestrial
detrital influx) and TOC content indicate that the Chotec Event is more conducive to organic matter enrichment
of the Nabiao Formation than the Kacak Event. In stage 1, TOC content is low due to oxic water columns and low
productivity. In stage 2, the Chotec Event causes the relative sea-level of Member 2 to rise rapidly and the basin
bottom water to quickly change to dysoxic conditions. This is the key to organic matter enrichment. In stage 3,
the oceanic upwelling is crucial in organic matter enrichment by increasing paleoproductivity. Under the pro-
tection of dysoxic condition, organic matter is accumulated in stage 4. Organic matter of the Nabiao Formation is
not significantly affected by the terrigenous detrital flux. By taking into account the changes in paleo-
productivity, redox conditions, upwelling events, and terrigenous detrital flux, an evolution model is proposed in
this paper to elucidate the paleoenvironmental change and the organic matter enrichment under transgression in
the archipelago paleogeography.

1. Introduction

etc. (Algeo et al., 2010; Blattmann et al., 2019; Tang et al., 2020; Wei
et al., 2022). Therefore, the mechanism of organic matter enrichment in

Mudstone development not only records the characteristics of envi-
ronmental evolution such as ancient oceans, paleobiology, and paleo-
climate, but also serves as a carrier of oil and gas resources (Aplin and
Macquaker, 2011; Xu et al., 2023). The accumulation of organic matter
in marine source rocks is often the result of multiple factors, such as
primary productivity, redox, sedimentation rate, terrestrial debris flux,

mudstone has always been a focus of attention. The organic matter
concentration in marine mudstone is determined by several factors,
including biological productivity, preservation conditions, and sedi-
mentation rates. Based on the relative importance of these factors,
preservation and productivity models can be distinguished (Tyson,
1995; Yuan et al., 2020). The first model focuses on the conservation of
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organic matter resulting from restricted basins causing anoxic water
column conditions. In contrast, the second model prioritizes the devel-
opment of abundant organic matter through elevated paleoproductivity
rates (Ross and Bustin, 2009; Sweere et al., 2016; Wang et al., 2019). In
fact, it is the working together of these two models that complicates the
process of organic matter enrichment (Hou et al., 2022). Furthermore,
environmental factors, i.e., tectonic movement and climatic shift,
greatly influence the degree of organic matter enrichment during the
sedimentary period (Zou et al., 2018; Hu et al., 2021). Therefore, it is
necessary to investigate multiple aspects such as paleogeography and
geological events to reconstruct the environmental evolution process
during the mudstone sedimentation period and clarify the model of
organic matter enrichment.

In the Youjiang Basin, organic-rich mudstone of the Nabiao Forma-
tion was widely deposited during the Middle Devonian Eifelian period
(Ma et al., 2009b; Yuan et al., 2020). A series of global and regional
events, such as climatic perturbations and tectonic movements, have
endowed the Givetian sediments with significant heterogeneity char-
acteristics (House, 2002; Qie et al., 2019). The unstable changes in the
Chotec Event and the Kacak Event have significant impacts on global
sea-level cycles and have been widely recorded in the Nabiao Formation
of the Youjiang Basin (Walliser, 1996; Lu et al., 2016). The black
organic-rich sediments of the Nabiao Formation were deposited in the
basin during the transgression. The intensity and duration of trans-
gression, as well as the paleogeographic pattern, affected the redox,
paleoproductivity and terrestrial debris flux in different depositional
positions, controlling the distribution of organic-rich mudstone and
shale in the Youjiang Basin.

Due to the low exploration level of Devonian mudstone in southern
China, little is known about the enrichment mechanism of organic
matter in the Nabiao Formation of the Youjiang Basin (Cheng, 2011;
Yang et al., 2020). Yuan et al. (2020) attributed organic matter
enrichment of the Nabiao Formation to the deep-water basin, where the
anoxic bottom water column is the key to the development of
organic-rich mudstone. Qie et al. (2019) argued that strong tectonic
activity deepened the basin, leading to the preservation of organic
matter in an anoxic environment and eventually the deposition of
organic-rich mudstone. However, these studies are insufficient to
explain the internal relationship between transgression and organic-rich
mudstone. In fact, in the archipelago paleogeography, there is even less
related exploration. This poses a considerable constraint on the study of
mudstone organic matter enrichment mechanism in the archipelago
paleogeography, such as the Middle Devonian Xiangzhong Depression,
the Late Permian northeastern Sichuan Basin (Lin et al., 2018; Liu et al.,
2021), the Late Ordovician Tarim Basin (Xiao et al., 2021), the Appa-
lachian Basin of North America, and the Upper Devonian Western
Canada Basin (Chabalala et al., 2020; Mansour et al., 2022). Therefore,
it is of great importance to identify the appropriate organic matter
accumulation model for this specific sedimentary environment.

To clarify the organic matter accumulation mechanism in the basin,
in this study a total of 30 samples from Well ND were chosen. The
samples were analyzed by thin section microscopy and field emission-
scanning electron microscopy, along with X-ray diffraction and
geochemical analysis (TOC content, sulfur content, organic petrography,
inorganic carbon isotope and major and trace elements) to identify and
quantify the changes in redox condition, paleoproductivity, detrital
influx, and mineral compositions. The specific objectives of the study are
as follows: (1) to identify the changes in the distribution of organic-rich
mudstone and organic-poor mudstone; (2) to explain why organic-rich
mudstone can be widely deposited; (3) to clarify the organic matter
accumulation processes in mudstone; and (4) to propose a model for the
organic matter accumulation in a transgression setting. The findings of
this study will serve as a guide for analyzing the spatial and temporal
changes of hydrocarbon source rocks in basins characterized by an
archipelagic marine environment, such as the Youjiang Basin.
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2. Geological setting

The Youjiang Basin, located at the junctions of Southeast Yunnan,
Western Guangxi, and Southern Guizhou, is part of the South China
Plate (Fig. 1a) (Wang and Groves, 2018). During the Middle Devonian,
the Youjiang Basin was located in a transition zone between the Pacific
tectonic domain and the Tethys tectonic domain (Fig. 1b) (Qie et al.,
2019; Zhang et al., 2019). The Guangxi Movement at the end of the Early
Paleozoic led to the development of fractures in the basin. The
Yadu-Ziyun-Luodian Fault (F1) is the boundary in the North, and the
Funing-Napo Fault (F2) is the boundary in the South (Fig. 1c) (Yu et al.,
2018). During the Eifelian period, the Youjiang Basin was located at low
latitudes with a climate ranging from tropical to sub-tropical (Fig. 1b)
(Zeng et al., 1995; Chen et al., 2001).

Since the Early Devonian, with the south-to-north transgression and
the activities along the NE (F1, F2) and NW (F3) trending synsedi-
mentary faults, the archipelago marine paleogeography has emerged
(Huang et al., 2020; Shao et al., 2020). During the Eifelian period (387.7
Ma-382.7 Ma), the transgression (the Chotec Event of the early Eifelian
and the Kacak Event of the late Eifelian) (Fig. 1d) expanded the sedi-
mentary range of the basin facies (Fig. 1¢) (Ma et al., 2009a; Mei et al.,
2013; Yang et al., 2023). The organic-rich Nabiao Formation is mainly
composed of siliceous shale, mudstone, and carbonaceous mudstone
with siliceous nodules. Well ND was located in the deep-water rift
trough (the Nandan Rift Trough) during the Eifelian period. The
mudstone was developed as a whole in the Nabiao Formation (Fig. 1d).
The siliceous shale and siliceous mudstone were developed in the middle
part and the thin layers of argillaceous limestone and calcareous
mudstone were deposited at the bottom (Fig. 1d).

3. Methodology
3.1. Samples

A total of 30 core samples were collected for X-ray diffraction (XRD),
thin section optical microscopy and Field Emission-Scanning Electron
Microscopy (FE-SEM) to reflect the petrologic and mineral characteris-
tics of the Nabiao Formation. All samples were further analyzed for TOC
content, sulfur content, inorganic carbon isotope (5*3Cppp), organic
petrography and major and trace elements (Fig. 1d). It is worth noting
that all core samples are fresh before analysis to ensure that the test
results accurately reflect the characteristics of sedimentary environ-
ments in the Nabiao Formation.

3.2. Analytical methods

For TOC and sulfur content, 30 samples were analyzed by Leco CS-
230 Carbon and Sulfur Analyzer at Yangtze University. First of all, all
samples were ground to less than 200 mesh. Subsequently, the powdered
samples were completely soaked with a solution of hydrochloric acid
(HCI) and water with a ratio of 1:7 for a long enough time to effectively
remove any trace of carbonate minerals. Next, the surface of all samples
was washed three times with distilled water. This is a vital step to
meticulously eliminate any residual HCI and maintain the purity of the
samples. The dried samples were then put in a combustion-calibrated
oven, and the amount of CO; generated from the combustion process
was calculated as the content of TOC and sulfur. The XRD results of 30
samples are from a Smart Lab SE. Each step of the test for mineral
composition strictly follows the Chinese Industry-Standard SY/T 5163-
2018.

In order to study the petrographic features of the organic matter in
the Nabiao Formation, 30 polished sections were observed under re-
flected light using NIKON-LV100 microscope with an oil immersion
objective at a magnification of 500 times. For all the samples of the
Nabiao Formation, the classification of the maceral compositions was
carried out according to ICCP’s guidelines for sapropelinite (ICCP,



Y. Liu et al.

Geoenergy Science and Engineering 232 (2024) 212419

(a)

[®] City
River
[] Study area

Warm Mountam Shallow lce 4 South China
(=] current . comment- . - t- continent

o 1Q6°

10|9 O\OStratum £ | Sample Relative

e ;i Tiane

RN 101>

<
° %

N *N e
© 15000M<

106° 107° 108°

o Congjiang

:680

Funing% ’
g%
® PB
2 Pingguo
o %
o &3

sea-level

E
=
=
3 ~Rise|

location Lithology

A 2 Sys. g
600 ==
- ERRS

le—No.28
[€—No.27—>] i

]
Luofu Fm. 5
T
N
[
=

Rongan 640

Second-order sea level KacakT

Middle Devonian

Nabiao Fm.

