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ABSTRACT

With ongoing shale oil and gas exploration and development across the world,
the sedimentology of deep-water fine-grained sedimentary rocks remains an
important focus for research. In deep-lacustrine settings, in particular,
mud-grade sediments are distributed widely. However, the very fine particle
size of mud-grade sediments limits the clear identification of
micro-sedimentary structure; the mud-grade sediments are in most facies
models believed to be deposited via suspension settling in deep-lacustrine set-
tings. In this study, thin-section observations, advanced mineral identification
and characterization system analyses, scanning electron microscopy observa-
tions and three-dimensional reconstruction analysis by a focused ion
beam-electron beam dual-beam system were conducted on deep-lacustrine
mud-grade sediments of the Chang 73 sub-member of Triassic Yanchang Forma-
tion in the Ordos Basin. Through this multi-proxy approach, evidence of bed-
load transport of the mud-grade sediments in the deep-lacustrine settings is
provided. During the deposition of deep-lacustrine sediments, a significant
amount of volcanic material within the mud-grade sediments provided large
quantities of high-valence metal cations into the lake waters, which promoted
the formation of flocs through electrostatic forces. Subsequently, these flocs are
transported as bedload and deposited on the substrate, forming numerous floc-
cule ripples in the deep-lacustrine settings. When floccule ripples form, the
flocs continuously pass over the ripple crests under the action of underflow
and accumulate downward along the sloping surface of the floccule ripples,
developing multiple foresets. Lateral migration and frontal progradation of fore-
sets results in multiple stacked and laterally-connected foresets, ultimately con-
trolling the accumulation and preservation sites of these deep-lacustrine
mud-grade sediments. The discovery of floccule ripples and foresets confirms a
dynamic deep-lacustrine setting, in which the mud-grade particles can be trans-
ported as bedload under the action of underflow and then deposited. A new
understanding of the sedimentary process of deep-lacustrine mud-grade parti-
cles provides a theoretical basis for clarifying the distribution of mineral com-
position and organic matter content in mud-grade sediments. It further
supports the prediction of favourable shale oil/gas reservoirs, promoting the
efficient exploration and development of shale oil and gas resources, globally.

Keywords Bedload transport, deep-lacustrine setting, flocculation, mud-
grade sediments, Ordos Basin, sedimentation.
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INTRODUCTION

Fine-grained deposits are mud-grade and
silt-grade sediments with particle sizes smaller
than 0.0625 mm (Aplin & Macquaker, 2011),
which account for two-thirds of the global sedi-
mentary rock record and often have a wide dis-
tribution in deep-water areas (Peng, 2021).
Researchers have mainly focused on the ability
of fine-grained sedimentary rocks, particularly
mudstones, to act as suitable source rocks for
hydrocarbons, whilst paying less attention to the
details of sedimentary processes (Schieber, 1991;
Konitzer et al., 2014; Peng, 2021). With the con-
tinuous progress in shale oil and gas exploration
and development, the formation mechanisms of
deep-water fine-grained sedimentary rocks
remains a focus of research (Loucks & Ruppel,
2007; Jiang et al., 2013; Boulesteix et al., 2019;
Zhu et al., 2022; Hou et al., 2023). The composi-
tion, character and sedimentary structures
within deep-water fine-grained sediments is the
foundation and key to studying their formational
mechanisms (Médngano et al., 1994;
O’Brien, 1996; Schieber et al., 2007).

According to the Udden-Wentworth classifica-
tion standard (Zhu et al., 2008; Jiang et al., 2013),
sediments with particle sizes <0.0039 mm and
between 0.0039 and 0.0625 mm are defined as
mud-grade and silt-grade, respectively. However,
in the Chinese petroleum industry, a decimal
classification standard is often used, and sedi-
ments with particle sizes less than 0.0100 mm
are defined as mud-grade sediments (Zhu et al.,
2008). Therefore, in this study, fine-grained sedi-
ments with particle sizes less than 0.0100 mm
and between 0.0100 and 0.0625 mm are defined
as mud-grade and silt-grade sediments, respec-
tively. Typical sedimentary structures, such as
graded bedding, erosion surfaces and cross-
lamination, in the silt-grade sediments can be
characterized by the naked eye and by optical
microscopes (Macquaker et al., 2010; Wilson &
Schieber, 2014; Boulesteix et al., 2019; Dou et al.,
2019). Therefore, research into the observed sedi-
mentary character and associated sedimentation
processes of the silt-grade sediments are rela-
tively mature (Bourget et al., 2010; Macquaker
et al., 2010; Tombo et al., 2015). Based on the
identification of sedimentary structures, silt-
grade sediments are often considered to be the
deposits of turbidity currents, debris flows, tran-
sitional flows or hyperpycnal flows (Stow &
Shanmugam, 1980; Boulesteix et al., 2019, 2020;
DeReuil & Birgenheier, 2019; Peng, 2021).

However, the particle sizes of mud-grade sedi-
ments are finer than those of silt-grade sediments.
This makes it difficult to clearly identify the par-
ticle structure and micro-sedimentary structure
only by the naked eye and the optical micro-
scopes, resulting in a relatively weak study of the
sedimentary origin of mud-grade sediments.

In deep-lacustrine settings, mud-grade sedi-
ments tend to be more dominant than the
coarser-grained sediments and are often widely
distributed (Stow & Piper, 1984). Study on the
sedimentary origin of mud-grade sediments has
also much to offer in terms of understanding of
the evolution of sedimentary environments, and
will help to further clarify the origin of shale
laminae and the associated mechanisms of
organic matter enrichment in deep-lacustrine
settings (Burton et al, 2014; Ayranci
et al., 2018; Boulesteix et al., 2020). At present,
the current paradigm suggests that mud-grade
sediments are usually formed by the suspension
settling of mud-grade particles within a still-
water environment of deep-water areas (in this
case a lake) (Algigek et al., 2007; Aplin & Mac-
quaker, 2011; Ténavsuu-Milkeviciene & Freder-
ick Sarg, 2012; Liang et al., 2018; Wang
et al., 2021). However, this single sedimentary
process does not fully explain the origin of sedi-
mentary structures recorded in fine-grained
rocks observed in deep-water sedimentary
basins. For example, weak cross-bedding can be
identified from the deep-water mudstones
deposited within the Permian Lucaogou Forma-
tion in the Jimusar sag, Junggar Basin (Zou
et al., 2022). In addition, graded bedding can
also be identified in the deep-water mudstones
of the Permian Karoo Basin in South Africa
(Boulesteix et al., 2022).

Schieber et al. (2007) conducted flume experi-
ments and found that muds can be transported
and deposited in high-energy sedimentary envi-
ronments, in a similar way to coarse sediments
(Schieber et al., 2007; Schieber & Southard, 2009;
Schieber, 2011). In addition, through flume
experiments, Baas et al. (2011, 2016) confirmed
that muds can also deposit in upper transitional
plug flow (UTPF) and quasi-laminar plug flow
(QLPF); in particular in UTPF, the cross-bedding
can be easily identified in the mud deposits (Baas
et al.,, 2016). These findings indicated that, in
addition to suspension settling, muds may also
undergo transport and deposition through other
sedimentation processes. Therefore, through
detailed sedimentological and petrological analy-
sis, this study explores insights into the processes
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that contribute to the deposition of mud-grade
sediments in deep-lacustrine settings.

The Chang 73 sub-member of the Triassic Yan-
chang Formation in the Ordos Basin is a typical
area for shale oil exploration and development,
and has yielded abundant drilling cores com-
posed of fine-grained sedimentary rocks (Fu
et al., 2020; Li et al., 2021a,b), providing favour-
able conditions for studying the sedimentary
processes of deep-water fine-grained sediments.
This study focuses on the mud-grade sediments
and addresses the following two specific scien-
tific questions: (i) how to clearly characterize
the micro-sedimentary structures in deep-lake
mud-grade sediments; (ii) what is the sedimen-
tary process of mud-grade particles in deep-
lacustrine settings? The research results can
help improve understanding of the sedimentary
origin of mud-grade sediments, specifically in
deep-lacustrine settings. According the sedimen-
tary origin and spatial distribution of mud-grade
sediments, the changes of their mineral compo-
sitions and organic matter contents in different
positions of the basin can be predicted. Rock
composition plays an important role in control-
ling the reservoir properties and oiliness of
shale oil and gas reservoirs (Jin et al., 2021).
Therefore, the research results are also helpful
for the selection of favourable shale oil/gas res-
ervoirs, which will further promote the efficient
exploration and development of shale oil and
gas resources, globally.

