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Abstract In this study, an in-depth analysis of the types,
characteristics, and formation mechanisms of micro-
laminae and microscopic laminae was conducted in order
to precisely examine the link or intersection of stratigraphy
and petrology. This study was essentially a sedimentary
examination of the minuteness-macro and micro-tiny
layers between laminae and pore structure, as well as the
types of structures and sedimentation. The results of this
study bear important basic subject attributes and
significance, as well as practical value for the basic
theories and exploration applications of unconventional oil
and gas geology. The quantitative data were obtained using
the following: field macroscopic observations; measure-
ments; intensive sampling processes; XRD mineral content
analysis; scanning electron microscopy; high-power
polarizing microscope observations; and micro-scale
measurements. The quantitative parameters, such as
laminae thicknesses, laminae properties, organic matter
laminae, and laminae spatial distributions were unified
within a framework, and the correlations among them were
established for the purpose of forming a fine-grained
deposition micro-laminae evaluation system. The results
obtained in this research investigation established a basis
for the classification of micro-laminae, and divided the
micro-laminae into four categories and 20 sub-categories
according to the development thicknesses, material
compositions, organic matter content levels, and the spatial
distributions of the micro-laminae. The classification
scheme of the micro-laminae was divided into two
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categories and 12 sub-categories. Then, in accordance with
the comprehensive characteristics of spatial morphology,
the micro-laminae was further divided into the following
categories: continuous horizontal laminae; near horizontal
laminae; slow wavy laminae; wavy laminae; discontinuous
laminae; and lenticular laminae. According to the structural
properties of the laminae development, the micro-laminae
was divided into the following categories: single laminae
structures; laminated laminae structures; interlaminar
structures; multiple mixed laminae structures; cyclic laminae
structures; and progressive laminae structures. The
research results were considered to be applicable for the
scientific evaluations of reservoir spaces related to
unconventional oil and gas resources.

Keywords fine-grained deposits, recognition of laminae
types, microscopic laminae, recognition of fine laminae,
laminae origins

1 Introduction

Fine-grained deposition is very important in the study of
shale oil and gas accumulations under geological
conditions. Fine-grained deposition and fine-grained rock
have become the frontier of sedimentology and petrology
both in China and internationally (Aplin and Joe, 2011;
Slatt and O’Brien, 2011; Hao et al., 2013; Jiang et al.,
2013; Lazar et al., 2015; Zhang et al., 2015; Zhang et al.,
2016). Shale gas mainly exists in shale formations in the
form of adsorption states and free states. At the present
time, reservoir formation and resource predictions and
evaluations, as well as exploration and development
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methods, have become hot research topics (Bowker,
2007; Daniel and Ross, 2008; Daniel et al., 2007; Robert
and Ruppel, 2007; Daniel et al., 2005; Zhang et al., 2011).
A number of related basic research studies have also
attracted the attention of researchers in the field. For
example, fine-grained deposition and fine grain rock,
shale formations, as well as fine-grained rock and shale
classification research have become important basic
scientific issues (Ma et al., 2018; Liu and Liu, 2019). The
mineral composition, granularity, and diagenesis of
sediment have been investigated in recent years in order
reflect the formation processes of fine-grained rock
(Aplin and Joe, 2011). It has been demonstrated that fine-
grained deposition can be used to restore paleoenviron-
ment and paleoecology conditions (Dill et al., 1996; Han
and Ning, 2015).

The research, exploration, and development of uncon-
ventional oil and gas geology have further promoted the
research regarding fine-grained deposition and argillaceous
deposition (Han, 2017; Li et al., 2018). During the previous
examinations of shale oil and gas reservoirs, it was
determined that fine-grained rock formations are charac-
terized by high content levels of organic matter, complex
mineral composition, lamellar structural development,
and small storage spaces (Yu, 2012, 2013). However, due
to such unique factors as mineral compositions and rich
organic matter in fine-grained rock and shale, different
laminar assemblages may be formed (Wang, 2012; Song
etal., 2015; Wangetal., 2015). As a result, the actual
storage spaces of fine-grained rock and shale tend to be
greatly improved, which then improves the storage
capacities of the fine-grained rock and shale. Therefore, it
is very urgent and important to study the formation and
evolution of fine-grained sedimentary rock.

Sedimentologists and petroleum geologists have carried
out in-depth discussions on the key issues related to the
foundation of oil-bearing fine-grained sedimentary rock
(Jiang et al., 2013; Liuetal, 2018; Wang et al., 2019).
As aresult, a lot of constructive and instructive suggestions
have been put forward. In recent years, various research
studies have identified Milankovich cycles using the
changes in CaCO; content in strata. This has become a
new method for fine-grained deposition astronomical
periodic cycles. In particular, the study of the genetic and
dynamic characteristics of fine-grained deposition and
fine-grained rock laminae have been emphasized, as well
as the mechanism of astronomical period influence.
Therefore, attention should be paid to the tracking and
development of similar new methods (Jin, 2017; Sun et al.,
2017).

For example, there remains a lack of an important
bridge between the study of the smallest unit of
macroscopic strata and reservoir spaces, including
detailed analyses of micro-laminae and micro-layers.
Moreover, there are currently no hard theories or models
for the fine-grained deposition of fine laminae structures,
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special fine-grained stratification types
distributions, or their control mechanisms.
However, this study does not belong to the category of
general stratigraphic classification and research, nor is it a
simple petrology research investigation. The working
features of the current study included the detailed analysis
the types, characteristics, and formation mechanisms of
fine-grained layers and micro-fine layers. The quantitative
data were obtained via field macroscopic observations,
measurements, intensive sampling processes, mineral
content analysis, scanning electron microscopy, high-
powered polarizing microscope observations, and micro-
scaled measurements. Such quantitative parameters as
laminae thicknesses, laminae properties, organic matter
laminae, and laminae spatial distributions were unified
in a framework, and the correlations between those
parameters were established in order to form the fine-
grained deposition of a fine laminae evaluation system.

and spatial

2 Characteristics and classification of fine-
grained sedimentary laminae

Fine-grained deposition in sedimentary sequences is a
relative concept compared with coarse-grained deposition,
such as sand and gravel, in conventional oil and gas
reservoirs. Currently, there is no unified quantitative index
for its dividing line, which is generally considered to be
fine particles with particle sizes less than 0.0039 to 0.005 mm.
The particle size analyses of modern argillaceous rock
generally show that the majority of the particles with
diameters less than 10 pm are deposited in the form of
flocculation, while those with diameters larger than 10 pm
are mainly deposited in the form of individual particles
(Kranck et al., 1996a,1996b; Curran et al., 2002). Floccus
processes provide a way to transport large quantities of
sediment over long distances in marine basin environ-
ments (Macquaker and Adams, 2003). Fine-grained sediment
in the oceans present complex sedimentation processes,
and the granularity stratification of sediment is known to
be closely related to the properties of viscous mud,
coagulation, and turbidity currents (Curran et al., 2004).
Stratigraphic research units are generally composed of
erathem, systems, series, formations, sections, layer
systems, laminae systems, and laminae, among which, the
laminae are most commonly the smallest research units.
In the study of unconventional oil and gas geology, the
concepts of fine-grained deposition and fine-grained rock
have been put forward. Those concepts inevitably involve
scientific issues between the smallest unit (laminae) of
fine stratigraphy and the rock fabric and reservoir spaces.
In other words, scientific issues between fine sedimento-
logy and fine-grained petrology and reservoir geology.
However, there are no clear frameworks for fine-grained
facies or fine-grained micro-sequences or structures.
Although the theories and research methods of sedimento-
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logy have been progressing rapidly, no scientific
explanations for the sedimentary mechanisms have been
established to date. The current research regarding the
types, characteristics, and formation mechanisms of fine
laminae, and the micro-fine laminae below the laminae is
still weak.

