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In recent years, the studies on fine-grained sedimentation mainly focus on the rock type, sedimentary environment,
sedimentation, and sequence stratigraphy, while those on the relationship between sedimentary environment and lithofacies
development are rare. However, a clear understanding on the relationship is of great significance to the muddy shale oil and
gas exploration. This paper studied the muddy shale of semideep and deep lacustrine facies in the lower submember of
Member 3 of Shahejie Formation in FY-1 Well, Dongying Sag, Bohai Bay Basin, East China. Based on geochemical data, the
sedimentary environment media conditions and vertical changes of this submember were analyzed by means of core
description, thin section authentication, X-ray diffraction (XRD), and other technologies, and the relationship between
sedimentary environment and lithofacies development was discussed. The results show that this environment underwent three
stages and is featured by cyclicity. From the bottom up, it experienced the semideep, deep, and deep/semideep waters under
the relatively dry-cold/relatively warm-wet, warm-wet, and warm-wet/relatively warm-wet paleoclimates, respectively.
Correspondingly, the paleoredox transited three stages from reducibility to high reducibility to high reducibility/reducibility;
the paleosalinity changed from saline water to brackish water to brackish/saline water. Paleoproductivity was low/relatively
high at the beginning, then became high, and finally relatively high. In this submember, the lithofacies primarily includes
organic-rich mudstone, organic-rich lime mudstone, organic-rich lime-bearing mudstone, and organic-contained argillaceous
limestone/lime mudstone. The sedimentary environment controls the mineral composition and content in the lithofacies and
thus determines the lithofacies types. Meanwhile, the cyclicity of environmental change not only leads to that of the lithofacies
development but also affects the positions of the lithofacies and its assemblages in sequence stratigraphic framework.

1. Introduction

Fine-grained sediments refer to the clayey and silty ones
with the diameter less than 62μm, mainly containing
pyrites, organic matters, and clay, felsic, and carbonate min-
erals [1, 2]. The fine-grained sedimentary rock (also known
as the muddy shale) is composed of fine-grained sediments,
and it covers about two-thirds of the sedimentary rocks [3].
The organic-rich fine-grained rock in deep water is a crucial

source rock and has become a key object in unconventional
oil and gas exploration [3–7]. Many scholars’ studies on
fine-grained sedimentation have focused on mineral compo-
sition, rock type, sedimentary environment, and the proper-
ties of source-reservoir-cap assemblages of oil and gas
[8–12]. Their achievements in the field have promoted the
development of fine-grained sedimentology. However, it is
still a worldwide scientific challenge to classify and describe
the fine-grained sedimentary environment precisely due to
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the complex formation mechanism and various lithofacies
types of these sediments. Besides, the relationship between
this environment and the lithofacies is rarely studied. Thus,
the environment cannot be analyzed rapidly and accurately
according to lithofacies types. In view of this, it is essential
to probe into its sedimentary environment media conditions
and figure out its control effect on lithofacies development
so as to lay a solid geological theory foundation for the
unconventional muddy shale oil and gas exploration.

The sedimentological and geochemical indicators pre-
served in sedimentary strata can reflect the change of the
sedimentary environment. Armstrong et al. and Yuri et al.
studied the redox property and salinity by mineral composi-
tion and geochemical and palaeontological methods [13, 14].
Romero and Slatt and Rodriguez found that for fine-grained
rocks in deep water, the hydrocarbon generation potential
(ðS1 + S2Þ/TOC) also reflected the water depth and redox
property, and its content was positively correlated with the
two factors [10, 15]. Guo et al. indicated that the climate
changed with alternating wet and dry conditions in Member
3 of Hetaoyuan Formation in BY-1 Well of the Biyang Sag.
The research region was divided into 7 high-frequency
cycles according to four substitutive indicators, i.e., paleocli-
mate, paleosalinity, paleoproductivity, and paleoredox [16].
Pang et al. classified the lithofacies in the upper submember
of Member 4 and the lower submember of Member 3 of Sha-
hejie Formation in FY-1 Well into 11 types and divided the
paleoenvironmental evolution of 6 stages [17]. Wang et al.
studied the fine-grained sedimentary system of lacustrine
shale through core description, thin section observation,
and geochemical tests. It is considered that the mud shale
from the upper submember of Member 4 and lower
submember of Member 3 of Shahejie Formation in Jiyang
depression is a product of the combined action of mechani-
cal and biochemical mixed sedimentation under the rela-
tively stable water environment [18]. Shi et al. combined
sedimentological and geophysical methods such as field
section measurements, core analyses, well logs, and seismic
section interpretation to study the sedimentary evolution
from the middle Permian to the early Triassic. In addition,
provenance analysis was performed for the sediments from
both flanks of the Bogda Mountain [19]. Shi et al. used the
outcrops in the north rim of the Bogda Mountain, cores,
seismic, drilling, and logging data of the Fukang and Jimusar
sag to illuminate the middle Permian-lower Triassic strati-
graphic distribution, characteristics of sedimentary facies,
and climate change in the Bogda region. Based on the above
research, a tectono-climate-sedimentary evolution of the
middle Permian to early Triassic can be rebuilt [20]. Previ-
ous research has been centered on the mineral composition,
rock type, and sedimentary environment [8–12], of which
the third one is studied mostly based on geochemical indica-
tors rather than sedimentological ones. Besides, there are
rare studies on the relationship between this environment
and the lithofacies. Therefore, the sedimentological and geo-
chemical indicators, which are sensitive to the sedimentary
environment, were used in this paper comprehensively to
clarify the characteristics of this environment and its control
of lithofacies development, which will be helpful to further

