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A B S T R A C T   

Despite the fact that the mean values of total organic carbon (TOC) content in the Luofu Formation are relatively 
low, at or below 1.0 wt%, it still has the potential to be a veritable source rock. To elucidate the influences of 
various paleogeographic factors on sedimentary environments, 25 samples from Well A on the slope and 32 
samples from Well B in the basin centre were selected for study. The samples were analyzed by thin section 
microscopy and field emission-scanning electron microscopy, along with X-ray diffraction and geochemical 
analyses (TOC content, sulfur content, organic petrography, inorganic carbon isotope and major and trace ele
ments) in order to understand variations in and controls on the mineralogy, lithofacies, depositional environ
ments, as well as the organic matter accumulation mechanism. The results of our study indicate that mudstone of 
the Luofu Formation was deposited into 4 lithofacies groups, namely as the siliceous lithofacies, mixed lith
ofacies, argillaceous lithofacies and calcareous lithofacies. The siliceous lithofacies mudstone was developed in 
the deep-water columns, while the mixed lithofacies mudstone was deposited on shallow-water columns. The 
organic matter accumulation model of the Luofu Formation can be further divided into the following four stages, 
each with its own unique characteristics: (1) The organic matter accumulation was caused by the relatively high 
productivity and dysoxic basin bottom water columns; (2) The organo-mineral complexes may promote the 
organic matter accumulation to some extent; (3) The organic matter enrichment was facilitated by the dysoxic/ 
anoxic conditions and relatively high productivity from the basin to the slope; (4) The organic matter was 
preserved at shortened exposure duration of oxic conditions on the slope. The correlations between various 
geochemical indicators (redox, paleoproductivity and terrestrial debris flux) and TOC content suggest that oxic 
water columns and low productivity are the main reasons for the widespread mudstone with low TOC. The 
organic-rich mudstone, as the target stratigraphic section for exploration, may be deposited in the basin bottom 
water columns away from upwelling and close to hydrothermal activity in stage 3.   

1. Introduction 

China has witnessed breakthroughs in shale gas exploration and 
production, particularly in the regions of Fuling in Chongqing and 
Weiyuan in Sichuan (Zou et al., 2019, 2023; Qiu et al., 2022). Previous 

studies have sought to elucidate the processes governing the accumu
lation and preservation of organic matter in the deep-water shelf shale 
(Yan et al., 2018; Wu et al., 2019; Tang et al., 2020; Xiao et al., 2021). 
The Luofu Formation mudstone was deposited around 387.7 to 382.7 
Ma in a shallow-water shelf setting of the Youjiang Basin in south China. 
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This mudstone accumulated in a range of sedimentary environments due 
to the influence of global sea-level fluctuations and the presence of an 
archipelago characterized by multiple islands (Fig. 1a) (Wu et al., 2022). 
It is worth noting that, the study area demonstrates exceptional potential 
for marine-sourced oil and gas, supported by the exploration findings of 
conventional oil and gas reservoirs (Cheng, 2011a; Yang et al., 2020). 
But so far, the reasons behind the dissimilar organic matter accumula
tion in the Luofu Formation mudstone remain unknown (Du et al., 2009; 
Yuan et al., 2020). This limits the assessment of mudstone 

shale-associated petroleum potential and the understanding of regional 
petroleum source rocks. 

The organic matter concentration in marine mudstone is determined 
by several factors, including biological productivity, preservation con
ditions, and sedimentation rates. Depending on the relative importance 
of these factors, two different preservation and productivity models 
have been established (Calvert and Pederson, 1992; Tyson, 1995; Yuan 
et al., 2020; Teng et al., 2021). The first model focuses on the preser
vation of organic matter resulting from anoxic water column conditions. 

Fig. 1. (a) Location of the study area in China (modified from Zhang et al., 2019); (b) Global paleogeography (modified from Scotese and McKerrow, 1990; Golonka, 
2002) and paleoclimatic reconstructions of the Middle Devonian (Paleoclimatic reconstructions from Zhang et al., 2019. Ocean current from Scotese, 2001); (c) 
Palaeogeographic map showing the distribution of sedimentary facies and locations of sampling Well A and Well B (modified from Ma et al., 2009; Chen et al., 2010; 
Mei et al., 2013); (d) Sedimentary structure section showing the characteristics of lithofacies paleogeography in Well A and Well B (modified from Cheng, 2011b). 
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The second model considers elevated paleoproductivity rates as the 
more important variable (Ross and Bustin, 2009; Ma et al., 2016; Sweere 
et al., 2016; Wang et al., 2019). The amount of total organic carbon 
(TOC) preserved can also be influenced by post-depositional processes 
such as hydrocarbon generation and thermal maturation (Zhong et al., 
2004). 

For instance, Yuan et al. (2020) proposed a redox-dominated organic 
matter accumulation model for the Luofu Formation mudstone through 
longitudinal variations in drilling geochemical indicators. However, the 
shallow-water archipelagic marine environments are more complex 
than deep-water shelf settings, likely due to the impact of terrestrial 
material (Yang et al., 2020). Therefore, this model does not explain the 
extensive development of organic-poor mudstone deposited in anoxic 
water columns during the Givetian stage. Additionally, it should be 
emphasized that mudstone with low TOC content has been deposited in 
the shallow-water archipelagic marine environments, including the 
Middle Devonian Xiangzhong Depression, the Late Permian north
eastern Sichuan Basin (Chen et al., 2010; Wu et al., 2019), the Late 
Ordovician Tarim Basin (Xiao et al., 2021), the Appalachian Basin of 
North America, and the Upper Devonian Western Canada Basin (Cha
balala et al., 2020). These occurrences underscore the importance of 
determining the appropriate organic matter accumulation model for this 
specific sedimentary environment. 

To clarify the influence of an archipelagic marine paleogeographic 
environment on the mechanism of organic matter accumulation, a total 
of 25 samples representing the slope strata from Well A and 32 samples 
representing the basin strata from Well B were chosen. Samples were 
analyzed by thin section microscopy and field emission-scanning elec
tron microscopy, along with X-ray diffraction and geochemical analyses 
(TOC content, sulfur content, organic petrography, inorganic carbon 
isotope and major and trace elements) to identify and quantify the 
variations in redox condition, paleoproductivity, detrital influx, and 
mineral compositions. The study was carried out with specific objectives 
in mind: (1) to identify the variations in the distribution of organic-rich 
and organic-poor mudstone; (2) to explain the factors that govern 
organic-poor mudstone; (3) to clarify the processes of organic matter 
accumulation during the deposition of mudstone sedimentary facies; 
and (4) to propose a model for the accumulation of organic matter in an 
archipelagic marine setting. The findings of this study are anticipated to 
serve as a guide for analyzing the spatial and temporal variations of 
hydrocarbon source rocks in basins characterized by an archipelagic 
marine environment, such as the Youjiang Basin. 

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; Yang et al., 2023). It is also 
located at the intersection of Paleo-Tethys and Paleo-Pacific tectonic 
domains. Both the Youjiang Basin and the Paleo-Tethys Ocean have 
expanded since the Devonian, leading to fault development in the basin. 
The Yadu-Ziyun-Luodian Fault (F1) is the boundary in the North, the 
Shizong-Mile Fault (F2) is the boundary in the West, and the Qinzhou 
Fault (F3) is the boundary in the East (Mei et al., 2007; Yang et al., 
2020). During the Givetian Stage, the Youjiang Basin was located at low 
latitudes and the climate was tropical to sub-tropical (Fig. 1b) (Qie et al., 
2019). 

During the Early Devonian Period, the activity along the Shizong- 
Mile Fault (F2) and the Nanpanjiang Fault (F4) resulted in many 
aulacogens showing a NE trend. The later formation of the Yadu-Ziyun- 
Luodian Fault (F1), the Youjiang Fault (F5), and the Guangnan-Funing- 
Napo Fault (F6) subsequently led to the northwest-trending deep-water 
rift troughs on the shallow shelves (Yu et al., 2018). During the late Early 
Devonian Period, an archipelagic marine paleogeographic pattern 
emerged, characterized by the presence of intersecting deep and shallow 
aulacogens, as well as alternating basins and platforms. As the 

transgression advanced from the southwest to the northeast, the You
jiang Basin became entirely submerged by seawater (Fig. 1c) (Huang 
et al., 2020; Shao et al., 2020). 

Well A is located in Basie City, and Well B is in Hechi City, both in 
Guangxi Province (Fig. 1a, 1c-d). Well A of the Luofu Formation on the 
slope, calcareous mudstone was deposited in the lower and middle part, 
and argillaceous limestone and limestone are preserved in the upper part 
(Fig. 2a). Well B of the Luofu Formation is from the deeper basin. In this 
well, carbonaceous mudstone and mudstone were deposited in the lower 
section, a thick calcareous mudstone unit was deposited in the middle, 
and the upper strata comprised mudstone, siliceous mudstone and 
argillaceous limestone (Fig. 2b). At the platform edge of the Luofu 
Formation, reefs were established, and the platform accumulated car
bonate and bioclastic limestone (Fig. 1d) (Fan et al., 2004; Cheng, 
2011a; Mei et al., 2013). 

3. Samples and methods 

3.1. Core samples 

To identify the influences of paleogeographic patterns on the Luofu 
Formation sedimentary environments, a thorough examination of core 
samples was carried out from Well A located on the slope, as well as Well 
B situated within the basin. A total of 25 samples from Well A and 32 
samples from Well B were collected for X-ray diffraction (XRD), thin 
section optical microscopy and Field Emission-Scanning Electron Mi
croscopy (FE-SEM) to reflect the petrologic and mineral characteristics 
of the Luofu Formation (Fig. 2). These samples were selected for further 
analysis of TOC content, sulfur content, organic matter source tracking 
and major and trace elements. Furthermore, to gain insights into relative 
sea-level fluctuations, samples extracted from Well An underwent 
Inorganic Carbon Isotope (δ13Ccarb) analyses. It is crucial to emphasize 
that all core samples were in a pristine state prior to examination, 
guaranteeing the veracity of the test outcomes in portraying the sedi
mentary conditions of the Luofu Formation. 

3.2. X-ray diffraction (XRD), thin section optical microscopy and field 
emission-scanning electron microscopy (FE-SEM) 

The samples were ground to less than 200 mesh for XRD, total 
organic carbon (TOC), and sulfur content analyses. The mineral 
composition was analyzed by XRD using a Smart Lab SE. Each sample 
was analyzed in duplicate by the Chinese Industry-Standard SY/T 
5163–2018. 

A Leica DM4500P microscope was used to observe thin sections (cut 
perpendicular to bedding) for determining the mineral and lamellar 
morphology and paleontological traces. The instrument IM4000 was 
used for polishing samples and Hitachi S-8000 was used for FE-SEM. The 
images of microscopy and SEM for each sample were taken at multiple 
locations by the Chinese Industry-Standard SY/T 5162–2014. 

3.3. TOC content, sulfur content, and inorganic carbon isotopes 

For TOC and sulfur content, the samples were analyzed by Leco CS- 
230 Carbon and Sulfur Analyzer. The analyses were carried out in 
accordance with the Chinese National-Standard GB/T 19145–2003. The 
accuracy was better than 0.2%. 

GasBench II carbonate device and MAT253 online test were used for 
the inorganic carbon isotope test. Firstly, a sample of 50 μg was placed 
into a 12 ml reaction flask and sealed it with an insulating pad. By 
moving the emptying needle in sequence, the reaction bottles were 
rinsed to eliminate the influence of air in the bottle on the test results. 
Then 0.14 ml of 99% phosphoric acid was added into the reaction flask 
with acid needle and acid pump. The carbon dioxide produced by the 
reaction of phosphoric acid and samples were driven by helium to 
remove water. Finally, carbon dioxides were separated from other 
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impure gases by a 72 ◦C chromatographic column and entered a mass 
spectrometer to obtain carbon isotope values. International standard 
materials NBS18, NBS19, and LSVEC were used to calibrate the exper
imental equipment. According to the Chinese National-Standard SY/T 
5238–2019, each sample was analyzed three times, and the accuracy of 
tests was better than 0.1 ‰. 

3.4. Organic petrography 

The Luofu Formation polished sections were observed via NIKON- 
LV100 microscope under reflected light at 500 times magnification 
(50× oil immersion objective) to study the petrographic features of the 
organic matter. The maceral compositions were identified according to 
the classification criteria for vitrinite (International Committee for Coal 
and Organic Petrology, 1998), liptinite (Pickel et al., 2017), and iner
tinite (International Committee for Coal and Organic Petrology, 2001). 
The identification of the Luofu Formation samples involved the use of a 
DM4500P polarized fluorescence microscope to analyze kerogen mac
erals through transmission-fluorescence techniques. The experimental 
process followed the Chinese Industry-Standard SY/T5125-2014. 

3.5. Major and trace elements by X-ray fluorescence and inductively 
coupled plasma-mass spectrometry 

The mesh samples were baked in an oven at 105 ◦C for 12 h to 
prepare the test of the whole rock major and trace element. About 1.2 g 
fresh samples are combusted in a muffle furnace at 1000 ◦C for 2 h. 

Subsequently, they were weighed to determine the ignition loss. Next, a 
mixture comprising the samples, cosolvent, and oxidant was heated 
until it reached a molten state and held there for 15 min. Lastly, the 
mixture was cooled down for the purpose of conducting an XRF test. 
After OM is completely removed, ~50 mg residual samples were acid
ified, and then heated for one day. Subsequently, a mixed solution 
containing HNO3, MQ, and an internal standard was added to the 
samples and heated for a duration of half a day. Finally, the samples 
were diluted with HNO3 in preparation for ICP-MS analysis. The major 
element analyses were conducted on XRF (Primus II), and the trace 
element analyses were carried out on Agilent 7700e ICP-MS at the 
Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China. 
Replicate analysis of samples and standard samples was used to calibrate 
the final results. Ensuring that the analytical error was less than 2%. 