This study should not be considered as a general
stratigraphic classification and research category or general
petrological research content, but a research investigation
of the types, characteristics, and formation mechanisms of
fine laminae and micro-fine laminae below the laminae,
which is exactly at the link between stratigraphy and
petrology. In other words, this study was an examination
of the sedimentological characteristics of the sedimentary
types and structures of the micro-micro laminae and
macro-micro laminae between the laminae and pore
structures. The content and scientific issues addressed in
this study were considered to have important basic
subject attributes and significance. The basic concepts
associated with laminae are detailed in Table 1.

3 Samples and methods

In this study, qualitative and quantitative methods were
used, along with and multi-disciplinary methods such as
multi-leveled cycle recognition. This was achieved through
traditional core sampling; outcrop detailed observation
descriptions; high-precision microscope observations;
scanning electron microscopy and field emission electron
microscopy methods; fine-grained deposition microbe
test analysis methods; geophysical identifications; and
experimental testing methods. The method choices were
based on the types of fine-grained sediment; properties of
the fine-grained laminae; thickness values (including the
micro-thicknesses); spatial distribution continuity, and so
on. The fine-grained deposition of laminae layers, as well
as the rock composition characteristics, were described in
detail. A classification method for the main parameters
and auxiliary descriptions was proposed, and such quanti-
tative parameters as the laminar thicknesses, laminar

Table 1 Determination of several basic concepts related to lamination
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attributes, organic matter laminar, and the laminar spatial
distributions were unified in a framework. Then, the
correlations between the parameters were identified in
order to form a fine-grained deposition laminar evaluation
system.

In this study, Phenom ProX and Leica DM4P polarizing
microscopes developed in the Netherlands were mainly
used as the experimental equipment, at magnifications of
20 to 8000 times. The samples examined in this study
were mainly collected from mudstone, shale, and siltstone
cores in the partial strata of Well Fan 1 and Niupain 1 of
the core reservoir of the Shengli Oilfield in Shandong
Province (Fig. 1(a)); mudstone and siltstone of Well ZK1
from the Longgu Coal Mine, Juye Coalfield, Heze
(Fig. 1(b)); and siltstone from the Beilaishi Profile of
Huangdao Lingshan Island (Fig. 1(c)).

4 Results

4.1 Determination of the classification basis of the fine
laminae

The composition of the laminae, content levels of organic
matter, spatial distributions of the laminae, and the
classification criteria of the fine laminae were established
based on the thickness values of the fine laminae. In the
current investigation, the fine laminae were divided into
four major classes and 20 minor classes, as detailed in
Fig. 2 and Table 2.

1) Fine characterization and microscopic quantitative
characterization methods of super-fine-grain laminae.

The quantitative characterization data were first
obtained using a point system. For example, quantitative
description methods and the law of micro-stratification
were adopted in the field and in the laboratory for the
purpose of measuring the thicknesses, particle sizes, and
vertical distributions. In the macroscopic characterization
process, sections of the rock were polished, and the actual
measurements were made by the scale. For the laminae
less than 1 mm, the scale below millimeter was used for
measurements.

Number Classification Implication

1 Laminae The smallest unit of stratigraphic division in stratigraphy. From the perspective of
stratigraphy and petrography, stratigraphy is the smallest unit of macroscopic
stratigraphic identification.

2 Laminated composite A group of laminae having similar features.

3 Laminated sequence The phenomenon that several laminae are stacked regularly in the vertical direction.

4 Fine grain laminae Refers especially to the various laminae in fine grain deposits

5 Superfine grain laminae It refers to the laminae whose scale and thickness are smaller than the traditional laminae
and can be recognized macroscopically.

6 Microscopic laminae It refers to the smaller grades of laminae identified by the microscope, which can be
characterized in terms of scale, thickness and composition, but does not belong to the
category of petrology (rock ore appraisal).

7 Evaluation system of superfine grain laminae It refers to the system to determine, classify and calculate the index of quantitative and

scientific evaluation of sedimentary laminae.
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Fig. 1 Collection points and core characteristics of the fine-grained laminae samples. (a) Mud shale of Well NY 1 (left) and
siltstone of Well FY 1 (right) of the Shengli Oilfield; (b) organic rich mudstone of Well ZK1 in the Longgu Coal Mine, Juye
Coalfield, Heze City (left: 1054.2 m; right: 1110.7 m); (c) siltstone from the Beilaishi Profile of Huangdao Lingshan Island,;
(d) distribution of the sampling points.
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Fig. 2 Basic classification and observed correlations of the fine laminae.
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Table 2 Classification basis and characteristics of fine laminae

Classification basis

Laminae types and characteristics

laminae thickness (Fig. 3)

laminae property (Fig. 4)

Organic content (Fig. 5)

laminar spatial distribution
(Fig. 6)

(Dlaminae:Single laminate thickness between 1-5 mm >50%;

(@Thin laminae:Single laminate thickness between 0.1-1 mm >50%;

@Paper-thin laminae:with single laminate thickness between 0.01-0.1 mm >50%;

@Thinner laminae:thickness of single laminae between 1-5 mm, 0.1-1 mm, and 0.01-0.1 mm were all < 50%, and between
0.1-1 mm > between 0.01-0.1 mm;

DSilt laminae:silty sand class >50%;

(@laminae containing silt:argillaceous >50%;

(®Mixed laminae:mixed layer >50%;

(@Mixed-silt laminae:silty sand class <50%, argillaceous <50%, mixed layer <50%, and the content of silty sand class was
higher than the argillaceous content;

®Silt-mixed laminae:silty sand class <50%, argillaceous <50, mixed layer <50%, and the argillaceous contentwas higher
than the content of silty sand class.