GEOLOGICAL BACKGROUND

The Ordos Basin is a large multi-cycle cratonic
basin located in the western North China Block.
It is bound to the east by Lvliang Mountain and
the Lishi Fault, to the west by Helan Mountain,
to the north by the Xing’an Mongolian Orogenic
Belt and the Dengkou-tuoketuo Fault, and to the
south by the Qinling Orogenic Belt and Huaibei
Flexure Belt (Fig. 1).

During the accumulation of the Triassic Yan-
chang Formation, a large-scale inland-depression
lake basin formed. During this period, a set of ter-
rigenous clastic rocks, mainly composed of
fluvial-lacustrine and lacustrine facies, were
deposited in the basin. These deposits are subdi-
vided into ten members, termed Chang 10 to 1
from base to top, which record the complete sedi-
mentary record of the formation, including incep-
tion, development, peak and final fill stages of a
lacustrine basin (Zhang et al., 2021a,b). During
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the accumulation of the Chang 7 member, the
limits of the lacustrine basin retreated and
expanded rapidly, leading to the development of
organic-rich shales and sandstones of gravity flow
origin (Fu et al., 2020). The Chang 7 member can
be further divided into three sub-members: Chang
71, Chang 7, and Chang 73;. Among them, a rela-
tively warm-humid palaeoclimate and intermit-
tent volcanic activity occurred during the
deposition of the Chang 7; sub-member. During
this period, the lake level increased significantly,
and the lake area exceeded 5 x 10* km?, with a
water depth in the deep-lacustrine setting reach-
ing 150 m (Yuan et al., 2015; Fu et al., 2019). The
relatively strong hydrodynamics at the edge of
the basin resulted in the deposition of sandstones
within a deltaic depositional system, the average
cumulative thickness of sandstone and siltstone
is 24.8 m, while the cumulative thickness of
the mudstone and shale is mainly distributed
between 5 m and 20 m (Li et al., 2012). However,
in the semi-deep and deep-lake locations, the
hydrodynamics were relatively weak (Zhang
et al., 2016; Wang et al., 2021), allowing the accu-
mulation of thickly-bedded organic-rich shales,
and some interbedded gravity flow deposits
(sandstones) (Fig. 1B to C). Deep-lacustrine shales
are widely distributed in the basin, with an accu-
mulated thickness mainly exceeding 25 m and a
maximum thickness of up to 50 m, while the
average cumulative thickness of sandstone and
siltstone is 7.9 m (Li et al., 2012; Liu et al., 2014,
2021). With the increasing exploration and devel-
opment of shale oil in the Ordos Basin, multiple
wells in the deep-lacustrine setting have obtained
continuous core data from the Chang 7; sub-
member (Fu et al, 2018), which provides
extremely favourable conditions for studying
the sedimentation of deep-water mud-grade
sediments.

MATERIALS AND METHODS

Five boreholes (Wells Ch96, N70, C30, Z282 and
N228) with core through the Chang 7; sub-
member were selected from the Ordos Basin. The
lengths of continuous coring are 40 m in Well
Ch96, 35.3 m in Well N70, 23 m in Well C30,
11.4 m in Well Z282 and 32 m in Well N228.
Four typical samples, with clear and relatively
flat laminae interfaces, were selected for
advanced mineral identification and characteri-
zation system (AMICS) analyses, and 102 sam-
ples were selected for thin-section petrographical

© 2024 International Association of Sedimentologists, Sedimentology

51017 SUOLULLOD SATIES.ID) 3D dde aU) AQ POULBAOD 916 DI YO 85N J0 S3|NI J0J ARIGIT UIIUO AB|IA UO (SUONIPUOD-PUE-SWLBYWID" B | IW AIRIGIRUI|UO//STNY) SUONIPUOD PUE S | 841395 *[7202/50/22] U0 ARIq1T8UIIUO ABIIM ‘Wind jo1iad JO ANSAIIN BUID AQ 00ZET PeS/TTTT OT/10p/L0" A1 Azeiq1fpuuo//sdiy Wwoiy pepeojumod ‘0 ‘T60ES9ET



4 Y. Cao et al.

Yimeng uplift T

Dongsheng
u

u
Hangjingi

u 1
Yijinhuoluo. <,

i s |
Wi 4/*6 Zig s !
uwes 2 e :
il 5/0 Z S wvachi 8 1
2y & Zongwei = gf & ¢S
Ulay —— = i ~ ! =8
8 teg \ & e o
lon; \ Sisi '8
ic bey s -
t \ £ = [
. 718 =
Xining Tongxin \ | B8] Yanan ==
[ ] . N \ |=E L] -
%, g =
‘s N 1 . . !
) o Q!ﬁsymg Fuxian ’
a % duan | o '} 4
wl & z’ﬁ Y Hunglpe - 4T 8
Y, V] S
¢ g A m xuni "7 Hejin
W ~. m ™ zoiechua
\ L TR g w—

¢ z re 05
\L gaxian \H“a-\be\ﬂex\l

Stratigraphy | £ 2| Well Cho6
22| Lithology

Form-{ M,
ation| ber

Triassic Yanchang Formation
Chang 7, sub-member

s, Tianshui \ North Chian landmass
Sy u \ Baoji
O’l)/[ ~ Lo W Xi'an
'Igoro m
o
“eny o Orogep O Mling
2, % (A Southern Qinlin Shangna e
’01; an Lveyang € Orogenic belt
7 oy
A % ngtze landmgss | 0 100 200km (o]
Legend
= ] [ koo (B3] mxiw]  fen7o] [
Faultand  Boundary of secondary Basin : Study T Semi-deep Deep Braided river
inferred fault structural units boundaries Mountain area SRS Well lake facies lake facies delta
B \:::: - [— ] - —] DT [—-- [ -
Deep water Deep water gravity Meandering Massive Silty Argillaceous Fine Tuff
ity fl fl 1ti : i !
gravity iow ow resuiting river delta Shale mudstone mudstone Siltstone siltstone sandstone layer

resulting from flood ~ from slump

Fig. 1. Map showing the location of the study area, the distribution of sedimentary facies and the stratigraphy of
the study area: (A) tectonic setting of the Ordos Basin showing the location of uplifts, flexure belts and orogenic
belts (Zhou et al., 1995); (B) plane view showing the distribution of sedimentary facies and studied wells from the
Chang 73 sub-member; (C) stratigraphic column of the Chang 73 sub-member.

analysis. Subsequently, in situ laser ablation —
inductively coupled plasma — mass spectrometry
(LA-ICP-MS) analysis was conducted on twenty-
one rock samples to determine the geochemical
characteristics. A combination of thin-section
observations (102 samples were used), scanning
electron microscopy (SEM) analysis (five samples
were used) and three-dimensional reconstruction
analysis by FIB-SEM (focused ion beam - scan-
ning electron microscopy; four samples were
used) were performed to characterize the two-
dimensional and three-dimensional features of
the particle structure and micro-sedimentary
structure.