3.6. Data processing 

Trace elements consist of both authigenic and terrestrial compo
nents, with only the authigenic components providing insights into the 
paleosedimentary environment (Tribovillard et al., 2006; Calvert and 
Pedersen, 2007). Titanium is considered a stable physical and chemical 
element in the rock terrestrial content. To eliminate the contribution of 
terrestrial detritus to elemental abundance, all of the elements are 
normalized to the titanium content (Xiao et al., 2021). The enrichment 
factor (XEF) serves as a parameter that characterizes the degree of 
element enrichment and can additionally indicate the redox conditions 
during the deposition of mudstone (Tribovillard et al., 2006; Wang et al., 

Fig. 2. Lithology, lithofacies, GR logging, and sedimentary structures of Well A (a) and Well B (b). Each lithofacies code (C-2 et al.) refers to Fig. 3. The sequence 
framework of the Luofu Formation on the basis of previous sequence division results (Du et al., 1996, 1997, 2009; Gong and Wu, 1997; Gong et al., 1994; Gradstein, 
2020), lithological characteristics and GR curve change points from Well A (a) and Well B (b). 
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2019) as the following equation: 

XEF =(X/Ti)sample

/
(X/Ti)PAAS (1)  

where XEF is the enrichment factor of the 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 was taken from Taylor and Mclennan (1985). XEF > 1.0 
indicates a state of element enrichment relative 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). Previous studies have shown that the ratio of iron 
total iron in pyrite is close to DOP, DOPT can take the place of DOP 
(Raiswell and Berner, 1986). When estimating iron contents in pyrite, it 
is assumed that the sulfur is in the form of FeS2 (Rimmer, 2004; Rowe 
et al., 2008). The value of DOPT is calculated by the formula: 

DOPT =(55.85 / 64.16)×S /Fe (2)  

where 55.85 and 64.16 are the atomic masses of Fe and S. S is the 
measured inorganic sulfur content and Fe is the content of total iron in a 
sample. When the sedimentary activity without magmatic activity, the 
contents of excess silicon and barium are approximately equal to those 
of biogenic silicon and barium, respectively. Biogenic silica (Sibio) and 

Table 1 
XRD result of the Luofu Formation samples from Well A and Well B in the Youjiang Basin.  

Stage Depth/ 
m 

Well- 
Sample 
ID 

Quartz/ 
% 

K- 
Feldspar/ 
% 

Plagioclase/ 
% 

Calcite/ 
% 

Dolomite/ 
% 

Siderite/ 
% 

Pyrite/ 
% 

Hematite/ 
% 

Anhydrite/ 
% 

Ankerite/ 
% 

Clay/ 
% 

4 999.30 A-1 73.20 1.60 1.10 0.00 4.20 0.70 1.70 0.90 0.60 0.00 16.00 
4 1026.04 A-2 50.40 1.10 2.80 2.60 4.60 1.40 0.90 0.40 1.60 0.00 34.20 
4 1063.60 A-3 31.80 0.10 0.30 51.90 3.70 0.00 0.80 0.40 3.80 0.00 7.20 
3 1100.10 A-4 35.00 0.80 1.00 23.30 14.10 0.80 1.40 0.20 0.40 0.00 23.00 
3 1121.60 A-5 46.00 0.50 1.40 3.50 17.40 0.40 2.40 0.40 0.90 0.00 27.10 
3 1141.40 A-6 48.00 0.40 0.80 26.70 6.00 0.20 1.60 0.40 0.50 0.00 15.40 
2 1154.40 A-7 49.60 0.70 0.70 0.60 0.00 0.70 1.30 0.50 0.90 14.50 30.50 
2 1165.50 A-8 49.90 1.30 2.80 1.90 3.00 2.30 0.60 0.20 0.60 0.00 37.40 
2 1178.40 A-9 58.80 1.10 2.20 0.50 0.00 0.30 0.40 0.00 0.70 0.00 36.00 
2 1185.60 A-10 41.10 0.80 1.90 16.50 0.00 0.40 0.70 0.30 1.20 1.10 36.00 
2 1203.60 A-11 52.20 0.70 2.50 4.30 1.40 1.20 0.90 0.50 0.70 0.00 35.60 
2 1222.20 A-12 50.30 0.80 2.80 13.70 3.90 0.40 0.90 0.40 1.00 0.00 25.80 
2 1235.90 A-13 47.60 1.00 2.40 7.00 2.10 0.40 0.90 0.40 0.00 0.00 38.20 
2 1255.30 A-14 59.70 1.10 2.40 4.90 16.20 0.80 1.30 0.60 1.00 0.00 12.00 
2 1267.90 A-15 52.50 1.20 2.30 2.10 0.80 1.20 0.60 0.30 1.10 0.00 37.90 
2 1279.10 A-16 50.00 1.30 1.70 4.60 0.00 0.60 0.70 0.20 0.50 0.00 40.40 
2 1298.40 A-17 30.50 1.50 2.50 50.60 4.40 0.00 0.20 0.20 1.60 0.00 8.50 
1 1311.40 A-18 50.20 1.20 2.50 3.50 0.60 0.40 0.50 0.20 0.00 0.00 40.90 
1 1332.20 A-19 51.20 0.50 3.30 9.40 0.30 1.10 0.70 0.30 1.00 0.00 32.20 
1 1350.40 A-20 55.00 0.70 3.30 4.50 4.50 0.40 0.90 0.40 2.90 0.00 27.40 
1 1361.15 A-21 44.20 0.90 2.60 11.70 7.30 0.80 1.10 0.60 3.30 0.00 27.50 
1 1376.20 A-22 46.90 1.40 3.40 1.80 0.00 1.40 0.80 0.40 3.30 0.00 40.60 
1 1396.40 A-23 66.40 0.80 2.40 1.50 0.80 1.10 1.10 0.30 0.80 0.00 24.80 
1 1406.00 A-24 60.10 1.20 2.80 1.10 8.40 2.20 1.50 0.40 1.30 0.00 21.00 
1 1414.60 A-25 56.20 1.10 2.50 5.60 7.60 0.60 0.60 0.20 1.40 0.00 24.20 
4 331.50 B-1 39.00 0.00 2.00 4.00 5.00 1.00 5.00 0.10 1.00 0.00 43.00 
4 350.10 B-2 13.00 0.00 2.00 45.00 4.00 1.00 5.00 0.20 1.00 0.00 29.00 
3 377.30 B-3 39.00 1.00 2.00 5.00 4.00 1.00 2.00 0.10 1.00 0.00 45.00 
3 390.10 B-4 32.00 0.00 1.00 17.00 10.00 1.00 2.00 0.10 1.00 0.00 36.00 
3 393.30 B-5 41.00 1.00 2.00 3.00 2.00 2.00 3.00 0.20 1.00 0.00 45.00 
3 401.30 B-6 49.00 1.00 2.00 6.00 2.00 1.00 1.00 0.30 1.00 0.00 37.00 
3 402.90 B-7 49.00 0.00 1.00 1.00 4.00 2.00 2.00 0.10 1.00 0.00 40.00 
2 415.70 B-8 32.00 1.00 2.00 1.00 4.00 2.00 2.00 0.10 1.90 1.00 53.00 
2 417.30 B-9 29.00 0.00 3.00 2.00 9.00 2.00 2.00 0.10 1.90 0.00 51.00 
2 426.90 B-10 28.00 1.00 3.00 2.00 10.00 1.00 2.00 0.20 1.80 0.00 51.00 
2 431.10 B-11 36.00 1.00 2.00 2.00 8.00 0.00 2.00 0.20 0.80 0.00 48.00 
2 435.30 B-12 37.00 1.00 2.00 2.00 4.00 2.00 2.00 0.20 1.80 0.00 48.00 
2 444.90 B-13 35.00 1.00 2.00 1.00 10.00 2.00 2.00 0.10 0.90 0.00 46.00 
2 451.30 B-14 38.00 1.00 2.00 3.00 6.00 2.00 3.00 0.10 1.90 0.00 43.00 
2 467.30 B-15 42.00 0.00 2.00 2.00 4.00 1.00 2.00 0.20 0.80 0.00 46.00 
2 468.90 B-16 38.00 0.00 2.00 4.00 8.00 2.00 3.00 0.20 0.80 0.00 42.00 
2 476.90 B-17 41.00 1.00 2.00 2.00 2.00 2.00 2.00 0.10 0.90 0.00 47.00 
2 493.10 B-18 27.00 0.00 2.00 2.00 30.00 2.00 1.00 0.20 0.80 0.00 35.00 
2 509.20 B-19 45.00 0.00 2.00 27.00 3.00 1.00 1.00 0.10 0.90 0.00 20.00 
1 518.70 B-20 30.00 0.00 2.00 3.00 18.00 2.00 1.00 0.20 1.80 0.00 42.00 
1 525.10 B-21 36.00 1.00 3.00 6.00 8.00 2.00 2.00 0.10 1.90 0.00 40.00 
1 526.70 B-22 30.00 1.00 3.00 9.00 12.00 2.00 2.00 0.10 1.90 0.00 39.00 
1 541.10 B-23 32.00 1.00 3.00 4.00 4.00 1.00 3.00 0.30 1.70 0.00 50.00 
1 550.70 B-24 37.00 0.00 3.00 5.00 4.00 2.00 2.00 0.10 1.90 0.00 45.00 
1 557.10 B-25 34.00 1.00 2.00 3.00 8.00 2.00 2.00 0.20 0.80 0.00 47.00 
1 558.70 B-26 35.00 0.00 2.00 9.00 6.00 1.00 1.00 0.20 0.80 0.00 45.00 
1 566.70 B-27 38.00 0.00 2.00 12.00 2.00 1.00 3.00 0.10 0.90 0.00 41.00 
1 573.10 B-28 31.00 1.00 2.00 3.00 4.00 2.00 2.00 0.10 0.90 0.00 54.00 
1 581.10 B-29 43.00 1.00 2.00 2.00 3.00 2.00 3.00 0.20 1.80 0.00 42.00 
1 587.10 B-30 32.00 1.00 3.00 3.00 7.00 2.00 3.00 0.20 1.80 0.00 47.00 
1 595.10 B-31 31.00 0.00 2.00 17.00 5.00 2.00 2.00 0.10 0.90 0.00 40.00 
1 603.10 B-32 42.00 1.00 2.00 3.00 5.00 1.00 2.00 0.10 0.90 0.00 43.00  
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biogenic barium (Babio) are calculated as follows (Schoepfer et al., 
2015): 

Sibio =
[
Sisample

]
–
[
Tisample ×(Si/Ti)PAAS

]
(3)  

Babio =
[
Basample

]
–
[
Tisample ×(Ba/Ti)PAAS

]
(4)  

where Sisample, Tisample and Basample are the measured contents of ele
ments Si, Ti and Ba in the mudstone samples, respectively. Values of (Si/ 
Ti)PAAS and (Ba/Ti)PAAS are the ratios of Si/Ti and Ba/Ti in PAAS, 
respectively. 

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). The value of TI is calculated by the formula: 

TI =
a ∗ (+100)+b∗(+50)+c∗(− 75)+d∗(− 100)

100
(5)  

where a, b, c, and d are the relative contents of sapropelinite, exinite, 
vitrinite, and inertinite, respectively. TI < 0 indicates kerogen type III, 0 
< TI < 40 indicates kerogen type II2, 40 < TI < 80 indicates kerogen type 
II1, and 80 < TI < 100 indicates kerogen type I. 

4. Results 

4.1. Mineral components and lithofacies 

The Luofu Formation samples predominantly consist of silicates, 
clay, and carbonate minerals (as shown in Table 1). Quartz and feldspar 
are the main silicate minerals; calcite and dolomite represent the prin
cipal carbonate minerals, and illite and kaolinite are the main clay 
minerals. The silicate mineral content is notably higher in Well A, 
ranging from 32.20% to 75.90% with an average of 53.40%, compared 
to that in Well B ranging from 15.00% to 52.00% with an average of 
38.38%, while the clay mineral concentration is higher in Well B, 
ranging from 20.00% to 54.00% with an average of 43.13%, than that in 
Well A, ranging from 7.20% to 40.90% with an average of 27.99%. 

From a stratigraphic perspective, in Well A, the silicate mineral 
content peaks in stage 1 (average = 57.60%), the clay mineral content is 
highest in stage 2 (average = 30.75%), and the carbonate mineral 
content tops in stage 3 (average = 30.33%). In Well B, the highest 
concentration of silicate minerals is in stage 2 (average = 55.80%), 
whereas stage 1 has the most significant amounts of clay (average =
44.23%) and stage 4 has the highest content of carbonate (average =
29.00%) mineral. 

A ternary diagram plotting silicate, carbonate, and clay minerals (Ma 
et al., 2016; Wu et al., 2016) is shown in Fig. 3. Due to significant dif
ferences in mineral compositions, the samples are classified into 4 lith
ofacies groups and 10 lithofacies, including S, S-1, S-2, S-3, M-1, M-2, 
M-3, CM-1, C-1, C-3. The samples of Well A mainly belong to silicate-rich 
shale lithofacies and the samples of Well B are dominated by mixed 
lithofacies (Fig. 3). In Well A, clay-rich siliceous (S-3) shale was devel
oped in stage 1 and stage 2 (Fig. 2). Calcareous mudstone is mainly 
clay-rich siliceous shale (S-3) and argillaceous limestone is mainly 
silica-rich calcareous shale (C-1) (Fig. 2). In Well B, argillaceous/sili
ceous mixed mudstone (M-2) was developed in mudstone of stages 1 and 
stage 3, and calcareous mudstone of stage 2 and 4. In stage 3, siliceous 
mudstone is clay-rich siliceous shale (S-3). In stage 4, limestone belongs 
to the clay-rich calcareous lithofacies (C-3) (Fig. 2). 

