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As the controlling effect of complex lithofacies of lacustrine mixed fine-grained rocks on the
shale oil sweet spot remains unclear, core, outcrop, general logging, nuclear magnetic
resonance (NMR) logging, testing, and production data were used to study the types,
combination pattern, and genesis of lithofacies architectures of lacustrine mixed fine-
grained rocks in the study area by lithofacies hierarchy analysis, X-ray fluorescence (XRF)
logging, UAV, and 3D geological modeling. The research shows that: 1) According to
lithology and sedimentary structure, the mixed fine-grained rocks can be divided into 13
lithofacies types of different origins in 5 sub-categories and 2 categories. 2) UAV
photography was combined with a traditional field survey to characterize the 3D spatial
distribution of lithofacies architecture of the Lucaogou Formation on the outcrop, and it is
found that the lithofacies architecture patterns of mixed fine-grained rocks include three
types: gradual change type, abrupt change type, and special type. The gradual change
type with higher sand development degree and symmetrical lithofacies architecture has a
high quality reservoir with dissolution pores, and is mixed beach-bar sand in the mixed
zone. It is high in development degree and often appears as several similar cycles stacking
over each other. The abrupt change type can be subdivided into two sub-types, asymmetric
and smaller in reservoir thickness. It is very high in development degree and often comes in
several similar cycles. The special type belongs to thick clastic rock relatively independent in
the mixed fine-grained rocks with a high development degree of sand. The sand is a higher
quality reservoir with properties of tight reservoir. It often appears as stacking of single cycle
sand. 3) The different lithofacies architectures in themixed fine-grained rocks have significant
differences in distribution. The gradual change type is mainly composed of mudstone,
dolomitic siltstone, and sandy dolomite, dolomitic siltstone, and mudstone, and appears in
lenticular shape overlapping with each other on the plane. The abrupt change type is made
up of felsic siltstone, dolomitic siltstone, sandy dolomite, and mudstone, and appears as
isolated thin layers on the plane. The special type is mainly composed of mudstone and felsic
siltstone, and mudstone, and turns up as lenses of different sizes on the plane.
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INTRODUCTION

The combination and superimposition of different types of
lithofacies in 3D spatial distribution is known as lithofacies
architecture. In recent years, as the exploration and
development of continental shale oil goes deeper (Yang et al.,
2016; Du et al., 2019; Yang et al., 2019; Jin et al., 2019; Wei et al.,
2020; Jia, 2020), fine-grained sedimentology related to shale
lithofacies has gradually become a research hotspot (Yu et al.,
2015; Yuan et al., 2015; Chen et al., 2017; Jin et al., 2020; Jiang
et al., 2021). Further, as fine grains may experience different
physical, chemical, and biological processes during the
sedimentary and diagenetic stages, they may differ in
structure and aggregation mode, coexistence process with
organic matter, and diagenetic route, and thus the fine-
grained rocks formed may differ widely in petrophysical
properties and oil and gas storage capacity (Jiang et al., 2013;
Xu et al., 2019, 2020a; Teng et al., 2020; Qiu et al., 2020; Dong
et al., 2015). Therefore, study on lithofacies and features of
lithofacies combinations of fine-grained rocks turns out to be
more and more crucial (Bowker et al., 2007; Bohacs et al., 1998;
Galvis et al., 2017; Liu et al., 2019; Xu et al., 2020b, 2020c).
Generally speaking, from the perspective of evaluation and
economic development of medium-high maturity shale oil
(Zhao et al., 2020a; Zhao et al., 2020b), thin layers of coarser
rocks (e.g., siltstone and dolomitic siltstone) (Zhang et al., 2012)
sandwiched between thick mudstone layers are sweet-spot
layers. Rocks of different lithofacies have wide differences in

geologic properties represented by the “7-petrophysical parameters”
(Lu et al., 2018; Jin et al., 2021), and thus have different production
features after fracturing.