understand the sedimentary rule of fine-grained sedimen-
tary rocks.

There is a large set of such rocks in the Paleogene Shahe-
jie Formation, Dongying Sag, Bohai Bay Basin, where the oil
and gas resources are abundant, showing a high exploitation
level [17, 21–23]. Meanwhile, the rock cores from cored
wells and the test materials (thin sections, XRD, elements,
and organic geochemistry) are complete, making it the best
region to study the sedimentary environment and its rela-
tionship with lithofacies development. In recent years,
scholars have made great progress in this set of fine-
grained sedimentary rocks, which promotes shale oil and
gas exploration. However, rare studies are conducted on
the environment of fine-grained lacustrine rocks whose
lithology changes frequently and its control of the lithofa-
cies. Based on previous studies, the lower submember of
Member 3 of Shahejie Formation in FY-1 Well of the Don-
gying Sag was taken for an example in this paper to analyze
the sedimentary environment media conditions and vertical
changes, discuss the relationship between sedimentary envi-
ronment and lithofacies development, and clarify the control
mechanism of this environment on different lithofacies
types. Technical methods including core observation, thin
section authentication, and XRD were utilized in combina-
tion with information such as sedimentological indicators
and geochemical analysis. The research achievements are
conductive to the unconventional muddy shale oil and gas
exploration, showing a theoretical significance to the fine-
grained sedimentology.

2. Geological Setting

2.1. Structural-Sedimentary Evolution Characteristics. Bohai
Bay Basin is located in East China. It is a Mesozoic-
Cenozoic fault basin that developed in North China Plate
after Paleozoic Sedimentation and Movements during Indo-
sinian and Yanshan periods (Figures 1(a) and 1(b)) [24–26].
Jiyang depression locates in the southeast of this basin and
developed four secondary sags, i.e., Chezhen Sag, Zhanhua
Sag, Huimin Sag, and Dongying Sag (Figure 1(c)) [24]. Its
structural evolution characteristics have been inherited by
the Dongying Sag. Through multistage structural move-
ments, the bottom of this sag develops the pre-Mesozoic
basement, the middle is the layer forming in the rift stage,
and the top is the one forming in the depression stage. The
fault-depression stage of the structural evolution of this sag
occurred in Paleogene. It is the primary extensional faulting
stage when many extensional faults are developed with
intense movements. Thus, a typical asymmetric dustpan-
shaped sagged is formed into many salients developing
around it. It is “faulted and steep in the north, and over-
lapped and gentle in the south.” A series of synsedimentary
normal faults of the sag further divide it into four petro-
leums generating subsags (Boxing, Lijin, Niuzhuang, and
Minfeng) and the northern steep slope zone, central anticli-
nal zone, southern gentle slope zone, and various fault struc-
ture zones and other secondary structural units (Figure 1(d))
[26–29].
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2.2. Stratum Development Characteristics. The Dongying Sag
has developed Paleozoic (Pz), Mesozoic (Mz), Eocene (E),
Neogene (N), and Quaternary (Q) strata from bottom to
top. Thereinto, the Eocene stratum is widely distributed, with
a thick sedimentary layer. The thickest part is over 7 kilome-
ters, but it is gradually thinned and sharpened from the center
of the edge. From the bottom to the top, this stratum is divided
into Kongdian Formation, Shahejie Formation, and Dongying
Formation, of which the Shahejie Formation includes 4 mem-
bers, as shown in Figure 2 [24, 30–32]. Member 3 is character-
ized by the lacustrine sedimentation of dark gray and gray
muddy shales, with the thickness of 700-1,000m. The middle
part is as thick as 1,200m or above. This member is further
divided into the lower, middle, and upper submembers from
bottom to top. The lower one develops the deep lacustrine
sedimentation of dark gray mudstone, oil shale, and grayish-
brown oil shale that are interbedded in unequal thick, with a
small amount of thin sand, gray limestone, and dolomite
(Figure 2). The stratum of this member records how the lake

environment and climate change, so it is an ideal region to
study the sedimentary environment.