4.2. Petrological characteristics 

In stage 1 of the Luofu Formation, parallel bedding is developed with 
a large amount of bioclast (Fig. 4a–b). Along with the appearance of 
ripple cross laminated (Fig. 4b), many broken shells and calcite spher
ules are found in stage 2 (Fig. 4c–e). In stage 3, the parallel bedding of 
Well A (Fig. 4f) and the boundary between calcareous mudstone and 

siliceous mudstone of Well B (Fig. 4g) can be seen. In the calcareous 
mudstone, there are a large number of broken shells (Fig. 4h), calcite 
spherules (Fig. 4h), and terrigenous detrital particles with low structural 
maturity (Fig. 4i). 

4.3. Sequence stratigraphy 

The core samples of the A and B wells were interpreted through the 
previous adapted sequence stratigraphic framework. Sequence Bound
ary #1: SB1 was identified due to the lithological differences between 
the Nabiao Formation and the overlying Luofu Formation (Figs. 2 and 
5). Under SB1 interface, argillaceous mudstone was deposited in Well A 
and calcareous mudstone was deposited in Well B (Figs. 2, 5a and 5f). At 
interface of SB1, calcareous mudstone of S-3 in Well A and carbonaceous 
mudstone of M-2 in Well B were deposited in the Luofu Formation 
(Figs. 2, 5a and 5f). Sequence Boundary #2: SB2 was identified by the 
differences in lithology and lithofacies (Figs. 2 and 5). Under SB2 
interface, calcareous mudstone of S-3 was in Well A and mudstone of M- 
2 was in Well B (Figs. 2, 5b and 5g). At interface of SB2, argillaceous 
mudstone of C-1 was deposited in Well A and calcareous mudstone of M- 
3 was deposited in Well B (Figs. 2, 5b and 5g). Sequence Boundary #3: 
SB3 was identified by the differences in lithofacies of Well A and li
thology of Well B. Under SB3 interface, calcareous mudstone of S-3 was 
in Well A and calcareous mudstone of CM-1 was in Well B (Figs. 2, 5c 
and 5h). At interface of SB3, argillaceous mudstone of S-1 was deposited 
in Well A and siliceous mudstone of S-3 was deposited in Well B (Figs. 2, 
5c and 5h). Sequence Boundary #4: SB4 was identified by the differ
ences in lithology and lithofacies (Figs. 2 and 5). Under SB4 interface, 
calcareous mudstone of M-1 was in Well A and mudstone of M-2 was in 
Well B (Figs. 2, 5d and 5i). At interface of SB4, argillaceous limestone of 
C-1 was in Well A and argillaceous limestone of C-3 was in Well B 
(Figs. 2, 5d and 5i). Sequence Boundary #5: SB5 was identified due to 
the lithological differences between the Liujiang Formation and the 
underlying Luofu Formation (Figs. 2 and 5). Under SB5 interface, sili
ceous mudstone of S was deposited in Well A and calcareous mudstone 
of M-2 was deposited in Well B (Figs. 2, 5e and 5j). At interface of SB5, 
limestone was deposited in the Liujiang Formation of the A and B wells 
(Figs. 2, 5e and 5j). 

According to the SBs, the sedimentary environment indicators and 
organic matter accumulation factors will be discussed in the four stages 
(Fig. 6a–b). Stage 1 is between SB1 and SB2. It is mainly composed of 

Fig. 3. Ternary diagram (modified from Ma et al., 2016; Wu et al., 2016) shows 
the mineralogical composition of nine major lithofacies in Well A and five 
major lithofacies in Well B. S: Siliceous shale lithofacies, S-1: Carbonate-rich 
siliceous shale lithofacies, S-2: Mixed siliceous shale lithofacies, S-3: Clay-rich 
siliceous shale lithofacies, M-1: Calcareous/siliceous mixed shale lithofacies, 
M-2: Argillaceous/siliceous mixed shale lithofacies, M-3: Mixed shale lith
ofacies, CM-1: Silica-rich argillaceous shale lithofacies, C-1: Silica-rich calcar
eous shale lithofacies, C-3: Clay-rich calcareous shale lithofacies. 
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calcareous mudstone of S-3 in Well A and mudstone of M-2 in Well B. 
Stage 2 (between SB2 and SB3) is mainly composed of calcareous 
mudstone of S-3 in Well A and calcareous mudstone of M-2 in Well B. 
Stage 3 (between SB3 and SB4) is composed of calcareous mudstone of 
M-2 and M-1 in Well A. In Well B, calcareous mudstone of S-3 and 
mudstone of M-2 are the upper and lower parts of stage 3, respectively. 
Stage 4 (between SB4 and SB5) is mainly composed of argillaceous 
limestone of C-1 and limestone of C-1 in Well A and argillaceous lime
stone of C-3 in Well B. 

4.4. Total organic carbon content and organic matter petrography 

The TOC content of Well B is considerably higher than that of Well A 
(Fig. 5). The TOC values of samples from the Luofu Formation in Well A 
range from 0.38% to 1.50%, with an average of 0.80%. 32 samples taken 
from Well B in the same formation have TOC values between 0.43% and 
3.02%, with a higher average value of 1.52%. There is a noticeable 
difference in the TOC content of both wells for each sequence (Table 2). 
For stage 1 and stage 2 of Well A, the TOC content is relatively low, 
averaging 0.66% and 0.71%, respectively. While the relative low TOC 
content of Well B is in stage 4 (average 0.63%). In both wells, the highest 
TOC content (mean 1.17% of Well A; mean 2.16% of Well B) is in stage 
3. 

The whole-rock sections suggest that organic matter in the Luofu 
Formation is made up of sapropelinite (Fig. 7a), exinite (Fig. 7b) and 
vitrinite (Fig. 7c). Sapropelinite is a component formed by algae after 
sapropelic action (International Committee for Coal and Organic 

Petrology, 1998). At the overmature stage, residual algal forms should 
be visible, with no fluorescence display. Significantly, the high maturity 
of our samples makes it difficult to distinguish other oil-rich organic 
components like sapropelinite in the whole-rock section (Fig. 7a). 
Exinite is generally the reproductive organ of higher plants (Interna
tional Committee for Coal and Organic Petrology, 1998). It appears 
grayish white under white reflected light in the Luofu Formation 
(Fig. 7b). Vitrinite is derived from botanical tissues, and lignin and/or 
carbohydrates are the main components of botanical tissues (Interna
tional Committee for Coal and Organic Petrology, 1998;.Liu et al., 
2023a) Under oil-immersed reflected light, over mature vitrinite can 
appear gray with high relief (Fig. 7c). 

In order to reduce the effect of over-maturation on the identification 
of organic macerals, the kerogens extracted from the Luofu Formation 
mudstone were examined. In stage 1 and stage 2, a large amount of 
sapropelinite was developed in the A and B wells (Fig. 7f), and most of 
the kerogen belonged to type I (Appendix 1). In stage 3, sapropelinite 
was the main component of the macerals of kerogen (Fig. 7d–e), sug
gesting a main contribution of marine algae (Wu et al., 2022). All the 
kerogen of stage 3 belonged to type I (Appendix 1). Moving upwards to 
stage 4, the content of exinite and vitrinite increased, leading to the 
transition of the kerogen in Well A to type III, while type II1 appeared in 
Well B (Appendix 1). 

The organic matter adsorbed on the clay mineral surfaces or resides 
between the clay mineral interlayers forms a large number of organo- 
mineral complexes in stage 3 of Well A (Fig. 8a–c) and stage 2 of Well 
B (Fig. 8d–f). The complexes were directional and mostly lenticular in 

Fig. 4. The thin section optical microscopy images of representative mineral, and rock from the Luofu Formation. (a) The parallel bedding of Well A (1178.40 m); (b) 
The ripple cross laminated in the calcareous mudstone of Well B (489.10 m); (c) The calcite spherules in the calcareous mudstone of Well A (1268.00 m); (d) A large 
number of broken shells in the calcareous mudstone of Well A (1203.75 m); (e) The calcite spherules and broken shells in the calcareous mudstone of Well B (431.25 
m); (f) The parallel bedding of Well A (1141.10 m); (g) The boundary between calcareous mudstone and siliceous mudstone in Well B (408.65 m); (h) The calcite 
spherules and broken shells in the calcareous mudstone of Well A (1020.20 m); (i) A large number of terrigenous detrital particles with low structural maturities 
(Well A, 999.3 m); Note that the photomicrographs (c–h) are captured under mono-polarized light and the photomicrograph (i) is captured under cross-polarized 
light; Bioc = bioclast; LL = limestone laminae; CS = calcite spherule; BS = broken shell; CL = calcareous laminae; Si. M = siliceous mudstone; Cal. M = calcar
eous mudstone; CM = clay mineral; Q = quartz. 
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shape (Fig. 8a–d). Organic matter was developed in interlayered 
arrangement with clay minerals typically exhibiting elongated shape 
(Fig. 8a–e). In other complexes, organic matter was locally enriched in 
large amounts, with discontinuous development of clay minerals 
(Fig. 8f). The complexes of the Luofu Formation exhibited coexistence of 
clay minerals and goethite (Fig. 8c, f). 

4.5. Petrographic features of pyrite 

SEM and polished section observations show that pyrite framboids 
are rare in stage 1, almost absent in stage 2, and abundant in stage 3 
(Fig. 9). Various pyrite morphologies are observed in the Luofu For
mation, including normal framboids (Fig. 9a–h), overgrown framboids 
(Fig. 9i), euhedral crystals (Fig. 9j and k), and clustered crystals (Fig. 9l). 
The normal framboids (Fig. 9a–h) occur in stage 1 and stage 2. In stage 1, 
the overgrown framboids (Fig. 9i) and clustered crystals (Fig. 9l) are 
observed. Within stage 2 and stage 4 of the Luofu Formation, the pre
dominant form of pyrite is euhedral crystals (as depicted in Fig. 9j and 
k). These euhedral crystals exhibit a uniform internal structure. 

The pyrite framboids found in Well A samples from stage 1 exhibit a 
predominant diameter exceeding 8 μm (with a mean range of 
8.30–11.30 μm), (Fig. 10a and b). The pyrite framboids in Well B sam
ples from the same section range from 1.70 to 13.30 μm in diameter 
(mean range of 6.10–7.98 μm) (Fig. 10c and d). In stage 3, framboidal 
pyrites are observed in Well A with a general size range of 4–8 μm (mean 
range of 5.99–6.12 μm) (Fig. 10e and f). In contrast, Well B contains a 
substantial abundance of framboidal pyrites measured approximately 
2–6 μm (with a mean range of 4.20–4.80 μm) (Fig. 10g and h). 

4.6. Elemental geochemistry 

4.6.1. Major elements 
The main major elements, expressed as oxides, are listed in Table 2. 

For samples from Well A, over 80% of the total oxides are composed of 
SiO2 (average 55.69 wt%), Al2O3 (average 13.66 wt%), CaO (average 
8.33 wt%) and Fe2O3 (average 3.84 wt%). For samples from Well B, over 

70% of the total oxides are composed of SiO2 (average 50.89 wt%), 
Al2O3 (average 12.85 wt%), CaO (average 6.74 wt%) and Fe2O3 
(average 4.27 wt%). The concentrations of TiO2 remain generally below 
1 wt% in all the analyzed samples. The relative concentrations of major 
elements exhibit noticeable vertical fluctuations in both wells. In Well A, 
the SiO2 contents are relatively high in stage 1 (average 59.89 wt%) and 
stage 2 (average 56.95 wt%), accompanied by the appearance of rela
tively high concentrations of bio-silicon (Sibio) in stage 1 (average 12.12 
wt%) and stage 2 (average 11.41 wt%). In stage 3, the contents of CaO 
(average 20.23 wt%) and the values of DOPT (average 0.76%) are 
significantly higher than those of other stages. In stage 4, although the 
contents of SiO2 are generally over 50 wt% (average 54.34 wt%), the 
contents of Sibio are very low (average 4.07 wt%). The concentrations of 
SiO2 values of samples from stage 1 of Well B range from 31.85 wt% to 
58.84 wt%, with an average of 44.58 wt%. In stage 2, the contents of 
SiO2 range from 40.50 wt% to 65.64 wt%, with an average of 54.34 wt 
%. In stage 3, the contents of SiO2 (average 62.83 wt%) and Sibio 
(average 16.42 wt%) and the values of DOPT (average 0.53%) are 
relatively high. In stage 4, the average contents of SiO2 (average 46.31 
wt%) and Sibio (average 7.73 wt%) and the values of DOPT (average 
0.20%) are relatively low. 

4.6.2. Trace elements 
The primary trace elements along with their corresponding analysis 

indices are listed in Table 3. Notably, the Luofu Formation exhibits 
substantial variations in the degrees of enrichment for trace elements, as 
indicated in Table 3. 

In stage 1, samples of Well A show relatively low values of V/Cr 
(average 1.94), VEF (average 1.45) and Babio (average 340.73 wt%). The 
relatively low values of V/Cr (average 1.79), VEF (average 1.69) and 
Babio (average 340.73 wt%) are also shown in stage 2. In stage 3, the 
values of V/Cr (average 2.47), VEF (average 1.96) and Babio (average 
387.61 wt%) are significantly higher than those of other stages. In stage 
4, the average values of V/Cr (average 1.30), V/(V + Ni) (average 0.62), 
VEF (average 1.01), and Babio (average 104.97 wt%) remain generally 
below the average values of all the Luofu Formation samples in Well A. 

Fig. 5. Sequence boundaries, petrology and lithofacies characteristics. SB: Sequence boundary. (a) Sequence boundary 1 (Well A, 1420.10 m); (b) Sequence 
boundary 2 (Well A, 1309.00 m); (c) Sequence boundary 3 (Well A, 1154.50 m); (d) Sequence boundary 4 (Well A, 1082.00 m); (e) Sequence boundary 5 (Well A, 
989.25 m); (f) Sequence boundary 1 (Well B, 624.00 m); (g) Sequence boundary 2 (Well B, 510.00 m); (h) Sequence boundary 3 (Well B, 408.50 m); (j) Sequence 
boundary 4 (Well B, 375.95 m); (i) Sequence boundary 5 (Well B, 320.00 m). The sequence divisions refer to Fig. 2. 
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In stage 1, samples of Well B show relatively high ratios of V/Cr (avg. 
2.13), V/(V + Ni) (avg. 0.64), VEF (avg. 3.03), and Babio (avg. 577.01%). 
The low values of V/Cr (avg. 1.10), V/(V + Ni) (avg. 0.59), VEF (avg. 
2.16), and Babio (avg. 263.53%) are in stage 2. In stage 3, the high values 
of V/Cr (avg. 2.64), V/(V + Ni) (avg. 0.65), VEF (avg. 3.90), and DOPT 
(avg. 0.53) are observed in Well B. For samples of stage 4, the average 

values of V/Cr, V/(V + Ni), VEF and Babio are 1.09, 0.55, 2.61 and 
463.95 wt%, respectively. 