(DOrganic laminae:organic content >50%, the sum content of heterogeneous and matrix <50%;

(@Heterogeneous laminae:Heterogeneous content >50%, the sum content of organic and matrix <50%;

(3®Matrix laminae:Matrix content >50%, the sum content of organic and heterogeneous <50%, actually an inconspicuous
laminae;

@Organic-heterogeneous laminae:heterogeneous laminae <50%, organic laminae <50%, matrix laminae <50%, and
heterogeneous laminae was more than matrix laminae;

®0Organic-matrix laminae:heterogeneous laminae <50%, organic laminae <50%, matrix laminae <50%, and matrix laminae
was more than heterogeneous laminae.

(DContinuous laminae:heterogeneous components distributing continuously >50%;

(@Discontinuous laminae:the discontinuous and stable heterogeneous components >50%;

(®Lenticular laminae:the discontinuous and unstable heterogeneous components >50%;

@Continuous - discontinuous laminae:discontinuous laminae <50%, continuous laminae <50%, lenticular laminae <50%,
and discontinuous laminae > lenticular laminae;

(®Continuous - lenticular laminae:discontinuous laminae <50%, continuous laminae <50%, lenticular laminae <50%, and

discontinuous laminae < lenticular laminae.

2) The identification and analysis of high-power micro-
rock were carried out, and a fine-grained sedimentary
classification process was carried out according to the
new fine-grained sedimentary classification results. Then,
the scale of the adopted microscope was used for the
interpretations.

3) Quantitative descriptions of the laminar thicknesses
were recorded, as shown in Fig. 3.

4) Quantitative classifications of the lamellar properties
were established according to the different material
properties of the laminae, and the laminae properties were
characterized quantitatively, as detailed in Fig. 4.

5) Quantitative evaluations of the organic matter
content levels of the laminae were performed. The types
and characteristics of the laminae were quantitatively
evaluated with organic matter as the main variable, as
shown in Fig. 5.

6) Quantitative evaluations of the laminar spatial
distributions were recorded according to the morpho-
logical characteristics of the spatial distributions, and
quantitative evaluations and classifications of laminae
were then carried out, as detailed in Fig. 6.

4.2 Establishment of the steps for the fine laminae
classifications

The fine-grained sedimentary structures were first
classified, and on that basis, the fine-grained sedimentary
and fine-grained rhyolite properties were successfully
identified and classified. The second step was considered
to be the key step, in which the types of laminae were
identified, classified and characterized individually. The
goals were to measure and classify the thicknesses of the

various laminas in the fine sediment and fine rock
samples, in order to obtain the quantitative data. The data
were then used to describe the morphological characteris-
tics of the laminaes for the purpose of identifying and
classifying the different types. Then, a classification system
of the fine laminaes was established. Finally, a comprehen-
sive index classification and evaluation procedure was
determined, as detailed in Fig. 7 and Table 3.

4.3 Determination of a classification scheme for fine
laminae

4.3.1 Property analyses of the fine laminae materials

This study’s XRD mineral content analysis results, along
with scanning electron microscope and polarizing
microscope observations, revealed that the main mineral
compositions of the fine-grained rock in the lower sub-
member of the Shahejie 3 Formation (Es3L) and the upper
sub-member of the Shahejie 4 Formation (Es*VY) of Wells
NY1, FY1, and LY included carbonate minerals, clay
minerals, and clastic minerals (Table 4). It was observed
that the carbonate minerals made up the greatest
proportion of the total mineral content. The carbonate
minerals mainly contained calcite, dolomite, and siderite,
accounting for 40% to 50%; clay minerals composed of
illite and small amounts of chlorite and iomc/montmoril-
lonite accounted for approximately 25% to 35%; and
clastic minerals (such as quartz minerals) composed more
than 25% (Fig. 8). The secondary components included
organic matter, sulfate minerals, and pyrite.
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Fig.3 Quantitative description of the laminae thicknesses in Wells FY 1 and NY 1. (a) Laminae (Well FY 1; 3143.4 m); (b) thin
laminae (Well NY 1; 3,419.94 m); (c) paper-thin laminae (Well NY 1; 3,499.95 m); (d) thinner laminaec (Well NY 1; 441.75 m);

(e) thinner laminae (Well NY 1; 3499.95 m).

As the main component of fine-grained rock, clay
minerals are generally smaller than 2 microns in size. In
the Es3L—Es*Y, the content of clay rocks was greater than
90%. Under scanning electron microscopy, it was observed
that the clay mineral composition of Well NY1 mainly
included illite and montmorillonite, the majority of which
were in the form of imonite (Fig. 9(a)), with small amounts
in the form of chlorite and kaolinite. The dominant
characteristics of the chlorite and illite content in the
composition of the clay minerals indicated that the media
conditions for the formation of the clay minerals were

mainly weakly alkaline (Zhang et al., 2007). The imomalt
was the intermediate product of the transformation process
from montmorillonite to illite. The illite was mainly
presented in stratified or lineated clay mineral micro-layers,
and the majority were observed to be interbedded with
organic matter. The occurrence of the clay minerals was
caused by the syngenetic clastic formations, and the
sections and lineation of the vertical bedding were clear.
However, the mineral morphology was difficult to identify.
The results of this study’s energy spectrum analysis
mainly included Si and Al. The morphology of the clastic
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Argillaceous 50 Mixed

Fig. 4 Quantitative classifications of the laminae properties in Wells FY 1 and NY 1. (a) Silt laminae (Well NY 1; 3465 m);
(b) laminae containing silt (Well FY 1; 3127.74 m); (c) mixed laminae (Well FY 1; 3138.8 m); (d) mixed-silt laminae (Well NY 1;

3325.5 m); (e) silt-mixed laminae (Well NY 1; 3575.8 m).

mineral monomers was relatively obvious. It was found
that the illite was mainly presented in flakes or curled
shapes (Fig. 9(b)). The montmorillonite was flocculent
shaped (Fig. 9(c)), and the kaolinite was visible as
hexagonal or rounded shapes (Fig.9(d)). In addition,
there were observed to be some autolitic clay minerals
dispersed and developed in the pores of the reservoir,
which mainly included chlorite in the form of flowers

(Fig. 9(e)) and fibers (Fig. 9()).