Petrographical analysis focused on the identi-
fication of mineral type, particle structure and
two-dimensional features of micro-sedimentary
structure within the mud-grade sediments, using
a Zeiss microscope (Imaging-2M) and a scanning
electron microscope (Zeiss Crossbeam 550 FIB-

SEM; Carl Zeiss AG, Oberkochen, Germany).
Quantitative statistics of the mineral composi-
tions were calculated using AMICS analysis and
a scanning electron microscope (Zeiss Cross-
beam 550 FIB-SEM) integrated with a Bruker
energy-dispersive X-ray spectrometer (EDS; Bru-
ker, Billerica, MA, USA) analysis system (X-
Flasher Detector 430-M). For AMICS analysis,
thin sections were firstly carbon-coated and
glued onto aluminium stubs. The area was then
scanned using backscattered electron (BSE) anal-
ysis, followed by automatic mineral identifica-
tion using high-resolution EDS. The AMICS
analysis software and the databases of energy
spectrum characteristics of different minerals
were finally used for identifying mineral bound-
aries resolvable up to 20 pm. The microscopy,
SEM-BSE and AMICS analyses were conducted
at the Key Laboratory of Deep Oil and Gas,
China University of Petroleum (East China).
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The LA-ICP-MS analysis was used to obtain
the relative major and trace element content of
the mud-grade sediments, which were used for
provenance clarification. Laser sampling was
performed using GeoLas 2005 (Lambda Physik,
Gottingen, Germany). An Agilent 7500a ICP-MS
instrument (Agilent Technologies, Santa Clara,
CA, USA) was used to acquire ion signal inten-
sities. Agilent ChemStation was utilized for the
acquisition of each individual analysis. Helium
(as a carrier gas) and argon (as a make-up gas)
were mixed via a T-connector prior to the entry
of the ICP. One hundred and sixty successive
laser pulses (4 Hz) in an area of 44 pm ablated
the surface of the sample for about 40 s. Before
performing a laser ablation on each sample,
monitoring the gas blank for 20 s is required.
The element content was calibrated using multi-
ple reference materials (NIST SRM 610, NIST
SRM 612, BCR-2G, BIR-1G and BHVO-2G) with-
out applying internal standardization (Liu
et al., 2008). After every five samples a standard
sample analysis was performed that served as
quality control to correct the time-dependent
drift of sensitivity and mass discrimination. Test
points were carefully selected on each lamina to
ensure that the major element content (RSD < 1
to 2%) and trace element content (RSD =1 to
4%) could be accurately obtained (Liu
et al., 2008). Offline processing of analytical
data, including the selection of samples and
blank signals, instrument sensitivity drift correc-
tion and calculation of elemental content, was
performed using the software ICPMSDataCal
(Liu et al., 2008).

In situ cutting and three-dimensional recon-
struction by FIB-SEM were used to reconstruct
the three-dimensional characteristics of the par-
ticle structure and micro-sedimentary structure.
Experiments were conducted using a Zeiss
Crossbeam 550 FIB-SEM instrument. Firstly, the
surface of the tested sample was subjected to
argon ion milling and placed on a sample stage.
The sample stage was rotated by 54°, and the
electron and ion beams were focused. A gallium
ion beam with a beam current of 65 nA and an
energy of 30 kV was used to dig a trapezoidal
groove underneath the selected area. Ear grooves
were dug on both sides of the selected area
using a beam current of 30 nA and an energy of
30 kV. Finally, a finely polished ion beam with
a beam current of less than 30 nA was used to
precisely polish the cross-section of the selected
area. During sample sectioning, continuous slic-
ing of the selected area was performed at 70 nm
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intervals using an ion beam of 30 kV and 7 nA.
During the cutting process, imaging was per-
formed using an electron beam at 1 kV and
500 pA. Dragonfly Pro software (Zeiss) was used
to perform the three-dimensional reconstruction
of all sliced images. Pre-processing image align-
ment and noise reduction were performed. The
‘Define range’ function was used to select the
greyscale value range (based on the composition
of mud-grade sediments). Finally, the ‘3D mode’
function was used to extract the mineral regions;
this operation was repeated to extract the min-
eral regions that are separated by organic matter.
The mineral regions were then displayed
together and overlapped, which provided the
final three-dimensional characteristic model of
the particle structure and micro-sedimentary
structure.

Gamma logging data and machine learning
were used to identify the distribution of mud-
grade sediments in deep-lacustrine settings. The
gamma values of deep-lacustrine shale rich in
radioactive uranium are typically higher than
those of massive mudstone and sandstone (Yang
et al., 2016; Zhao et al., 2020). In general, the
gamma value of the mudstone is between 120
API and 180 API, while the gamma value of the
shale is much higher than 180 API (Yang
et al.,, 2016). Therefore, the authors can first
identify the locations of the shale intervals in
each well using gamma logging data. In addition
to the difference in gamma values, there are also
significant differences in mineral composition
among deep-lacustrine shale, massive mudstone
and sandstone (Liu et al., 2021; Lin et al., 2024).
The X-ray diffraction (XRD) data shows that the
contents of quartz and feldspar in deep-
lacustrine shales are in the range of 15.3 to
28.0% and 4.1 to 9.5%, respectively (Lin
et al., 2024). The contents of clay minerals can
reach up to 55% and the clay minerals are from
13.0 to 33.1% (Lin et al., 2024). In contrast, the
quartz and feldspar in massive mudstones range
from 39.9 to 47.4% and 4.8 to 11.4% in content
(Lin et al., 2024), while the content of organic
matter can only reach 5.8% (Lin et al., 2024).
The total contents of quartz and feldspar in
sandstones is significantly more than 80% (Lin
et al., 2024). Therefore, given the mineralogical
differences among shale, mudstone and sand-
stone (Liu et al., 2021), it is possible to clarify
the distribution of different rock types within
the Ordos Basin on the basis of machine learn-
ing. In order to continuously identify the
mineral content in the vertical direction, the
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main mineral types in the research area and well
log data that are sensitive to changes in mineral
components were sorted and taken as the pre-
dicted objective values and input parameters,
respectively (Zhang et al., 2021b). The mineral
content was provided by XRD data. Logging data
with higher correlation indices with the mineral
contents were selected as the main controlling
factors to identify the mineral content, which
can reduce complexity and enhance accuracy of
the model (Zhang et al., 2021b). After that, the
sensitive logging data and corresponding min-
eral content were imported into the training
dataset and training of machine learning was
started. The model of machine learning was con-
structed by using Tensorflow online open source
code software library (Zhang et al., 2021b). The
program for machine learning was written by
Python 3.0 design language, machine learning
was used to quantitatively predict individual
minerals, and Keras was adopted to build, eval-
uate and supervise the machine learning model.
The detailed training process is discussed in
Zhang et al. (2021b)). Finally the machine learn-
ing model generated the mathematical expres-
sions that were used to continuously identify
the mineral content in the vertical direction in
each well.

RESULTS

Lithofacies analysis for the fine-grained
sedimentary rocks in the deep-lacustrine
setting

Based on the core observation and thin-section
analysis, four lithofacies can be identified in the
fine-grained sedimentary rocks of the Chang 7;
sub-member within the Ordos Basin (Table 1). The
laminated shales of large thickness are widely dis-
tributed in the deep-lacustrine setting, while the
sandstones and siltstones are deposited as thin
interlayers, and the massive mudstones can occur
interbedded with sandstones/siltstones. In this
study, the foresets can be commonly identified in
the laminated shales enriched in clay minerals.
This seems to imply that the mud-grade sediments
are not only deposited in a continuous still water
environment. In order to emphasize that this paper
mainly discusses the sedimentary origin of mud-
grade sediments with foresets in deep water area,
‘laminated shale’ is referred to as ‘deep-lacustrine
mud-grade sediments’ in the following content of
this article.

Composition of the deep-lacustrine mud-
grade sediments

Mineral composition

Compared with other inorganic minerals, the
clay mineral content is relatively high in the
fine-grained sedimentary rocks of the Chang 73
sub-member (Fig. 2A). The organic matter con-
tent can reach 14.44%, which often shows a lay-
ered distribution (Fig. 2A). Layered organic
matter and clay minerals typically alternate ver-
tically (Fig. 2A). Frequent changes in organic
matter content led to the formation of laminated
features in the fine-grained sedimentary rocks,
inducing shale deposition in the deep-lacustrine
setting (Fig. 2A). At the position with relatively
low organic matter (LOM) content, the mixed
layers of illite/smectite reach nearly 80% by vol-
ume, with a small amount of pyrite; the content
of plagioclase and quartz is 1.70% and 2.60%,
respectively, and the volume content of organic
matter is 5.13% (Fig. 2B). At the position with
relatively high content of organic matter (HOM),
the mixed layers of illite/smectite reach nearly
72% by volume, and the volume content of
organic matter and pyrite can reach 14.44% and
8.5%, respectively (Fig. 2C). The pyrite is com-
monly observed in association with higher
levels of organic matter. The feldspar and quartz
content is relatively low, at 0.82% and 2.81%,
respectively (Fig. 2C).