4.7. Inorganic carbon isotope 

Only where Mn/Sr value is less than 10, the δ13Ccarb likely records 

Fig. 6. Vertical variations of multiple geochemical proxies from the Luofu Formation of Well A (a) and Well B (b). Representative concentrations of Ba and Si from 
PAAS vs. Ti (Ba/Ti = 0.0065; Si/Ti = 2.93) and the indication meaning of all analysis indexes are indicated by the black vertical dashed lines (threshold values in 
Section 5). 
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Table 2 
Geochemical indices, analysis indices, and partial major oxide contents of the Luofu Formation samples from Well A and Well B in the Youjiang Basin.  

Stage 4 4 4 3 3 3 2 2 2 2 2 2 2 2 

Depth/m 999.30 1026.04 1063.60 1100.10 1121.60 1141.40 1154.40 1165.50 1178.40 1185.60 1203.60 1222.20 1235.90 1255.30 
Well-Sample ID A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8 A-9 A-10 A-11 A-12 A-13 A-14 
TOC/% 1.49 0.78 1.24 0.67 1.35 1.50 0.82 0.59 0.48 0.96 0.67 0.96 0.86 0.79 
S/% 2.67 0.91 0.90 0.68 3.48 2.19 1.83 0.56 0.44 0.68 1.23 1.06 0.77 1.27 
SiO2/% 72.17 57.61 33.25 29.69 50.60 43.42 54.83 59.54 66.18 47.66 60.40 52.03 53.91 51.85 
TiO2/% 1.27 0.70 0.32 0.16 0.45 0.30 0.54 0.57 0.65 0.48 0.42 0.41 0.38 0.47 
Al2O3/% 9.91 17.92 7.49 2.97 13.82 7.82 15.39 17.91 15.36 14.04 13.94 12.66 13.75 13.17 
Fe2O3/% 3.48 3.97 3.00 1.33 5.61 3.13 5.77 5.74 4.87 4.80 4.62 3.90 4.55 5.64 
MnO/% 0.04 0.04 0.04 0.03 0.04 0.04 0.06 0.04 0.05 0.25 0.06 0.05 0.07 0.20 
CaO/% 1.53 3.55 23.46 34.11 7.35 19.22 5.05 2.51 1.97 12.68 5.84 11.50 9.46 8.54 
K2O/% 2.07 4.33 1.37 0.52 2.22 1.44 2.84 3.52 3.03 2.86 2.63 2.48 2.49 2.61 
Si/% 33.68 26.88 15.52 13.85 23.61 20.26 25.59 27.79 30.88 22.24 28.19 24.28 25.16 24.20 
Sibio/% 0.00 6.10 6.10 9.15 10.35 11.50 9.75 11.03 11.64 7.97 15.64 12.03 14.05 10.23 
Ti/% 0.76 0.42 0.19 0.10 0.27 0.18 0.32 0.34 0.39 0.29 0.25 0.25 0.23 0.28 
Al/% 5.24 9.49 3.96 1.57 7.32 4.14 8.15 9.48 8.13 7.43 7.38 6.70 7.28 6.97 
Fe/% 2.44 2.78 2.10 0.93 3.92 2.19 4.04 4.02 3.41 3.36 3.23 2.73 3.19 3.95 
Mn/% 0.03 0.03 0.03 0.02 0.03 0.03 0.04 0.03 0.04 0.20 0.05 0.04 0.05 0.15 
Si/Ti 44.32 64.00 81.68 138.50 87.44 112.56 79.97 81.74 79.18 76.69 112.76 97.12 109.39 86.43 
δ13Ccarb//VPDB 0.09 0.16 1.65 2.10 0.55 1.19 − 0.60 − 0.99 − 0.79 − 0.91 − 0.37 0.08 − 0.01 − 0.40 
DOPT 0.95 0.29 0.37 0.63 0.77 0.87 0.39 0.12 0.11 0.18 0.33 0.34 0.21 0.28  

Stage 2 2 2 1 1 1 1 1 1 1 1 4 4 3 

Depth/m 1267.90 1279.10 1298.40 1311.40 1332.20 1350.40 1361.15 1376.20 1396.40 1406.00 1414.60 331.50 350.10 377.30 
Well-Sample ID A-15 A-16 A-17 A-18 A-19 A-20 A-21 A-22 A-23 A-24 A-25 B-1 B-2 B-3 
TOC/% 0.41 0.60 0.66 0.38 0.48 0.70 0.94 0.69 0.59 0.89 0.57 0.69 0.56 1.72 
S/% 0.86 0.77 0.58 0.76 1.00 0.99 1.42 1.01 1.43 1.31 0.53 0.82 0.13 0.54 
SiO2/% 63.51 58.47 58.03 62.36 59.93 60.21 46.65 60.78 72.50 58.84 57.85 50.15 42.47 71.86 
TiO2/% 0.59 0.56 0.57 0.62 0.49 0.46 0.47 0.64 0.51 0.55 0.53 0.49 0.46 0.46 
Al2O3/% 16.96 17.34 17.94 17.76 13.26 12.46 12.38 19.20 11.30 14.00 12.72 14.05 12.13 16.65 
Fe2O3/% 4.24 5.01 4.68 3.22 4.13 3.63 4.33 4.23 3.29 3.58 2.94 3.43 1.77 2.23 
MnO/% 0.03 0.06 0.05 0.03 0.03 0.04 0.07 0.02 0.04 0.03 0.03 0.03 0.02 0.03 
CaO/% 2.65 4.19 4.42 3.23 7.25 7.28 13.42 1.96 2.25 6.12 8.64 8.03 4.03 6.05 
K2O/% 3.54 3.50 3.78 3.79 2.60 2.39 2.36 3.89 2.35 3.02 2.76 3.38 3.14 3.25 
Si/% 29.64 27.28 27.08 29.10 27.97 28.10 21.77 28.37 33.83 27.46 26.99 23.43 19.84 33.58 
Sibio/% 12.14 10.86 10.12 10.69 13.55 14.54 7.80 9.36 18.62 11.09 11.31 9.08 6.37 20.08 
Ti/% 0.35 0.33 0.34 0.37 0.29 0.27 0.28 0.39 0.31 0.33 0.32 0.29 0.27 0.27 
Al/% 8.98 9.18 9.50 9.40 7.02 6.60 6.56 10.16 5.98 7.41 6.73 7.44 6.42 8.81 
Fe/% 2.97 3.51 3.27 2.26 2.89 2.54 3.03 2.96 2.30 2.51 2.06 2.40 1.24 1.56 
Mn/% 0.02 0.05 0.04 0.02 0.02 0.03 0.05 0.01 0.03 0.02 0.02 0.03 0.02 0.02 
Si/Ti 84.69 82.67 79.65 78.65 96.45 104.07 77.75 72.74 109.13 83.21 84.34 80.79 73.48 124.37 
δ13Ccarb//VPDB − 0.78 − 0.89 − 0.86 − 0.92 − 0.08 0.19 0.39 − 0.34 − 0.88 − 0.87 − 0.74 – – – 
DOPT 0.25 0.19 0.15 0.29 0.30 0.34 0.41 0.30 0.54 0.45 0.22 0.30 0.09 0.30  

Stage 3 3 3 3 2 2 2 2 2 2 2 2 2 2 

Depth/m 390.10 393.30 401.30 402.90 415.70 417.30 426.90 431.10 435.30 444.90 451.30 467.30 468.90 476.90 
Well-Sample ID B-4 B-5 B-6 B-7 B-8 B-9 B-10 B-11 B-12 B-13 B-14 B-15 B-16 B-17 
TOC/% 1.06 2.25 3.02 2.73 1.13 0.75 1.05 1.32 0.98 0.95 1.04 1.04 1.31 1.40 
S/% 2.34 1.89 0.61 0.91 0.99 0.91 0.69 2.07 1.31 1.31 1.53 0.90 0.80 1.60 
SiO2/% 65.23 63.49 55.55 58.03 55.84 47.04 60.58 65.64 40.50 44.07 62.88 48.94 60.81 58.56 
TiO2/% 0.56 0.50 0.31 0.39 0.48 0.52 0.69 0.65 0.59 0.57 0.73 0.49 0.41 0.59 
Al2O3/% 15.25 16.71 6.67 9.92 17.37 17.67 14.25 18.31 10.51 10.67 14.34 10.82 15.96 19.32 
Fe2O3/% 3.24 4.29 1.83 2.34 6.43 10.54 3.97 5.87 6.37 5.03 5.26 5.74 5.17 6.38 
MnO/% 0.03 0.04 0.03 0.02 0.05 0.07 0.03 0.03 0.05 0.03 0.04 0.04 0.04 0.03 
CaO/% 5.62 7.00 14.32 5.38 5.11 13.92 2.98 3.07 5.07 4.91 5.81 5.89 8.36 5.56 

(continued on next page) 
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Table 2 (continued ) 

Stage 3 3 3 3 2 2 2 2 2 2 2 2 2 2 

K2O/% 3.44 3.34 1.55 2.61 3.45 1.77 3.38 3.30 3.49 4.61 2.79 3.25 3.08 3.69 
Si/% 30.48 29.67 25.96 27.12 26.09 21.98 28.31 30.67 18.93 20.59 29.39 22.87 28.42 27.36 
Sibio/% 13.93 14.75 16.93 15.50 12.04 6.74 8.01 11.62 1.55 3.64 7.81 8.39 16.34 9.87 
Ti/% 0.34 0.30 0.18 0.24 0.28 0.31 0.41 0.39 0.35 0.34 0.44 0.29 0.24 0.35 
Al/% 8.07 8.84 3.53 5.25 9.19 9.35 7.54 9.69 5.56 5.64 7.59 5.73 8.44 10.22 
Fe/% 2.27 3.00 1.28 1.64 4.50 7.38 2.78 4.11 4.46 3.52 3.68 4.02 3.62 4.46 
Mn/% 0.02 0.03 0.02 0.02 0.04 0.06 0.02 0.03 0.04 0.02 0.03 0.03 0.03 0.03 
Si/Ti 89.65 98.90 144.22 113.00 93.18 70.90 69.05 78.64 54.09 60.56 66.80 78.86 118.42 78.17 
δ13Ccarb//VPDB – – – – – – – – – – – – – – 
DOPT 0.90 0.55 0.41 0.48 0.19 0.11 0.22 0.44 0.26 0.32 0.36 0.19 0.19 0.31  

Stage 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 

Depth/m 493.10 509.20 518.70 525.10 526.70 541.10 550.70 557.10 558.70 566.70 573.10 581.10 587.10 595.10 603.10 
Well-Sample ID B-18 B-19 B-20 B-21 B-22 B-23 B-24 B-25 B-26 B-27 B-28 B-29 B-30 B-31 B-32 
TOC/% 0.87 0.43 1.42 1.40 0.91 1.20 1.99 1.78 2.28 2.39 1.97 1.82 2.21 2.45 2.67 
S/% 0.37 0.62 1.34 1.20 1.08 2.45 1.72 1.08 0.72 2.14 0.94 0.75 1.24 1.93 1.06 
SiO2/% 52.91 33.62 37.71 33.35 48.22 51.69 50.72 53.53 58.40 41.85 58.84 32.75 31.85 41.00 50.55 
TiO2/% 0.37 0.52 0.46 0.47 0.51 0.53 0.62 0.53 0.52 0.44 0.57 0.29 0.51 0.46 0.42 
Al2O3/% 15.19 12.21 8.07 9.83 11.80 13.99 14.34 13.93 13.20 11.66 15.29 5.88 9.01 8.58 7.46 
Fe2O3/% 4.40 4.62 5.54 2.59 3.19 4.79 5.10 3.72 2.88 4.26 2.92 3.60 2.52 3.72 2.99 
MnO/% 0.03 0.04 0.05 0.04 0.03 0.02 0.03 0.03 0.03 0.05 0.02 0.03 0.02 0.02 0.02 
CaO/% 5.33 6.57 9.93 21.70 5.46 4.37 6.56 4.73 7.51 16.38 2.55 3.69 1.09 6.80 1.75 
K2O/% 3.79 3.02 2.40 2.37 3.34 3.24 3.44 3.40 3.02 2.53 3.44 2.78 3.58 3.14 3.18 
Si/% 24.72 15.71 17.62 15.59 22.53 24.16 23.70 25.01 27.29 19.56 27.50 15.31 14.88 19.16 23.62 
Sibio/% 13.76 0.35 3.96 1.83 7.52 8.47 5.35 9.35 11.88 6.59 10.53 6.74 0.00 5.59 11.09 
Ti/% 0.22 0.31 0.28 0.28 0.30 0.32 0.37 0.32 0.31 0.26 0.34 0.17 0.31 0.28 0.25 
Al/% 8.04 6.46 4.27 5.20 6.24 7.40 7.58 7.37 6.99 6.17 8.09 3.11 4.77 4.54 3.94 
Fe/% 3.08 3.23 3.88 1.82 2.23 3.35 3.57 2.60 2.02 2.98 2.04 2.52 1.77 2.60 2.10 
Mn/% 0.02 0.03 0.04 0.03 0.02 0.02 0.03 0.02 0.02 0.04 0.02 0.02 0.01 0.02 0.02 
Si/Ti 112.36 50.68 62.93 55.68 75.10 75.50 64.05 78.16 88.03 75.23 80.88 90.06 48.00 68.43 94.48 
δ13Ccarb/VPDB – – – – – – – – – – – – – – – 
DOPT 0.10 0.17 0.30 0.58 0.42 0.64 0.42 0.36 0.31 0.62 0.40 0.26 0.61 0.65 0.44 

Note: “-” means no data. 
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the carbonate primary carbon isotopic signature (Heath et al., 2021; Hu 
et al., 2021). Therefore, the values of Mn/Sr in the samples of the Luofu 
Formation were calculated, before using the δ13Ccarb values of Well A. 
The Mn/Sr values range from 0.16 to 3.15, with an average value of 
0.97, all of which are below 10, with the majority falling below 3 
(Table 2), suggesting that the δ13Ccarb values observed in the samples 
reflect the initial values of the original seawater. 