3. Data and Experimental Methods

Rock core analysis by X-ray fluorescence (XRF): the rock
core located in the depth of 3,052-3,251m in the lower sub-
member of Member 3 of Shahejie Formation in FY-1 Well
was elaborated, and its element content was tested by the
NITON XL3t-950 Handheld Mineral Element Analyzer (an
instrument based on the XRF spectral analysis technology)
developed by Thermo Scientific [33]. In order to ensure
the data validity, the test points were spaced 2.5 cm apart
according to the Nyquist sampling theorem, with each one
taking 20 s [34]. In this test, mineral and soil models were
adopted to measure different element contents. The former
was used for major elements, while the latter was used for
trace ones with the content less than 1%. This study tested
Ti, Si, S, K, Ca, Fe, V, Ba, Zr, Mn, Zn, etc., to analyze the
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paleoenvironment and classified the element indicators
representing the paleoclimate, paleowater depth, paleosali-
nity, paleoredox, and paleoproductivity in the test data [16].

Whole-rock analysis by X-ray diffraction (XRD): this is a
common method to determine the mineral composition of
rocks. Firstly, the rock samples were ground into grains in
the size of about 5μm or less than 200 mesh. Secondly, they
were pressed and moulded and then tested to obtain the
mass percentage of minerals. The TTR X-ray diffractometer
manufactured by Rigaku Corporation, Japan, was adopted
for the XRD test according to the industrial standard of
SY/T 5163-2010 [34–36].

Total organic carbon (TOC) analysis: the dry samples
were ground into grains with a diameter of 0.2mm, and
the diluted hydrochloric acid (pure hydrochloric acid:
water = 1 : 7) was used to remove the inorganic carbon com-
ponents. Then, these samples were burned in the high-
temperature oxygen fluid (oxygen purity: 99.9%) to convert
the TOC into carbon dioxide. Finally, based on the corre-
sponding relation of carbon content between TOC and car-
bon dioxide, the content of the latter was detected by an
infrared/thermal conductivity detector, and that of the for-
mer was calculated accordingly. The LECOCS-230 Carbon

Sulfur Analyzer was used in this test, and the test conditions
refer to the national standard of GB/T 19145-2003 [34–36].

4. Results and Discussion

4.1. Paleoenvironmental Analysis. Elements, which are preva-
lent in various sediments, are extremely sensitive to environ-
mental change. Their migration and enrichment rules are
affected by the geological environment [37]. However, petro-
logical and other sedimentological indicators can also reflect
sensitively the condition when the sediments are formed in
the lake basin [38–40]. Therefore, based on the sedimentolog-
ical and geochemical indicators that reflect the lacustrine
sedimentation, this paper analyzed the paleoenvironment
from paleoclimate, paleowater depth, paleoredox, paleosali-
nity, and paleoproductivity and discussed the control effect
of sedimentary environment on lithofacies development.

4.1.1. Paleoclimate. Sedimentological indicators, such as
color, lithology, mineral composition, and sedimentary
structure [40, 41], and geochemical ones, for example, the
Na/Al [17, 27, 41–43] and dry-wet index C
(C =∑ðFe +Mn + Cr + V + Co + NiÞ/∑ðCa +Mg + Sr + Ba + K + NaÞ)
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[40, 44, 45], are sensitive to the paleoclimate and thus used
for the analysis.