Lithofacies architecture of continental shale oil reservoirs
research has advanced in two aspects: lithofacies architecture
classification of source-reservoir-in-one shale reservoirs, and
lithofacies architecture of fine-grained shale reservoirs with
rich organic matter (Zou et al., 2012; Zou et al., 2015). Firstly,
from the perspective of shale oil accumulation, the source-
reservoir combinations in shale strata are classified into three
types, source-reservoir-in-one, reservoir separated from source,
and pure shale; according to thermal evolution degree, shale
strata are divided into two types, medium-high maturity (with Ro
of over 1.0%) and low-medium maturity (with Ro of 0.5–1.0%)
(Li et al., 2019; Fu et al., 2020; Zhao et al., 2020; Song et al., 2021).
On this basis, the enrichment features and mechanisms of shale
oil have been established. Secondly, lithofacies types and
combinations of laminae, storage space features, and shale oil
accumulation models in organic-rich shale strata have been
revealed from core scale (Zhang et al., 2018; Zhu et al., 2019;
Du et al., 2020). With wide differences in sedimentary, diagenetic,
and reservoir-forming environments, different basins differ
greatly in lithofacies combination, genetic mechanism, and a
shale oil sweet-spot model. Although many studies on shale
oil accumulation models at home and abroad have been
reported, studies on lithofacies combinations and genetic
mechanisms of mixed fine-grained rocks are rare. Therefore, it
is urgent to analysis the heterogeneity in development scale, 3D

FIGURE 1 | Location and composite stratigraphic column of the study area. (A) Location and structures of the work area; (B)Composite stratigraphic column of the
Lucaogou Formation.
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distribution features, and patterns of lithofacies in mixed fine-
grained shale oil reservoirs.

GEOLOGICAL SETTING OF THE STUDY
AREA AND RESEARCH METHODS

Geological Setting
Located in the east of Junggar Basin, Jimsar sag is a graben-shaped
sag with a fault in the west and an overlap in the east developing

on the folded base of the Middle Carboniferous, where the strata
thin from west to east (Figure 1A). In the Middle Permian, the
study area was a lake near the sea, where intermittent invasion of
sea water led to mass death of flora and fauna and a high
development degree of organic matter. Deposited in a weakly
reducing dysaerobic environment, the target layer, Lucaogou
Formation is a set of mixed rocks formed by dolomitization in
the penecontemporaneous stage, volcanism, and continental clast
sedimentation (Ma et al., 2017; Li et al., 2020; Song et al., 2021;
Zhi et al., 2021). It has an area of 1,278 km2, a thickness of 50–160m

FIGURE 2 |Characteristics of different lithofacies types. (A)Mh, J10014, 1-72/78; (B)Ml, J10025, 22-39/97; (C) FSh, J10030, 5-41/27; (D) FSl, J10025, 5-68/75;
(E) FSl, J10025, 6-18/101; (F) FSm, J1745-24/51; (G) DSh, J174, 24-37/43; (H) DSl, J10025, 21-78/105; (I) DSm, J10025, 11-28/48; (J) SDl, J174, 6-3/61; (K) SDl,
J10025 14-1–2/59; (L) SDl, J174, 6-1/16; (M) SDm, J174, 28-9/45; (N) Dh/Dl, J251, 3-9/40; (O) Dm, 19-11/39; (A1) Mh, J31, 2859.35(−); (B1) Ml, J31, 2712.85(−);
(C1) FSh, J31, 2860.51(−); (D1) FSl, J31, 2713.72(−); (F1) FSm, J174, 3114.86(+); (G1) DSh, J30, 4043.53(+); (H1) DSl, J31, 4049.71(−); (I1) DSm, J302,
2856.15(−); (J1) DSl, J31, 4049.71(−); (M1) SDm, J174, 3146.54(−); (N1) Dh/Dl, J174, 3191.08(−); (N2) Dh/Dl, J31, 2719.79(−); (H1) Dm, J30, 4150.61(−); (H2) Dm,
J30, 4148.92(−); (B2) Ml, J30, 4148.06(−).
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(Figure 1), TOC of over 3.5%, mainly type II kerogen, and Ro of
0.6–1.1% in general. With dissolution pores, intercrystalline pores,
and micro-fissures etc., it has a porosity range of 6–14%, an air
permeability of less than 0.1 × 10−3 μm2, an oil saturation range of
80–90%, and a brittle mineral content of over 85%. This Formation
is divided into two members, Lu1 and Lu2, and four sand groups,
P1l1

1, P1l1
2, P2l2

1, and P2l2
2 from bottom to top. Themajor reservoirs

are two sweet-spot layers, the lower one (P2l1
2) is mainly dolomitic

siltstone; the upper one (P2l2
2) is primarily composed of felsic

siltstone, dolomitic siltstone, and silty dolomite (Figure 1B).