The results of δ13Ccarb analysis of the samples are presented in Fig. 6a 
and Table 2. The δ13Ccarb values of stage 1 (− 0.92 VPDB - 0.39 VPDB, 
mean − 0.41 VPDB) and stage 2 (− 0.99 VPDB - 0.08 VPDB, mean − 0.59 
VPDB) have a small fluctuation range. In contrast, stage 3 has an obvious 
positive deviation, and the values (0.55 VPDB - 2.10 VPDB, mean 1.28 
VPDB) are much higher than before. Compared to stage 3, the values of 
stage 4 (0.09 VPDB - 1.65 VPDB, mean 0.68 VPDB) decrease 
significantly. 

5. Discussion 

5.1. Sequence stratigraphic framework 

A sequence stratigraphic framework requires: (1) evidence showing 
chronostratigraphic 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 demonstrated 
a correlation between higher GR values and the escalating clay content 
found in mudstone as the water column deepens during the deposition 
phase (Singh, 2008; Abouelresh and Slatt, 2012). In general, it has been 
accepted that such trends can be interpreted as T-R (trans
gressive/regressive) cycles that can be associated to systems tracts 
(LaGrange et al., 2020; Liu et al., 2023b). In this way, important 
sequence stratigraphic surfaces and trends can be inferred by vertical 
lithological distributions and the GR log (Luning et al., 2000). Similarly, 
within the Luofu Formation, 3–5 third-order sequences have been 

Fig. 7. Photomicrographs of transmission-fluorescence kerogen macerals and organic matter under reflected white light in oil immersion. (a) Sapropelinite of Well B 
(401.30 m); (b) Exinite of Well A (999.30 m); (c) Vitrinite of Well A (1063.60 m); (d) A large amount of sapropelinite in Well B (390.10 m); (e) A large amount of 
sapropelinite in Well B (401.30 m); (f) A large amount of sapropelinite in Well B (476.90 m); S = sapropelinite; E = exinite; V = vitrinite. 

Fig. 8. SEM photos of organo-mineral complex in the Luofu Formation. (a) Organo-mineral complex of Well A (1279.10 m); (b) Organo-mineral complex of Well A 
(1121.60 m); (c) Organo-mineral complex of Well A (1141.40 m); (d) Organo-mineral complex of Well B (431.10 m); (e) Organo-mineral complex of Well B (451.30 
m); (f) Organo-mineral complex of Well B (476.90 m); OM = organic matter; CM = clay mineral; EC = euhedral crystal; OF = overgrown framboid. 
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identified (Gong and Wu, 1997; Gong et al., 1994; Du et al., 1996, 1997, 
2009). Geochemical and U–Pb dating evidences show that each 
sequence lasts about 1.25 Ma (Brett et al., 1990; Gradstein, 2020). 

Based on the recognition of SBs, four third-order sequences of the 
Luofu Formation were interpreted. Each sequence of the Luofu Forma
tion was composed of a lower transgressive systems tract (TST) and an 
upper regressive systems tract (RST) (Fig. 2). The boundary between a 
TST and an RST was identified as a maximum flooding surface (mfs) 
which corresponds to a relatively high GR value and mudstone content 
(Fig. 2). 

5.2. Terrestrial detrital influx 

The enrichment of organic matter is influenced by various factors, 
one of which is the influx of terrestrial detritus which can directly 
impact the enrichment of organic matter by diluting its concentration 
(Algeo and Maynard, 2004; Hou et al., 2022), or it can act as a sorbent 
for organic matter to facilitate its accumulation (Wang et al., 2019) and 
rate of settling (Playter et al., 2017). The mechanisms by which clay 

minerals affect organic matter accumulation can vary depending on the 
sedimentation rate, water column redox conditions, organic matter 
source, clay mineral surface area (Kennedy and Wagner, 2011), and 
other factors. 

Al primarily originates from aluminosilicate clay minerals, whereas 
Ti is predominantly hosted in Ti-bearing heavy minerals (Jarvis et al., 
2001; Pan et al., 2021). Al, Ti, Th, and Zr are commonly used as in
dicators of terrestrial detrital flux. Correlation diagrams reveal strong 
positive relationships between Ti and Th/Zr in both wells (Fig. 11a–b). 
The correlation between Al and Th or Zr is weak (Fig. 11c–d). Anomalies 
observed in the Al content may be ascribed to the presence of authigenic 
clay minerals (Wang et al., 2020; Wu et al., 2021; Zhao et al., 2022). 
Therefore, Si/Ti ratio is more suitable to trace the role of terrestrial 
detritus input in this study (Tribovillard et al., 1994; Rimmer, 2004). 

The Yangtze platform has consistently imported terrigenous sedi
ment from the northeast of the study area. As shown by the fact that the 
A and B wells generally have similar values of Ti Zr and Si/Ti (Fig. 6a–b), 
although the Nandan Rift Zone is geographically closer to the upper 
Yangtze uplift compared to the Baise Rift Zone (Fig. 1d), the presence of 

Fig. 9. SEM photos of pyrite in the Luofu Formation. (a) Normal framboid of Well A (1406.00 m); (b) Normal framboid of Well A (1361.15 m); (c) Normal framboid 
of Well B (595.10 m); (d) Normal framboid of Well B (573.10 m); (e) Normal framboid of Well A (1141.40 m); (f) Normal framboid of Well A (1121.60 m); (g) Normal 
framboid of Well B (401.30 m); (h) Normal framboid of Well B (393.30 m); (i) Overgrown framboid of Well A (1317.75 m); (j) Euhedral crystal of Well B (451.40 m); 
(k) Euhedral crystal of Well A (1203.75 m); (l) clustered crystal of Well B (512.12 m); OM = organic matter; CM = clay mineral; NF = normal framboid; OF =
overgrown framboid; EC = euhedral crystal; CC = clustered crystal. 

Y. Liu et al.                                                                                                                                                                                                                                      



Marine and Petroleum Geology 160 (2024) 106626

14

Fig. 10. Histograms showing the distribution of pyrite framboid diameters of stage 1 and stage 3 in the Luofu Formation, D = depth, n = number of measured 
framboids, mean = mean framboid diameter. 
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Table 3 
Trace elements and analysis indices of the Luofu Formation samples from Well A and Well B in the Youjiang Basin.  

Stage 4 4 4 3 3 3 2 2 2 2 2 2 2 2 

Depth/m 999.30 1026.04 1063.60 1100.10 1121.60 1141.40 1154.40 1165.50 1178.40 1185.60 1203.60 1222.20 1235.90 1255.30 
Well-Sample ID A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8 A-9 A-10 A-11 A-12 A-13 A-14 
V/ppm 69.85 130.90 67.96 37.34 122.77 110.73 146.35 144.16 125.46 129.73 104.37 99.00 111.32 114.28 
Cr/ppm 83.08 92.27 41.79 16.37 59.30 36.19 90.10 96.21 74.29 76.44 52.28 46.71 52.51 62.14 
U/ppm 5.01 3.28 1.76 9.26 10.75 13.25 6.59 4.76 4.21 2.97 3.29 2.29 3.09 2.98 
Mo/ppm 0.77 0.45 0.59 6.39 9.56 13.20 2.20 2.44 1.56 1.39 1.01 0.89 0.99 1.01 
Ni/ppm 88.47 43.90 32.66 29.24 48.18 47.90 55.44 47.87 52.51 53.89 60.27 43.17 59.05 72.85 
Zn/ppm 45.52 84.52 70.55 31.74 102.48 98.26 127.75 116.31 96.92 102.77 123.17 70.51 132.76 89.85 
Rb/ppm 114.46 252.77 85.80 31.89 131.52 84.30 172.00 207.05 174.05 167.51 144.22 132.00 140.83 148.38 
Sr/ppm 104.06 238.28 928.05 1245.06 572.19 961.29 321.78 267.24 251.08 634.22 399.80 780.16 662.50 530.76 
Zr/ppm 494.69 124.89 74.91 80.44 116.98 85.28 114.85 126.12 137.24 106.81 108.52 111.93 91.63 122.60 
Nb/ppm 29.54 15.96 7.50 3.83 9.68 6.58 11.66 11.69 13.77 10.12 8.41 8.30 7.91 10.24 
Ba/ppm 327.05 574.03 410.42 340.27 942.21 473.09 747.43 791.31 683.95 610.71 634.36 596.05 458.42 415.11 
Th/ppm 25.04 22.02 6.98 4.35 11.13 6.74 13.23 11.82 12.09 12.21 11.34 8.09 5.95 13.77 
V/Cr 0.84 1.42 1.63 2.28 2.07 3.06 1.62 1.50 1.69 1.70 2.00 2.12 2.12 1.84 
V/(V + Ni) 0.44 0.75 0.68 0.56 0.72 0.70 0.73 0.75 0.70 0.71 0.63 0.70 0.65 0.61 
UEF 0.83 0.99 1.17 11.71 5.04 9.31 2.60 1.77 1.37 1.30 1.67 1.16 1.70 1.35 
MoEF 0.18 0.19 0.56 11.50 6.37 13.20 1.24 1.29 0.72 0.86 0.73 0.64 0.77 0.65 
VEF 0.37 1.24 1.42 1.57 1.83 2.49 1.82 1.70 1.29 1.79 1.64 1.59 1.98 1.61 
Mn/Sr 2.88 1.26 0.32 0.16 0.52 0.31 1.24 1.12 1.59 3.15 1.25 0.51 0.75 2.83 
Babio/% 0.00 113.24 201.68 235.90 648.14 278.79 396.25 419.79 257.29 294.33 356.04 324.30 212.27 105.29  

Stage 2 2 2 1 1 1 1 1 1 1 1 4 4 3 

Depth/m 1267.90 1279.10 1298.40 1311.40 1332.20 1350.40 1361.15 1376.20 1396.40 1406.00 1414.60 331.50 350.10 377.30 
Well-Sample ID A-15 A-16 A-17 A-18 A-19 A-20 A-21 A-22 A-23 A-24 A-25 B-1 B-2 B-3 
V/ppm 141.32 148.62 153.30 149.21 109.29 99.12 98.18 148.78 101.39 120.18 107.52 191.86 175.22 228.98 
Cr/ppm 85.37 92.12 83.90 93.96 57.36 50.65 48.24 65.21 48.79 65.91 57.84 143.08 210.43 114.19 
U/ppm 3.71 3.91 3.85 3.54 2.75 2.29 2.38 3.62 2.36 2.93 2.72 0.30 1.03 32.03 
Mo/ppm 0.56 0.44 0.66 0.40 0.89 0.50 0.55 0.48 0.73 0.72 0.84 0.40 0.89 21.25 
Ni/ppm 41.94 48.22 45.32 37.04 41.98 38.24 44.35 40.61 51.05 39.47 30.82 155.59 149.88 121.18 
Zn/ppm 84.33 113.01 114.26 61.34 94.10 70.28 86.72 79.64 58.48 90.34 126.16 42.67 31.86 100.11 
Rb/ppm 200.69 202.49 213.30 215.19 148.99 130.17 124.57 204.13 123.87 164.75 146.44 180.13 72.54 83.31 
Sr/ppm 403.20 478.10 521.05 508.49 672.63 652.08 894.42 421.47 241.98 462.97 506.30 233.26 167.94 142.81 
Zr/ppm 129.10 135.12 136.87 138.43 132.92 115.49 126.67 152.57 170.84 130.91 120.45 114.26 93.43 99.65 
Nb/ppm 12.72 11.96 12.63 13.47 10.77 10.22 10.12 13.28 11.73 12.94 11.93 8.33 8.65 7.52 
Ba/ppm 543.21 539.18 579.20 599.28 427.61 436.25 459.36 788.50 726.39 1109.11 987.38 776.38 768.42 803.98 
Th/ppm 11.34 13.83 12.12 14.29 12.02 10.77 9.33 15.15 13.64 13.30 12.30 9.70 8.94 10.35 
V/Cr 1.66 1.61 1.83 1.59 1.91 1.96 2.04 2.28 2.08 1.82 1.86 1.34 0.83 2.01 
V/(V + Ni) 0.77 0.76 0.77 0.80 0.72 0.72 0.69 0.79 0.67 0.75 0.78 0.55 0.54 0.65 
UEF 1.34 1.50 1.43 1.21 1.20 1.07 1.08 1.18 0.96 1.12 1.08 0.13 0.48 15.01 
MoEF 0.29 0.24 0.35 0.19 0.55 0.34 0.36 0.22 0.43 0.39 0.47 0.25 0.59 14.17 
VEF 1.59 1.79 1.78 1.60 1.50 1.44 1.39 1.54 1.32 1.45 1.35 2.64 2.57 3.35 
Mn/Sr 0.50 1.05 0.77 0.39 0.30 0.46 0.56 0.24 1.24 0.43 0.40 1.29 1.19 1.40 
Babio/% 155.28 174.88 203.09 191.00 107.94 135.62 149.54 367.09 389.00 746.12 639.49 458.17 469.73 504.65  