The amount of organic matter content is reflected in the
color of the shale, which can be better reflected under
polarized light microscopy. In this investigation, both
core (Fig. 10(c)) and thin sections were used to determine
that the organic matter was distributed in layers, most of
which being interbedded with carbonate minerals or
claystone minerals, as indicated by the black bands
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Heterogeneous 50 Matrix laminae

laminae

Fig.5 Classifications of the organic matter content in Wells FY 1 and NY 1. (a) Organic laminae (Well NY 1; 3465 m);
(b) heterogeneous laminae (Well NY 1; 3465 m); (c) matrix laminae (Well NY 1; 3325.5 m); (d) organic-heterogeneous laminae
(Well NY 1; 3419.94 m); (e) organic-matrix laminae (Well NY 1; 3419.94).

shown in Fig. 10(a). A small number were determined to
be scattered in clay stones (Fig. 10(b)). Under the SEM
backscattering, the organic matter appeared as bright
black surrounded by the clay minerals (Fig. 10(d)). After
imaging with secondary electrons, the organic matter
presented a bright state color (Fig. 10(e)). The most direct
manifestation of the identification of the organic matter

was the extremely high content of C element in the
energy spectrum analysis results, at up to 90%. Plank-
tonic algae were determined to be the main sources of
organic matter in Es’L-Es*U in the study area. They
included coccolithophores, dinoflagellates, and so on. It
was observed that coccolithecia and dinoflagellates
alternated to form calcarcous laminae shale, and the
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Fig. 6 Spatial distributions of the laminae in Wells FY 1 and NY 1. (a) Continuous laminaec (Well NY 1; 3460.5 m);
(b) discontinuous laminae (Well NY 1; 3415.04 m); (c) lenticular laminae (Well NY 1; 3317.3 m); (d) continuous-discontinuous
laminae (Well FY 1; 3113.8 m);(e) continuous-lenticular laminae (Well NY 1; 3325.5 m).

dinoflagellates also induced fine calcite laminae to
precipitate. In addition, due to the high productivity of the
algae growth, a large amount of algae was deposited.
Then, as a result of microbial degradation, amorphous
organic matter had finally formed. The amorphous organic
matter was distributed in layers, and together with the
clay mineral laminae formed organic match-rich laminates
shale (Liu et al., 2001).

4.3.2 Description of the fine core lamination features

In this study, the Paleogene Shahejie Formation of Well
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NY1 was selected as the research object. This study
utilized detailed descriptions of cores of the 3417.7 m to
3500 m of Es3L-Es*YU (Table 5). The core descriptions
were then used to quantitatively characterize the fine
sedimentary sequence features (Fig. 11). This study’s
laboratory analysis results of the macro and micro
combinations; combinations of petrology and geophysics;
combinations of the qualitative and quantitative; close
combinations of outdoor and indoor rescarch; and the
combinations of the fine-grained mineral composition
images, rock trace element analysis results.
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Fig. 7 Comprehensive index and classification procedure for fine laminae classification.

4.3.3 Comprehensive classifications

In accordance with the characteristics of the thicknesses
and granularity of the fine-grained laminae, along with
the continuity of the laminae development, the laminae
were divided into the following groups: continuous
horizontal laminae; near-horizontal sandwiched laminae;
gently undulate laminae; wavy laminae; intermittent
laminae; and lenticular laminae based on the comprehen-
sive characteristics of their spatial morphology (Table 6;
Fig. 12).

In addition, according to the laminate properties and the
correlations between the adjacent laminates, the
comprehensive characteristics of the laminate structure
types were divided into single laminate structures;
sandwich laminate structures; cross laminate structures;
multiple mixed laminate structures; circular laminate
structures; and progressive laminate structures, as
presented in Table 7 and Fig. 13.

5 Discussion

In this research investigation, through recognizing the
fine-grained lithography types and identifying the fine-
grained lithology of Es?:~Es*U in the Jiyang Depression,
complemented with the data regarding the mineral

compositions, material sources, and features of the fine-
grained rock, the genetic mechanisms of the fine-grained
sedimentary rock in the study area were analyzed in
detail, as shown in Fig. 14. Then, a genetic model of the
continental fine-grained rock in the Jiyang Depression
was established, as detailed in Fig. 15. It was determined
that the research results were applicable to the scientific
evaluations of unconventional oil and gas storage spaces.
It was found that, due to the changes in climate temperature,
dryness or wetness conditions, and land source inputs, the
sedimentary water environments of the fine-grained
sedimentary rock could be divided into muddy water
stages, semi-muddy water stages, and clear water stages.
Variations in the durations of each stage were found to lead
to different laminar assemblages during the sedimentary
stages. For example, combinations of carbonate rock
lamination and clay mineral lamination with good
continuity mainly developed during the muddy water
stages and the clean water stages, rather than during the
semi-muddy water stages. It was found that the mixed
laminae were generally not able to develop during the
semi-muddy water stages, and the durations of the muddy
water stages were usually short, which allowed for the
easy accumulation of organic substances. The laminae
formed during the semi-muddy water stages usually
contained low content levels of organic matter and were
characterized by dispersed distributions. As a result,