The change of substitutive indicators for the paleoclimate
in the lower submember of Member 3 of Shahejie Formation
in FY-1 Well is featured with periodicity and cyclicity. Firstly,
in the stage of 3,169.15-3,251m (Stage 1, the same in the
following), the light gray-gray organic-contained argillaceous
limestone is developed at the bottom, with the rock core
becoming gray-dark gray upward. Besides, there is a higher
proportion of dark gray lime mudstone that reflects the deep-
ening of water body. The wave structure of the calcite is occa-
sionally seen, interbedded with a large number of arenites
composed of micritic calcite [37, 46, 47]. The sedimentary
structure is dominated by the flat lamina. The Na/Al value is
high, showing a decreasing trend from bottom to top, while
the dry-wet index (C) is low (with a mean value of 0.4), show-
ing an increasing trend along the same direction. Besides, the
calcite content is high (1%-77%), with an average value of
42.92%, but it tends to decline in this direction. The contents
of clay mineral (3%-52%) and quartz (5%-36%) are low. Their
mean values are 18.85% and 21.79%, respectively, showing an
increasing trend. Based on the above changes, it is speculated
that the environment is relatively dry and cold in this stage
due to the arid climate in the upper submember of Member
4 of Shahejie Formation, but it became relatively warm and
wet from the bottom up (Figures 3 and 4). Secondly, in the
stage of 3,086.55-3,169.15m (Stage 2, the same in the follow-
ing), the rock core is dark gray, and the lithological characters
mainly include lime mudstone, lime-bearing mudstone, and
mudstone, with the massive and stratified structures devel-
oped. There are more organic matters in this stage. Mean-
while, the Na/Al value keeps decreasing, while the C value
increases to 0.6. As for the mineral composition, the calcite
content, ranging from 2% to 74%, shows the same trend as
in Stage 1, but its mean value decreases to 36.1%. The contents
of clay mineral (3%-59%) and quartz (10%-45%) increase,
with their mean values rising to 25.47% and 23.95%, respec-
tively. As shown by the change of these indicators, the climate
is warm and wet in this stage (Figures 3 and 4). Finally, in the
stage of 3,051-3,086.55m (Stage 3, the same below), the rock
core remains dark gray, and the lime-bearing mudstone and
lime mudstone are formed. The sedimentation develops from
massive structure to laminated one. In this stage, the organic
matter content is still high. There is a little increase in the
Na/Al, while the C value decreases to 0.5. The average content
of calcite increases slightly to 36.64%, and those of clay min-
eral and quartz decrease to 24.91% and 19.87%, respectively.
It is found from these changes that the climate remains warm
and wet in Stage 3 and will become relatively warm and wet
gradually (Figures 3 and 4).

According to the variation trend of sedimentological and
geochemical indicators in this submember, the paleoenvir-
onment undergoes the relatively dry-cold/relatively warm-
wet climate in Stage 1, the warm-wet climate in Stage 2,
and the warm-wet/relatively warm-wet climate in Stage 3.

4.1.2. Paleowater Depth. The water depth is studied based
on geochemical indicators, including Th/U, Fe/Mn, ðFe +
AlÞ/ðCa +MgÞ, and TOC, and sedimentological ones, such

as color, lithology, andmineral composition (pyrite, carbonate
mineral, and quartz) [15, 17, 27, 40, 41, 43, 44, 48–51].

In the lower submember of Member 3 of Shahejie For-
mation, the change of substitutive indicators for the paleo-
water depth is characterized by phasing and cyclicality. In
the first stage, the relatively dry and cold climate becomes
relatively warm and wet, and the light gray-gray rock core
turns dark. The lithology is mainly the lime mudstone, and
the sedimentary structure is characterized by the flat lamina.
The contents of pyrite and TOC are low, and the mean value
of the former is merely 2.37%. However, there is an increas-
ing trend for them from bottom to top. The ratios of element
associations, such as Fe/Mn and ðFe + AlÞ/ðCa +MgÞ, are
high and tend to decline when going upward. Therefore,
the water is shallow in this stage, but it becomes deeper
slightly in the upward direction (Figures 3 and 4). Secondly,
the climate is warm and wet in Stage 2, and the rock core is
mainly dark gray. Besides, the massive and stratified struc-
tures are developed, with a higher shaliness. The pyrite con-
tent continues to increase steadily, with its mean value rising
from 2.37% in Stage 1 to 3.4% in this stage. The TOC con-
tent is stable, and the ratios of element associations reduce
to a lower level. It can be seen from the change of all indica-
tors that the water is deep in this stage (Figures 3 and 4).
Finally, the climate becomes relatively warm and wet in the
third stage. However, it is warm and wet on the whole.
The rock core is mainly dark gray-gray. The sedimentation
develops from a massive structure to a laminated one, with
the shaliness increasing. The average pyrite content is
3.11%, and the TOC content is comparatively high. The
association ratios of Fe/Mn and ðFe + AlÞ/ðCa +MgÞ
increase slightly. These changes indicate that the water
remains deep in this stage after the deepening in the previ-
ous one (Figures 3 and 4).

As shown by the changes of all the above indicators, the
water depth evolves through 3 stages in the lake basin of the
lower submember. In the first stage, there are little freshwa-
ter flows from rivers into the basin and a relatively dry/rela-
tively warm-wet climate caused the low precipitation.
Meanwhile, the water evaporates significantly, resulting in
the decrease in the inflow, and the increases in drainage.
Thus, the water is shallow, but it will become deep upward.
The climate is warm and wet in the second stage when the
water depth increases rapidly to its maximum. In the third
stage, the water is still deep when the climate becomes rela-
tively warm and wet.

4.1.3. Paleoredox. The paleoredox condition is a crucial
factor affecting the preservation of organic matters, and
indicators for its study include geochemistry and sedimento-
logical indicators such as color and mineral composition [13,
14]. In this paper, geochemical indicators, V/Cr, Ni/Co, V/
ðV +NiÞ, and TOC, and sedimentological indicators, color
and pyrite, were adopted for its study [15, 17, 27, 40–43,
45, 49, 52–63].