©
Laibip 740 No.12

T

2

(=]

>
Third-order sea level

Lower Devonian

Tangding Fm.
74
°
8]
J17]
|

109° = (d)

[0 ] U i) rorehore [0 ] R
reer (75

| op |
Pf;ﬁ?rrlm City Well Synse;iailr:;tentary

Open

platform ;T;)tlgfr(rll Flage Sllbszleep
Mudstone

Siliceous
shale

. € == . . =
E Siliceous mudstone Carbonaceous mudstone @ Argillaceous limestone Calcareous mudstone

Fig. 1. (a) Location of the study area in China (modified from Yang et al.,

Devonian (Global paleogeography from Scotese and McKerrow, 1990; Zhang et al.,

2020); (b) Global paleogeography and paleoclimatic reconstructions of the Middle

2019; Golonka, 2002. Paleoclimatic reconstructions from Zhang et al., 2019.

Ocean current from Scotese, 2001); (c) Palaeogeographic map showing the distribution of sedimentary facies and the location of Well ND (modified from Ma et al.,
2009a; Mei et al., 2013); (d) Lithology, sample location and relative sea-level changes (Qie et al., 2019) of Well ND in the Youjiang Basin.

1998), exinite (ICCP, 1998), vitrinite (Taylor and Mclennan, 1985), and
inertinite (ICCP, 2001). For the identification of samples, the DM4500P
polarized fluorescence microscope was used to analyze kerogen mac-
erals through transmission-fluorescence techniques. For the observation
of pyrite framboids and organic matter, the Hitachi S-8000 was used for
FE-SEM imaging. More than 100 random pyrite framboids were selected
from each section, and their diameters were measured.

GasBench II carbonate device and MAT253 online test were used for
the inorganic carbon isotope test. A sample of 50 g was placed into a 12
ml reaction flask, which was then sealed with an insulating pad to
prevent any interference from external factors. Next, the emptying
needle was moved in sequence to thoroughly rinse the reaction flask,
effectively eliminating any potential influence of air trapped in the flask
on the test results. Subsequently, 0.14 ml of 99% phosphoric acid was

added into the reaction flask using a precisely calibrated acid needle and
acid pump. The reaction between the phosphoric acid and the samples
generated carbon dioxide, which was driven by helium to remove any
residual water. Finally, the purified carbon dioxide was separated from
other impure gases in a chromatographic column maintained at a pre-
cisely controlled temperature of 72 °C. The separated carbon dioxide
was then introduced into a mass spectrometer to obtain the accurate
carbon isotope values. To ensure the reliability of the test results, in-
ternational standard materials, such as NBS18, NBS19, and LSVEC, were
used to calibrate the experimental equipment. Each sample was metic-
ulously analyzed three times to ensure the highest level of accuracy
(better than 0.1%o).

For analysis of major and trace element for 30 samples, firstly, the
mesh samples were initially baked in an oven at about 110 °C for 13 h to
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ensure complete removal of any residual moisture. Approximately 1.2 g
of fresh samples were then accurately weighed and subsequently burnt
at 1000 °C. After a 2-h heating period, the samples were retrieved and
allowed to cool to room temperature. The ignition loss was calculated
based on the difference in weight before and after heating. Next, the
mixture of samples, cosolvent and oxidant was heated to a molten state
for 15 min. The precise heating process was carried out to ensure
thorough homogenization of the mixture. The molten mixture was
cooled down and solidified to prepare for X-ray fluorescence testing.
About 50 mg of fresh samples were acidified to remove organic matter,
and then the acidified samples were heated for one day. The samples
underwent a continuous evaporation process until drying, followed by
repeated treatments of HNOj solution. Subsequently, with the addition
of a mixed solution of HNO3, MQ, and an internal standard, the samples
were heated for half a day. Finally, the samples were diluted with HNO3
to prepare for Inductively Coupled Plasma Mass Spectrometry analysis.
Replicate analysis of samples and standard samples was made to cali-
brate the final results.

3.3. Data presentation

Titanium is commonly utilized as an indicator for the presence of
clay minerals in fine-grained sediments due to its resistance to weath-
ering and changing that may occur after the sediment deposition (Cal-
vert and Pedersen, 2007). Trace elements consist of both authigenic and
terrestrial components, and only authigenic components can providing
insights into the paleosedimentary environment (Tribovillard et al.,
2006). To eliminate the contribution of terrestrial detritus to elements,
other elements are normalized to the titanium content (Xiao et al.,
2021). The enrichment factor (Xgg) is a parameter that describes the
degree of element enrichment, and can also indicate the redox of water
columns (Tribovillard et al., 2006). The value of Xg is calculated by the
following formula:

Xgp = (X/Ti)sample/(X/Ti)PAAS (@]

where Xgr is the enrichment factor of element X, (X/Ti)sample is the ratio
of element X to Ti measured in the sample, and (X/Ti)paas is the ratio of
element X to Ti in the Post-Archean Australian Shale (PAAS) whose
value is taken from Taylor and Mclennan (1985). The value of Xgg
greater than 1.0 indicates an elevated level of element enrichment
compared to the standard ratio (Tribovillard et al., 2012; Wang et al.,
2019).

The degree of pyritization (DOP) is the ratio of iron in pyrite to total
active iron (iron in pyrite and iron dissolved in hydrochloric acid)
(Raiswell et al., 1988). The iron content in pyrite is similar to that of
minerals, so DOPt can take the place of DOP, as astutely noted by
Raiswell and Berner (1986). In estimating iron content in pyrite, it is
assumed that sulfur is in the form of FeSy; (Rimmer, 2004; Rowe et al.,
2008). The value of DOPr is calculated by the following formula:

DOPt = (55.85/64.16) x S/Fe 2)

where 64.16 and 55.85 are the atomic masses of S and Fe. S is the
measured inorganic sulfur content and Fe is the content of total iron in a
sample.

To quantify the paleoproductivity levels, the concentration of
biogenic silica (Sipjo) or biogenic barium (Bayp,) is determined by sub-
tracting the detrital silicon (Si) or barium (Ba) fraction from the total
silicon or barium concentration according to the following equations,
respectively (Schoepfer et al., 2015):

Sibio = [SisampleJ - [Tisample X (Si/Ti)PAAS] (3)
Bay, = [Basample] - [Tisample x (Ba/Ti)paas] (©)]

where Sisample, Tisample; and Bagample are the measured contents of silicon
(Si), titanium (Ti), and barium (Ba) in the mudstone samples,
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respectively. These values represent the actual concentrations of these
elements in the samples under investigation. The values of 49.34 and
0.1094 are adopted as the Si/Ti and Ba/Ti ratios, respectively (Taylor
and Mclennan, 1985).

The classification of organic matter based on the relative content of
microscopic fractions in kerogen can be determined by the value of TI
(Zhong et al., 2004) which is calculated by the following formula:

~ax (+100) + b * (+50) + ¢ ¥ (=75) +d * (~100)

Tl =
100 )

where a, b, ¢, and d are the relative contents of sapropelinite, exinite,
vitrinite, and inertinite in the sample, respectively. The kerogen of type
I: 80 < TI < 100, the kerogen of type II;: 40 < TI < 80, the kerogen of
type IIy: 0 < TI < 40, and the kerogen of type III: TI < 0.

4. Results
4.1. Sequence stratigraphy

A sequence stratigraphic framework requires: (1) evidence of chro-
nostratigraphic equivalency of adjacent datasets using geological age or
seismic data; and (2) data across the basin to observe the basin-scale
trends. Numerous previous studies have consistently shown a correla-
tion between higher GR values and the increasing clay content in
mudstone as water columns deepen during the deposition phase (Singh,
2008). In general, it has been accepted that such trends can be inter-
preted as T-R (transgressive/regressive) cycles related to system tracts
(Abouelresh and Slatt, 2012). Therefore, the lithology (lithofacies and
mineral content) and GR values can be used as sensitive indicators for
identifying sequence boundaries (Luning et al., 2000). Based on the
previous sequence stratigraphic framework (Abouelresh and Slatt, 2012;
Gradstein, 2020), the stratigraphic sequences of the Nabiao Formation
in Well ND are determined according to the above indicators (Fig. 2).

Sequence Boundary #1 (SB1): SB1 was identified due to the litho-
logical differences between the Tangding Formation and the Nabiao
Formation (Fig. 2). Mudstone and calcareous mudstone are located
below and above SB1, respectively. Sequence Boundary #2 (SB2): SB2
was identified due to the lithological differences and GR curve changes
(Fig. 2). Mudstone (the higher GR values) is deposited above SB2
interface, while argillaceous limestone (the lower GR values) is below it.
Sequence Boundary #3 (SB3): SB3 was identified due to the differences
in lithology and lithofacies (Fig. 2). Above SB3 interface, siliceous
mudstone of S-3 dominates, while below the interface, mudstone of CM-
1 is mainly present. Sequence Boundary #4 (SB4): SB4 was identified
based on the notable changes in lithology and lithofacies (Fig. 2). Above
SB4 interface, mudstone of M-2 is predominantly present, while below
the interface, siliceous mudstone S-3 dominates. Sequence Boundary #5
(SB5): SB5 was identified due to the lithological differences between the
Nabiao Formation and the Luofu Formation (Fig. 2).

Based on the identification of SBs, four third-order sequences of the
Nabiao Formation were interpreted. Each sequence was composed of a
lower transgressive system tract (TST) and an upper regressive system
tract (RST) (Fig. 2). The boundary between a TST and RST was identified
as a maximum flooding surface (mfs) which corresponds to a relatively
high GR value and mudstone content (Fig. 2). According to SBs, TSTs
and RSTs, the sedimentary environment indicators and organic matter
accumulation factors will be discussed in four members (Figs. 2 and 6).

4.2. Mineral components and lithofacies

The XRD mineralogical analysis suggests that the Nabiao Formation
comprises silicate minerals and clay minerals (Fig. 3). Distinct differ-
ences in mineral composition can be observed among different members
(Table 1). Member 1 has a higher content of carbonate minerals, ranging
from 24.00 wt% to 26.00 wt%, with an average of 25.00 wt%. The clay
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content slightly exceeds that of the silicate minerals, with clay minerals
ranging from 40.00 wt% to 43.00 wt% (average 41.50 wt%), and silicate
minerals from 27.00 wt% to 29.00 wt% (average 28.00 wt%). In
Member 2, clay minerals are the main mineral components with the
content ranging from 41.00 wt% to 52.00 wt% (average 45.14 wt%). In
Member 3, silicate minerals are the main mineral components with the
content ranging from 31.00 wt% to 70.00 wt% (average 52.00 wt%). In
Member 4, the content of silicate minerals (average 38.31 wt%) is
slightly lower than that of the clay minerals (average 43.54 wt%). The
samples of Members 2 and 4 have relatively higher pyrite content,
averaging 4.77 wt% and 3.27 wt%, respectively.