Geochemical characteristics

In situ analyses of major and trace elements was
conducted on the mud-grade sediments. After
normalization to the Australian Palaeozoic shale
(PAAS - the provenance is a typical highly
mature terrigenous clasts) and chondrite, spider
diagrams of major and trace elements (Fig. 3A
and B) and patterns of rare earth elements (REE)
(Fig. 3C) were established. The results indicate
that the variation in organic matter content did
not significantly affect the distribution of major
and trace elements or REE patterns, suggesting
that the provenance of these mud-grade sedi-
ments was relatively consistent throughout their
deposition. Overall, compared to the PAAS, the
mud-grade sediments of the Chang 7; sub-
member are richer in high-valence metal cations,
such as Fe, V, Cu, Pa and U (Fig. 3A and B).
The (La/Yb)y ratios were mainly distributed
between 4.00 and 13.80, showing the character-
istics of light REE enrichment (Taylor &
McLennan, 1995) (Fig. 3C). The distribution
ranges of Zr/TiO, and Nb/Y ratios range
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Sedimentation of deep-lake mud-grade sediments 7

Table 1. Lithofacies scheme of the fine-grained sedimentary rocks in deep-lacustrine setting of the Ordos Basin.

Description

Facies Thickness
code Facies title range (m) Sedimentary structure
F1 Laminated 0.15-10.00 Floccule ripple, foreset
shale
F2 Structureless 0.17-7.22  Structureless
mudstone
F3 Sandstone
normally graded bedding,
inversely graded bedding
F4 Structureless 0.10-2.28  Structureless
siltstone

Laminated shales usually appear dark
black and are widely distributed in the
deep-lacustrine setting. Clay mineral and
organic matter are typically rich in F1,
which can reach up to 55.0% and 33.1%,
respectively. Floccule ripples and foresets
can generally be identified in F1, implying
that the clay minerals may not only occur
as suspension settling in the deep-
lacustrine setting. F1 are mainly sourced
by volcaniclastic materials from Qinling
orogenic belts (Lin et al., 2024), which is
an important reason for the enrichment of
radioactive uranium in F1 (Zhao

et al., 2020)

Structureless mudstones are black grey and
they are usually interbedded with
sandstones/siltstones; the deformation
structure is occasionally identified in F2;
the provenance of F2 is mainly from the
Archaean-Palaeozoic parent rocks (Zhang
et al., 2013)

0.07-2.62  Structureless, parallel bedding, Sandstones are light grey and occasionally

contain deformation structures; the floating
mud-clasts can be commonly identified in
the structureless sandstone with sharp
contacts at base and top; the erosional
bases and load casts are present at the
bottom of normally-graded sandstones; the
inversely-graded sandstones usually
develop in the lower part of normally-
graded sandstone forming inverse then
normal graded rhythmic successions; the
provenance of F3 is mainly from the
Archaean—Palaeozoic parent rocks (Lin

et al., 2024)

Structureless siltstones contain floating
mud-clasts, and the contacts at the base
and top boundary of F4 are sharp; the
deformation structure can be occasionally
identified in F4; the provenance of F4 is
mainly from the Archaean—Palaeozoic
parent rocks (Lin et al., 2024)

between 0.01 to 0.03 and 0.30 to 1.00, respec-
tively, all within the ranges corresponding to
those sourced from intermediate-basic volcanic
rocks (Fig. 3D). Due to the mud-grade sediments
containing a high occurrence of mixed layers of
illite/smectite, and their geochemical character-
istics being very similar to volcanic rocks, the
volcaniclastic materials may be mainly mixed in

the mud-grade sediments. Previous study has
proved that the volcanic eruptions in Qinling oro-
genic belts can provide the volcaniclastic materials
for the deep-lacustrine shales (Lin et al., 2024). In
addition, during deposition of the Chang 7;
sub-member, the deep-lacustrine area can also
receive the sediments from Archaean-Palaeozoic
parent rocks in the north-east and south-west
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Fig. 2. Mineral composition of the deep-lacustrine mud-grade sediments. (A) Microscopic characteristics of the
mud-grade sediments under polarized light, Well Z282, 1791.37 m. (B) The result of advanced mineral identifica-
tion and characterization system (AMICS) analysis at the position with relatively low organic matter content. (C)
The result of AMICS analysis at the position with relatively high organic matter content. (D) Rod-like feldspars
with clean surfaces at the LOM under polarized light. (E) A rod-like feldspar with a clean surface at the HOM
under polarized light. HOM = Position with relatively high organic matter content; LOM = Position with relatively
low organic matter content.

provenances (Wang et al, 2013). The
Al,03/TiO, can be used to effectively analyse
the provenances of fine-grained sediments (Fritz
& Vanko, 1992; Hayashi et al., 1997). This study
found that the REE patterns, inactive element
ratios and the distribution range of Al,03/TiO,
in mud-grade sediments are very similar to those
of andesite in the western Qinling orogenic belts
(Fig. 3C and D). These extrusive rocks have been
dated as 231.7 &£ 2.1 to 226.3 = 1.1 Ma (Liu
et al., 2018; Li et al., 2019), which corresponds
with the depositional period of the Chang 7;
sub-member (Li & Yang, 2023). Therefore, the
authors interpreted that the mud-grade sedi-
ments mainly derived from the Triassic volcani-
clastic deposits from the western Qinling
orogenic belts. However, some mud-grade sedi-
ments show relatively high and low Al,O3/TiO,,
which range from 30.9 to 51.0 and from 18.2
to 20.0 (Fig. 4). This indicates that the

volcaniclastic deposits from southern Qinling
orogenic belts and the deposits from Archaean—
Palaeozoic parent rocks can also be mixed in the
mud-grade sediments (Fig. 4). Therefore, the
mud-grade sediments are composed of volcani-
clastic and clastic materials, which indicates
that the volcaniclastic materials transported into
the lake basin by surface runoff rather than fall-
ing out of the atmosphere. After a volcanic erup-
tion, volcaniclastic material can settle rapidly
on the ground and then weather into smectite
through hydrolysis or hydration (Cuadros
et al., 1999; Huff, 2016). When the altered volca-
niclastic materials enter the lake basin, it can be
further transported towards the deep-lacustrine
setting by underflows or by buoyant plumes,
providing the material basis for the deposition
of mud-grade sediments (Plint, 2014; Boulesteix
et al., 2019). A large number of high-valence
metal cations can be released into lake waters
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Fig. 3. Geochemical characteristics of the mud-grade sediments. (A) Spider diagram showing the distribution of major
elements after standardization of PAAS (Post-Archean Australian Shale). (B) Spider diagram showing the distribution of
trace elements after standardization of PAAS. (C) Rare earth element (REE) pattern after standardization of chondrite;
the red lines in (A) to (C) represent the geochemical characteristics at the LOM, while the blue lines represent the geo-
chemical characteristics at the HOM; (D) distribution of Zr/TiO, and Nb/Y ratios in the mud-grade sediments. The data-
bases of Zr/TiO, and Nb/Y ratios were obtained from the twenty-one samples in Well N70. At least two repeated
elemental analyses were conducted on each sample to ensure that the test data can represent element enrichment char-
acteristics of each sample. IBVR = Intermediate-basic volcanic rocks; OB = Orogenic belts; HOM = Position with rela-

tively high organic matter content; LOM = Position with relatively low organic matter content.

during these processes (Frogner et al., 2001;
Duggen et al., 2007), which may affect the depo-
sitional process of mud particles.