Stage 3 3 3 3 2 2 2 2 2 2 2 2 2 2 

Depth/m 390.10 393.30 401.30 402.90 415.70 417.30 426.90 431.10 435.30 444.90 451.30 467.30 468.90 476.90 
Well-Sample ID B-4 B-5 B-6 B-7 B-8 B-9 B-10 B-11 B-12 B-13 B-14 B-15 B-16 B-17 
V/ppm 185.76 204.45 273.60 310.52 173.26 113.32 180.13 185.97 192.42 157.85 157.48 193.98 189.62 233.10 
Cr/ppm 106.96 75.07 74.78 100.91 147.75 188.05 97.10 168.58 156.63 284.40 159.78 164.23 138.41 170.78 
U/ppm 21.36 46.63 35.00 15.20 5.09 1.86 4.73 3.82 1.09 5.48 2.14 1.56 4.06 5.16 
Mo/ppm 31.36 75.16 36.26 31.96 1.56 1.53 8.86 3.66 0.53 1.34 6.15 4.80 8.86 4.11 
Ni/ppm 120.45 128.86 137.81 126.41 151.08 161.44 94.19 154.65 106.50 91.58 128.48 94.67 95.18 166.15 
Zn/ppm 38.30 54.69 114.66 196.48 85.06 119.73 136.49 88.48 82.36 88.17 74.33 54.14 73.68 97.80 

(continued on next page) 
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Table 3 (continued ) 

Stage 3 3 3 3 2 2 2 2 2 2 2 2 2 2 

Rb/ppm 83.99 80.61 42.76 65.96 83.83 37.04 83.31 78.20 78.80 78.85 68.97 76.66 69.61 88.91 
Sr/ppm 138.43 200.52 215.85 134.93 119.78 143.70 145.53 140.25 167.60 141.81 151.77 198.85 246.32 185.39 
Zr/ppm 101.20 93.91 61.92 70.59 79.70 92.78 132.08 126.73 127.09 126.08 145.89 94.49 85.06 109.37 
Nb/ppm 9.01 10.81 5.74 7.55 9.95 6.95 12.04 10.30 8.88 10.92 12.69 8.97 6.85 9.34 
Ba/ppm 746.25 877.28 526.43 639.39 883.72 547.01 879.26 932.59 865.28 868.61 803.56 811.26 817.63 993.30 
Th/ppm 10.91 7.84 9.63 8.49 8.59 10.33 12.83 11.39 10.61 9.80 14.70 9.60 10.27 12.67 
V/Cr 1.74 2.72 3.66 3.08 1.17 0.60 1.86 1.10 1.23 0.56 0.99 1.18 1.37 1.36 
V/(V + Ni) 0.61 0.61 0.67 0.71 0.53 0.41 0.66 0.55 0.64 0.63 0.55 0.67 0.67 0.58 
UEF 7.95 19.66 24.59 8.01 2.30 0.76 1.46 1.24 0.39 2.04 0.62 0.68 2.14 1.86 
MoEF 16.60 45.10 36.26 23.97 1.00 0.89 3.89 1.69 0.27 0.71 2.52 2.98 6.64 2.11 
VEF 2.22 2.70 5.98 5.28 2.43 1.47 1.75 1.93 2.19 1.84 1.44 2.64 3.10 2.63 
Mn/Sr 1.44 1.50 0.93 1.48 3.34 4.18 1.37 2.14 2.39 1.41 1.98 1.51 1.22 1.62 
Babio/% 379.29 546.51 826.19 581.82 572.17 209.09 429.20 510.02 480.07 492.69 325.05 490.11 549.94 605.36  

Stage 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 

Depth/m 493.10 509.20 518.70 525.10 526.70 541.10 550.70 557.10 558.70 566.70 573.10 581.10 587.10 595.10 603.10 
Well-Sample ID B-18 B-19 B-20 B-21 B-22 B-23 B-24 B-25 B-26 B-27 B-28 B-29 B-30 B-31 B-32 
V/ppm 131.95 147.28 145.56 166.94 184.45 182.07 231.84 231.83 298.35 309.51 242.96 166.56 217.98 214.24 302.59 
Cr/ppm 189.33 144.17 81.67 112.73 118.59 119.96 101.64 86.64 95.43 164.57 86.87 86.64 109.36 83.49 94.00 
U/ppm 4.80 6.00 4.36 8.69 13.25 3.66 3.66 2.36 5.50 13.21 13.20 10.36 5.50 7.03 10.00 
Mo/ppm 2.86 5.36 1.36 5.69 4.36 8.99 5.76 3.25 16.35 22.30 9.06 5.36 18.00 11.03 10.09 
Ni/ppm 85.26 127.31 115.44 113.43 85.69 117.11 170.06 109.26 132.17 142.16 99.71 86.55 135.95 92.41 138.31 
Zn/ppm 60.70 59.19 53.64 30.18 65.91 66.60 99.26 56.64 57.92 96.61 35.90 74.35 52.35 70.25 71.88 
Rb/ppm 87.59 71.30 66.76 51.94 86.32 87.92 89.57 89.90 77.96 66.56 93.48 80.33 115.10 81.13 87.95 
Sr/ppm 205.29 222.25 344.65 437.62 265.89 191.91 305.17 278.51 294.46 418.21 228.89 220.81 254.94 311.69 212.13 
Zr/ppm 90.08 101.17 97.83 65.69 119.62 91.46 110.17 109.24 100.39 88.24 110.83 65.18 105.66 99.16 86.64 
Nb/ppm 7.48 9.28 10.13 5.73 9.66 10.39 11.61 10.47 8.05 8.31 9.83 8.12 10.53 7.17 10.50 
Ba/ppm 1002.96 862.46 812.54 855.85 962.19 804.65 913.31 949.32 810.58 756.19 877.52 971.18 1151.30 925.00 918.69 
Th/ppm 9.16 9.53 8.13 9.96 11.13 9.79 11.58 9.20 10.38 8.06 9.03 7.48 11.79 7.03 6.91 
V/Cr 0.70 1.02 1.78 1.48 1.56 1.52 2.28 2.68 3.13 1.88 2.80 1.92 1.99 2.57 3.22 
V/(V + Ni) 0.61 0.54 0.56 0.60 0.68 0.61 0.58 0.68 0.69 0.69 0.71 0.66 0.62 0.70 0.69 
UEF 2.76 2.45 1.97 3.93 5.59 1.45 1.25 0.93 2.24 6.43 4.91 7.71 2.24 3.18 5.06 
MoEF 2.34 3.11 0.87 3.66 2.62 5.06 2.80 1.83 9.49 15.44 4.80 5.68 10.45 7.09 7.26 
VEF 2.38 1.89 2.10 2.40 2.42 2.29 2.49 2.92 3.82 4.71 2.83 3.84 2.85 3.12 4.77 
Mn/Sr 0.97 1.35 1.16 0.69 0.75 1.04 0.98 0.72 0.68 0.96 0.87 0.91 0.39 0.64 0.94 
Babio/% 759.85 421.79 509.55 550.84 629.21 456.90 506.49 602.03 468.78 468.73 501.40 781.26 816.17 624.13 740.89  
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isolated platforms (Fig. 1c) does not diminish the influx of terrigenous 
debris in the Baise Rift Zone (Fig. 6a–b). Consequently, the sedimentary 
deposits within the basin and slope have undergone a significant influ
ence from terrestrial sources, encompassing detrital minerals, organic 
matter, and other components. As a result, the sediment in the Youjiang 
Basin has been influenced by terrestrial detrital input during the process 
of organic matter enrichment. 

5.2.1. Dilution effect 
The correlation between Si/Ti and TOC content of each stage in the A 

and B wells varies considerably (Fig. 12a–b), suggesting that the dilution 
degree of TOC by the terrestrial debris varies. Although the correlation 
between Si/Ti and TOC is slightly positive in stage 2 (R = 0.0354), the 
correlation between the two is almost always negative for the Luofu 
Formation samples (with R values at − 0.2145 of stage 1, -0.7747 of 
stage 3 and -0.3759 of stage 4) (Fig. 12a). This suggests that the 
terrestrial debris diluted the organic matter of Well A. For the samples of 
Well B, the input of terrestrial debris did not cause the organic matter 
dilution, as shown by the correlation between Si/Ti and TOC content 
from stage 1 to stage 4 (with R values at − 0.2398, 0.4551, 0.6852 and 
1.0000, respectively) (Fig. 12b). This may be related to the input of 
terrestrial debris into the basin by weathering into clay minerals after a 
long-distance transport. The degree of organic matter accumulation by 
clay minerals slightly exceeded the dilution intensity caused by the 
terrestrial debris input. 

5.2.2. Concentration effect  

(1) Rapid input of terrestrial debris 

For Well A, the Ti, Zr and Th contents of stage 4 increase significantly 
(Fig. 6a). The calcareous mudstone of stage 4 is characterized by a 
greyish-white color (Fig. 5e), with an abundance of sandy detrital par
ticles (Fig. 4h). The quartz grains observed within detrital sediment 
exhibit subangular shapes with irregular boundaries and have grain 
sizes ranging from approximately 10 to 100 μm. These quartz grains are 
poorly sorted (Fig. 4i). The rapid accumulation of terrestrial detrital 

particles in a turbulent water environment within broken shells of 
shallow water columns (Fig. 4h). 

The sharp increase in the content of Ti and Zr suggests a strong 
terrestrial detrital influx of stage 4 in Well A (Fig. 6a). This may result in 
an accelerated sedimentation rate of mudstone and form a sediment 
layer in the bottom water columns (Fig. 4h–i). This made it difficult for 
oxygen and benthic organisms to reach organic matter, thus greatly 
reducing the rate of organic matter consumption (Summerhayes, 1987; 
Hedges and Keil, 1995; Wang et al., 2019). At the same time, buried 
microorganisms may no longer be the first priority of organism, but 
rather ensure access to the oxygen needed for survival (Canfield, 1994). 
This can further reduce the rate of organic matter consumption (Ibach, 
1982). Therefore, TOC is negatively correlated with V/Cr of the oxic 
water columns (R = − 0.5798) (Fig. 12e).  

(2) Formation of organo-mineral complex 

The high surface reactivity and colloidal nature of organic matter 
makes it easy to combine with clay minerals (Kennedy and Wagner, 
2011; Li et al., 2020; Zhou et al., 2020; Gu et al., 2023). The study area 
had obtained a continuous supply of clay minerals from the Yangtze 
platform (Cheng, 2011b). In conjunction with the gradual deposition of 
organic matter in the water column, the introduction of significant 
quantities of clay minerals impedes the oxidation and hydrolysis pro
cesses within the sediments (Mansour et al., 2020). As a result, organic 
matter becomes adsorbed onto the surfaces of clay minerals or enters the 
interlayers of clay minerals, giving rise to a multitude of organo-mineral 
complexes (Fig. 8a–f). In these complexes, a considerable portion of 
organic matter becomes adsorbed onto the inner surfaces of clay min
erals, leading to the formation of stable organic carbon (SOC) 
(Fig. 8a–e). OM associated with SOC is more stable due to the protection 
of crystal structure and stronger bonding (Playter et al., 2017). At the 
same time, the symmetrical arrangement of organic matter molecules 
between clay mineral layers also increases the stability of 
organo-mineral complexes (Li et al., 2020). 

The TOC content shows a positive correlation (R = 0.6177) with clay 
content of stage 2 in Well B (Fig. 12d), indicating that the input of clay 

Fig. 11. Cross plots of Ti versus Th (a) and Zr (b), and Al versus Th (c) and Zr (d) (triangles: Well A; circles: Well B).  
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mineral promotes the accumulation of organic matter to some extent. A 
large number of organic mineral complexes that may have formed 
during the deposition period are visible in calcareous mudstone with 
TOC content greater than 1.00%, compared to that with TOC less than 
1.00% (Fig. 8d–f). The kerogen macerals of stage 2 show that the 
kerogen almost belongs to type I (Fig. 7f, Appendix 1), suggesting that 
the organic matter in the complex originated from marine organisms 
rather than terrestrial plants. In the calcareous mudstone with TOC 
content greater than 1%, the organic mineral complexes may be 
deposited simultaneously with euhedral crystals (Fig. 8f). The fact that 
both were deposited together reflected the fact that the complexes may 
have attenuated the decomposition of organic matter by the oxygen- 

enriched water columns to some extent, thus promoting organic mat
ter accumulation. For the samples of stage 3 in Well A, TOC is negatively 
correlated with clay content (R = − 0.3348), although a large number of 
complexes are developed (Fig. 8a–c). It is possible that the relatively 
high productivity and dysoxic water columns promoted the organic 
matter accumulation, thus masking the promotion of organic matter 
accumulation by the complexes. 

The comparison of clay content and TOC correlations in stage 3 of 
Well A and stage 2 of Well B suggests that the complexes may promote 
organic matter accumulation to some extent (Fig. 12c–d), which, how
ever, is only highlighted in the oxic water columns with low productivity 
and stable terrestrial detrital influx. 

Fig. 12. Cross plots of Si/Ti of Well A (a), Si/Ti of Well B (b), Clay content of Well A (c), Clay content of Well B (d), V/Cr of Well A (e), V/Cr of Well B (f), Babio of 
Well A (g) and Babio of Well B (h) versus TOC. 
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5.3. Evolution of paleoredox condition 

Redox conditions play a critical role in the degree of organic matter 
enrichment (Jones and Manning, 1994; Chang et al., 2009; Zheng et al., 
2022), with anoxic conditions favoring organic matter preservation and 
oxic conditions promoting the decomposition of organic matter (Wang 
et al., 2020). The biomorphic characteristics and the elemental contents 
will change under different redox conditions (Li et al., 2017; Wang et al., 
2019). Thus, the biotypes (Gong and Wu, 1997; Du et al., 2009), pyrite 
characteristics (Raiswell and Berner, 1985, 1986; Wignall and Newton, 
1998), and redox-sensitive element contents (e.g., Mo, U and V) (Arthur 
and Sageman, 1994; Wu et al., 2020) can be used to reconstruct the 
redox state of water columns. Algeo and Tribovillard (2009) proposed 
the use of UEF and MoEF as indicators to reflect the redox conditions. 
Under anoxic conditions, the framboidal pyrite is small and highly 
developed (Wilkin et al., 1996;Mahoney et al., 2019), while in oxic 
environments pyrite generally does not develop (Wilkin and Barnes, 
1997; Wignall et al., 2010). The DOPT is reported to be < 0.42 for oxic 
condition, 0.42–0.75 for dysoxic condition, and >0.75 for anoxic con
dition (Appalachian et al., 2019; Qie et al., 2019). Under reducing 
conditions, V is mainly deposited through its combination with organic 
matter in the form of V4+, and Cr+6 is reduced to Cr3+ (Arthur and 
Sageman, 1994; Rimmer, 2004). The criteria for V/Cr ratios are <2.00 
for oxic condition, 2.00–4.25 for dysoxic condition, >4.25 for anoxic or 
euxinic environment (Wang et al., 2019). Furthermore, the ratios of 
V/(V + Ni) in the range of <0.46, 0.46–0.84, and >0.84 reflect oxic 
conditions, dysoxic conditions, and anoxic conditions, respectively 
(Arthur and Sageman, 1994; Neumeister et al., 2016). 