A ternary diagram plotting silicate minerals, carbonate minerals, and
clay minerals (Ma et al., 2016; Wu et al., 2016) is shown in Fig. 4. Due to
significant differences in mineral compositions, the samples are classi-
fied into 3 lithofacies groups and 5 lithofacies, including S-2, S-3, M-2,
M-3, and CM-1 (Fig. 2). The calcareous mudstone is almost mixed lith-
ofacies shale (M-3) in Member 1. In Member 2, the upper mudstone,
with high clay mineral content, belongs to silica-rich argillaceous shale
lithofacies (CM-1), and the lower part of mudstone belongs to

argillaceous/siliceous mixed shale lithofacies (M-2). In Member 3, the
siliceous shale is mixed siliceous lithofacies shale (S-2), and the siliceous
mudstone belongs to clay-rich siliceous lithofacies shale (S-3). In
Member 4, the mudstone is mainly argillaceous/siliceous mixed lith-
ofacies shale (M-2), with few being silica-rich argillaceous lithofacies
(CM-1).

4.3. Petrological characteristics

Along with the appearance of limestone laminae (Fig. 5a), a large
number of broken shells (Fig. 5b) are found in calcareous mudstone of
Member 1. There is a clear lithological boundary between argillaceous
limestone in the upper part of Member 1 and mudstone at the bottom of
Member 2 (Fig. 5c¢). It can be seen that there are a small number of
silicate minerals with small diameter in mudstone of Member 2 (Fig. 5d).
In Member 3, the content of silicate minerals significantly increases.
Spotted silicate minerals are surrounded by a large amount of mudstone
in siliceous mudstone (Fig. 5e). Silicon is enriched in siliceous shale in
bands (Fig. 5f) and clumps (Fig. 5g). Mudstone has a relatively high TOC
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Fig. 3. The mineral composition and content results of each sample in the Nabiao Formation.
Table 1
Mineral and TOC content of each sample in the Nabiao Formation.
Sample No. Depth/m Member Clay/% Quartz% K-feldspar% Anorthosite% Calcite% Dolomite% Siderite% Pyrite% TOC/% S/%
No.1 809.90 1 40.00 27.00 0.00 2.00 10.00 16.00 2.00 3.00 1.20 0.41
No.2 806.10 1 43.00 25.00 0.00 2.00 5.00 19.00 2.00 4.00 1.31 0.77
No.3 801.00 2 43.00 42.00 0.00 2.00 6.00 2.00 2.00 3.00 2.63 1.42
No.4 797.00 2 43.00 38.00 1.00 2.00 9.00 1.00 2.00 4.00 2.72 1.67
No.5 789.20 2 42.00 31.00 1.00 2.00 5.00 12.00 2.00 5.00 2.75 1.69
No.6 782.90 2 41.00 32.00 1.00 3.00 6.00 8.00 2.00 7.00 231 2.34
No.7 776.80 2 48.00 33.00 0.00 2.00 4.00 6.00 2.00 5.00 212 1.83
No.8 769.00 2 52.00 26.00 0.00 3.00 5.00 8.00 2.00 4.00 2.43 2.57
No.9 761.20 2 47.00 22.00 1.00 4.00 2.00 15.00 4.00 5.00 2.46 1.83
No.10 755.00 3 32.00 48.00 0.00 2.00 3.00 9.00 2.00 4.00 2.12 1.75
No.11 747.10 3 35.00 48.00 0.00 2.00 1.00 7.00 3.00 4.00 2.67 1.97
No.12 739.10 3 29.00 56.00 0.00 2.00 3.00 5.00 1.00 4.00 3.05 2.19
No.13 730.90 3 11.00 68.00 0.00 2.00 2.00 12.00 2.00 3.00 3.86 3.21
No.14 721.10 3 38.00 29.00 0.00 2.00 1.00 26.00 2.00 2.00 2.88 2.16
No.15 713.10 3 35.00 47.00 0.00 2.00 1.00 10.00 2.00 3.00 3.33 1.90
No.16 705.10 3 23.00 58.00 0.00 2.00 8.00 6.00 2.00 2.00 3.05 1.79
No.17 697.10 3 34.00 45.00 0.00 3.00 1.00 9.00 4.00 4.00 2.83 2.68
No.18 689.10 4 55.00 32.00 1.00 3.00 2.00 2.00 2.00 3.00 2.78 1.99
No.19 681.10 4 45.00 37.00 0.00 2.00 2.00 10.00 2.00 2.00 2.33 111
No.20 673.10 4 50.00 26.00 0.00 1.00 0.00 15.00 4.00 4.00 2.19 1.29
No.21 665.10 4 43.00 38.00 1.00 2.00 1.00 7.00 3.00 5.00 2.59 1.66
No.22 658.70 4 40.00 39.00 1.00 3.00 3.00 10.00 2.00 2.00 2.18 1.38
No.23 654.70 4 42.00 40.00 0.00 3.00 3.00 8.00 2.00 2.00 2.55 1.07
No.24 647.90 4 47.00 36.00 0.00 3.00 3.00 3.00 3.00 5.00 2.34 1.03
No.25 643.10 4 43.00 33.00 1.00 2.00 7.00 6.00 3.00 5.00 2.41 1.42
No.26 635.10 4 40.00 31.00 0.00 3.00 6.00 15.00 2.00 3.00 1.92 1.19
No.27 627.10 4 40.00 39.00 0.00 2.00 3.00 12.00 2.00 2.00 1.37 1.34
No.28 619.10 4 38.00 37.00 1.00 2.00 4.00 14.00 2.00 2.00 2.08 1.56
No.29 611.10 4 41.00 33.00 0.00 2.00 4.00 11.00 5.00 4.00 2.42 1.79
No.30 607.90 4 42.00 40.00 1.00 3.00 4.00 3.00 4.00 3.00 2.90 1.91

content in Member 3. As shown in Fig. 5h, a lot of organic matter is
developed. Compared with Member 3, mudstone content of Member 4
decreases and carbonate mineral content increases (Fig. 5i).

4.4. TOC content and organic matter petrography
There is a significant change in TOC content of the samples from

different members (Fig. 6; Table 1). Member 1 has relatively low TOC
content (average 1.26%). TOC content of 7 samples from Member 2

ranges between 2.12% and 2.75% (average 2.49%). TOC content of 8
samples from Member 3 ranges between 2.12% and 3.86% (average
2.97%), showing relatively high TOC content in the Nabiao Formation.
In Member 4, TOC content of 13 samples ranges between 1.37% and
2.90% (average 2.31%). TOC content of the Nabiao Formation shows a
trend of first increasing and then decreasing from Member 1 to Member
4 (Fig. 6).

Polished sections suggest that organic matter of the Nabiao Forma-
tion is composed of sapropelinite (Figs. 7a, b, and g), exinite (Fig. 7c),
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Fig. 4. Ternary diagram (modified from Ma et al., 2016; Wu et al., 2016) shows
the mineralogical composition of five lithofacies in Well ND. S-2: Mixed sili-
ceous shale lithofacies; S-3: Clay-rich siliceous shale lithofacies; M-2: Argilla-
ceous/siliceous mixed shale lithofacies; M-3: Mixed shale lithofacies; CM-1:
Silica-rich argillaceous shale lithofacies.

vitrinite (Figs. 7d—e, and h-k) and inertinite (Figs. 7f, and 1). Saprope-
linite is a component formed by algae after sapropelic action (ICCP,
1998). At the overmature stage, residual algal forms are visible, with no
fluorescence display (Figs. 7a and b). Exinite is generally the repro-
ductive organ of higher plants (ICCP, 1998). It appears grayish white
under white reflected light in the Nabiao Formation (Fig. 7c). Vitrinite is
derived from botanical tissues, such as roots, barks, and leaves. And
lignin and/or carbohydrates are the main components of botanical tis-
sues (ICCP, 1998). Under oil-immersed reflected light, over-mature
vitrinite appears gray with high relief (Fig. 7d and e). Inertinite is usu-
ally ascribed to the source of fire-derived charcoal, aerobic activity of
microorganism and fungus, and biochemical alteration (ICCP, 1998;
ICCP, 2001). Inertinite particles are brighter, fragmented and plate-like
(Fig. 7).

A large amount of sapropelinite presenting amorphous algae can be
seen in Member 3 (Fig. 7g). The values of TI show that the whole
kerogen belongs to Type I (Appendix 1). In Member 2, the amount of
sapropelinite decreases, and that of vitrinite increases (Fig. 7h), and as a
result, the kerogen of Type II; is developed (Appendix 1). In Member 4, a
large amount of vitrinite is developed (Fig. 7i), and the kerogen almost
belongs to type II; (Appendix 1). In Member 1, a large amount of vit-
rinite (Figs. 7j, and k) and a small amount of inertinite (Fig. 71) are
developed, and as a result, the kerogen belongs to Type Iz (Appendix 1).

4.5. Petrographic features of pyrite

Based on observations made using SEM and polished sections, it is
evident that pyritic framboids are significantly abundant in Member 2,
Member 3, and Member 4, but almost absent in Member 1 (Figs. 8a-h).
There are various pyrite morphologies in the Nabiao Formation,
including normal framboids (Figs. 8c—f), euhedral pyrites (Figs. 8a-b,
and g-h), and clustered pyrites (Fig. 8h). In Member 1, a lot of euhedral
pyrites can be seen with significant diameter differences. Euhedral py-
rites and organo-mineral complexes coexist in calcareous mudstone
(Figs. 8a and b). Except 1 group, the normal framboids (Figs. 8j and k)
are the main pyrite type (Figs. 8c-g). In Member 2, the diameter of
pyrite framboid is mainly 5.00-7.00 pm (mean 5.20-6.88 um)
(Figs. 9a—c). In Member 3, the framboidal pyrites are abundant, almost
3.00-5.00 pm (mean 3.55-4.25 pm) (Figs. 9d-f). In Member 4, a few
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clustered pyrites can be seen (Fig. 8h), and the framboidal pyrites are
almost at the bottom, generally 8.00-10.00 pm (mean 8.85-9.55 pm)
(Figs. 9g-i).