The change of all indicators for the paleoredox in the
lower submember of Member 3 of Shahejie Formation is
periodic and cyclic. In the first stage, the relatively dry and
cold climate becomes relatively warm and wet, and the water
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(a) (b)

(c) (d)

(e) (f)

Figure 3: Continued.
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is shallow. The rock core is mainly light gray-gray, with a
low TOC content. In this stage, the pyrite content decreases,
with a mean value of 2.37%. However, it tends to rise from
the bottom up. The association ratios of V/Cr, Ni/Co, and
V/ðV +NiÞ are low, with their average values being 3.43,
5.02, and 0.48, respectively. These indicators show that this
stage is characterized by a weak reducing/reducing environ-
ment. Secondly, the climate is warm and wet, and the water
is comparatively deep in Stage 2. In addition to a high TOC
value, the pyrite content continues to increase steadily, and
its mean value rises from 2.37% in Stage 1 to 3.4% in Stage
2. The above association ratios keep increasing to 4.52, 7.27,
and 0.69, respectively. It can be seen from this that the water
is deeper in this stage, showing a strong reducing environ-
ment. Finally, in the third stage, the climate is unchanged,
and the water remains deep. The content of TOC is still high,
and that of the pyrite is 3.11% averagely. The ratios of V/Cr,
Ni/Co, and V/ðV +NiÞ reduce to 4.17, 5.63, and 0.50,

respectively. According to these changes, this stage is in a
strong reducing/reducing environment (Figures 3 and 5).

The variation of these indicators shows how the water
body in the lake basin changes with the redox property in
the lower submember of Member 3 of Shahejie Formation.
Firstly, there is little river water flowing into the basin due
to the low precipitation under an arid climate. In addition,
evaporation is significant. Consequently, the water inflow
is lower than the drainage. Thus, the water becomes shallow,
showing a low reducibility. After this arid climate, the
precipitation and water inflow increase slightly. The pyrite
content is also a little higher, indicating a gradual increase
in water depth and reducibility. Then, the climate becomes
warm and wet, resulting in the deepest water and the highest
reducibility. However, after entering a relatively warm-wet
climate in the third stage, both the depth and the reducibility
decline. In conclusion, the redox property goes through 3
stages that are characterized by weak reducing/reducing

(g) (h)

(i)

Figure 3: Development characteristics of fine-grained sedimentary rocks in the lower submember of Member 3 of Shahejie Formation in
FY-1 Well of the Dongying Sag: (a) organic-contained lime mudstone, flat lamina, clear boundary between lime and argillaceous
laminae, FY-1 Well, 3,219.23~3,219.33m; (b) organic-contained argillaceous limestone, flat lamina, the lime lamina is thicker than
argillaceous one, FY-1 Well, 3,248.44m; (c) organic-rich lime mudstone, flat lamina, the argillaceous lamina is thicker than lime one,
FY-1 Well, 3,181.17m; (d) organic-rich lime-bearing mudstone, massive structure, FY-1 Well, 3,127.71~3,128.03m; (e) organic-rich
lime-bearing mudstone, stratified structure, FY-1 Well, 3,176.13m; (f) organic-rich mudstone, massive structure, testa fragments, FY-1
Well, 3,123.24m; (g) organic-contained lime mudstone, from massive structure to laminated one, FY-1 Well, 3,063.68m; (h) from
organic-rich mudstone to silty claystone, massive structure, bedded testa fragments, FY-1 Well, 3,086.12m; (i) organic-rich lime-sand
mudstone, massive structure, a large amount of arenites composed of micritic calcite, FY-1 Well, 3,080.25m.
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water, strong reducing water, and strong reducing/reducing
water, respectively.

4.1.4. Paleosalinity. The paleosalinity in this paper is ana-
lyzed by geochemical indicators of Sr/Ba and Ca/ðCa + FeÞ,
and dolomite content [17, 40–45, 50, 61, 64–69].

The change of all indicators for the paleosalinity in the
lower submember of Member 3 of Shahejie Formation pre-
sents the periodicity. The first stage shows a high water
salinity under a relatively dry/relatively warm-wet climate.
The Sr/Ba is high, its maximum value is 7.28, and its average

value is 2.61. It tends to increase from the bottom up. As for
Ca/ðCa + FeÞ, its maximum and mean values are 0.93 and
0.79, respectively. The dolomite content is high, ranging
between 1% and 46%, and its average value is 8.05%. It can
be known from these indicators that this stage is in a saline
water environment with a high salinity. Secondly, the cli-
mate is warm and wet, and the water is deepest in Stage 2.
The Sr/Ba reduces to the lowest level, with an average value
of 1.00. The Ca/ðCa + FeÞ decreases to 0.73 on average.
Meanwhile, the dolomite content that is low in this stage
ranges from 1% to 25%, and its mean value reduces to
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Figure 4: Analysis results of the paleoclimate and paleowater depth in the lower submember of Member 3 of Shahejie Formation in FY-1
Well.