Particle structures identified in the mud-
grade sediments

Polarizing microscopic observations revealed the
presence of scattered feldspar particles within
the mud-grade sediments. The feldspar surfaces
are clean and form rod-like shapes (Fig. 2D and
E). These angular feldspars are randomly distrib-
uted, and their long axes are not aligned in an
obvious directional orientation (Fig. 2D). The
SEM observation reveals that the distribution of
clay minerals often lacks apparent directional
features in the clay mineral layers (CML)
(Fig. 5). Clay minerals mainly exhibit ‘edge—face’
contacts with one another, as well as partial

‘edge—edge’ and ‘face-face’ contacts (Fig. 5C).
On this basis, characterization of spatial
distribution of the clay minerals and their con-
tact features was further achieved through three-
dimensional reconstruction analysis (Fig. 5D).
According to the difference of greyscale value
between clay and intercrystalline pore, the sin-
gle crystal morphology of clay minerals can be
extracted, and it was found that they are not
aligned in an obvious directional orientation
(Fig. 5E). One end of a single flake-shaped clay
mineral is in contact with the surface of another
flake-shaped clay mineral (Fig. 5E and F), pre-
senting a distinct ‘edge—face’ contact. Multiple
flake-shaped clay minerals form cardhouse
stacking owing to their mutual ‘edge-face’ con-
tacts, forming the typical floc structure (Bennett
et al., 1991; Wang et al., 2003; Slatt & O’Brien,
2011) (Fig. 5E and F). During burial compaction,
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the flocs are subsequently squeezed and
deformed, resulting in closer contacts than their
original depositional texture (Fig. 6). Because of
the similarity in the composition of each floc,
the outline of a single floc in fine-grained sedi-
mentary rocks is often difficult to discern (Li
et al., 2021a,b); however, in some cases, it is
possible to identify the floc structure (Fig. 6F)
(Slatt & O’Brien, 2011). The identification of floc
structures implies that, in deep-lacustrine set-
tings, the mud-grade particles can be transported
and deposited in the form of flocs in addition to
the background settling (Fig. 5).

However, based on the SEM observations, the
floc structure formed by clays cannot be identi-
fied in the organic layers (OL) (Fig. 7). The
microscopic observations and AMICS analyses
indicate that the clay content within OL is rela-
tively low (Figs 2B, 2C, 7A and 7B), and the sin-
gle particles of clay minerals have only minimal
contact with one another, exhibiting a direc-
tional orientation along the direction of laminae
(Fig. 7C). Different clay minerals are also distrib-
uted parallel to one another (Fig. 7D). It is inter-
preted that the organic matter and clay within
OL were deposited through suspension settling
in a still water environment (sensu O’Brien
et al., 1980; Aplin & Macquaker, 2011). The still
water environments significantly reduce the
probability of contact between individual clay
minerals, which inhibits the formation of a large
number of flocs (Aplin & Macquaker, 2011).

Micro-sedimentary structures identified in
the mud-grade sediments

Given the fine particle size of the deep-
lacustrine mud-grade sediments, any potential
sedimentary structures are challenging to visu-
ally identify from the core data alone. Therefore,
this study uses a combination of both high-
resolution microscopic description and three-
dimensional reconstruction techniques to identify
any micro-sedimentary structures preserved
within the mud-grade sediments. Thin-section
observations revealed that the foresets are com-
monly recorded in the CML, but not recognized
in the OL (Fig. 8). Each foreset is separated by
organic matter, which provides a good identifi-
cation marker for dividing different foresets.
However, only the local features of sedimen-
tary structures can be observed in the two-
dimensional plane, and the characteristics of sed-
imentary structures perpendicular to this plane
cannot be accurately represented. This may lead
to the omission of important information on sedi-
mentary structures, which introduces uncertainty
in the analysis of the sedimentation of mud-grade
sediments. For example, the lenticular fabric and
floccule ripples indicate a completely different
transport and depositional process for the fine-
grained sediments (Schieber et al., 2007, 2010).
However, in the cross-sections perpendicular to
the lamina, both lenticular fabric and floccule
ripples exhibit lenticular features (Schieber
et al., 2007, 2010). Therefore, based on the fine
characterization of two-dimensional sedimentary
structures, a detailed three-dimensional depiction
of sedimentary structure is required. In this
study, the interface of silty-grained felsic laminae
was chosen as the horizontal interface during the
period of mud-grade sediment deposition. In
order to reconstruct the spatial distribution of
each foreset, the position with high organic mat-
ter content was selected for in situ cutting and
three-dimensional reconstruction by FIB-SEM
(Fig. 9A and B), and the cutting position was
located parallel to the silty-grained felsic lami-
nae. This analysis allowed the identification of
eight stages (stages I to VIII) of foresets in the
selected area (Fig. 9C). During the deposition of
stages I to III, the foresets are successively depos-
ited upon the underlying slope surface (Fig. 9D).
In the selected area, the slope surface formed by
the earlier deposited foresets was completely cov-
ered by the later deposited foresets (Fig. 9D).
However, during the deposition of stages IV to
VIII, significant changes were observed in the
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Fig. 5. Floc structure identified in the mud-grade sediments. (A) to (C) Microscopic characteristics of floc struc-
ture under SEM analysis, Well C30, 1967.67 m; image (B) shows the microscopic features within the red dashed
box in image (A), where the distribution of clay minerals is not aligned in an obvious directional orientation, such
as ‘edge—face’ contact; image (C), taken from the same field of view as image (B), indicates the contact relationship
between some of the clay minerals; (D) characteristics of the occurrence of clay minerals in the selected area (yel-
low solid box) that is cut by a focus ion beam; (E) the result of three-dimensional reconstruction of spatial distri-
bution of clay minerals in the selected area from image (D); (F) the results of ca 30° counterclockwise rotation of
the image (E). The different coloured bars in images (E) and (F) represent different clay mineral types. CML, clay
mineral layer; OL, organic layer.
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Fig. 6. A possible process of floc formation and their morphological characteristics after burial and compaction.
(A) In the presence of metal cations in lake water, the electrostatic force promotes agglomeration between clay
and feldspar particles; (B) clay minerals and feldspars agglomerate to form flocs; (C) flocs and their contour char-
acteristics; the formation processes of flocs in the images (A) to (C) were modified from Bennett et al. (1991); (D)
morphological characteristics and distribution of flocs before burial compaction; (E) morphological characteristics
and distribution of flocs after burial compaction (modified from Li et al., 2021a,b); (F) morphological characteris-
tics and distribution of flocs after burial compaction (removing the outline of flocs).
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Fig. 7. Distribution of clay minerals in the organic layers of mud-grade sediments. (A) Microscopic characteristics
of the organic layers under SEM analysis, Well N228, 1760.75 m. (B) The three-dimensional dataset obtained by
cutting-out the area within the red dotted box in image (A). (C) The three-dimensional reconstruction (top view)
of inorganic minerals within the yellow dotted box in image (B). (D) The three-dimensional reconstruction (front
view) of inorganic minerals within the yellow dotted box in image (B). The clay minerals in the organic layers
exhibit directional orientation along the direction of shale laminae.

coverage of the foresets upon the underlying
slope surface. That is, from covering a large area
on the left side (stage IV, Fig. 9E), to covering the
entire underlying slope surface (stage V, Fig. 9F),
then covering a few areas on the right side (stage
VI, Fig. 9G), and finally covering the entire
underlying slope surface (stages VII and VIII,
Fig. 9H and I). These phenomena are interpreted
as a lateral migration of the mud-grade deposits
due to a continuous change in the shape of
bedforms.

The development of foresets in the mud-grade
sediments requires an uneven bedform as the
foundation (Schieber & Yawar, 2009). Micro-
scopic observations show that the foresets com-
monly  deposited above lenticular clay
aggregates (Fig. 8). This suggests that deposition
of foresets may be facilitated by the presence of
lenticular clay aggregates as a necessary basal
condition (Schieber et al., 2007; Schieber &
Yawar, 2009; Schieber, 2011). Therefore, the len-
ticular clay aggregates with about 40 um length
were selected to finely reconstruct its three-
dimensional characteristics (Fig. 10A and B).
The lenticular clay aggregates typically appear
as a crescent-shaped form (Fig. 10C). In the
cross-sections perpendicular to the shale lami-
nae, the lenticular clay aggregates also display
lenticular features (Fig. 10A and B). Therefore,
the lenticular clay aggregates are interpreted as
the product of floccule ripples that developed

on the substrate (Schieber et al., 2007;
Plint, 2019). After the development of floccule
ripples, the foresets continuously deposit above
the floccule ripples to form the CML (Fig. 10).
The identification of floc structure, floccule rip-
ples and foresets within the CML indicates that
the transport and deposition of clay minerals in
the deep-lacustrine setting are closely related to
the action of underflows.