5.3.1. Deposition of stage 1: diminishing dysoxic water conditions 
The redox indicators (DOPT, V/(V + Ni), V/Cr) of Well B indicate 

dysoxic bottom-water columns in the basin (Fig. 6b). In the dysoxic 
water columns, the normal framboid diameters are mainly 4–8 μm, with 
an average diameter of 6.10–7.98 μm (Fig. 9a–b, 10c-d). There are also a 
small number of large pyrite framboids (>10 μm) (Fig. 9a–b, 10c-d) and 
clustered crystals (Fig. 9l). The pattern of UEF-MoEF suggests that 
mudstone of Well B was formed under oxic-to- suboxic water columns, 
and calcareous mudstone of Well A formed under oxic conditions with 
less enrichment of Mo and U (Fig. 13a–b). In Well A samples, the values 
of V/Cr and DOPT also show an oxic water column on the slope (Fig. 6a). 
The development of parallel bedding and extensive bioclastic levels 
support a low relative sea-level as well (Fig. 4a). Qie et al. (2019) once 
reported that the decline of relative sea-level in the Youjiang Basin was 
caused by the Kacak Event. In the oxic water columns, the normal 
framboid diameters are highly variable, commonly >8 μm (Fig. 9c–d), 
with mean 8.30–11.30 μm (Fig. 10a–b). There are also large diameter 
framboids and overgrown framboids in Well A (Fig. 9i). In summary, a 
widespread oxic water column was prevalent on the slope, while a 

dysoxic bottom-water column existed in the basin. 
As shown by the correlation between TOC and V/Cr in Well A (R =

0.4112) and Well B (R = 0.7286) (Fig. 12e–f), the dysoxic conditions of 
stage 1 promote the accumulation of organic matter in the bottom-water 
columns of the basin. 

5.3.2. Deposition of stage 2: wide-spread oxic water conditions 
The redox indicators (V/Cr, V/(V + Ni), DOPT) of Well A (Fig. 6a) 

suggest an oxic bottom-water condition on the slope. The low values of 
UEF and MoEF are also evidence of oxic water columns (Fig. 13a). The 
parallel bedding was developed in shallow water columns with rela
tively strong hydrodynamic forces (Fig. 4a). Samples of Well B show low 
values of V/Cr, V/(V + Ni), VEF, DOPT (Fig. 6b), UEF, MoEF (Fig. 13b) and 
euhedral crystal is visible in all well samples (Fig. 9k, j). Along with the 
appearance of ripple cross laminated (Fig. 4b), a large number of broken 
shells and calcite spherules are found in stage 2 (Fig. 4c–e). The obser
vations suggest the presence of high-energy water conditions within the 
shallow water columns, resulting in the wider distribution of oxygenated 
water extending from the basin to the slope. 

There is a no strong correlation between TOC and V/Cr in the A and B 
wells (with R values at 0.5163 and 0.4500, respectively) (Fig. 12e–f). 
This may be related to the large amount of organic matter consumed in 
oxygen-enriched water columns. The positive correlation between two 
variables shows that oxic water columns limited the organic matter 
accumulation of stage 2 (Fig. 12e–f). 

5.3.3. Deposition of stage 3: wide-spread dysoxic/anoxic water conditions 
Compared to stage 2, 3 samples of stage 3 exhibit obvious enrich

ment of Mo and U (Table 3). The pattern of UEF-MoEF suggests that a 
suboxic-to-anoxic water column (Fig. 12a). The higher concentrations of 
V/Cr and DOPT of Well A also suggest a dysoxic water condition on the 
slope (Fig. 6a). In dysoxic water columns, the calcareous mudstone has a 
lot of framboidal pyrites with generally 4–8 μm (mean 5.99–6.12 μm) 
(Fig. 10e, f) and a few clustered crystals (Fig. 9e–f). In Well B, the di
ameters of most framboidal pyrites are almost 2–6 μm (mean 4.20–4.80 
μm) (Fig. 10g and h). The high values of DOPT, V/Cr, V/(V + Ni) and VEF 
are observed (Fig. 6b), which may be related to a dysoxic water column. 
The pattern of UEF-MoEF suggests that anoxic-to-euxinic water condi
tions (Fig. 13b), which may be related to the occurrence of more widely 
spread reducing water columns in the basin. As the transgression pro
gressed (Walliser, 1996; Qie et al., 2019), the basin water columns 
deepened and became less restricted, as evidenced by the MoEF/UEF 
ratios were mostly in the “unrestricted marine trend” (Fig. 12a–b). The 
siliceous mudstone was deposited over the calcareous mudstone in Well 
B (Fig. 4g). In summary, the water columns generally deepened 
throughout the Youjiang Basin. The generally dysoxic water columns are 
on the slope, and the bottom water columns are generally under anoxic 
conditions. 

Fig. 13. Covariation pattern of Mo-EF versus U-EF (modified from Tribovillard et al., 2012; Wu et al., 2022).  
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The correlation between TOC and the redox fingerprint (V/Cr) sug
gests that both dysoxic (R = 0.4718) and anoxic (R = 0.9760) water 
columns can promote the organic matter accumulation (Fig. 12e–f). In 
particular, the anoxic bottom water columns in the basin greatly 
contributed to the organic matter enrichment (Fig. 12f). 

5.3.4. Deposition of stage 4: wide-spread oxic water conditions 
The low values of both wells (DOPT, V/Cr, δU) show oxic water 

conditions (Fig. 6a–b). This is supported by the pattern of UEF-MoEF 
(Fig. 13a–b). There is also an absence of framboidal pyrites in all the 
samples. These observations suggest the presence of an oxic environ
ment. From the basin towards the slope, there is a distinct rise in car
bonate content of the sediment, with argillaceous limestone becoming 
increasingly prevalent (Fig. 4m). Calcite spherules and benthic organ
isms proliferate in the shallow columns, leaving abundant skeletal ma
terials (Fig. 4m). During this stage, the study area experienced a gradual 
expansion of oxic water columns overlaying it (Fig. 4i). 

The organic matter was preserved at shortened exposure duration of 
oxic water columns, leading to a negative correlation between TOC and 
V/Cr of Well A (R = − 0.5798) (Fig. 12e). Although the correlation be
tween TOC and V/Cr of Well B is positive (R = 1.0000) (Fig. 12f), the 
oxic water columns consumed organic matter, resulting in generally low 
TOC content. 

5.4. Paleoproductivity 

Paleoproductivity is a concept that refers to the amount of organic 
matter produced by organisms in a given area and time during the en
ergy cycle (Wang et al., 2020; Xiao et al., 2021). High productivity can 
provide abundant organic matter, and thus promote organic matter 
enrichment. Additionally, high productivity consumes more oxygen in 
the water columns, further promoting an anoxic environment that fa
cilitates the preservation of organic matter (Li et al., 2017; Wang et al., 
2019). Some factors, including the impact of water level, the type of 
water column (i.e., upwelling, downwelling, density-stratified water 
column), and role of terrestrial organic matter supply, have had signif
icant impact on the paleoproductivity conditions (Mansour and 
Wagreich, 2022). Nonetheless, establishing past productivity levels can 
be complicated given the unequal dispersion of nutrients like carbon, 
nitrogen, phosphorus, and barium in the marine ecosystem (Calvert and 
Pedersen, 2007; Schoepfer et al., 2015; Li et al., 2017). Therefore, the 
results of paleoproductivity need to be confirmed by multiple indicators. 

The barium concentration in marine sediments mainly originates 
from biogenic, terrestrial debris, and carbonate lattices (Schoepfer et al., 
2015). Once organisms in the marine ecosystem die, their bio-barium 
becomes combined with sulfate in the surrounding seawater, resulting 
in the preservation of bio-barium in the form of barite (Schoepfer et al., 
2015). Thus, Babio content is used for determining the level of paleo
productivity. The typically higher productivity of Well B compared to 
Well A is reflected in the fact that Well B typically has higher Ba content 

than Well A dose (Fig. 6a–b). The Babio content of both wells is lower 
than 1000 ppm, which is also much lower than the productivity of 
marine mudstone such as the Wufeng-Longmaxi Formation (Wang et al., 
2020; Xiao et al., 2021). The generally low productivity may be one of 
the reasons for the widespread development of organic-poor mudstone 
in the Youjiang Basin. 

There are various sources of silicon in sediments, of which only 
biologically derived silicon represents paleoproductivity (Calvert and 
Pedersen, 2007; Xiao et al., 2021). Biological activities and volcanic 
hydrothermal fluids strongly influence the supply of biogenic silica. The 
Al–Fe–Mn ternary diagram indicates no significant hydrothermal ac
tivity during deposition (Fig. 14a–b). Therefore, the Sibio content can 
accurately reflect the level of paleoproductivity. The Sibio content of 
Well B is generally higher than that of Well A. This is consistent with 
what the Ba content suggests, indicating presently higher productivity 
levels in Well B than in Well A. In Well A, the Sibio content shows a trend 
of first increasing and then decreasing from stage 1 to stage 4 (Fig. 6a). 
Stage 3 has relatively high Sibio content, indicating higher productivity 
compared to the other stages. While in Well B, stage 3 has relatively high 
Sibio content as far as the Luofu Formation mudstone is concerned 
(Fig. 6b), indicating relatively high level of productivity in stage 3. 

Previous studies have demonstrated the effectiveness of using the 
ratios of Ni/Ti and Zn/Ti to characterize paleoproductivity, due to their 
excellent enrichment within organic matter by the form of complexes 
after organic matter decay, as proposed by Böning et al. (2004) and 
Tribovillard et al. (2006). In Well A, stage 4 and stage 2 both have low 
values of Ni/Ti and Zn/Ti, indicating a low level of productivity 
(Fig. 6a). This may be related to a decrease in the level of algal devel
opment, as evidenced by the reduction of sapropelinite (Fig. 7b and c). 
The values of Ni/Ti and Zn/Ti are significantly increased in stage 3 of 
Well B (Fig. 6b). As shown in Fig. 7a, d, e, the large increase in sapro
pelinite content indicates that algal blooms are responsible for the in
crease in the concentrations of Ni and Zn. 

For the samples of Well A, the oxic water columns consume part of 
organic matter, leading to poor correlation between TOC and Babio of 
stage 1 (R = 0.2636) and stage 2 (R = 0.2179) (Fig. 12g). Compared to 
stages 1 and 2, TOC content of stage 3 was not consumed by the dysoxic 
water columns. The correlation between TOC and Babio shows that 
productivity contributes to some extent to the organic matter accumu
lation (R = 0.4331) (Fig. 12g). In stage 4, the input of terrestrial plant 
debris associated with mineral debris had allowed much vitrinite to be in 
kerogen (Fig. 7c; Appendix 1), resulting in an increase in TOC content, 
but the productivity indicator (Babio) failed to record this change (R =
− 0.4127) (Fig. 12g). For the samples of Well B, although there is a 
positive correlation between TOC and Babio content in stage 1 (R =
0.2313), stage 2 (R = 0.3617) and stage 3 (R = 0.9006), only the cor
relation in stage 3 between the two is high (Fig. 12h), suggesting that the 
productivity of stage 3 contributed significantly to the organic matter 
enrichment. For samples of stage 4, the oxic water columns consumed 
organic matter, which masked the contribution of productivity to TOC 

Fig. 14. The ternary diagram of Al–Fe–Mn showing all samples of Well A (a) and Well B (b) falling into the biogenic and non-hydrothermal area. I: biogenic and non- 
hydrothermal sediments, II: hydrothermal sediments. Hydrothermal and non-hydrothermal fields are from Zhang et al. (2020) and Wei et al. (2022). 
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content (Fig. 12h). 

5.5. Controlling factors of the organic matter accumulation 

The correlation of each stage observed between different geochem
ical indicators, such as redox, paleoproductivity, and terrestrial debris 
flux, with TOC content indicates that organic-poor mudstone (TOC 
<1.00%) was deposited in the oxic water columns, such as stage 1 and 
stage 2 of Well A, and stage 2 and stage 4 of Well B. Firstly, the oxic 
water columns may be related to the relatively low sea-level (Gong et al., 
1994; Jarvis et al., 2001). The Kacak Event caused uplift in parts of 
southern China, which weakened the transgression intensity (Walliser, 
1996; Qie et al., 2019) and resulted the relatively low sea-level in the 
Youjiang Basin. Secondly, siliceous masses and layers of the Middle 
Devonian are associated with upwelling (Gong and Wu, 1997; Du et al., 
2009). In confined basins, upwelling conditions may enhance water 
column ventilation, thereby increasing the amount of dissolved oxygen 
in the water columns (Mansour and Wagreich, 2022). Thirdly, abundant 
dissolved O2 and carbonate fractions can lead to significant oxi
dization/distortion and dilution of labile organic matter (2CH2O) 
(Ricken, 1996; Mansour and Wagreich, 2022). 