4.6. Inorganic carbon isotope

Only when Mn/Sr value is less than 10, can the 613CpDB record the
carbonate primary carbon isotopic signature (Heath et al., 2021; Hu
etal., 2021; Lan, 2022). Therefore, the values of Mn/Sr in the samples of
the Nabiao Formation were calculated, before using the 5'3Cppp values
of Well ND. Mn/Sr values range from 0.71 to 2.27, with an average of
1.19, all of which are less than 3 (Table 2), indicating that the §'3Cppg
values of all samples are representative of the initial values of the
original seawater.

For samples of the Nabiao Formation, the 5'3Cppp values of Member
3 are generally high, while the low 613CpDB values are in Member 1 and
the upper of Member 4. The 5'3Cppp values show a trend of initially
ascending and subsequently descending from the lower Nabiao Forma-
tion to the upper member (Fig. 6).

4.7. Elemental geochemistry

4.7.1. Major elements

The main major elements, expressed as oxides, are listed in Table 2.
The SiO5 content initially shows an upward trend until Member 3, fol-
lowed by a subsequent downward trend, which is consistent with the
trend revealed by the XRD results (Table 1). In Member 1, the contents of
SiO, (average 23.16 wt%) and Sip, (average 0.00 %) are significantly
lower than those of other members. In Member 2, the content of SiO5
ranges from 21.36 wt% to 46.73 wt% (average 35.89 wt%), and that of
Sipio from 2.51 wt% to 11.45 wt% (average 7.39 wt%). In Member 3, the
SiO5 content is relatively high (average 45.51 wt%), accompanied by the
appearance of relatively high concentration of Siy;, (average 10.26 wt
%). In Member 4, the content of SiO; ranges from 21.53 wt% to 45.94 wt
% (average 34.66 wt%), and that of Sipj, from 0.00 wt% to 9.49 wt%
(average 4.86 wt%). The relative concentrations of Al;03, CaO, Fe;O3
and TiO; exhibit inconspicuous vertical fluctuation in the Nabiao For-
mation. There is relatively high content of Al,O3 (average 9.74 wt%) in
Member 2. CaO (average 27.08 wt%), Fe;O3 (average 6.06 wt%) and
TiO4 (average 0.39 wt%) are generally enriched in Member 1.

4.7.2. Trace elements

Compared to the average trace element content of the Nabiao For-
mation mudstone, the content of V, Zn, Mo and Cd shows a depletion in
Member 1 and an enrichment in Member 3 (Table 3). Member 1 has
average content of V (average 21.26 ppm), Zn (average 104.69 ppm),
Mo (average 0.42 ppm) and Cd (average 0.04 ppm), while Member 3 has
average contents of V (average 411.30 ppm), Zn (average 230.16 ppm),
Mo (average 33.92 ppm) and Cd (average 7.51 ppm), respectively. The
relative concentrations of Bap;, and Zn/Ti exhibit noticeable vertical
fluctuation in the Nabiao Formation. The values of Bay;, and Zn/Ti show
a trend of first increasing and then decreasing from Member1 to Member
4. Member 3 has relatively high values of Bap;, (average 920.87%) and
Zn/Ti (average 1095.72). In addition, the samples of Member 3 have
higher values of Cd/Mo (average 0.23) and lower values of Co x Mn
(average 0.27 ppm/%).

5. Discussion
5.1. Terrestrial detrital influx

The enrichment of organic matter is influenced by various factors.
One of them is the influx of terrestrial detritus which can directly impact
the enrichment of organic matter by diluting its concentration (Algeo
and Maynard, 2004; Wu et al., 2020; Hou et al., 2022), or act as a sor-
bent to facilitate organic matter accumulation (Wang et al., 2019) and



Y. Liu et al. Geoenergy Science and Engineering 232 (2024) 212419

Fig. 5. Thin section optical microscopy images of representative minerals and rocks in the Nabiao Formation. (a) The limestone laminae of calcareous mudstone
(809.90 m); (b) A large number of broken shells in calcareous mudstone (808.60 m); (c) The lithological boundary between mudstone and argillaceous limestone
(802.85 m); (d) A small number of silicate minerals in mudstone (759.00 m); (e) A small number of silicate minerals in siliceous mudstone (739.00 m); (f) A large
number of siliceous materials in siliceous shale (731.00 m); (g) A large number of siliceous materials in siliceous shale (705.00 m); (h) A large amount of organic
matter in carbonaceous mudstone (721.00 m); (i) The carbonate minerals in mudstone (627.00 m); LL = limestone laminae; BS = broken shell; MS = mudstone; AL =
argillaceous limestone; SM = silicate mineral; OM = organic matter; CM = carbonate mineral.
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Fig. 7. Photomicrographs of transmission-fluorescence kerogen macerals and organic matter under oil-immersed reflected light. (a) Sapropelinite (721.00 m); (b)
Sapropelinite (731.00 m); (c) Exinite (776.80 m); (d) Vitrinite (647.90 m); (e) Vitrinite (806.10 m); (f) Inertinite (809.90 m); (g) A large amount of sapropelinite
(721.00 m); (h) A small amount of sapropelinite and a large amount of vitrinite (776.80 m); (i) A small amount of sapropelinite and a large amount of vitrinite
(647.90 m); (j) A large amount of vitrinite (806.10 m); (k) A large amount of vitrinite (809.90 m); (1) A small amount of inertinite (809.90 m); S = sapropelinite; E =
exinite; V = vitrinite; I = inertinite.

Fig. 8. SEM photos of pyrite in the Nabiao Formation. (a) Coexistence of euhedral pyrites and organo-mineral complexes (809.90 m); (b) Euhedral pyrites with
significant diameter differences (808.60 m); (c) A small number of normal framboids (789.20 m); (d) Coexistence of normal framboids and organic matter (761.20
m); (e) A large number of normal framboids (730.90 m); (f) Coexistence of a lot of organic matter and normal framboids (721.10 m); (g) A scant presence of organic
matter and normal framboids with significant diameter differences (689.10 m); (h) Euhedral pyrites and clustered pyrites with significant diameter differences
(627.10 m); OM= organic matter; CM= clay mineral; NF= normal framboid; EP= euhedral pyrite; CP= clustered pyrite.

rate of settling (Playter et al., 2017).

Terrigenous detritus typically contains quartz, feldspar, and clay
minerals, among which the content of elements Ti, Si, Zr, and Al is
commonly used as the indicator of the terrestrial detrital influx (Lash
and Blood, 2014; Elbra et al., 2023). The correlation between Al and Zr
or Th is low (R? = 17.17% and 26.18%, respectively) (Figs. 10a and b).
In contrast, the correlation diagram demonstrates a significantly

positive association between Ti and Zr, with R? values of 63.37% and
76.95%, respectively (Figs. 10c and d). The anomalies in the content of
element Al may result from the presence of authigenic clay minerals.
Therefore, elements Ti, Th, and Zr are more suitable for reflecting the
terrestrial detrital influx, and element Ti can be used for elemental
normalization.

As illustrated in Fig. 6, in all samples of the Nabiao Formation, there
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Fig. 9. Histograms of the distribution of pyrite framboid diameter of Member 2 (a-c), Member 3 (d-f) and Member 4 (g-i) in the Nabiao Formation, D = depth, n =

quantity of measured framboids, m = average diameter of framboids.

Table 2

Partial major oxide content and corresponding analysis indices of each sample in the Nabiao Formation.
Sample Depth/ Member  SiO, TiO, Al,03 Fe,03 MnO  CaO KoO  Si/%  Sipio/ Ti/ Al/ Fe/ Mn/ DOPr  8"3Cppp
No. m % % % % %
No.1 809.90 1 24.02 0.41 7.11 5.77 0.03 11.00 2.19 11.21 0.00 0.24 3.76 4.04 0.03 0.09 -0.89
No.2 806.10 1 22.30 0.37 9.39 6.36 0.06 43.15 1.41 10.40 0.00 0.22 4.97 4.45 0.05 0.15 —-0.73
No.3 801.00 2 38.10 0.26 10.54 4.03 0.03 11.19 2.89 17.78 9.94 0.16 5.58 2.82 0.03 0.44 0.52
No.4 797.00 2 44.93 0.34 13.88 2.90 0.04 13.76 2.67 20.97 10.94 0.20 7.35 2.03 0.03 0.72 0.98
No.5 789.20 2 33.86 0.30 7.99 3.60 0.03 6.13 3.18 15.80 6.92 0.18 4.23 2.52 0.02 0.58 0.69
No.6 782.90 2 37.00 0.35 9.68 4.80 0.03 6.51 3.02 17.27 7.00 0.21 5.12 3.36 0.02 0.61 0.48
No.7 776.80 2 21.36 0.25 4.61 3.98 0.02 5.02 2.77 9.97 2.51 0.15 2.44 2.79 0.02 0.57 0.86
No.8 769.00 2 46.73 0.35 12.91 4.34 0.03 5.64 2.82 21.81 11.45 0.21 6.83 3.04 0.02 0.74 0.56
No.9 761.20 2 29.27 0.36 8.58 4.35 0.02 6.23 3.15 13.66 2.98 0.22 4.54 3.04 0.02 0.52 0.23
No.10 755.00 3 18.49 0.22 6.27 4.11 0.05 41.61 1.16 8.63 1.99 0.13 3.32 2.88 0.04 0.53 0.36
No.11 747.10 3 46.36 0.40 7.05 2.89 0.02 2.28 3.05 21.64 9.65 0.24 3.73 2.02 0.02 0.85 1.34
No.12 739.10 3 46.89 0.44 6.34 3.38 0.03 4.36 2.63 21.88 8.79 0.27 3.35 2.37 0.02 0.81 1.94
No.13 730.90 3 69.39 0.43 10.96 2.87 0.05 11.90 2.67 32.38 19.75 0.26 5.80 2.01 0.04 1.39 2.46
No.14 721.10 3 56.07 0.58 16.12 3.15 0.02 2.74 3.63 26.17 8.91 0.35 8.53 2.20 0.02 0.85 1.47
No.15 713.10 3 42.03 0.31 4.92 2.41 0.05 50.02 1.92 19.61 10.32 0.19 2.60 1.68 0.04 0.98 1.69
No.16 705.10 3 36.44 0.25 5.75 1.83 0.02 5.68 2.49 17.01 9.60 0.15 3.04 1.28 0.02 1.21 1.34
No.17 697.10 3 48.37 0.32 3.69 4.92 0.06 17.89 1.42 22.57 13.04 0.19 1.95 3.45 0.05 0.68 1.06
No.18 689.10 4 45.94 0.53 8.25 4.19 0.03 4.61 2.91 21.44 5.62 0.32 4.37 2.94 0.02 0.59 0.81
No.19 681.10 4 45.00 0.60 10.60 3.34 0.03 4.45 3.18 21.00 3.28 0.36 5.61 2.34 0.02 0.41 0.64
No.20 673.10 4 38.80 0.29 3.85 5.15 0.08 20.09 1.30 18.11 9.49 0.17 2.04 3.60 0.06 0.31 0.39
No.21 665.10 4 38.58 0.32 5.80 3.92 0.02 9.47 2.35 18.01 8.50 0.19 3.07 2.74 0.02 0.53 1.02
No.22 658.70 4 26.96 0.51 12.06 2.94 0.02 3.24 3.22 12.58 0.00 0.31 6.38 2.06 0.01 0.58 1.02
No.23 654.70 4 42.99 0.37 12.45 1.81 0.02 9.34 2.68 20.06 9.09 0.22 6.59 1.27 0.02 0.73 —0.03
No.24 647.90 4 30.00 0.41 9.14 3.00 0.03 6.73 2.75 14.00 1.74 0.25 4.84 2.10 0.02 0.43 0.02
No.25 643.10 4 30.29 0.26 10.87 3.90 0.03 5.88 3.01 14.14 6.50 0.15 5.75 2.73 0.03 0.45 0.14
No.26 635.10 4 38.02 0.55 10.16 3.18 0.03 7.28 2.69 17.74 1.36 0.33 5.38 2.23 0.02 0.47 -0.11
No.27 627.10 4 27.03 0.37 13.14 8.63 0.08 18.61 1.73 12.61 1.67 0.22 6.96 6.04 0.06 0.19 -0.39
No.28 619.10 4 35.21 0.40 14.39 4.73 0.05 11.36 2.62 16.43 4.58 0.24 7.62 3.31 0.04 0.41 0.06
No.29 611.10 4 21.53 0.26 7.12 5.00 0.09 17.30 1.52 10.05 2.39 0.16 3.77 3.50 0.07 0.45 0.39
No.30 607.90 4 30.24 0.17 5.05 4.41 0.06 4.37 2.70 14.11 8.99 0.10 2.68 3.09 0.04 0.54 0.56
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Table 3