Distribution of mud-grade sediments in deep-
lacustrine settings

In the Chang 73 sub-member, the deep-lacustrine
shales present higher GR values compared with
the massive mudstones and sandstones, which is
due to the enrichment of radioactive uranium
elements (Yang et al, 2016). The enrichment
of volcaniclastic deposits within the deep-
lacustrine shales is an important reason for their
relatively high content of radioactive uranium
(Zhao et al., 2020). As for the reference standard
of North American Shale Composite (NASC),
the contents of thorium (Th), uranium (U) and
potassium (K) are 12.3 ppm, 2.66 ppm and
3.20%, respectively, which convert to an equiva-
lent gamma-ray log reading of 121.7 API units
(https://www.kgs.ku.edu/PRS/ReadRocks/GRLog.
html). Compared to the reference standard, the
values of Th and K within the deep-lake shales
are 16.74 ppm and 2.61%, while the content of
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Lenticular clay bgregate

Fig. 8. Progradation features identified in the mud-grade sediments. (A) Multiple foresets can be discerned under
polarized light, Well Ch96, 2057.35 m. (B) image taken from the same field of view as image (A), displaying the
original characteristics of image (A) after removing the labels. (C) Lenticular clay aggregates can be identified
under multiple foresets under polarized light, Well Ch96, 2055.55 m, the red arrow indicates the position of len-
ticular clay aggregates. (D) Image taken from the same field of view as image (C), displaying the original character-
istics of image (C) after removing the labels. CML, clay mineral layer; OL, organic matter layer.

U can reach up to 48.36 ppm. Therefore, the
analysis of logging data of a single well (Ch96)
shows that the GR values of the deep-lacustrine
shales are mainly higher than 300 API and can
reach as high as 717.46 API (Fig. 11A). However,
the GR values of the massive mudstone and
sandstone can only reach 200 API and 150 API,
respectively (Fig. 11A). In addition to the differ-
ence of GR values, there are also significant dif-
ferences in mineral composition among shale,
massive mudstones and sandstones (Zhang
et al., 2021b). This allows the authors to eluci-
date the correspondence between the logging data

and the mineral composition by applying super-
vised machine learning, which is conducive to
clarifying the spatial distribution of different
lithofacies within the Ordos Basin (Zhang
et al., 2021b). Based on the analytical results of
the logging data and supervised machine learn-
ing, this study found that F1 were deposited near
the southern margin of the Ordos Basin and
showed a relatively constant thinning towards
the north (Fig. 11B). The provenance analysis
just indicates that these mud-grade sediments
with foresets and floccule ripples are mainly
sourced by the volcaniclastic deposits from the
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Fig. 9. Three-dimensional reconstruction of foresets in the mud-grade sediments. (A) Microscopic characteristics,
Well Ch96, 2055.55 m, showing the silt-grade felsic lamina is located between two yellow dotted lines; when
selecting typical areas for three dimensional reconstruction, the interface of silt-grade felsic laminae is used as the
standard for cutting to ensure that the bottom boundary of the cutting area is parallel to the shale lamina (the
white dashed line indicates that the cutting position is parallel to the silt-grade felsic lamina); since the interface
of silt-grade felsic lamina can represent the horizontal interface during the deposition of mud-grade sediments,
selecting cutting positions parallel to this lamina ensures that the bottom boundary of the cutting area is parallel
to the sedimentary interface. (B) Cross-section of the cutting position shown in image (A) under SEM analysis,
Well Ch96, 2055.55 m; (C) The three-dimensional reconstruction result on the basis of FIB-SEM (focused ion beam
— scanning electron microscopy) analysis, the analysis area is within the red dashed box in image (B), and the
numbers I to VIII refer to the different stages of foresets (from stages I to VIII); (D) to (H) display the spatial distri-
bution of foresets during stages I to VIII; the foresets are generally separated by organic matter so that each stage
of foreset can be extracted separately from the three-dimensional data set; a different colour was then assigned on
different stages of foresets to facilitate differentiation.

Qingling orogenic belts in the southern part of
the Ordos Basin (Lin et al., 2024). On this basis,
a cross-well profile of multiple wells from south
to north was extracted. Combining with core
observation and supervised machine learning,
the authors determined the distribution of
different lithofacies in each well within the
profile (Fig. 12), which showed that the cumula-
tive thickness ratio of F1 in Well N70 can reach
up to 40%. At Well G292 to the north of N70,
the cumulative thickness ratio of F1 can only

reach 7.1% (Fig. 12), and F1 is completely unrec-
ognizable at Well H234 (Fig. 12). This confirms
that the proportion of F1 in sedimentary strata
gradually decreases and eventually disappeared
from south to north. Therefore, based on the
provenance and spatial thickness variation of F1,
the authors believe that the volcaniclastic mate-
rials from Qingling orogenic belts were trans-
ported mainly from south to north to provide
the source for the deep-lacustrine mud-grade
sediments.
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Fig. 10. Three-dimensional characteristics of floccule ripples and their overlying foresets in the mud-grade sedi-
ments. (A) The lenticular clay aggregates for three-dimensional reconstruction analysis by FIB-SEM (focused ion
beam — scanning electron microscopy; the cross-section perpendicular to the shale laminae), Well Ch96, 2062.3 m,
the floccule ripple (I) and its overlying foresets (II and III) are marked in image (A). (B) Image taken from the same
field of view as image (A), displaying the original characteristics of image (A) after removing the labels. (C) Three-
dimensional characteristics of the floccule ripple (I) in image (A). (D) Three-dimensional characteristics of foresets
(Il and III) shown in image (A). (E) A side view of a floccule ripple (I) and its overlying foresets (Il and III), with
both foresets (I and III) shifted upward a certain distance to make the floccule ripple and foresets more visible.

DISCUSSION deep-lacustrine setting of the Ordos Basin dur-
ing deposition of the Chang 7; sub-member is not
a continuously still water environment (Aplin &
Macquaker, 2011; Tanavsuu-Milkeviciene & Fred-
erick Sarg, 2012; Baas et al., 2016). Therefore,
The identification of floc structures and foresets suspension settling cannot adequately explain
in the mud-grade sediments indicates that the the depositional process of the mud-grade

Sedimentary origin of the deep-lacustrine
mud-grade sediments

© 2024 International Association of Sedimentologists, Sedimentology

85UB017 SUOWIWIOD 3A[Fe81D) 8|qedljdde ay) Aq peuoh 812 Sojie VO ‘35N JO S3|N. 1oy AReiq 1 8UIIUO AB]IM UO (SUOIPUOD-PUR-SLURYW0D A8 | IM"ARe1q 1 BU1|UO//SRY) SUORIPUOD PUe SWS L 8U3 885 * [1202/50/22] U0 A%iqiauliuo A8|Im ‘wejoiRd JO ANsAIUN BUIYD Ad 00ZET PSS/TTTT OT/I0p/W00 A3 | 1M AeIq U UO//SARY WOy papeo|umoq ‘0 ‘TE0ESIET



16 Y. Cao et al.

Stratigraphy | Z 7 [Well Ch9%6| GR(API)
Form Mem L2~ Lithology| 200400 600
: ~[2043 o
ation | ber - Yanchi
2044~
2045|~
2046 ==
2047 =
2048
2049
2050
2051 fEees
= 2052
o =
= 20535
o ‘5‘ 2054}
E O |2055
‘5 g |20s6
[ O (2057
o) g 2058
g O |205oEE==—
— a 2060 =
O | 2061
g 0~ | 2062
>.4 QN (2063
&) g 2064
. p—
wn | <= 2065
@ O 2066
<
g 2067
~ 2068
2069
2070
2071
2072
2073 Ee
2074
2075
2076
A
2077 /|
Legend

=3 Braided - Meandering \:’ Semi-deep - Deep E Massive
X
Toponym. |®N70 Well - river delta “ river delta lake facies lake facies mudstone
mudstone “ siltstone sandstone layer Shale thickness scale (0, 10,20, 30m)

Fig. 11. Gamma ray (GR) logging data and the distribution of F1 within the Ordos Basin. The white dotted line
denotes the known limits of the F1 distribution. The wells without a ‘shale thickness scale’ indicate that the

thickness of F1 in that well is zero.

particles. The sedimentary origin of the mud-
grade sediments in the deep-lacustrine setting
needs to be further studied.