8 Geofluids



6.48%. These changes indicate that it is a brackish water
environment with a low salinity. Finally, in the third stage,
the climate is still warm and wet. The average values of Sr/Ba
and Ca/ðCa + FeÞ increase slightly to 1.48 and 0.8, respec-
tively. The dolomite content is higher than that in Stage 2,
ranging between 1% and 36%, and its mean value rises to
6.58%. The change of all the above indicators shows that
the salinity increases slightly in this stage, but the general
variation is not obvious. Thus, it is a saline/brackish water
environment (Figure 5).

As shown by these indicators, there are 3 stages for the
salinity variation in the lower submember. In Stage 1 when

the climate is relatively dry and cold, the salt is separated
out due to the evaporation, resulting in a high salinity. Later,
the climate becomes relatively warm and wet, and the salin-
ity reduces slightly. In Stage 2 under a warm-wet climate, the
water is deepest, and the salinity keeps reducing. At last, the
climate becomes relatively warm and wet in Stage 3. Despite
the slight increase in salinity, its overall level is still low.

4.1.5. Paleoproductivity. Paleoproductivity refers to the rate
at which organisms fix the energy during the energy cycle
in geologic history. It indicates the initial mass of organic
matters in marine or lake bottom sediments. In this paper,
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it is analyzed based on geochemical indicators, such as Ba,
Ba/Al, Al/Ti, and TOC [16, 50], and sedimentological indi-
cators, including color, lithology, and sedimentary structure.

In the lower submember of Member 3 of Shahejie For-
mation, the indicators for the paleoproductivity change peri-
odically. In Stage 1, the rock core is mainly light gray-gray,
with a low TOC content. The organic-contained argillaceous
limestone is formed at the bottom, and the dark gray lime
mudstone that reflects the deepening of the water body is
developed upward. The sedimentary structure is mainly the
flat lamina. In the meantime, the Ba is 226.24-933.81μg/g,
with the average value being 517.94μg/g. It is lower at the
bottom, but it increases upward. The ratio of Ba/Al varies
in the same way. As for Al/Ti, the ratio reduces slightly first
and then increases, ranging between 10 and 24.71. Its mean
value is 19.29. This means that the paleoproductivity
increases gradually in this stage. In Stage 2, the rock core is
dark gray, and the lime-bearing mudstone and mudstone
are formed. The sedimentation mainly develops massive
and stratified structures, with an increasing number of
organic matters. Besides, the Ba value tends to be stable
between 390μg/g and 749.7μg/g, and its mean value is
611μg/g. The ratio of Ba/Al shows the same trend, while
that of Al/Ti remains high and stable, with an average value
of 20.45. In this stage, the productivity is high. Finally, the
rock core is still dark gray, and the lime-bearing mudstone
and lime mudstone are developed in Stage 3. The massive
structure changes into laminated one. There are still a large
number of organic matters. The mean value of Ba reduces
to 528.66μg/g, and that of Al/Ti is 20.21. The paleoproduc-
tivity remains high in this stage (Figures 3 and 5).

According to the change of all indicators for the paleo-
productivity in the lower submember of Member 3 of Shahe-
jie Formation, the values only change slightly, except those
that are low at the bottom. Meanwhile, the paleoproductivity
is highest in Stage 2. Therefore, its evolution is divided into
Stage 1 when the paleoproductivity is low/relatively high,
Stage 2 when it is high, and Stage 3 when it is relatively high.

4.1.6. Analysis Results of Paleoenvironment. The paleoenvir-
onment in the lower submember of Member 3 of Shahejie
Formation in FY-1 Well of the Dongying Sag is analyzed
from paleoclimate, paleowater depth, paleoredox, paleosali-
nity, and paleoproductivity based on geochemical and sedi-

mentological indicators. Thereinto, the former includes
Na/Al, dry-wet index (C), TOC, Fe/Mn, ðFe + AlÞ/ðCa +
MgÞ, V/Cr, Ni/Co and V/ðV +NiÞ, Sr/Ba, Ca/ðCa + FeÞ, Ba,
and Ba/Al. The latter includes color, lithology, sedimentary
structure, and mineral composition (clay mineral, calcite,
dolomite, pyrite, and quartz). The results show that the sed-
imentary environment media conditions undergo 3 stages in
FY-1 Well (Figures 4 and 5).