645

Li DONG et al. Classification and significance of fine grain deposit laminae

*QUISYOS UOTJEOIJISSL[O EW A[[BUIJ PUE ‘UOIBN[BAD PUE UOIINQLI)E UOTIBIIISSE[O dAnEIuEnb pue

dAneyenb oy Sunerdajur Aq opew A[[eUlj ST SWAYDS UOTJBIIJISSE[O Y} ‘sdo)s 9A0qe 9} JO SISeq Y} UQ ‘UOTEN[BAD PUB UONBIIJISSE[O XIpUl dAISUdYdIdwo)) 3
*sonsLIdIdRIRYD [eLdjew pue santddoid jo uonduosop Aq pajuowdjddns
‘s1ojowered Suroeds seurte| pue ssaudIy) Aq uondLdsap sanejuenb ‘A[oweu
‘sonsiIgorIeyd [ed13ojoydiow [erjeds deurwe] Qulj pue deUIUWE[ JO UOIIRIIJISSE[O AT, 7}
9uauod uondrosap se
nquye pue 19)wered AIeIIXne se SSOWIIY) (PIM ‘SONSLIAJORIRYD [BLIAJBW JO
UOIJBOIJISSL]O “'9°T “QBUILIE] JUIJ PUB JBUIIUE] JO JUSWOTURLIE [RLIDJRU JO UONBIIISSE[D) "¢J
‘1010wered AIRI[IXNE UR SB SSAUNOIY} YIM
‘sonstIaoeIeyd A110dord uo paseq AJurew ST dBUIWE[ JUIJ PUB JBUIWIER[ JO UONBIYISSE[D) “7J
‘sooueysqns pue sanzadoid jo
uondrosap oy Aq pajuswa[ddns ‘wonEIIIISSL]O SSAUNIIY) 9] N0 ALIED 0} S[qBLIBA UIBW
3} SB BIBP SSAUNOIY] Y} ] °SI JBY) ‘UONEBIIJISSL[O SSOUNJIY) SBUIUIL] SUIJ PUB SBUIWE] “[J
"QRUIIE] QUIJ JO WIAISAS UOHBIIJISSE[O AU} YSI[qRISH -oouanbas refoure] oy AJnuapy J
-ooeds ur Apoq I1eJNONUS[ IO SNONUNUOISIP B 0] UONISURY)
SNONUNUOD B WOJJ PAOe]} 9q ABW YOIYMm ‘UOIINQLISIP Ul PIYISIOAIP I8 JBUIE]
o) pue ‘paXIwW ST SBUIWE] dY} JO UONISOdWOD [eLIdYRW Y] “SI 1By} ‘QBUIWIER] PIXIA "9
£90rds pue UOTIOAIIP UTBLIAD B FUO[R PAINGLUSIP PUB PIsORI)
9q ueod A3y} A[[eIoUdS INq ‘SATPOQ JR[NOTIUS] I8 JBUIIE] "S[EAIUI JUBDIJTUSIS YIIM
‘a3uel UTL1LIO © UI JB[NONUS| I8 SBUIWUE] SUIJ PUB SBUITUE] ‘ST JBY) ‘ORUTWER] IB[NONUST "€
A[re10udd ooeds pue uorOIIP UIeIdd B Suole
PANQLISIP PuE PasorI} Aq ULd JNq ‘A)INUTIUOISIP HIM ‘OFULT UTE)IOD B UM
A[UONTULIdIUT PANQINSIP T8 SBUTIIE] JUIJ PUER JBUTIIE] ‘ST JBY) ‘ORUTUIR] SNONUNUOISIT 7o
mmmos_o_mu SeUTWE] A[qR)S A[OAIIR[DI PUE S[BAIJUI [[BWIS (M ‘OFUET UTE)I0 © UM
PaInqLysIp A[snonunuod dJe deulte] AUIJ PUB dvUIUIR] ‘ST JBY) ‘QRUIWE] SNONUNUO)) ‘[
‘geurwe] Jo anjea [eonoeld oyj Sunenyead ur ojol jueproduw ue
Keyd sonsuojoereyo [esrdojoydiow ‘uonewLIo} djeuruue] Jo sisouag oYy 0) pajeal s A3ojoydiow dyeurtue| “PAIJISSE[d pue POlUIPI Ak SaIN)ed) [esrSojoydiow Jefjowe] oy, 9
*SONSIJBIS PUB JUSWIAINSEBIW 10J douanbas refjowe]
® SB POIJISSe[d a1e A9 ‘odeds ur surioj Surdde[19A0 Jo sa[nI uonnqLIsIp
Ure1Iad M pue a[oym o) uo sanaadoid refruurs 1o swes ) Yim S0} I0] "¢
{A19A100dsa1 pajuNoo pue paInseaw
pue dnoi3 oruIwe[ ® 0JUl PIYISSEO 919M sanradoxd Tefruwls 10 oures ay) yiim Seulwe| “Zp
£0U0 AQ U0 PAUDIOS PUE PAAIISQO JBUILIE] [SUIS JO SSAUNIIY) YY) JUNOI PUE AINSLIA “[P
"SOIISLIONORIBYD JIOAIISAI SES pue "PAIISSB[O PUB PAINSLIW
[10 9[BYS J) 9)eN[BAD 0} PUB SOIISLIAJOBIRYD JRUIWIR] AU} JOI[JI 0 BJep A3 A SI SSAUNOIY) JeuIwe| Y[, Ik SYO01 PAUTRI3 QUIJ UT SojeUIUIR] SNOLIBA PUE s)1S0dop paureld aulj Jo SSoudIy) Y], P
“SJuSWINSUI J3Y10 pue 9d0oSOIdIW JO SuUBSW AQ [9A] IS[[BWS © 1B
QBRUIWE] JO JUSWIAINSEIW PUL UONEIIJISSE[D ‘UONBIYIIUIPI ) SI UOTIBIISSB[OOIINIA "7
£59K0 podeu Aq PAJIIUOPI PUE PAINSLIW
9q UED YIIYM JBUTWE] SUIJ PUE JBUTWE] 0} SIOJOI UOTJEOIJISSL]O OId0ISOIORIA 10
"JUSWIAINSBAW PUB UONBIIJISSL]I ‘TUIUDIOS JO $109dse om) SuImo[[o} Y wolj AJuref] "UO AQ 9UO PAINSBAW PUB PIYISSB[O ‘PalNUPI oIk sadA) 19he] 5
"Bjens SuLeaq-1eod Ul UONBUIWE] Y} AJ[e1oadsa ‘Sy001 paureld
oury pue syuowpas uress aury o seradord enbrun oy oIe YoryM “Iopew druESIo
Jo pasodwos AJurewr uonBUIWR] SUIJ PUB UONEUIIE] dY) SI JIUN UOHBUIWE] Y, "¢q
‘uontodoid owes ayy ur
QI SOJUBISQNS JO SPULY [[& PUE ‘[BIIN)EW PIXIUI ST OBUTUIR] QUIJ PUE SBUTWIE] O} JO
Apoq urew o) ‘ST Jey) ‘I0AB] PAXIUI Y} Aq PAUIIOJ S}TUN SEUTUIE] JUIJ PUE JBUTWE] AL 7q
‘STeLIOIeW SUMIND pue S[EISUTW PIey IY)o ‘safonted
zyxenb [ews Surpnjour ‘sajonted sulj pi3ir Aq pojeuIlIop deuIwe] Ul pue deUIWe] [q
“drUILIR] sontadoid oryderdnensoyy
a1 [[® JO SOnsLIvNdeIRYD ) Ik sontadoid ‘uonjesiyisseld Jefjowe] Jo siseq ay) 21 sanadoid seurure] paureIsd aury Jo UOIEOIJISSE[O PU. UONEIIIUAPI pue uonisodop paurerd aurj q
*QBUIWIE] QUIJ-OIOTW
pUB dBUIWE] JY) 9ZA[RUR PUB AJISSB[O PUR ‘ONI} ) UIBIDI PUB IS[BJ A} SAOWRI ‘UIIIS ‘QINSBIUL O[]0 "PAIJISSBO “PAINSBAW ‘PIJIS[[0D SI SYO0I paureId
0] A1eSS990U SI J1 0S ‘S}00I PIUILIZ-OUIJ PUE SJUSWIPIS PAUTLIZ-IULJ Ul SAINJONNS [[BWS AUBW oIB QI [ QUlJ Ul SAINJONNS AIRJUSIIPIS [[BWIS PUR SJUSWIPIS PAUTeI3 dulj JO UONBWLIOJUI Y ], ®
JUUOI YIILISTY SPOYIOIN dog

uoneoIjIsse[d seurwe] auiy pue uonisodop ureid-oury 10y sdaig € d[qeL



646 Front. Earth Sci. 2022, 16(3): 635-656

Table 4 Main mineral compositions of the fine-grained sedimentary rock

Carbonate mineral content/% Clay mineral content/% Clastic mineral content/%

Well number

Mean value Maximum value Minimum value Mean value Maximum value Minimum value Mean value Maximum value Minimum value

NY 1 45.49 93.00 1.00 35.57 83.70 2.90 26.23 51.40 4.10
FY 1 40.61 76.00 4.65 33.42 53.94 11.60 30.34 72.60 13.40
LY 1 37.54 70.00 3.00 41.40 80.30 17.40 29.53 44.50 14.60
0 o Well FY1 was believed to have been relatively small. Therefore, the
100
o Well LY1 muddy water stages would have lasted for only short
o Well NYI periods of time, directly transferring to clean water stages
without experiencing semi-muddy water stages. The
laminae with poor continuity were caused by the effects
’§\ o of bottom flow, storms, and various living species during
™~ % or after the laminae formation (Peng, 2017). This study’s
_N\f 50 50 O?% model of the muddy water-semi-muddy water-clear water
O‘? % stages is the basic laminar genesis of the fine-grained
% 3 sedimentary rock in the Es3L-Es*U of the Jiyang