In freshwater lake basins, the abundant supply
of volcaniclastic material can release many high-
valence metal cations into the lake water (Frogner
et al., 2001; Duggen et al., 2007) (Fig. 3A and B).
The pH of the surface waters ranges from 7 to 9
(Singer et al., 2002). Within this pH range, the

surfaces of smectite, quartz and feldspar are nega-
tively charged (Barclay & Worden, 2000; Zhang
et al., 2015). The high-valence metal cations
therefore play an essential bridging role (Fig. 6A),
promoting attraction and agglomeration of mud-
grade feldspars and smectites by electrostatic
forces (Fig. 6B and C) (Wang et al., 2003; Gibbs &
Hickey, 2018). However, the negative charges
on the surfaces of clay minerals are typically
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Fig. 12. Sedimentary logs of the Chang 7; sub-member and the cross-well profiles of multiple wells. The sedi-

mentary logs of each well are from the Chang 7; sub-member of Triassic Yanchang Formation in the Ordos Basin.
The locations of the wells in the cross-well profiles are distributed on line A-A’ in Fig. 11B.

unevenly distributed. This usually shows as a
positive charge at the edges of, or along defects
in, the clay minerals, while typically appearing
as a negative charge on the surface of clay min-
erals (Fig. 6A) (Bennett et al., 1991). Therefore,
electrostatic attraction can cause clay minerals to
form flocs through ‘edge—face’ contact (Fig. 6B).
Compared to single clay minerals, the flocs with
particle sizes ranging from several microns to
1 mm have a faster settling rate (Fennessy
et al., 1994; Aplin & Macquaker, 2011); so they
can easily and quickly settle onto the substrate
(Schieber & Southard, 2009). Plint (2019) has
clearly observed that the flocs composed of clay
minerals can be transported in a flow rate of 0.08

to 0.12 m/s, which confirms that the flocs can
move stably in the flow with a certain velocity
without breaking. On this basis, multiple foresets
and floccule ripples identified in the mud-grade
sediments further indicate that, after settling onto
the substrate, the flocs can undergo advective
sediment transport processes at the sediment-
water interface under the action of underflows.
There are many types of underflow capable of
transporting clastic sediments, including debris
flow, intrabasinal turbidity currents, contour
currents, tidal flows and hyperpycnal flows
(Stow et al., 2001; Zuchuat et al., 2019;
Zavala, 2020). The debris-flow deposits are char-
acterized by a homogeneous massive structure
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and the significant column of clay matrix, along
with the presence of outsized ‘floating’ skeletons
and mudstone intraclasts (Yang et al, 2017;
Peng, 2021; Boulesteix et al., 2022). However,
this is different from the micro-sedimentary
structures identified in the mud-grade sediments
of the Ordos Basin (Figs 8 to 10). This indicates
that the debris flow is not the primary underflow
for transporting flocs in the deep-lacustrine set-
ting. Intrabasinal turbidity current is a kind of
underflow triggered mainly by volcanic eruption
and earthquake (Yang et al., 2015, 2017). It is
difficult for these events to occur frequently and
regularly on a scale of several decades. However,
the time interval for the deposition of CML is
approximately between two and eight years (Lin
et al., 2023). It is difficult to consider that the
intrabasinal turbidity current is the dominant
underflow for transporting mud-grade sediments
in the Ordos Basin. Contour currents have the
potential to move sediment along contours, obli-
que or parallel to the shoreline (DeReuil & Bir-
genheier, 2019). This leads to the deposition of
contourites, which are mainly distributed as
elongated drift bodies parallel to the shoreline,
with a relatively limited extent in the direction
perpendicular to the shoreline (Faugeres et al.,
1999; Faugeres & Stow, 2008). However, mud-
grade sediments mainly develop near the south-
ern margin of the Ordos Basin, and do not
exhibit characteristics of distribution along the
shoreline (Fig. 11B). Therefore, the flocs may
not be transported mainly by the contour current
in the Ordos Basin. Erosive-bases, flaser bed-
ding, bi-directional ripple cross-lamination,
abundant reactivation surfaces and wavy bed-
ding can be identified in the sediments affected
by tidal processes (Zuchuat et al., 2019; El-
Gendy et al., 2022). Especially in the asymmetri-
cal tide, the difference of flow velocity between
high and low tide wusually leads to the
development of foresets and ‘mud drapes’ in the
sediments (Allen, 1982). This is very similar to
the distribution characteristics of the foresets
and organic matter in the CML (Fig. 13A). In
terms of flow types, the asymmetrical tidal flow
seems to explain the origin of typical sedimen-
tary structures in the mud-grade sediments of
the Ordos Basin. Except for tidal flow, the
steady advance of foresets may also record the
unidirectional-current action (Fig. 13A) (Schie-
ber & Southard, 2009). Hyperpycnal flow can
transport fine-grained particles continuously to
the centre of basin and form the sediments with
multiple foresets (DeReuil & Birgenheier, 2019;

Baker & Baas, 2020). In situ Raman spectral
analysis proves that the terrigenous organic mat-
ter is indeed mixed within the CML (Fig. 13B).
Therefore, hyperpycnal flow may also be an
important flow type that induces the transport
and deposition of flocs (Bhattacharya & MacEa-
chern, 2009; Mulder & Chapron, 2011; DeReuil
& Birgenheier, 2019).

The mud-grade sediments mainly deposited in
the deep-lacustrine setting of the Ordos Basin,
where they are likely protected from the effects
of tidal action. Therefore, compared to the tidal
flow, the authors are more inclined to define the
underflow as hyperpycnal flow which induces
the bedload transport of flocs in the deep-
lacustrine setting. A previous study found that
the humidity during the deposition of F1 was
abnormally elevated compared to the period of
F2 deposition (Lin et al., 2024). The increase in
humidity is usually reflected in the rainfall
increase, which tends to trigger floods (Corella
et al., 2021). The frequent occurrence of floods
also provides the possibility for the develop-
ment of hyperpycnal flow in deep-lacustrine set-
tings (Mulder et al., 2003; Yang et al., 2017; Dou
et al, 2019). During the process of bedload
transport of flocs on the substrate, with the
decrease of the velocity of hyperpycnal flow
towards the centre of basin, the flocs with larger
mass preferentially accumulate on the substrate.
These deposits change the migration path of
subsequent flocs, inducing part of the flocs to
continuously accumulate along both sides of the
earlier floc deposits to form floccule ripples.
After that, some flocs can further cross the crest
point of floccule ripples under the action of
underflow, and then deposit on the ripple lee
side, which forms multiple foresets that dip
downstream (Plint, 2019). These processes lead
to the lateral migration of foresets due to a con-
tinuous change in the shape of bedforms
(Fig. 9E to I), which finally resulted in the stack-
ing and lateral connection of many foresets as
the front end of the foresets that continuously
advanced forward (Schieber & Southard, 2009).