Research Methods
TheWestDalongkou profile near the study area shows the Lucaogou
Formation cropping out. Moreover, the study area has abundant
development data, including data of 90 vertical wells and 30
horizontal wells, and coring data of 44 wells. Among the coring
wells, three wells have cores of 600m long in total taken from the
whole Lucaogou Formation, providing sufficient test data. The
lithofacies types, lithofacies combinations and patterns, and
spatial distribution of lithofacies of the hybrid fine-grained rocks
were examined by lithofacies hierarchy analysis, UAV photography
outcrop modeling (Yin et al., 2021), and X-ray fluorescence (XRF)
lithology identification using core, outcrop, logging, XRF element,
and experimental assay data. The main steps are: ① different types
of lithofacies were identified by core and thin section data, a UAV
photography outcrop model, and XRF element analysis of core
samples; ② lithofacies architecture patterns of the three kinds of
typical hybrid fine-grained rocks in the study area were figured out
by using outcrop and core data; ③ the lithology interpretation
results from logging were used to figure out the distribution features

of lithofacies on the 3D space distribution patterns of mixed
lithofacies in salty lacustrine facies.

RESULT AND DISCUSSION

Lithofacies Architecture and Lithofacies
Combinations of the Mixed Fine-Grained
Rocks
Lithofacies Types and Features of the Mixed
Fine-Grained Rocks
Lucaogou Formation mixed rocks in the Jimsar sag are made up
of clayminerals, carbonate minerals, and felsic minerals, and have
average contents of plagioclase, potash feldspar, quartz, calcite,
dolomite, ankerite, clay minerals, pyrite, and other minerals of
21.8, 3.6, 20.9, 11.9, 24.5, 1.7, 13.3, 0.9, and 1.4%, respectively. The
rocks in the study area are largely black, grayish black, blackish gray,
and gray, and have laminar, horizontal, and massive textures, etc.

According to lithology and sedimentary structure, the mixed
fine-grained rocks are divided into 13 lithofacies types (including 8
clastic lithofacies and 5 carbonate lithofacies) in 5 sub-categories and
2 categories. Millimeter-scale lithologies can be observed directly on
outcrops, but lithology identification of underground formations
mainly relies on logging curves and cores. To make the study of
combining underground formations and outcrops easier, the rocks
were divided into five sub-categories of lithofacies in two categories
in this work: mudstone, quartz siltstone, feldspar clastic sandstone,
dolomitic siltstone, silty dolomite, and micritic dolomite (Figure 2).
The mudstone (M) lithofacies includes horizontal bedding

TABLE 1 | Classification and origins of the rocks.

Lithofacies category Lithofacies sub-category Lithofacies type Color and hydrodynamic description

Terrigenous clastic
rocks

Mudstone(M) Horizontal bedding mudstone Mh Black, gray, with high clay mineral content, depositing in a
quiet water body

Laminar mudstone Ml Black, with high clay mineral content, depositing in water
with low hydrodynamics

Felsic
sandstone (FS)

Quartz siltstone(S) Horizontal bedding feldspathic
siltstone FSh

Off-white, gray, formed in low hydrodynamic conditions

Laminar feldspathic siltstone FSl Gray, brownish yellow, depositing in high hydrodynamic
conditions

Feldspathic
siltstone(F)

Massive feldspathic siltstone FSm Mainly gray and blocky, formed in high hydrodynamic
conditions

Mixed rocks Dolomitic siltstone (DS) Horizontal bedding dolomitic
siltstone DSh

Gray, blackish gray, depositing under high hydrodynamic
conditions

Laminar dolomitic siltstone DSl Blackish gray, with laminar texture, formed under low
hydrodynamic conditions