0 25 50 75 100
Caly mineral/%

Fig. 8 Ternary diagram of the mineral compositions.

stable organic matter laminae could not be formed. The
combinations of mixed laminae and organic matter
laminae indicated that the scale of the flooding was not
often frequent, and the periodic flooding outbreaks
resulted the land source materials being continuously
input into the lake basin, with the lake water body in a
muddy water stage for long periods of time. The
combinations of clay lamination and mixed lamination
indicated that the flooding was small in scale and lasted
for a relatively long period of time. Also, the flooding had
been frequent. This study’s results also revealed that the
clay lamination had formed during the muddy water
stages, while the mixed lamination had formed during the
semi-muddy water stages. Prior to the transitions to the
clean water stages, a muddy water stage had appeared
once again. It was considered that the combinations of
carbonate laminae and organic laminae may have been
related to climate changes. The climate conditions were
probably relatively dry, and the provenance area may
have suffered from relatively weak weathering which had
not provided very much terrestrial debris. However, the
influencing effects of monsoons may have led to
increased precipitation, but the scale of the precipitation

Depression, as detailed in Fig. 14.

In the current study, based on detailed analysis of the
fine-grained lithofacies of Well NY1, it was determined
that from the mineral compositions, environmental index,
lithofacies, and combination changes of the fine-grained
lithofacies of Es3L—Es*Y during the sedimentary stage, it
could be concluded that the fine-grained sedimentary
model accurately represented the Es3L-Es*VY in the
Dongying Sag. The dry and cold periods were the initial
deposition period of the Es*U, during which the supplies
of terrestrial clastic materials were relatively sufficient.
However, flooding brought a large number of minerals
including the clay, clastic, and organic matter of the lake
basin. Furthermore, silty sediment had easily developed
in the basin margins due to the strong land input. It was
determined that due to the weak reducibility of the water,
the algae supply was small and difficult to preserve,
resulting in low organic matter content in the sediment.
The environmental conditions also influenced the composi-
tion and content of the fine-grain deposits, which deter-
mined the development of the mixed block microfacies,
striated silty mudstone microfacies, and block limestone
microfacies during the early stages of the dry and cool
depositions (Fig. 15(a)). Then, during the warm and wet
periods, when the temperature fluctuation changes tended
to be larger, the climatic conditions has been changeful
but generally tended to be warm, wet, and humid. Due to
the increases in rainfall, the amount of fresh-water input
had risen. However, due to the large amounts of seawater
intrusion, the amount of seawater was much larger than
the fresh-water supplements, resulting in the salinity
levels of the lake water not decreasing. Those findings
indicated that the influencing effects of climate on the
water depths, reducibility, and salinity had still existed
during that period, but the controlling effects of transgression
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Fig. 9 Characteristics of the clay minerals as viewed using scanning electron microscopy (SEM). (a) Well NY 1, 3465 m,
secondary electrons, illite/smectite formation; (b) Well NY 1, 3336 m, secondary electrons, sheet illite; (c) Well NY 1, 3345.7 m,
secondary electrons, flocculent montmorillonite; (d) Well FY 1, 3100.6 m, back scattering, flaked kaolinite; (¢) Well NY 1, 3441.75 m,
back scattering, flower-like chlorite; (f) Well NY 1, 3345.7 m, secondary electrons, fibrous chlorite.

were more obvious. Moreover, with the end of the
transgression period and the diluting effects of large
amounts of fresh-water input, the salinity of lake basin
gradually decreased and returned to normal lake levels.
Overall, the lake presented a state of low salt and rich
oxygen (Fig. 15(b)). During the warm and wet periods,
the amount of land source input tended to be stable, while
the amounts of fresh-water input and rainfall decreased.
As a result, the salinity levels were further decreased
(Fig. 15(c)).

Under the background of humid climate conditions, the
lake water body appeared to become stratified. The lower
part was in a high-salt and oxygen-deficient environment,
and the upper part was in a low-salt and oxygen-enriched

environment. This was due to the fact that the rainfall
carried large amounts of fresh-water and nutrients into the
lake system, causing rapid rises in the lake level and the
promotion of the stratification of the lake (Bohacs et al.,
2000; Jiang et al., 2007; Ma et al., 2016). Therefore, it was
evident that the sedimentary environment of the fine-
grained sedimentary rock was closely related to the paleo-
climate conditions, and its sedimentary characteristics
changed with the evolution of the sedimentary environment.

6 Conclusions

In this study, the quantitative parameters, such as the
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50 mm

Fig. 10 Organic core and microscopic characteristics. (a) Well NY 1, 3465 m, single polarization, black bands interlayered with
carbonate minerals; (b) Well NY 1, 3336 m, single polarization, organic matter is scattered in the clay rock; (c) Well NY 1, 3465 m,
core photographs, organic laminae; (d) Well NY 1, 3325.5 m, back scattering, dispersed organic matter; (¢) Well FY 1, 3088.15 m,

secondary electrons, dispersed organic matter.

thicknesses of the fine laminae, laminae properties,
organic matter laminae, and laminae spatial distributions
could be unified within the established framework in
order to identify mutual relationships. Subsequently, an
evaluation system for the fine-grained deposition of
micro-laminae was formed as follows.

1) A basis for accurate micro-laminae classification
was established, and the criteria for the classifications of
micro-laminae were determined. The micro-laminae were
divided into four major categories and 20 minor
categories.

2) The working steps and classification methods

including information collection, measurement, characteriza-
tion, identification and classification of laminae attributes
are proposed, and based on this, the classification and
evaluation system of lamina comprehensive indexes is
established.

3) A micro-laminae classification scheme was successfully
identified as two major categories and 12 sub-categories.
The first category was classified according to the
comprehensive characteristics of spatial morphology, and
the second category was classified according to the
comprehensive characteristics of laminae developmental
structural attributes.