In deep-lacustrine settings, in addition to the
floc sedimentation, organic matter deposition
also occurs. Based on the microscopic observa-
tion, two occurrences of organic matter can be
identified in the mud-grade sediments (Fig. 8),
one is distributed between each foreset and floc-
cule ripple, the other is in the form of organic
matter within the layers themselves (Fig. 8).
Although the actual sizes of the flocs cannot be
quantitatively recovered, the floccule ripples of
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Fig. 13. Microscopic distribution characteristics of organic matter and the Raman parameters. (A) Microscopic
distribution of organic matter in the mud-grade sediments. The organic layers are generally thicker than the
organic matter between the foresets. The yellow arrows indicate the unidirectional foresets in different CML. (B)
In situ laser Raman analysis on the organic matter with two occurrences. The peak separation of G-band and D-
band is obviously higher in the organic matter between foresets (OM-BF) than that in the organic layers (OM-IOL),
indicating that more benzene ring is included in the OM-BF than in the OM-IOL. The Raman analytical data
derived from the same sample. The vertical distances of Raman test points in OM-BF and OM-IOL are less than
1 cm. According to the formula for calculating vitrinite reflectance (Ro) based on Raman parameters (Liu
et al., 2013), the Ro of OM-BF is about 0.5% higher than that of OM-IOL. Based on the average geothermal gradi-
ent of the Ordos Basin in the late Mesozoic (3.3 to 4.5°C/100 m) (Ren, 1996), under the condition of similar
organic matter types, the 0.5% difference in Ro can only be realized when the variation in burial depth reaches
about 500 m difference. However, the difference of vertical burial depths between OM-BF and OM-IOL are less
than 1 cm. Such a small difference in burial depth does not cause significant changes in Ro, which proves that
the difference in the content of benzene ring in organic matter is mainly caused by the supply of terrestrial
organic matter. CML, clay mineral layer; OL, organic matter layer; OM-BF, organic matter between foresets; OM-
IOL, organic matter in organic layers.

up to 40 pm in length were observed (Fig. 10).
Because floccule ripples need to be formed by a
large number of flocs (Schieber & South-
ard, 2009), if the size of the flocs is 10 pm, the
formation of the floccule ripple requires only
four flocs, which seems impossible. Therefore,
the authors speculate that the size of the flocs
formed in the deep-lacustrine setting of the
Ordos Basin should be much smaller than
10 um. Observations of modern sediments show
that the flocs with diameters of 1 to 10 pm are
common (McCave, 1984). When the size of flocs
is less than 10 um, their density mainly ranges
between 1.4 g/cm and 2.0 g/cm (McCave, 1984;
Gibbs, 1985; Fennessy et al, 1994), while the
original density of kerogen mainly ranges
between 1.0 g/cm and 1.4 g/cm (Stankiewicz
et al, 1994; Okiongbo et al, 2005; Burn-
ham, 2017). Therefore, in the deep-lacustrine
setting of the Ordos Basin, the flocs settle more
easily from the underflow onto the substrate
than terrigenous organic matter (Ashley

et al., 1982; Bridge & Best, 1997). This may be
an important reason for the general deposition
of terrigenous organic matter on the top of each
foreset within the CML (Figs 8 and 9). However,
in the OL, contact features and distribution
characteristics of the clay minerals have signifi-
cant differences compared with those of the
CML (Figs 5 and 7). The organic matter and clay
minerals mainly occur as suspension settling in
a still water environment to form OL (O’Brien
et al., 1980; Aplin & Macquaker, 2011). There-
fore, the authors interpret that the CML, contain-
ing floccule ripples and foresets, were formed by
bedload transport and deposition of flocs under
the action of underflows. Since the hyperpycnal
flow can carry oxygen to the deeper parts of the
basin and temporarily reduce the reducibility of
water column (Wilhelm et al., 2016), this is not
conducive to the effective preservation of
organic matter. During the intermittent periods
of underflow, due to lack of oxygen supply, the
increased reducibility in the deep-lacustrine
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setting was conducive to the preservation of of mud-grade sediments in deep-lacustrine set-
organic matter, and this led to the development tings. During the transportation of mud-grade
of OL. particles by hyperpycnal flow from south to

north of the Ordos Basin, metal cations released
by volcanoclastic materials promote flocculation
under the action of electrostatic forces, forming
numerous flocs within the underflow (Fig. 14A).
A depositional model was further established in Subsequently, the flocs gradually settle onto the
order to clearly describe the sedimentary process substrate as the flow velocity decreased. The

Depositional model of the deep-lacustrine
mud-grade sediments

Flocs formed by EA

Deep-lacustrine setting —N

——— ———

Legends:
Clay High-valence Electrostatic Floccule Foreset
minerals (o] metal cations attraction = Flocs ripples =l bed I
Foreset Foreset Relatively fast Relatively slow Organic Organic
E’ bed I1 g bed III sedimentation rate sedimentation rate matter E matter layer

Fig. 14. Depositional process of mud-grade sediments in the deep-lacustrine setting of the Ordos Basin. (A) The
input of volcaniclastic materials releases large amounts of high-valence metal cations, promoting flocculation of
clay minerals under the action of electrostatic forces. After floc formation, as underflow velocity gradually
decrease, the large amounts of flocs quickly settle onto the substrate, and then undergo bedload transport. (B) The
continuous accumulation of flocs on the substrate induces the formation of floccule ripples. After that, the terrige-
nous organic matter within underflows slowly settles onto the surfaces of floccule ripples. (C) Multiple stages of
foresets deposited on the lee sides of floccule ripples under the action of underflows. Multiple stages of foresets
are stacked and laterally-connected, ultimately forming the clay mineral layer. The deposition of organic matter
after each foreset formation makes it easy to distinguish the different foresets. (D) Continuous suspension settling
of organic matter forming organic layers in the still-water environment during the intermittent period of under-
flows. The frequent development of hyperpycnal flow in the deep-lacustrine setting of the Ordos Basin leads to
alternating deposition of organic matter layers and clay mineral layers, resulting in the formation of deep-
lacustrine mud-grade sediments. The red dashed line in each image indicates the position of the cross-section.
The continuous change in the shape of bedforms in the cross-section is actually caused by the deposition of floc-
cule ripples and foresets. EA, electrostatic attraction; L, left side of the cross-section; R, right side of the cross-
section.
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flocs on the substrate will then occur as bedload
transport under the action of underflow. Some
flocs with larger mass preferentially terminate
migration and accumulate on the substrate
(Fig. 14B). These deposits hinder the bedload
transport of subsequent flocs, forcing part of the
flocs to accumulate along both sides of the ear-
lier floc deposits and then form floccule ripples
(Fig. 14B). After the formation of floccule rip-
ples, the flocs can continue to migrate along
their surfaces under the action of underflow and
then accumulate on the lee side to develop mul-
tiple foresets (Fig. 14B). On the one hand, the
continuous deposition of foresets causes their
front end to advance forward downstream; on
the other hand, the continuous change in the
shape of bedforms also leads to the lateral
migration of each foreset, which promotes
lateral connection of multiple foresets, and
finally forms CML (Fig. 14C). However, during
the intermittent period of hyperpycnal flows, a
relatively still-water environment occurs, and
the sediment supply of the deep-lacustrine set-
ting by underflows is limited. This low hydrody-
namic condition also effectively reduces the
contact probability of mud-grade particles,
which prevents the formation of large flocs
(Aplin & Macquaker, 2011). Clay minerals are
mainly in the form of single particles and pri-
marily occur as suspension settling, together
with organic matter, to form OL (Fig. 14D).

CONCLUSIONS

This study first confirms that the floccule ripples
and foresets can commonly be developed in the
deep-lacustrine mud-grade sediments using the
three-dimensional reconstruction analysis by
focused ion beam - scanning electron micro-
scopy (FIB-SEM). The mud-grade particles are
not deposited only by suspension settling,
underflow also has an important effect on the
transport and deposition of mud-grade sedi-
ments in deep-lacustrine settings. Hyperpycnal
flow is preliminarily considered as an important
underflow for transporting mud-grade sedi-
ments. After the volcaniclastic materials are car-
ried into the lake basin by hyperpycnal flows, a
large number of metal cations are released, pro-
moting the agglomeration of clay minerals to
form flocs. As flow velocity decreased, the flocs
settle continuously onto the substrate and then
bedload transport occurs to form floccule rip-
ples. After that, the subsequent flocs continually

cross the crest point and accumulate on the lee
side of floccule ripples, inducing the front end
of foresets to advance downstream and promot-
ing the deposition of CML. During the intermit-
tent period of underflows, the hydrodynamics in
the deep-lacustrine setting is relatively weak,
which limits floc formation. Clay minerals occur
as suspension settling in the form of single par-
ticles along with organic matter, forming the
organic matter layers between clay mineral
layers.
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