Partial trace element content and corresponding analysis indices of each sample in the Nabiao Formation.
Sample No. No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 No.10 No.11 No.12 No.13 No.14 No.15
Depth/m 809.90 806.10 801.00 797.00 789.20 782.90 776.80 769.00 761.20 755.00 747.10 739.10 730.90 721.10 713.10
Member 1 1 2 2 2 2 2 2 2 3 3 3 3 3 3
V/ppm 31.73 10.78 85.39 103.42 93.58 64.68 61.77 97.75 77.04 177.25 371.56 379.00 783.80 456.90 234.66
Cr/ppm 132.88 47.36 62.76 69.42 68.49 74.93 79.53 96.70 87.48 77.93 106.26 72.58 78.92 106.34 53.38
Ni/ppm 201.50 191.60 96.76 104.16 126.63 183.60 191.56 184.35 125.48 106.06 188.70 155.14 171.43 227.50 154.65
Zn/ppm 32.20 177.18 60.44 48.10 104.40 83.81 106.66 330.82 120.22 127.64 121.94 220.12 305.59 326.84 157.56
Rb/ppm 57.11 32.79 70.57 65.21 84.16 86.95 74.23 78.08 78.64 64.84 83.49 70.60 129.87 88.79 26.43
Sr/ppm 252.52 393.81 249.73 310.69 181.88 185.48 174.98 122.27 180.26 313.55 87.37 131.77 279.60 141.85 394.48
Zr/ppm 93.44 80.54 69.07 84.42 81.83 72.05 65.70 70.08 86.24 76.58 75.91 87.65 90.43 87.37 63.57
Nb/ppm 6.12 6.87 11.96 8.11 8.04 8.50 6.65 9.00 7.84 10.32 11.85 8.26 9.13 10.33 3.93
Ba/ppm 550.21 470.31 901.22 868.10 1065.42 899.04 723.06 924.96 936.99 864.11 1158.89 1214.20 1416.16 1267.11 1123.90
Th/ppm 9.98 9.30 8.41 9.14 10.18 11.43 9.52 11.20 9.85 9.11 9.93 11.19 10.95 14.41 8.51
Mo/ppm 0.33 0.50 14.60 13.20 15.64 17.84 27.67 12.92 34.33 47.20 24.39 28.31 32.95 30.10 41.49
Co/ppm 72.22 39.90 23.13 20.67 20.54 21.25 17.69 19.62 23.12 10.11 13.56 10.32 7.59 10.56 8.98
Cd/ppm 0.03 0.05 1.21 1.06 1.33 1.20 1.11 0.99 3.02 6.32 6.33 5.14 8.69 7.99 9.13
V/Cr 0.88 1.60 3.50 3.84 3.49 2.36 2.02 2.64 2.25 2.27 3.50 5.22 9.93 4.30 4.40
V/(V + Ni) 0.14 0.05 0.47 0.50 0.42 0.26 0.24 0.35 0.38 0.63 0.66 0.71 0.82 0.67 0.60
VEr 0.52 0.19 2.15 2.04 2.08 1.24 1.63 1.86 1.42 5.27 6.12 5.71 12.24 5.23 4.98
V/Ti 0.01 0.00 0.05 0.05 0.05 0.03 0.04 0.05 0.04 0.13 0.15 0.14 0.31 0.13 0.12
Zn/Ti 132.24 796.30 380.46 236.63 579.69 402.65 705.44 1576.26 555.69 948.44 502.03 829.67 1193.31 934.66 836.56
Cd/Mo 0.09 0.10 0.08 0.08 0.09 0.07 0.04 0.08 0.09 0.13 0.26 0.18 0.26 0.27 0.22
Bapio/% 283.83 226.89 727.42 645.72 868.40 671.33 557.65 695.35 700.31 716.88 893.16 923.95 1136.00 884.55 917.85
Co x Mn/% 1.95 1.83 0.62 0.71 0.42 0.44 0.68 0.42 0.42 0.38 0.23 0.20 0.28 0.19 0.33
Mn/Sr 1.07 1.17 1.07 1.10 1.12 1.10 0.97 1.75 1.01 1.20 1.96 1.50 1.33 1.29 0.93
Sample No. No.16 No.17 No.18 No.19 No.20 No.21 No.22 No.23 No.24 No.25 No.26 No.27 No.28 No.29 No.30
Depth/m 705.10 697.10 689.10 681.10 673.10 665.10 658.70 654.70 647.90 643.10 635.10 627.10 619.10 611.10 607.90
Member 3 3 4 4 4 4 4 4 4 4 4 4 4 4 4
V/ppm 442.23 445.03 183.41 130.95 79.76 151.23 78.50 133.18 130.94 88.59 71.94 39.83 49.92 93.87 55.70
Cr/ppm 50.35 108.00 162.95 152.86 120.04 135.80 64.12 123.75 107.71 87.19 175.00 180.51 64.71 125.29 48.53
Ni/ppm 84.14 152.54 173.95 171.74 120.96 115.12 181.13 163.96 193.55 106.53 230.38 197.75 118.61 159.99 40.76
Zn/ppm 343.91 237.69 268.83 165.76 56.94 300.98 262.16 211.12 188.09 145.16 68.79 69.53 83.90 73.61 95.71
Rb/ppm 70.37 41.09 87.36 85.78 29.80 63.89 89.54 69.76 73.09 76.97 67.03 40.77 70.04 35.96 102.03
Sr/ppm 180.53 518.22 214.81 202.28 531.18 266.16 176.19 269.06 233.01 250.37 246.38 436.40 313.41 398.90 195.04
Zr/ppm 67.54 66.89 97.69 103.97 63.31 75.77 99.98 75.76 84.95 73.97 87.74 71.49 82.74 59.32 70.60
Nb/ppm 7.18 6.38 10.21 11.10 7.15 6.82 9.76 9.64 7.75 9.33 8.27 7.83 8.84 7.11 10.80
Ba/ppm 1169.25 1100.94 969.30 974.54 673.22 621.16 715.85 632.01 713.19 674.06 711.13 606.84 918.17 895.86 803.57
Th/ppm 10.03 9.90 11.90 14.14 9.89 9.38 13.52 11.75 12.21 9.63 13.48 11.13 9.97 8.77 7.27
Mo/ppm 35.60 31.33 20.10 32.34 28.10 19.36 13.66 23.55 14.36 36.78 3.56 2.94 3.94 5.47 6.31
Co/ppm 6.10 8.11 22.33 21.97 14.63 20.36 33.11 19.14 22.85 26.82 22.31 9.85 11.32 6.36 8.47
Cd/ppm 10.36 6.12 2.03 1.96 2.66 1.55 1.36 2.10 1.03 0.66 0.35 0.21 0.35 0.31 0.26
V/Cr 8.78 4.12 3.09 2.21 1.70 3.34 3.22 2.79 3.11 2.64 1.16 0.72 2.04 1.91 3.52
V/(V + Ni) 0.84 0.74 0.51 0.43 0.40 0.57 0.30 0.45 0.40 0.45 0.24 0.17 0.30 0.37 0.58
Vir 11.78 9.21 2.29 1.46 1.83 3.14 1.02 2.39 2.11 2.29 0.87 0.72 0.83 2.42 2.15
V/Ti 0.29 0.23 0.06 0.04 0.05 0.08 0.03 0.06 0.05 0.06 0.02 0.02 0.02 0.06 0.05
Zn/Ti 2290.70 1230.38 838.34 461.57 325.81 1561.84 850.90 949.13 757.10 937.56 207.21 313.32 349.42 474.42 921.61
Cd/Mo 0.29 0.20 0.10 0.06 0.09 0.08 0.10 0.09 0.07 0.02 0.10 0.07 0.09 0.06 0.04
Bapio/% 1005.00 889.60 618.49 581.66 482.02 410.34 378.79 388.67 441.40 504.68 347.95 364.07 655.49 726.12 689.96
Co x Mn/% 0.11 0.39 0.51 0.52 0.89 0.39 0.49 0.36 0.49 0.72 0.52 0.64 0.40 0.45 0.38
Mn/Sr/% 1.01 0.93 1.06 1.18 1.15 0.72 0.83 0.71 0.93 1.07 0.95 1.48 1.13 1.78 2.27
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Fig. 10. The cross plots depict the relationships between Al and Zr (a), Al and Th (b), Ti and Zr (c), and Ti and Th (d).

is no significant change in Ti content. Meanwhile, the minor fluctuations
observed among different samples are reflected in the changes in the
content of Zr and Th. This indicates that there is a similar terrigenous
detrital flux between Member 1 and Member 4, with no significant
differences observed during the Eifelian period.