649

Li DONG et al. Classification and significance of fine grain deposit laminae

‘(11 "S1) souoispnwu A)j1s AeI3 yIep o1e SUIMO[[O] YL, W §T 06§ € dvUIWL]
oy} Suore a8ueyd SUIPI[S SI AIDY) PUB ‘YIOOWS 10U ST JT “TB[D SI J9BJINS JOBIUOD ) Y3noyIy
“opIsur payormpues deurwe] Ae1d yim ‘(11 “S1]) pouriojop are seurwe] Aeir) "Surppaq oruyiAyl

quoyspnur Sl
)M Paje[edIdul

‘uIppaq [eIu0ZLIOY ‘A}INUNUOD POOS JUIWD SNOJTLI[.D Quolsy[is juid w g surejuod jred 1oddn oy, v Juojspnur A1 00S¢€ o
SIJRUILIE] ROM JARY SBAIR OWOS puk (1] “31,]) Surppaq dAIssew Juojspnur JO Joquamqns
UM dUOIspnu [1os-wnurwmne Aei3 1y31| Jo pasodwod AJurew st W §°G/ €—9°/ 94 ¢ JO UOTOIS SIY, snourunyy 8'GLYE BIXUNYD)
*K31011949 snotaqo ynm ‘(11 ‘S1) AJereuro)fe spueq I9yew d1uesio QUOIs)|IS
PUE SpuBQ JUOISI[IS SUOISPN ABIS OJUT SUIN PUB dUIJ SAW0Iq JZIS UIeI3 oY) uay) puy (11 S1g) M Paje[edIul
SOUO0)S}[IS MO[[0A-ADI3 o) YIIM POPPAGIAIUL AIB SUIOA Y001 AB[D Jor[q-A0I3 Y ‘[eIU0ZLIOY SI YoIym quoyspnux
wur ¢ (0—1°(Q ST SSOUNOIY) JeUrwe] ) pue ‘W §'79H€ 0} §'(9H¢ WoIJ pado[oAap 1€ SAU0ISI[IS paynens Snoared[e) ¥ L9YVE
-0Fed je[J ‘[RIUOZIIOY YPIM NOIY) W] JNOQE SI UOT)eUTIIE] JUSUWD
“Io)JEW J1uBSI0 JO uoneurure] 9y} Suofe pauado 9q UBd PuUB 18I0 ST 9JBJINS UOLBUIWE] Y} PUB SNOaIBO[ED
‘1899 SI 9[040 uorjeUIWER] OU) ‘(SeuIe] Jo)ew d1uesio) 013 WSI| Y)Im paAed[Iajul A213 umo1q/Aa1n) v QUOISYIS S 09t€
ww > A[oyewrxoldde st ssaudoryy
Teurwe] ‘uontodoid oSre] ur jou Inq ‘papuxe ApuenruLIduI a1e Aeid 131 Jo seurwe] oy, (dojorsp
Seurwe] dulj A1oyMm) deurwe] Aei3 dodp ym pastadsidyur ‘A[Ised paziuS0oa1 9q ued pue ‘AJrudpl
01 ASd ST pUB S9[0AJ [[BWS JO JUSWO[OAIP A} S103[JAI 2INJXA) [BIUOZLIOY JY [, ‘dLUIUIL] O1URTI0
dIe QIAY) PUB ‘WU | > SI SSAUNOIY) UoneUIWE] ) ‘A[[LIU0Z1I0Y pAdO[2AdP SI UOTIBUTIER] JR[[OWR] Y], RN $0°TSHE
‘padojorap
0S[& UOIRWIO)IP Jnej Jos [[ews Jede pjoy a1e seurwe] 1omo] pue 1oddn oy (11 "S14) 99105
SuIppaq JO UOTOLIIP oY} UT SHUSWIPIS 1J0s Payoadsns Jo uonewroap anserd mor *(11 S1]) SIMd00
uoneuLIoJop SUIPI[S Ay pue JJo syealq uonisodop ay) pue ‘dIeys pue dI19AIS ST UOHBULIOJOP dY) pue
‘geurwre] 9y Suore 03 SP[O} 9Y) PUL ‘UOT)BULIOJ SBUIWE] AU} JO UOIIOIIP Sules Y} Juo[e UOIeULIOOp uojspnur uoneuwIo 2u2003110 sudSoored
SUIPI[S MOUS SBUIWE] UL} Y} PUE ‘UONOIS UOIIBULIOJIP Y} Ul dBUIWIE] UL} AUBW 918 1Y, v Snoarede) 86°61¥¢€ arfoyeys :
‘QRUIWER] JO SO[OAD sq
quyy Aq paywI] aIe YoIyMm ‘sjnej AIejusIPasuAs [[BLUS o8 I [, “Te[NONUS] OS[. INq [qRIS A[ISOW ST Jo Bmﬁwoﬁﬁ@:m
QBUITUE] 9)I9[ED ‘QRUIWIE] JOYNIIY) A UI 93URYD SSAUNOIY) © ST 219y [, ‘odeys [ejuoziioy e Junuasaid ‘uru eIXUNYD
1 uey) ssaf a1e (syred) suoneurwe] [enpiArpul oy [, ‘syuouodwiod ureid urj a1e suoneurwe] Aeid ayj pue :
‘SUOTRUIIIE] SNOATLO[BD dIB SUONRUIWE] )M PuR ABIS 9], ‘PIZIUG0031 9q 0] ASBS puk padooap [[om
a1e 9]949 91} JO SBUIWIE] JOUUI Y[, ‘WD ¢ 0) WO | Wolj SuIFuel SSOUIIY) 9[04 J[3UIS B [)Im ‘PAYNUIPI Juojspnui
9q ued S3[0A0 dnoI3 JeUIWE] [BIDAIS pUR ‘OBUIWIE] UTBW ) dIk I9)jewl d1uegIo Sulurejuod deurwe] oy J, SnoaIed[e)) CI'LEVE
*adeys ur [ejUOZIIOY PUL J0[0D UI IB[IWIS ATk I9)ew d1ueF10 pado[oAdp SSof Jo deurwe] Y[,
‘odeys oAM MO[S MOT[S QBUTIIE] JWOS PUL ‘UIWI 7 ULY) SIOUI PUB WILK | ULY) SSI[ deUTWE] JO pasodurod
AIsowr o1e ovUTWIR] "dBUTWER] ABIS JO UONBIO] ) AQ PANUAPI 9q P[nod dnoid srurure] Jo 9042 ay) 9[eYS SNOAIBI[BD
‘IOA9MOH "SNOTAQO JOU I SIUI[ UOISIAIP JO[0 3T} PUL )IBIUOD [BUON)ISURI} MOYS SBUIWE] dY) JO JSOJA )M paje[edIaul
WY} U2IMIDQ PAYdImpues deutwe] Ae13 JYSI| yym ‘deurwre] Aei3 aulj K194 Jo pasodwod Ajurews st 3 dleys snoAIed[B)  SHERE
‘(yely) s1oAe] [euiou Jomo] pue 1oddn oy
U99MI9Q PUNOJ S8 JBUILIE] UONBULIOJOP UIdNed MO[J Y, ‘WU | UeY) SSI I8 SoJeUIUIL] SUIJ })SOW pueR
‘WUl Z—[ INOQE ST AJBUIWE] UTRW O], SJUSWIPIS JOIY) Ul AJ1ARIS Aq Pasned SJUSIpas pajepijosuodun
Jo o3ueyd oy pue uonoedwod [enUAIIP Aq pasned d3ueyd 2dofs WYSIs Y3 Jey) PIod[Jal
yoym ‘(11 'S1) eamonns mofj pue deim dojorap osye ‘eseyd swes ) Ul A[[eoISeq SI UO}BUWIOJOP
QBUITUE] UTBW 9], "SOTUBYD SSOUNDIY) JLUILIR] AU} PUB PUAQ SBUIWER] ) PUL ‘SIOAR] JB[] U2IM)q Juojspnui
SIND50 )1 MON] "UOTIBULIOJOp [euonisodop sures a1 ST yorym ‘umop pue dn wo /[ jnoqe st yydop siy L, v Snoared[e) $6'611€
‘uoyoiq sem dnoi3 rejowe] ayi[-o3esnes oY) pue ‘1oAe] Joddn oy ur paaIssqo
SeM 2INJOkIJ UOTJBULIOJOP JJOS [[BWS y "W 7 JO ssauory) & ypim (11 S14) dnoi3 rejjowe] 10mo|
oy} Ul pado]oAap 219M S[[OI PUB SP[O] "W / "/ [{€ T8 JU)SISU0D A[9AIR[AI SEM UONRULIOJOP JB[[QWE] Y [ v QUOISPNWI AW /L€
Surduwres uonseg dnoin SoLI0g wo)sAg
2109 Jo uondiIosap pafredq 3107 A3oroyyry w/ypdoq
LA