4.2. The Control Effect of Sedimentary Environment on the
Lithofacies. The sedimentary environment media conditions
affect the rock color, lithology, sedimentary structure, min-
eral composition, and geochemical components and thus
determine the different development positions of the lithofa-
cies and its assemblages in strata [66–77]. According to the
vertical changes of sedimentological and geochemical
indicators, this environment evolves through 3 stages in
the lower submember of Member 3 of Shahejie Formation
in FY-1 Well. Its control effect on the lithofacies is summa-
rized based on the paleoenvironmental analysis in each stage
(Table 1 and Figure 6).

Stage 1 (3,169.15-3,251m): there is low precipitation
under an arid climate, so the water flowing into the lake
basin is limited. The evaporation is greater than the inflow,
resulting in shallow water. Thus, the relatively closed lake
basin is formed. When the terrigenous input is low and the
water salinity is high, a large number of saline minerals will
be separated out, which is conducive to the development of
the limestone. However, high-salinity water is harmful to
organisms. For example, there will be fewer algae, and they
can hardly be preserved, causing low lake productivity.
Moreover, in the shallow lake, the reducibility is low, and
the oxygen is sufficient at the bottom, which adverses to
the generation and preservation of organic matters. Accord-
ingly, the contents of them and the pyrite are low. Therefore,
the light gray-gray organic-contained argillaceous limestone
and lime mudstone are formed in this stage, and the sedi-
mentary structure is characterized by the flat lamina. When
the climate becomes warm and wet, the precipitation and
water inflow increase. In the meantime, the water depth
and terrigenous input also increase gradually. The lake basin
becomes open. At this time, there are more clay minerals,
and organic matters can be generated and preserved in a bet-
ter way in the deep water. Hence, this stage has an increasing

Table 1: The sedimentary environment media conditions and lithofacies assemblages in the lower submember of Member 3 of Shahejie
Formation in FY-1 Well of the Dongying Sag.

Stage Paleoclimate Paleowater depth Paleosalinity Paleoredox Paleoproductivity Lithofacies assemblages

Stage 1
Relatively dry and
cold-relatively
warm and wet

Semideep water Saline water
Low

reducibility/
reducibility

Low/relatively
high

Organic-contained argillaceous
limestone/lime mudstone, organic-

rich lime mudstone

Stage 2 Warm and wet Deepwater Brackish water
High

reducibility
High

Organic-rich mudstone, organic-
rich lime-bearing mudstone,
organic-rich lime mudstone

Stage 3
Warm and wet-
relatively warm

and wet
Deep/semideep water

Saline/
brackish water

High
reducibility/
reducibility

Relatively high
Organic-rich lime-bearing
mudstone, organic-rich lime

mudstone
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amount of dark gray rocks that reflect the gradual deepening
of the water body. The sedimentation changes towards the
massive structure, and the organic-rich lime mudstone is
formed at the same time.

Stage 2 (3,086.55-3,169.15m): after the climate becomes
warm and wet, the water is deepest due to the increasing
amount of precipitation and terrigenous clasts. Meanwhile,
the paleosalinity reduces, showing a high reducibility. In

Stratum
Depth/m Lithology Paleoclimate

Warm and wet-
relatively warm

and wet
Deep/semi-
deep water

Saline/brackish
water

High reducibility/
reducibility Relatively high

Relatively dry and
cold- relatively
warm and wet

Semi-deep
water

Saline water Low reducibility/
reducibility

Low relatively
high

Warm and wet Deepwater Brackish water High reducibility High

Paleo salinity Paleoredox Paleoproductivity Lithofacies Micrograph
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Figure 6: Sedimentary environment media conditions and lithofacies assemblages in the lower submember of Member 3 of Shahejie
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addition to the low salinity, terrigenous nutrients are also
helpful to the growth of aquatic organisms. Thus, the algae
and other organisms can thrive, causing a high biological
productivity. When the oxygen in the water is consumed,
the reducibility will be further enhanced. In the meantime,
the lake stratification occurs in this stage. That is, the upper
part contains sufficient oxygen, while the lower one is under
oxidizing or oxygen-deficient condition. The lake bottom is
in a strong reducing environment, in which the pyrite is
developed most and the organic matters are preserved best.
Besides, the water environment is generally calm. In this
stage, the dark gray lime mudstone, lime-bearing mudstone,
and mudstone are formed, but the carbonate minerals are
developed poorly. As the sedimentation can hardly be
affected by climate seasonally, there are many massive struc-
tures and some stratified ones. Therefore, this stage mostly
develops the organic-rich lime-bearing mudstone and mud-
stone, with a small amount of organic-rich lime mudstone
formed at the same time.