5.2. Evolution of paleoredox condition

The growth rate and morphology of goethite in framboidal pyrites
differ in oxic and sulfidic marine environments (Raiswell and Berner,
1985). In oxidizing water columns, framboidal pyrites are only formed
in sulfidic water of sediment pores (Wilkin et al., 1997). The slow supply
of elements Fe and S results in framboidal pyrites with variable size and
large individual diameter (Wignall et al., 2010). In sulfidic seawater,
due to higher concentrations of elements Fe and S, pyrite microcrystals
rapidly aggregate into framboidal pyrites. Suspended framboidal pyrites
have been observed in water columns of the Black Sea (Gross, 1974),
Kivu Lake (Degens et al., 1972), Kau Bay (Middelburg et al., 1988),
Framvaren Strait (Skei, 1983), as well as modern lakes in Canada (Perry
and Pedersen, 1993). Wilkin et al. (1996) found that the average
diameter of framboidal pyrites in a sulfidic condition is 5.0 + 1.7 pm,
while in non-sulfidic water columns, it is 7.7 + 4.1 pm. The pyrite
framboids found in the Nabiao Formation are predominantly composed
of small spherical microcrystals, suggesting a syngenetic origin
(Figs. 8c—f). However, the clustered framboids observed in Member 4
(Figs. 8g and h) and the euhedral pyrites in Member 1 (Figs. 8a and b)
are indicative of early diagenetic formation.

There are notable changes in both the quantity and size of framboidal
pyrites in different members (Figs. 8 and 9). In Member 1, framboidal
pyrites are almost absent (Figs. 8a and b). In sharp contrast, they are
abundant in Member 2 and Member 3 (Figs. 8c—f), and those in Member
3 have the smallest average diameter, with the highest proportion of
diameter smaller than 4 pm (Figs. 9a-f). This suggests that the sed-
imental environment of Member 2 and Member 3 is reductive, with
Member 3 being more reductive. Although framboidal pyrites are also
developed in Member 4, their quantity is significantly smaller than that
of Member 3 (Figs. 8g and h). Additionally, the distribution of the
framboidal pyrite diameter in Member 3 is much wider, with the
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diameter of many framboidal pyrites larger than 10 pm (Figs. 9g—i).
Earlier research demonstrates that the average diameter of framboidal
pyrites is related to paleoredox conditions (Wilkin et al., 1996; Liu et al.,
2023; Xu et al., 2023). Consequently, Member 1 is associated with oxic
conditions, Member 2 is characterized by prevailing dysoxic conditions,
and Member 3 exhibits anoxic conditions that later transition into
oxic-to-dysoxic conditions in Member 4.

In modern sulfidic environments, Mo concentration below 25 ppm
reflects non-eutrophic condition, that between 25 and 100 ppm reflects
intermittent eutrophication condition, and that above 100 ppm reflects
permanent eutrophication condition (Tribovillard et al., 2006; Wu et al.,
2020). In anoxic condition, Ugr and Mogr often exhibit synchronous
changes. Algeo and Tribovillard (2009) proposed the use of Ugr and
Mogr as indicators to reflect the redox conditions. The Mogr and Ugp
show an increasing trend from Member 1 to Member 4, followed by a
decreasing one. The pattern of Ugg-Mogr suggests that Member 1 is
formed under oxic conditions and Member 4 formed under
suboxic-to-anoxic conditions with less enrichment of Mo and U (Fig. 11).
Compared to moderate enrichment of Mo and U observed in all samples
of Member 2, 3 samples of Member 3 exhibit obvious enrichment of Mo
and U. This reflects a transition from anoxic to euxinic conditions in
water columns from Member 2 to Member 3 (Fig. 11). In contrast, the
Mo/U ratio within restricted basins is lower than that of seawater due to
limited Mo resupply, despite the stronger enrichment of Mo through the
particulate shuttle process (Algeo and Tribovillard, 2009; Huang et al.,
2023). As is shown in Fig. 11, the Mo/U ratios observed in the Nabiao
Formation mostly fall within the “unrestricted marine trend".

Previous studies have suggested that multiple indicators are required
to reflect paleoredox conditions. Trace elements such as U, V, and Ni,
which are sensitive to redox conditions, have been widely used for
identifying paleoredox conditions (Playter et al., 2017; LaGrange et al.,
2020; Xu et al., 2023). Under reducing conditions, elements U, V, and Ni
tend to enrich in sediments. Element Cr is chemically stable and thus is
often used for standardization. The criteria for V/Cr ratios are <2.00 for
oxic condition, 2.00-4.25 for dysoxic condition, and >4.25 for anoxic or
euxinic environment (Wu et al., 2022). Furthermore, the ratios of V/(V
+ Ni) in the range of <0.46, 0.46-0.84, and >0.84 reflect oxic condition,
dysoxic condition, and anoxic condition, respectively (Rimmer, 2004).
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Fig. 11. Covariation pattern of Mo-EF versus U-EF (modified from Tribovillard et al., 2012; Liu et al., 2020; Wu et al., 2020).

The redox proxies (V/Cr, V/(V + Ni), Vgr and V/Ti) and 8'3Cppy exhibit
similar trends (Fig. 6). This suggests that the redox of water columns in
the Nabiao Formation is greatly controlled by the relative sea-level
change during the Eifelian period. The redox indicators show an oxic
bottom water column in Member 1 (Fig. 6). Meanwhile, the limestone
laminae and a large number of broken shells are in the calcareous
mudstone (Figs. 5a and b). Following that, the marine redox state un-
dergoes an upward change, leading to a progressive transformation into
a dysoxic water column, with V/Cr ratios varying from 2.02 to 3.84 with
an average of 2.87 (Table 3). The lithological boundary between
mudstone and argillaceous limestone is one evidence of rapid rise in
relative sea-level (Fig. 5¢). In Member 3, ratios of V/Cr and V/(V + Ni)
both indicate anoxic water columns (Fig. 6). Meanwhile, Vgr (mean
7.57) and V/Ti (mean 0.19) show relatively high values in the Nabiao
Formation (Table 3). In Member 4, the values of redox proxies are
reduced upwards, indicating a gradual evolution into oxic-dysoxic
condition (Fig. 6). Therefore, the carbonate minerals can be seen in
mudstone (Fig. 5i).

Previous studies have shown that the DOPt values can serve as a
reliable indicator of paleoredox condition (Qie et al., 2019). The DOPt
values are reported to be <0.42 for oxic condition, 0.42-0.75 for dysoxic
condition, and >0.75 for anoxic condition (Appalachian et al., 2019).
The DOPr values of the Nabiao Formation samples range from 0.09 to
1.39 with an average of 0.59, indicating dysoxic-to-anoxic environment
in the Eifelian period (Table 2). The values of DOPt in Member 3 (mean
0.91) are generally higher than 0.59 (Table 2), indicating that the bot-
tom water column of Member 3 has the lowest oxygen content in the
Nabiao Formation.

The samples of the Nabiao Formation display evident vertical fluc-
tuations in the redox state. Member 1 displays an oxic water column, as
evidenced by the presence of redox indicators. With the rise of relative
sea-level, Member 2 has dysoxic water columns and Member 3 has
anoxic conditions. Member 4 experiences a transition from oxic to
dysoxic conditions, which can be attributed to a minor decrease in sea-
level.

5.3. Upwelling

The Youjiang Basin was located in the low latitude tropical neritic
zone in Givetian, which was greatly influenced by the trade-wind zone
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(Fig. 1b) (Liu et al., 2015; Qie et al., 2019). The surface current of the
trade-wind zone crosses the South China Sea and enters the Jinsha River
Ocean to the west, forming the westward surface current in the South
China Sea and the eastward upwelling current at the bottom of the sea
(Chen et al., 2001; Ma et al., 2009b). The upwelling occurring along
contemporary continental margins, such as the coasts of Peru and
Namibia, exerts dual beneficial effects on the enrichment of organic
matter (Wu et al., 2022). By delivering a substantial influx of nutrients,
the upwelling facilitates the proliferation of organisms. The sediments
after biological death contribute to an increase in the proportion of
biogenic silica in silicate minerals, ensuring an adequate source of
organic matter (Parrish, 1982; Kametaka et al., 2005). Simultaneously,
the decomposition of organic matter consumes a substantial quantity of
oxygen within a water column, fostering the formation of
oxygen-minimum zones at the continental margins (Boning et al., 2004;
Scholz et al., 2011). The rate of oxygen consumed by organic matter
degradation is greater than that of oxygen transported from surface
water columns to deeper water columns, which also leads to an anoxic
environment in restricted basins (Wu et al., 2020; Hou et al., 2022; Cao
et al., 2023).

Generally, sediments are relatively enriched in elements Cd and Mo
through upwelling, and less enriched in Co and Mn (Boning et al., 2004).
Boning et al. (2004) and Sweere et al. (2016) proposed that the
geochemical indexes of Cd/Mo and Co x Mn can be used to distinguish
the formation modes of anoxic environment between upwelling and
restricted basins. Under the influence of upwelling, the ratios of Cd/Mo
and Co x Mn in sediments are usually considered to be more than 0.1
and less than 0.4, respectively (Wang et al., 2019; Hou et al., 2022; Cao
et al., 2023). During the deposition of Member 3, the average values of
Cd/Mo and Co x Mn are 0.24 and 0.26, respectively (Fig. 6; Table 3),
indicating the presence of a robust coastal upwelling environment.