Massive dolomitic siltstone DSm Gray, blackish gray, depositing under high hydrodynamic
conditions

Silty dolomite (SD) Laminar silty dolomite SDl Mainly blackish gray, depositing under low hydrodynamic
conditions

Massive silty dolomite SDm Gray, blackish gray, formed under relatively high
hydrodynamic conditions

Carbonate rocks Micritic/microcrystalline dolomite(D) Horizontal bedding micritic/
microcrystalline dolomite Dh

Black, gray, mostly with horizontal laminae, depositing under
quiet water body conditions

Laminar micritic/microcrystalline
dolomite Dl

Mainly gray and massive, formed under high hydrodynamic
conditions

Massive micritic/microcrystalline
dolomite Dm

Mainly black and blocky, indicating a low hydrodynamic
depositional environment
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mudstone (Mh) and laminar mudstone (Ml). Quartz siltstone (S)
and feldspar clastic siltstone (F) are called felsic siltstone (FS) in
general, and include horizontal bedding felsic siltstone (FSh),
laminar felsic siltstone (FSm), and massive felsic siltstone (FSl).
The dolomitic siltstone lithofacies (DS) includes horizontal
bedding dolomitic siltstone (DSh), massive dolomitic siltstone
(DSm), and laminar dolomitic siltstone (DSl). The silty dolomite
lithofacies (SD) includes massive silty dolomite (SDm) and laminar
silty dolomite (SDl). The micritic dolomite lithofacies (D) consists of
horizontal bedding micritic dolomite (Dh), laminar micritic
dolomite (Dl), and massive micritic dolomite (Dm). The
hydrodynamic environments of these types, sub-categories, and
categories of lithofacies were described (Table 1). Different sub-
categories of lithofacies have differences in lithology, porosity, and
permeability, etc., which are reflected in the well logging. The
mudstone (M) is characterized by a high value of GR and a low
value of RXO on the conventional logging. Quartz siltstone (S) is
characterized by amedianGR, lowAC, and amedium to high RXO
on the conventional logging curve. The most typical feature of
feldspathic siltstone (F) is that the GR value may be high due to
potassium feldspar. The GR of the micrite/microcrystalline

dolomite (D) is the median value, the AC is the low value, and
the RXO is the high value. The dolomitic siltstone (DS) and the
silty dolomite (SD) are characterized by comprehensive
characteristics based on the differences in the content of
carbonate rocks and clastic rocks.

Lithofacies Architecture Combinations of the Mixed
Fine-Grained Rocks
1) Fine characterization of Lucaogou Formation rocks by UAV
photography Located 10 km west of Jimsar city of the Xinjiang
region, the West Dalongkou profile is part of the nappe
structural belt in the north margin of Mount Bogda. It
connects to the Mount Karamay and Junggar basin to the
east, and is very near to Mount Bogda and the Turpan-Hami
basin to the south, with an altitude of about 1.1 km. Strata on the
profile are continuous and turn from old to young from south to
north, and have simple structures and diverse ancient animal
fossils (Wei et al., 2018).

A UAV-carrying camera was used to collect outcrop data of
the West Dalongkou profile, including high resolution photos

FIGURE 3 | Model and lithofacies distribution of Lucaogou Formation from 3D UAV photography. (A) UAV photography visualization model (B) Location of UAV
data acquisition. (C) Lithology column of the target layer. (D–F) Representative lithofacies and sedimentary structures.
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and positioning and orientating system (POS) data. The POS is an
aerial photogrammetry system integrating dynamic GPS and an
inertial navigation system, in which the spatial position of a photo
is measured by the GPS, and the angular elements of a photo are
measured by the gyroscopic system. The data collection was done
by taking pictures at preset key photography points as the UAV
flew along a preset route. After data collection, the point cloud
data and pictures were processed, and the model after processing
could pinpoint the 3D coordinates (longitude, latitude, and
altitude) of any point in the outcrop area (Yin et al., 2018a;
Yin et al., 2018b). The data collection covered an area of 0.6 km2

and a profile about 716 m long and 123 m high at the resolution of
5–10 cm. Compared with the underground situation, the profile
has only the Lu1 Member cropping out. The Lu1 Member is
mainly composed of gray and grayish black shale and thin
dolomitic siltstone interbeds of 0.2–0.5 m thick, and is 256 m
long and 155 m thick on the profile. Due to strong compression
of Mount Bogda and the soft nature of the rocks, it shows
plastic slippage and has widespread crumpled structures
(Figures 3A,B).