Stage 3 (3,051-3,086.55m): when the warm and wet climate
becomes relatively warm and wet, the water is deep on the
whole, and its high reducibility begins to reduce. The salinity
increases slightly, and there are still a large number of organic
matters. Due to the enhancement of evaporation, the lime
sedimentation increases gradually, and the lithology primarily
includes the dark gray lime-bearing mudstone and lime
mudstone. The structural lenticle that is formed when the lime
lamina composed of the calcite is broken by the windstorm can
be discovered occasionally. There is also a weak bottom current
during the sedimentary period. Therefore, the organic-rich
lime-bearing mudstone and lime mudstone are mainly devel-
oped in this stage.

In conclusion, the lower submember of Member 3 of Sha-
hejie Formation in FY-1 Well mainly develops the organic-
rich mudstone, lime-bearing mudstone and lime mudstone,
and organic-contained argillaceous limestone/lime mudstone.
The sedimentary environment undergoes the semideep, deep,
and deep/semideep waters under the relatively dry-cold/rela-
tively warm-wet, warm-wet, and warm-wet/relatively warm-
wet paleoclimates, respectively. The paleoredox transits from
reducibility to high reducibility to high reducibility/reducibility,
and the salinity changes in the sequence of saline water, brack-
ish water, and brackish/saline water. Correspondingly, the
paleoproductivity is low/relatively high, high, and relatively
high in the three stages. According to the change of environ-
mental factors and corresponding lithofacies assemblages, the
organic-richmudstone, lime-bearingmudstone, and limemud-
stone are formed in the brackish and deep water under a warm-
wet/relatively warm-wet climate, while the organic-contained
argillaceous limestone/lime mudstone and organic-rich lime
mudstone are developed in the saline and semideepwater under
a relatively dry-cold/relatively warm-wet climate (Table 1 and
Figure 6). This study shows that the abundance of organic mat-
ters is mainly controlled by the salinity, and the climate affects
the lithology and sedimentary environment media conditions.
When the environment experiences the relatively dry-cold/rela-
tively warm-wet, warm-wet, and relatively warm-wet climates
in the three stages, respectively, the water environment, organic
matter content, and lithology will change accordingly.

5. Conclusions

By taking the lower submember of Member 3 in FY-1 Well,
Dongying Sag, Bohai Bay Basin as the study object, this paper
analyzes the vertical changes of sedimentary environment
media conditions in this submember and elaborates how the
environment of fine-grained sedimentary rocks controls the
lithofacies development. The conclusions are as follows:

(1) The sedimentary environment media conditions
underwent three phases. In Phase I when the climate
was relatively dry and cold/relatively warm and wet,
the water in the lake basin was shallow. When the
climate was warm and wet in Phase II, the water
deepened rapidly. When the climate was warm and
wet/relatively warm and wet in Phase III, the water
became deeper. Besides, the redox property transited
three stages accordingly from reducibility to high
reducibility to high reducibility/reducibility. The
salinity that was high in Phase I decreased in Phase
II and became low in Phase III. Paleoproductivity
was low/relatively high at the beginning, then
became high, and finally relatively high

(2) The change of sedimentary environmentmedia condi-
tions controls the lithofacies. Under an arid climate,
the organic-contained argillaceous limestone and lime
mudstone are developed better. When the climate
becomes warm and wet, the organic-rich lime mud-
stone is formed. Under a warm-wet climate, the
organic-rich lime-bearing mudstone and mudstone
are developed best. When entering a relatively warm-
wet climate, the organic-rich lime-bearing mudstone
and lime mudstone are developed better

(3) The abundance of organic matters is affected by the
salinity, and the lithology and sedimentary environ-
ment media conditions are controlled by the climate.
Meanwhile, climate is also a main reason for the
change of lithology and sedimentary conditions. As
the climate changes from the relatively dry-cold/rela-
tively warm-wet to warm-wet, and ultimately warm-
wet, the sedimentary water environment, organic
matter content, and lithology change accordingly

Data Availability

All data in the article is presented in the form of tables and
graphs. All the data in this article is accessible to readers.

Additional Points

Highlights. (1) Sedimentological and geochemical indicators
are combined to analyze the sedimentary environment
evolution in the lower submember of Member 3 of Shahejie
Formation in FY-1 Well of the Dongying Sag, which pro-
vides a reference for the study on the environmental evolu-
tion of lacustrine fine-grained sedimentary rocks. (2) The
control effect of sedimentary environment on the lithofacies
is discussed, which compensates for the paucity of research
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on their relationship, and plays a vital role in the muddy
shale oil and gas exploration and the identification of favor-
able lithofacies. (3) The abundance of organic matters is
controlled by the salinity, and climate is the primary cause
of the sedimentary environment media condition change.
Climate change can result in changes in sedimentary water
environment, organic matter content, and lithology.
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