T AN [I2M “N¥ST - TEST Y3 30 2100 ot Jo uondiiosap oury  § IAqeL



650

Front. Earth Sci. 2022, 16(3): 635-656

Stratigraphic system

Depth

System

Series

Group

Section

Lithology

Sedi-
mentary

ment

environ-

Composition

0

Paleogene

Oligocene

Shahejie Formation

Chunxia submember of Es*V

Tubidite fan

Semi-decp
lake

Tubidite fan

Semi-deep
lake

Tubidite fan

Semi-decp
lake

Tubidite fan

Tubidite f:

3460

Sem-ideep
lake

Pro-fan de

Shallow lake

Pro-fan delta

Shallow lake

Pro-fan def

Shallow lake

Pro-fan de

Shallow lake

Calcite

100 (O

Argillaceous

100

Dolomite
100 |0

0

Pyrite

15

Terrigenous

lasti
0 clas lcle

Core and rock slice photographs

Well NY 1, syndepositional Well NY 1. fold, roll
fault 3409.87-3410.10m  packing 3417.69-3417.84 m

Well NY1, bending laminae, Fluid-type structure, 3419.94 m

@ Scen

‘low deformation structure, 3441.63 m

WEIINY 1, Flow plastic deformation, 3441.75 m

Well NY1, Foliate bedding, 3453.3 m

Fig. 11 Comprehensive column of Well NY-1.
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Fig. 12 Fine lamina types classified based on spatial morphology. (a) Continuous horizontal laminae (Well NY1; 3,460.5 m);
(b) near-horizontal laminaeted layers (Well NY1; 3,441.75 m); (c) gently undulate laminae (Well NY1; 3,465 m); (d) wavy laminae
(Well NY; 3,465 m); (e) interrupted laminae (Well FY1; 3,132.68 m); (f) lenticular laminae (Well NY1; 3,317.3 m).

Table 6 Types and characteristics of fine laminae are classified based on spatial morphology (including microlaminae)

Classification

Characteristics

Continuous horizontal laminae

Near-horizontal laminated layer

Gently undulate laminae

Wavy laminae

Interrupted laminae

Lenticular laminae

The laminae are continuously and stably distributed, such as fine silty laminae and unstable micro-shells of
organisms, which are generally horizontal, without obvious peaks and troughs (Fig. 12(a)).

The laminae are continuously and stably distributed, such as the fine silty laminae which are stable, and the
delicate biological shells which are unstable. There are some peaks and troughs, but the overall shape is
nearly horizontal (Fig. 12(b)).

The laminae are continuously and stably distributed, such as stable fine silty laminae and unstable biofilm
shells, showing obvious characteristics of wave peaks and troughs, but the overall laminae have moderate
changes, and the peak height/wave distance ratio is less than 1/4 (Fig. 12(c)).

The laminae are continuously and stably distributed, such as stable fine silty laminae and unstable biological
fine shells, showing obvious characteristics of wave peaks and troughs. The overall laminae have obvious
changes, and the peak height/wave distance ratio is greater than 1/4 (Fig. 12(d)).

The laminae are discontinuous, but generally traceable (Fig. 12(e)).

The laminae are discontinuously distributed and dominated by matrix (Fig. 12(f)).
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Table 7 Structure types and characteristics of fine laminae are classified based on their properties and correlations (including microscopic
laminae)

Classification Characteristics

Single lamellar structure The argillaceous matrix is composed of only one stable distribution of characteristic laminae, such as fine silty laminae
(Fig. 13(a)).

laminated structure It is mainly characterized by one iconic laminae and distributed by one or more other laminae, such as stable fine silty
laminae and unstable micro-shells of organisms (Fig. 13(b)).

Interlaminar structure It is characterized by the interaction of two iconic laminae (Fig. 13(c)).

Multicomponent hybrid Non-cyclic mixing of three or more characteristic laminae (Fig. 13(d)).

lamellar structure
Circular lamellar structure ~ Two or more iconic lamellar features occur regularly (Fig. 13(e)).

Gradation lamellar structure One or more of the iconic lamellar features show obvious change trend from bottom to top (Fig. 13(f)).

: : l"i.@:%aa.s W i
SRR S g

R 550 AR i 4

Fig. 13 Fine laminae structural types classified based on their properties and correlations. (a) Single lamellar structure (Well FY1;
3125 m); (b) laminated structure (Well NY'1; 3441.75 m); (c) inter-laminae structure (Well NY'1; 3465 m); (d) multiple component
hybrid lamellar structure (Well NY1; 3396.65 m); (e) circular lamellar structure (Well NY1; 3499.95 m); (f) gradation lamellar
structure (Well NY1; 3325.5 m).



Li DONG et al. Classification and significance of fine grain deposit laminae 653

(a) Clear water stage

Carbonate
laminac

The input amount was little

Clay laminae+
FWB carbonate laminae

SWB -

Clay laminae+carbonate
Dongying sag of Jiyang Depression laminac-+organic laminae

(b) Semi-muddy stage

The input amount increased

[ ]

Clay laminac+
carbonate laminae

Clay laminae+carbonate
Dongying sag of Jiyang Depression laminac+organic laminac

A

»
Clastics ~ Organic Terrigenous input
matter

(c) Muddy water stage

e

The input amount got maximum

Clay laminae+
------------- FWB carbonate laminac+
——————— SWB

organic laminae

e e 200 um

Dongying sag of Jiyang Depression WellNY 1, 3419.94 m

Fig. 14  Genetic pattern diagram of the fine-grain layered.
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Fig. 15 Continental depression lacustrine fine-grained rock sedimentary model.
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