Organic matter-silica-mudstone assemblages and rhythmic layering
are usually developed in upwelling sediments (Wu et al., 2022). The
rhythmic layering of shale and siliceous shale are shown by the up-
welling sediments in the Lower Yangtze Area (Kametaka et al., 2005;
Wang et al., 2017). The siliceous mudstone (Figs. 5d and e), siliceous
shale (Figs. 5f and g) and carbonaceous mudstone (Fig. 5h) are deposited
in Member 3 of the Nabiao Formation. The lithology of marine sedi-
ments can be controlled by the upwelling intensity and development
frequency (Chen et al., 2001). The upwelling indicators (Cd/Mo and Co
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x Mn) show that the carbonaceous mudstone (M-3) is developed during
a weak upwelling period (Fig. 5h), while the siliceous mudstone (S-3)
and siliceous shale (S-2) are developed during a strong upwelling period
(Figs. 5d-g). Compared with the mudstone of other members, the
carbonaceous mudstone, siliceous mudstone and siliceous shale of
Member 3 are deposited in water columns characterized by higher
productivity and stronger reducing conditions (Fig. 6). Consequently,
the accumulation of organic matter can be linked to enhanced produc-
tivity and increased oxygen depletion in water columns, which is caused
by upwelling.

In addition, the phosphorus nodules are deposited in shale and a
large quantity of tentaculites is developed in limestone of the Middle
Devonian formation in Debao City and Chongzuo City (Yu et al., 2021).
The phosphorus-bearing mudstone with tentaculites is deposited in the
Middle Devonian formation of Hechi City (Gong et al., 1997). Siliceous
masses and layers are developed in limestone of the bottom of the
Middle Devonian formation (Chen et al., 2001). It can be seen that up-
welling developed in large quantities during the Middle Devonian is one
of the important factors controlling the lithology and organic matter
enrichment of the sediments of the Nabiao Formation in the Youjiang
Basin.

5.4. Paleoproductivity

Productivity is the ability of an organism to generate organic matter
from water, carbon dioxide, and inorganic salt through photosynthesis
and chemical synthesis (Li et al., 2017; Xiao et al., 2021). Although the
primary productivity of surface marine water is influenced by various
factors such as sunlight duration, water temperature, and salinity, the
fundamental controlling factors are the content of various nutrients,
including elements Ba, Zn, and P (Schoepfer et al., 2015; Wu et al., 2020;
Hou et al., 2022).

Element Ba is primarily enriched in marine sediments in the form of
barite. Barite is easily buried during sedimentation processes (with more
than 30% of barite being buried) (Dymond and Lyle., 1992), and re-
mains stable during diagenesis. Therefore, Bay;, can serve as an indi-
cator of paleoproductivity, reflecting productivity of ancient water
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columns. In Member 1, the calculated average Bay,, content based on the
equation is relatively low (Table 3), which is in line with the values
observed for Sip;, and Zn/Ti ratios (Fig. 6). The Bay;, content of Member
2 and Member 3 is generally higher compared to that of the samples
from the Nabiao Formation, with the highest Bay;, content of Member 3
(mean 920.87%) (Table 3). Member 4 exhibits an average Bay,, content
of 506.89%, indicating a decrease in productivity compared to Member
3.

Silicon in sediments is primarily preserved in detrital quartz or
biogenic quartz (Kidder and Erwin, 2001). In marine mudstone, plank-
tonic organisms play a dual role as the primary contributors to primary
productivity in the ocean and the primary source of biogenic silica (Wu
et al., 2020). Therefore, Sip;, content can serve as an indicator for
evaluating productivity levels (Khan et al., 2019). The supply of
biogenic silica is greatly influenced by the biological activities and the
presence of volcanic hydrothermal fluids (Wang et al., 2017; Xiao et al.,
2021; Cao et al., 2023). The Al-Fe-Mn ternary diagram indicates no
significant hydrothermal activity in the Eifelian period (Fig. 12).
Therefore, the Sipi, content of samples can accurately reflect the pale-
oproductivity level of the Nabiao Formation (Fig. 6; Table 2).

There is a similar trend in the content variation of Sip;, and Bapj,
(Fig. 6). The Sip;, content is extremely low in Member 1, suggesting poor
productivity (Table 2). This may be related to the fact that the producers
(planktonic algae, etc.) are hardly developed (Figs. 7j-1). Member 3 has
the highest Sip;, content (mean 10.26%), higher than that of Member 2
(mean 7.39%), and much higher than that of Member 4 (4.86%)
(Table 2). This may be related to the bloom of algae, as shown in Fig. 7g.
The Sip;, content increases to the maximum in Member 3 (up to 19.75%)
and then decreases in Member 4. This trend is consistent with the up-
welling intensity (Fig. 6). It can be seen that upwelling is the key factor
for the much higher productivity of Member 3 than that of other
members.

Previous researches have confirmed the effectiveness of using ele-
ments Ni and Zn as reliable indicators of paleoproductivity due to their
notable enrichment in organic matter in the form of complexes subse-
quent to the decay of organic materials, as proposed by Tribovillard
et al. (2006) and Aigbadon et al. (2022). The ratio of Zn/Ti removes the

Fe

Mn

Fig. 12. Ternary diagram of Al-Fe-Mn illustrating the Nabiao Formation samples of Well ND falling into the biogenic and non-hydrothermal area. I: biogenic and
non-hydrothermal sediments, II: hydrothermal sediments. Hydrothermal and non-hydrothermal fields are from Wang et al. (2017).
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influence of terrestrial debris to better reflect paleocean productivity. As
shown in Fig. 6, the Zn/Ti values of the Nabiao Formation show a trend
of initially rising and subsequently declining. The algae flourish and
reach the peak productivity under the influence of upwelling in Member
3 (Figs. 6 and 7g). With the weakening of transgression in Member 4, the
degree of algal development decreases (Fig. 7i), and the productivity
decreases at the same time (Fig. 6).

5.5. Characteristics of controlling factors for organic matter accumulation

The enrichment of organic matter is a multifaceted physicochemical
process governed by various factors, such as redox condition, produc-
tivity, and the input of terrestrial detritus (Cao et al., 2023; Chen et al.,
2023). Even during the same sedimentary period, the dominant con-
trolling factors of organic matter enrichment can undergo changes as a
result of geological events and other factors (Sageman et al., 2003; Xiao
et al., 2021).

In Member 1, the relative sea-level is low (Fig. 6). As shown in
Figs. 7j-1, the organic matter is predominantly derived from terrigenous
organic components, which are the primary factors in its composition.
The oxygen-rich water does not have a positive effect on the preserva-
tion of organic matter. A small number of planktonic algae cause the
majority of silicate minerals to come from terrigenous debris (Table 2).
As a result, the calculated value of Sip;, is less than 0, and values of Bap;,

4.50
4.00
|
3.50 R = 0.0955
|
e 3.00 u ‘1"’/*//
s X oJe o s Bu
(& 4 *
O 2.50 & %
= R® = 0,020 *
P 5 1 R ).020¢ . . . 5
200 ® R'=0.0662
1.50 |
2 A
1.00
0.504
(a)
0.00
0.00 005 010 015 020 025 030 035 040
Ti/%
450,
4.00]
3.50 &
R =0.859%4
. 3.00] S o 2
S *%
O 2.50 » s
S 4| R=02e86 2o o
4 : . R 0.5220
1.50 1
g ¢
A
1.00
0.501 X
(c)
0.00 . ; ; . ; 5
50.00  250.00  450.00  650.00  850.00  1050.00  1250.00
Ba,, /%
450+
4.00- -
3.501
L R® = 0.2552
3.00 ]
s [ ] =
<250
3] R =
© 2.00 o
| 7ad
1.50
*
b—y
1.00
0.50 ’
(e)
0.00

0.00 0.20 0.40 0.‘!(()

V/(V+Ni)

0.60 1.00

A Member 1 @ Member?2

TOC/%

TOC/%

TOC/%

Geoenergy Science and Engineering 232 (2024) 212419

and Sip;j, have no contribution to TOC content (Figs. 13c and d). Under
the conditions of oxygen-rich water columns and low productivity, the
degree of organic matter enrichment is low in Member 1 (Figs. 13e and
f).

The redox fingerprints suggest that Member 2 is deposited in dysoxic
water columns (Fig. 6). The V/(V + Ni) ratio shows a strong positive
correlation with TOC content, with an R? value of 86.58%. Additionally,
there is a positive correlation between Vgr and TOC content, with an R?
value of 51.46%, as depicted in Figs. 13e and f. It can be seen that
reduction conditions play an active role in the preservation of organic
matter, and also promote the enrichment of organic matter. There is no
correlation between TOC and the content of Ti and Zr, indicating that
the input of terrigenous detritus has almost no effect on the enrichment
of organic matter (Figs. 13a and b). The figures (Figs. 13c and d)
demonstrate that the paleoproductivity proxies Bap;, and Sip;, exhibit a
positive correlation with TOC content, with R? values of 52.20% and
32.65%, respectively. These findings indicate that an increase in pri-
mary productivity contributes to some extent to the enrichment of
organic matter. Compared to Member 1, the significant increase in
productivity of Member 2 is attributed to the development of a large
number of planktonic algae (Figs. 7b, j-1). Overall, the dysoxic envi-
ronment preserves the organic matter produced by planktonic algae and
allows for organic matter enrichment of Member 2.

In Member 3, the redox indicators exhibit no significant correlation
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with TOC content and V/(V + Ni) and Vgp ratios with R? = 25.52% and
28.91%, respectively (Figs. 13e and f). The Bay;, and Sip;, exhibit a
strongly positive correlation with TOC content with R? = 85.94% and
R? = 76.57%, respectively (Figs. 13c and d). This indicates that the
enrichment of organic matter in Member 3 is predominantly attributed
to primary productivity (Fig. 6). The increase in productivity of Member
3 is attributed to the surface water bloom of marine organisms, such as
planktonic algae, etc., caused by nutrient-laden upwelling (Fig. 7g). In
addition, the terrestrial detrital input has no apparent influence on the
organic matter enrichment of Member 3. Therefore, the enrichment of
organic matter in Member 3 is attributed to upwelling.

In Member 4, the sea-level fluctuation decreases, as shown by the
change of 5!3Cppp values (Fig. 6). The archipelago paleogeography to
some extent limits the exchange of bottom water and open ocean,
resulting in the weakening of upwelling (Fig. 6). As a result, the
contribution of productivity to organic matter enrichment is reduced
compared to Member 3 (Fig. 6). As shown in Figs. 13e and f, the dysoxic
water columns of the basin become the primary factor driving the
accumulation of organic matter, while productivity only promotes
organic matter enrichment to a certain extent. TOC content is not
affected by terrigenous detrital flux and shows almost no correlation
with Ti and Zr content (Figs. 13a and b). In summary, the dysoxic
environment protects organic matter from depletion.