In the outcropmodel obtained by UAV photography, the target
consists of dark black, grayish black, blackish gray, gray, and in
local parts grayish brown and grayish yellow mudstone laminae of
0.01–0.5 m thick. Horizontal bedding and massive DS are highly

developed, interbed with shale layers, and are 0.2–1.5 m thick in
single-layer and major-coarse lithofacies (Figure 3C).

2) Lithofacies architecture types of the mixed fine-grained rocks
According to detailed survey of the outcrop area and data of
underground area of the Lucaogou Formation, the mixed fine-
grained rocks have three types of typical lithofacies architecture
patterns, gradual change, abrupt change, and special ones, which
are quite different from each other.

① Gradual Change Type (GCT)
The GCT is composed of horizontal bedding mudstone, laminar
felsic siltstone, horizontal bedding dolomitic siltstone, horizontal
bedding felsic siltstone, and horizontal bedding mudstone
(Ml/Mh→FSl→DSh→FSl→Ml/Mh). This type of lithofacies
combination has a better developed reservoir, symmetrical
lithofacies architecture, source rock of about 8–10 m thick, and
a reservoir layer of about 0.5–1.5 m thick (Figures 4A,B). The
upper and lower mudstone layers (Mh) are thicker (about 1.5 m)
and have source rock. In the lower part, the FS1 thin layer of about
0.3–0.5 m, with high clay content, is a low quality reservoir. The
DSh layer, about 0.8 m thick, has low clay content and often
dissolution pores, and is a high quality reservoir. The FSl and Mh

FIGURE 4 | Different lithofacies architecture patterns on the field outcrop. (A,B) GCT; (C–E) ACT; (F) ST.
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in the upper part are similar with those in the lower part. This
type of lithofacies combination is the hybrid beach-bar sand
formed in the mixed belt of hybrid shallow lake sub-facies, during
the deposition of the hybrid beach-bar sand, the base level cycle
rose rapidly first and then dropped slowly, and then rose slowly
and dropped rapidly, forming the symmetrical depositional cycle.
This kind of lithofacies architecture is commonly seen in the
outcrop area and often comes in several similar cycles stacking
over each other.

② Abrupt Change Type (ACT)
The ACT includes two kinds of lithofacies combinations. One is
the combination of horizontal bedding micritic dolomite,
horizontal bedding silty dolomite, and horizontal bedding
micritic dolomite (Dh→SDh→Dh), in which, the Dh with
higher clay content is also the main source rock, whereas the
SDh is the reservoir. The other combination is horizontal bedding
mudstone, horizontal bedding dolomitic siltstone, and horizontal
bedding mudstone (Ml/Mh→DSh→Ml/Mh), or occasionally the
combination of horizontal bedding mudstone, laminar felsic

siltstone, and horizontal bedding mudstone (Ml/Mh→FSl→Ml/
Mh). This type of lithofacies architecture has an average sand
development degree, asymmetrical architecture, a source rock
layer of about 8–10 m, and a reservoir of about 0.5–1 m
(Figure 4C). In the lower part of the combination, the
mudstone (Mh) is generally in a thick layer of over 1.5 m and
is the source rock; the SDh comes in a thin layer of 0.3–0.5 m; the
DSh layer of about 0.5 m has low clay content and often
dissolution pores, and thus is a high quality reservoir. The FSl
and Mh in the upper part are the same with those in the lower
part. This type is dolomitic flat, formed in the mixed zone of
hybrid shallow lake facies. During the deposition of dolomitic flat
facies, the base level cycle rose rapidly and then fell slowly,
resulting in the asymmetrical deposition cycle. This type of
lithofacies architecture is commonly seen in the outcrop area,
and often comes in several similar cycles stacking over each other.