Meanwhile, the low productivity water columns limit the deposition 
of more organic-rich mudstone (TOC >2.00%) in dysoxic/anoxic water 
columns (Pedersen and Calvert, 1990; Mansour and Wagreich, 2022). 
The complexity of these interactions is further compounded by the fact 
that low productivity is also a factor that restricts the accumulation of 
organic matter in the Luofu Formation. Firstly, the low productivity was 
influenced by various factors, such as the progressive lowering of 
planktonic algae that could serve as primary hydrocarbon-producing 
organisms. The lack of planktonic algae may be due to the restricted 
supply of marine nutrients, caused by poor exchange of the shallow 
water columns of the archipelago with active seawater circulation 
pattern (Pan et al., 2020; Mansour and Wagreich, 2022). Lower nutrient 
availability had led to a decrease in the number of bacteria and algae, 
and coral-laminar foraminifera bloomed (Algeo and Scheckler, 1998; 
Wu et al., 2013). Secondly, the absence of submarine hydrothermal 
activity in the Nandan area (location of Well A) (Wang et al., 2018) and 
Baise area (location of Well B) (Yuan et al., 2020) exacerbated the 
deficiency of nutrient elements, which severely limited the development 
of organisms and productivity. In contrast, the hydrothermal activities 
of areas Badu (Huang et al., 2013), Siding (Schneider et al., 1991), and 
Dachang (Ju et al., 2011) all contributed to some extent to the devel
opment of the Middle Devonian organic-rich mudstone (TOC >2.00%) 
in the Youjiang Basin. 

Although the Luofu Formation has relatively low TOC content, it still 
possessed the essential conditions for source rock formation. The 
deposition of organic-containing mudstone (2.00% > TOC >1.00%) is 
facilitated by the relatively high productivity and dysoxic water col
umns, such as stage 3 of Well A. The development of organic-rich 
mudstone (TOC >2.00%) in this formation can be attributed to high 
productivity and dysoxic/anoxic water columns, like stage 1 and stage 3 
of Well B. Therefore, it can be inferred that organic-rich mudstone was 
deposited in the bottom water columns of the basin away from up
welling and probably close to hydrothermal activity. Compared to other 
stages of the Luofu Formation, stage 3 had wide distribution of anoxic 
water columns, high productivity, and a stable terrestrial debris flux, 
thus becoming the main stratum for organic-rich mudstone exploration. 

5.6. Model of organic matter accumulation 

On the basis of comparing the depositional locations and environ
mental differences between organic-rich mudstone, organic-containing 
mudstone and organic-poor mudstone, and by analyzing the redox 
conditions, productivity, and terrestrial detrital influx results of each 
stage, we propose an integrated environmental and organic matter 
accumulation model in the archipelagic marine. 

At the beginning of the Givetian Stage, the Kacak Event caused an 
uplift in parts of southern China and led to sea-level regression (Walliser, 
1996; Qie et al., 2019). The redox indicators of the A and B wells (DOPT 
and V/Cr) suggests that an oxygen-rich water column in the slope and a 
dysoxic condition in a basin bottom water column (Fig. 6a–b). The oxic 
water columns of Well A exacerbated the rate of organic matter deple
tion (Fig. 12e), while the dysoxic conditions of the basin bottom water 
columns in Well B contributed to the aggregation of organic matter 
(Fig. 12f). The values of Babio and Sibio show that the productivity of 
Well A gradually declined to a low level, which was consistent with the 
near-zero δ13Ccarb values (Fig. 6a). For samples of Well B, there was 
almost no change in productivity (Fig. 6b). However, the weak corre
lation between the productivity indicators and TOC content indicates 
that the organic matter accumulation was not related to productivity 
during this stage (Fig. 12g–h). The terrestrial detritus input acted as 
dilution of organic matter, which was more pronounced on Well A 
(Fig. 12a–b). The organic matter was almost exclusively derived from 
sapropelinite in kerogen (Appendix 1). In stage 1, the dysoxic conditions 
are responsible for the organic matter accumulation in the basin bottom 
water columns (Fig. 15a). 

The values of Babio and Sibio suggest low productivity of Well A, 
which was consistent with the near-zero δ13Ccarb values (Fig. 6a). 
Although the productivity of Well B is slightly higher than that of Well A 
(Fig. 6a–b), the oxic water columns have a negative effect on the accu
mulation of organic matter (Fig. 12e–f). The input of terrigenous debris 
diluted the organic matter of Well A (Fig. 12a, c). The sapropelinite in 
kerogen was the main source of organic matter in stage 2 (Appendix 1). 
Although the organo-mineral complexes may contribute somewhat to 
the deposition of organic-containing mudstone in Well B (Fig. 8d–f, 12b, 
d), organic-poor mudstone was developed from the slope to the basin in 
the oxic water columns with low productivity (Fig. 15b). 

In stage 3, the bottom water columns from the basin to the slope was 
in reducing conditions (Fig. 6a–b). This may be related to the deepening 
of the water columns as a result of the Taghanic Transgression Event 
(Walliser, 1996; Qie et al., 2019). The correlations of redox indicators 
(V/Cr) and TOC content show that dysoxic/anoxic conditions contrib
uted to the organic matter enrichment, with more significant contribu
tion of anoxic water columns (Fig. 12e–f). The values of productivity 
indictors show an increase in productivity from basin to slope, which 
were recorded by the values of Babio, Ni/Ti, Zn/Ti and δ13Ccarb 
(Fig. 6a–b), while the productivity on the slope continues to be low 
(Fig. 6a–b). The correlation between the values of Babio and TOC content 
shows that productivity greatly contributed to the organic matter 
enrichment of the basin bottom water columns (Fig. 12g), and promoted 
to some extent the deposition of organic-containing mudstone on the 
slope (Fig. 12h). The terrestrial detrital influxes of the A and B wells 
were stable (Fig. 6a–b). Although clay minerals combined with organic 
matter on the slope form complexes (Fig. 8a–c), the contribution of 
complexes to organic matter accumulation was extremely limited 
(Fig. 12c). The terrestrial detrital flux manifested itself more as dilution 
of organic matter provided by sapropelinite (Fig. 12a–b) (Appendix 1). 
In summary, the development of organic-containing and organic-rich 
mudstones benefited from the dysoxic/anoxic conditions and rela
tively high productivity (Fig. 15c). 

The redox indicators (DOPT, V/Cr and δU) of stage 4 show that the 
oxic water columns were widely distributed from the basin to the slope 
(Fig. 6a–b), which were unfavorable for the accumulation of organic 
matter (Fig. 12e–f). Also, the productivity did not contribute to the 
organic matter accumulation within the basin and slope, as shown by the 
lack of positive correlations between the productivity and TOC content 
(Fig. 12g–h). As a result, a large amount of organic-poor mudstone was 
deposited in the basin. Syn-sedimentary faults were frequently active in 
the Givetian period (Mei et al., 2007; Yang et al., 2020), making the 
slope susceptible to large input of terrestrial debris in a short time and 
the higher plants brought along with it were rapidly buried. This 
resulted in the source of organic matter not only from sapropelinite, but 
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also from vitrinite (Appendix 1). The increased sedimentation rate 
shortened the kerogen exposure time in the oxic water columns, leading 
to a moderate organic matter enrichment, and thus organic-containing 
mudstone (Fig. 15d). 

6. Conclusions 

A large amount of work and data have been done, and the following 
conclusions can be drawn.  

(1) The carbonaceous and siliceous mudstones of siliceous lithofacies 
were developed in the basin of deep-water columns. The 

calcareous mudstone of mixed lithofacies was deposited in the 
slope of shallow-water columns.  

(2) In the Luofu Formation, the organic-poor mudstone (TOC 
<1.00%) was deposited in the oxic water columns with low 
productivity. The deposition of organic-containing mudstone 
(2.00% > TOC >1.00%) was partly facilitated by the organo- 
mineral complexes formed during the sedimentary period in the 
basin and a brief period of exposure on the slope under oxic 
conditions. The development of organic-rich mudstone (TOC 
>2.00%) attributed to dysoxic/anoxic water columns with high 
productivity.  

(3) The main reason for the limited deposition of organic-rich 
mudstone in the Luofu Formation was oxic water columns and 
low productivity. The oxygen-enriched water columns were 
influenced by three factors. Firstly, the relative sea-level was low. 
Secondly, upwelling increased the amount of dissolved oxygen in 
the water columns. Thirdly, abundant dissolved O2 and carbonate 
fractions led to significant oxidization/distortion and dilution of 
labile organic matter. The low productivity was influenced by 
two factors. Firstly, there was a small amount of primary 
hydrocarbon-producing organisms. The second reason was the 
absence of submarine hydrothermal activity.  

(4) The organic matter accumulation model of Luofu Formation 
mudstone can be divided into four stages. The organic matter 
accumulation was caused by the relatively high productivity and 
dysoxic basin bottom water columns in stage 1. In stage 2, the 
organo-mineral complexes may promote the organic matter 
accumulation to some extent in the basin. In stage 3, the organic 
matter enrichment was facilitated by the dysoxic/anoxic condi
tions and relatively high productivity from the basin to the slope. 
In stage 4, the organic matter was preserved on the slope under 
the shortened exposure duration of oxic conditions. 
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Appendix 1 

Kerogen maceral analysis results of the Luofu Formation samples from Well A and Well B in the Youjiang Basin.   

Stage Depth/m Well-Sample ID Sapropelinite/% Exinite/% Vitrinite/% Inertinite/% TI Kerogen type 

4 999.30 A-1 63.00 6.00 31.00 0.00 42.75 II1 
4 1026.04 A-2 70.30 1.00 28.70 0.00 49.28 II1 
4 1063.60 A-3 66.50 5.00 28.50 0.00 47.63 II1 
3 1100.10 A-4 96.80 0.00 3.20 0.00 94.40 I 
3 1121.60 A-5 99.80 0.00 0.20 0.00 99.65 I 
3 1141.40 A-6 97.50 0.00 2.50 0.00 95.63 I 
2 1154.40 A-7 90.25 0.00 9.75 0.00 82.94 I 
2 1165.50 A-8 88.50 0.00 11.50 0.00 79.88 II1 
2 1178.40 A-9 89.60 0.00 10.40 0.00 81.80 I 
2 1185.60 A-10 90.63 0.00 9.37 0.00 83.60 I 
2 1203.60 A-11 92.00 0.00 8.00 0.00 86.00 I 
2 1222.20 A-12 91.30 0.00 8.70 0.00 84.78 I 
2 1235.90 A-13 88.50 0.00 11.50 0.00 79.88 II1 
2 1255.30 A-14 89.60 0.00 10.40 0.00 81.80 I 
2 1267.90 A-15 90.20 0.00 9.80 0.00 82.85 I 
2 1279.10 A-16 70.00 0.00 30.00 0.00 47.50 II1 
2 1298.40 A-17 90.00 0.00 10.00 0.00 82.50 I 
1 1311.40 A-18 91.50 0.00 8.50 0.00 85.13 I 
1 1332.20 A-19 89.60 0.00 10.40 0.00 81.80 I 
1 1350.40 A-20 91.00 0.00 9.00 0.00 84.25 I 
1 1361.15 A-21 90.50 0.00 9.50 0.00 83.38 I 
1 1376.20 A-22 91.00 0.00 9.00 0.00 84.25 I 
1 1396.40 A-23 90.00 0.00 10.00 0.00 82.50 I 
1 1406.00 A-24 93.00 0.00 7.00 0.00 87.75 I 
1 1414.60 A-25 92.50 0.00 7.50 0.00 86.88 I 
4 331.50 B-1 75.00 3.00 22.00 0.00 60.00 II1 
4 350.10 B-2 89.50 0.00 10.50 0.00 81.63 I 
3 377.30 B-3 98.00 0.00 2.00 0.00 96.50 I 
3 390.10 B-4 99.00 0.00 1.00 0.00 98.25 I 
3 393.30 B-5 99.50 0.00 0.50 0.00 99.13 I 
3 401.30 B-6 98.50 0.00 1.50 0.00 97.38 I 
3 402.90 B-7 98.00 0.00 2.00 0.00 96.50 I 
2 415.70 B-8 90.50 0.00 9.50 0.00 83.38 I 
2 417.30 B-9 92.00 0.00 8.00 0.00 86.00 I 
2 426.90 B-10 90.00 0.00 10.00 0.00 82.50 I 
2 431.10 B-11 91.00 0.00 9.00 0.00 84.25 I 
2 435.30 B-12 79.00 0.00 21.00 0.00 63.25 II1 
2 444.90 B-13 90.50 0.00 9.50 0.00 83.38 I 
2 451.30 B-14 90.00 0.00 10.00 0.00 82.50 I 
2 467.30 B-15 95.00 0.00 5.00 0.00 91.25 I 
2 468.90 B-16 95.00 0.00 5.00 0.00 91.25 I 
2 476.90 B-17 93.50 0.00 6.50 0.00 88.63 I 
2 493.10 B-18 89.00 0.00 11.00 0.00 80.75 I 
2 509.20 B-19 92.50 0.00 7.50 0.00 86.88 I 
1 518.70 B-20 90.00 0.00 10.00 0.00 82.50 I 
1 525.10 B-21 90.50 0.00 9.50 0.00 83.38 I 
1 526.70 B-22 91.50 0.00 8.50 0.00 85.13 I 
1 541.10 B-23 93.00 0.00 7.00 0.00 87.75 I 
1 550.70 B-24 95.00 0.00 5.00 0.00 91.25 II1 
1 557.10 B-25 93.00 0.00 7.00 0.00 87.75 II1 
1 558.70 B-26 92.00 0.00 8.00 0.00 86.00 I 
1 566.70 B-27 93.50 0.00 6.50 0.00 88.63 I 
1 573.10 B-28 90.50 0.00 9.50 0.00 83.38 I 
1 581.10 B-29 90.00 0.00 10.00 0.00 82.50 I 
1 587.10 B-30 93.00 0.00 7.00 0.00 87.75 I 
1 595.10 B-31 92.00 0.00 8.00 0.00 86.00 I 
1 603.10 B − 32 90.50 0.00 9.50 0.00 83.38 I  
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