5.6. Model of organic matter accumulation

During the early Eifelian period, a momentous tectonic uplift was in
full swing in the South China coastal waters. This significant event
brought about the deposition of the Nabiao Formation in a shallow
water column, as depicted in Fig. 6 (Qie et al., 2019). The expansion of
the platform range was accompanied by a shallower water column in the
basin. Furthermore, the Eifelian limestone shrouded some reefs depos-
ited in the early Devonian (Zeng et al., 1995; Ma et al., 2009b). As shown
in Member 1 of Well ND, calcareous mudstone and argillaceous lime-
stone are deposited (Figs. 5a—c). The presence of abundant vitrinite and
inertinite particles indicates a significant contribution of organic matter
derived from terrestrial sources (Figs. 7j-1). The less algae lead to the
emergence of low productivity. Meanwhile, oxygen-rich water columns
intensifies the decomposition and consumption of organic matter, ulti-
mately resulting in the failure of organic matter enrichment (Fig. 14a).

The Chotec Event represents a global sea-level rise and ocean anoxia
event characterized by the burial of a large amount of organic matter
and apparent turnover of major marine biota in the ocean (McGhee
et al., 2013; Kabanov et al., 2023). In stage 2, influenced by Chotec
Event in the South China, the sea-level deepened rapidly (Fig. 6). The
water column of the basin was relatively high, and the mudstone was
deposited (Fig. 5¢). The rising relative sea-level and deepening water
depth reduced the possibility of oxygenated surface water mixing with
the sediment-water interface. Consequently, sediments were deposited
in dysoxic water columns, better preserving the organic matter (Fig. 6).
Moreover, the rising relative sea-level disrupted the barrier of the
platform, and ultimately loosened its constraints related to the exchange
of basin water with seawater. The development of planktonic algae led
to increased productivity of Member 2 (Fig. 7h). In summary, the high
TOC content of mudstone is mostly attributed to the dysoxic environ-
ment (Fig. 14b).

With the persistent transgression, the basin water gradually deep-
ened into an anoxic bottom basin water environment (Fig. 6) (Qie et al.,
2019). At the same time, the sediments were less susceptible to the in-
fluence of terrestrial debris (Fig. 6). The Youjiang Basin during the
Eifelian period was at low to middle latitudes (Fig. 1b), with a relatively
warm and humid climate, which was favorable to zooplankton growth
(Fig. 7g). Under the influence of atmospheric circulation, submarine
upwelling was frequent. The upwelling brought abundant nutrients from
deep seawater into basin water. The abundance of nutrients fostered the
proliferation of siliceous organisms, leading to a substantial increase in

16

Geoenergy Science and Engineering 232 (2024) 212419

primary productivity. As shown in Figs. 5e-h, the higher the upwelling
intensity, the more silicate minerals deposited. At the same time, the
excessive organic matter generated from this process was transformed to
bottom water, leading to the consumption of free oxygen in water col-
umns and eventually exacerbating anoxic bottom-water conditions. In
conclusion, the TOC content of Member 3 is heavily dependent on the
intensity of upwelling (Fig. 14c).

In stage 4, there was a relative sea-level drop (Fig. 6) (Walliser, 1996;
Lu et al., 2016). The bottom water of the basin transitioned from dysoxic
to anoxic (Fig. 6). The upward decrease in the abundance of phyto-
plankton and the upward increase in the vitrinite component both
indicate a gradual decrease in productivity in stage 4 (Fig. 7i). The
organic matter of Member 4 is composed of autochthonous and terres-
trial organic matter (Appendix 1). The influx of terrigenous detrital
minerals have negligible effects on the enrichment of organic matter
(Figs. 13aand b). Although the Kacak Event caused the relative sea-level
of the Youjiang Basin to rise, the transgression intensity during the late
Eifelian period was not strong (Fig. 6). Therefore, under the control of
the mainly dysoxic condition, the TOC content of Member 4 is relatively
low (Fig. 14d).

5.7. Implications for shale gas exploration

Under the influence of transgression, a set of fine-grained sediments,
mainly mudstone, siliceous mudstone and siliceous shale, of the Middle
Devonian Nabiao Formation are deposited in the basin. Well ND is the
only well in the study area that was drilled through the complete Nabian
Formation and continuously cored. The study of mineralogical, petro-
logical and geochemical characteristics of 30 core samples from Well ND
helps to objectively evaluate the hydrocarbon potential of the sediments
in the Nabiao Formation, providing a basis for the selection and evalu-
ation of shale gas exploration.

The organic enrichment of Member 1 is low under the conditions of
oxygen-enriched water columns and low productivity. The calcareous
mudstone  (TOCgayerage= 1.20 %) and argillaceous limestone
(TOCayerage= 1.31 %) do not have hydrocarbon generation potential.
The significant relative sea-level rise caused by the Chotec transgression
contributes to the enrichment of organic matter. Therefore, the
mudstone (TOCayerage= 2.49 %) of Member 2 has hydrocarbon genera-
tion potential. In Member 3, carbonaceous mudstone (TOCayerage= 2.88
%) is deposited in a weak upwelling, while siliceous mudstone
(TOCayerage= 2.80 %) and siliceous shale (TOCayerage= 3.46 %) are
developed in a strong upwelling. Compared with the mudstone of
Member 2 and Member 4, the sediments of Member 3 have significantly
higher TOC content and stronger hydrocarbon generation potential. In
Member 4, the enrichment of organic matter in mudstone (TOCayerage=
2.31 %) has been reduced by the relative sea-level drop.

In general, TOC content of siliceous mudstone, siliceous shale and
carbonaceous mudstone in the basin is generally high, indicating strong
hydrocarbon generation potential. Therefore, Member 3 can be priori-
tized as a crucial section for shale gas exploration in the Youjiang Basin.

6. Conclusions

The study aims to assess the impact of archipelago paleogeography
and transgression on organic matter accumulation in the Nabiao For-
mation by incorporating sedimentological, petrographic, mineralogical,
and geochemical analyses. The conclusions are as follows:

(1) The argillaceous limestone and calcareous mudstone with low
TOC content belong to mixed shale lithofacies in Member 1. In
Member 2, the mudstone has relatively high TOC content. The
upper part belongs to silica-rich argillaceous shale lithofacies and
the lower part belongs to argillaceous/siliceous mixed shale
lithofacies. Member 3 has high TOC content. The siliceous
mudstone belongs to clay-rich siliceous shale lithofacies, the
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siliceous shale belongs to mixed siliceous shale lithofacies, and
the mudstone belongs to mixed shale lithofacies. In Member 4,
the mudstone with relatively low TOC content mainly belongs to
argillaceous/siliceous mixed shale lithofacies.

The lithology of Member 3 is controlled by the intensity and
development frequency of upwelling. During the weak upwelling
period, the carbonaceous mudstone is deposited, while the sili-
ceous mudstone and siliceous shale are developed during the
strong upwelling period.

The accumulation model of organic matter in Nabiao mudstone
can be divided into four stages. In stage 1, the low TOC content is
caused by oxic water columns and low productivity. The organic
matter enrichment is attributed to the dysoxic bottom water
columns caused by the Chotec Event in stage 2. In stage 3, the
organic matter enrichment is mainly controlled by upwelling-
driven paleoproductivity. In stage 4, the organic matter accu-
mulation is the result of the dysoxic conditions. The terrigenous
detrital flux has no significant impact on the enrichment of
organic matter in the Nabiao Formation.

The Chotec Event is more conducive to the organic matter
enrichment in the Nabian Formation mudstone than the Kacak
Event. The Chotec Event caused the relative sea-level of Member
2 to rise rapidly and the basin bottom water to quickly change
into dysoxic conditions. Powerful and persistent transgression of
Member 3 enhanced the exchange degree of basin bottom water

Appendix 1
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with the open sea, so that the upwelling brought marine nutrients
into the basin surface water columns, promoting more productive
and less bottom water columns in the basin. The Kacak event only
caused a slight increase in relative sea-level of the basin at the end
of the Eifelian period, so it had no significant contribution to
organic matter enrichment.
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Kerogen maceral analysis results of each sample in the Nabiao Formation.

Sample No. Depth/m Member Sapropelinite/% Exinite/% Vitrinite/% Inertinite/% TI Kerogen type
No.1 809.90 1 56.00 10.00 29.00 5.00 34.25 11
No.2 806.10 1 60.00 9.00 25.00 6.00 39.75 I,
No.3 801.00 2 72.00 2.00 26.00 0.00 53.50 161
No.4 797.00 2 93.00 5.00 2.00 0.00 94.00 I
No.5 789.20 2 90.00 1.00 9.00 0.00 83.75 I
No.6 782.90 2 55.00 22.00 23.00 0.00 48.75 161
No.7 776.80 2 49.00 25.00 26.00 0.00 42.00 161
No.8 769.00 2 59.00 19.00 22.00 0.00 52.00 J16]
No.9 761.20 2 89.00 1.00 10.00 0.00 82.00 I
No.10 755.00 3 93.00 0.00 7.00 0.00 87.75 I
No.11 747.10 3 94.00 0.00 6.00 0.00 89.50 I
No.12 739.10 3 97.00 0.00 3.00 0.00 94.75 I
No.13 730.90 3 95.00 0.00 5.00 0.00 91.25 I
No.14 721.10 3 97.00 0.00 3.00 0.00 94.75 I
No.15 713.10 3 95.00 0.00 5.00 0.00 91.25 I
No.16 705.10 3 93.00 0.00 7.00 0.00 87.75 I
No.17 697.10 3 89.00 2.00 9.00 0.00 83.25 I
No.18 689.10 4 75.00 3.00 22.00 0.00 60.00 I
No.19 681.10 4 77.00 2.00 21.00 0.00 62.25 I
No.20 673.10 4 70.00 1.00 29.00 0.00 48.75 161
No.21 665.10 4 90.00 0.00 10.00 0.00 82.50 I
No.22 658.70 4 65.00 4.00 31.00 0.00 43.75 I,
No.23 654.70 4 77.00 2.00 21.00 0.00 62.25 161
No.24 647.90 4 69.00 6.00 25.00 0.00 53.25 161
No.25 643.10 4 69.00 1.00 30.00 0.00 47.00 161
No.26 635.10 4 73.00 3.00 24.00 0.00 56.50 I
No.27 627.10 4 76.00 2.00 22.00 0.00 60.50 161
No.28 619.10 4 93.00 1.00 6.00 0.00 89.00 I
No.29 611.10 4 86.00 5.00 9.00 0.00 81.75 I
No.30 607.90 4 75.00 2.00 23.00 0.00 58.75 I
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