③ Special Type (ST)
Besides these two types, there is a relatively independent type of
lithofacies combination in the mixed zone, which is mainly

FIGURE 5 | Core and logging characteristics of the special type lithofacies architecture.
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composed of fine clasts and is largely felsic silty sandstone. The ST is
mainly composed of horizontal bedding/laminar mudstone, massive
felsic siltstone, and horizontal bedding/laminar mudstone (Ml/
Mh→FSm→Ml/Mh). This combination has mainly clastic rock as
the reservoir and a high sand development degree. The sand is thick-
layered (3–8m) massive feldspar clastic sandstone with muddy
interlayers of unequal thicknesses (0.2–1.5 m), and is a higher

quality reservoir with properties of a tight reservoir (Figure 4C).
The sand is sandwiched in between horizontal bedding or laminar
mudstone source rock layers of about 0.5–1.5 m thick (Figure 5).
This lithofacies combination is the typical shallow lake sand-bar of
clastic shallow lake sub-facies, resulting from fast rise, fast drop, and
fast rise again of the base level cycle. In the study area, this type of
lithofacies architecture, as very thick clastic lithofacies, drew

FIGURE 6 |Correlation of field outcrop lithofacies and underground logging responses. (A) characteristics of outcrop lithofacies; (B) characteristics of underground
logging responses.

TABLE 2 | X-ray fluorescence logging of core samples.

XRF sample MgO % Al2O3% SiO2% P2O5% S % Cl % K2O % CaO % TiO2% V % MnO % Fe2O3% Rb % Sr % Ba %

S15 1.71 13.42 59.93 0.06 0.58 0.13 3.78 1.42 0.50 0.01 0.05 4.19 0.02 0.02 0.04
S14 1.82 15.03 63.43 0.06 0.10 0.23 4.33 1.43 0.51 0.01 0.06 4.68 0.02 0.01 0.06
S13 6.84 8.65 46.55 0.28 0.49 0.19 1.94 16.25 0.55 0.01 0.15 3.36 0.01 0.09 0.07
S12 4.03 7.87 51.74 0.71 0.16 1.88 1.41 13.71 0.49 0.01 0.18 4.20 0.01 0.09 0.07
S11 12.14 3.50 48.08 0.23 0.06 0.45 0.74 21.01 0.16 0.00 0.13 3.33 0.01 0.10 0.05
S10 12.11 3.52 41.72 0.22 0.14 0.33 0.64 23.09 0.18 0.00 0.12 2.86 0.01 0.13 0.08
S9 10.74 4.73 36.99 0.19 0.19 0.56 0.90 19.87 0.33 0.01 0.12 3.44 0.01 0.13 0.06
S8 3.59 9.23 51.63 0.12 0.10 0.34 1.54 12.57 0.40 0.01 0.13 3.93 0.01 0.06 0.07
S7 1.16 14.63 65.96 0.16 0.12 0.55 3.45 1.26 0.81 0.01 0.01 2.58 0.01 0.01 0.10
S6 4.65 12.10 63.00 0.11 0.10 0.07 2.67 6.91 0.65 0.01 0.08 3.25 0.01 0.04 0.08
S5 4.75 8.06 50.90 0.15 0.07 0.12 1.72 15.73 0.48 0.01 0.12 4.37 0.01 0.07 0.07
S4 5.69 8.03 54.29 0.18 0.05 0.32 1.74 15.05 0.39 0.01 0.12 4.56 0.01 0.07 0.06
S3 1.25 10.17 51.05 0.05 2.72 0.75 2.32 1.58 0.70 0.01 0.01 3.87 0.02 0.02 0.05
S2 4.43 8.06 59.81 0.13 0.58 0.17 1.73 10.70 0.35 0.00 0.09 2.65 0.01 0.07 0.06
S1 2.31 13.39 72.33 0.04 0.62 0.29 3.13 1.68 0.44 0.00 0.03 2.82 0.01 0.01 0.07
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attention first, and has been the major development object. The
reservoir of this lithofacies architecture is close to a tight oil reservoir.
Through logging curve calibration by cores, it has been confirmed
that P2l2

2-2 has muddy interlayers of about 0.2–0.5 m thick inside,
sometimes, dividing the special thick layer into two 4–5m thick
feldspar clastic sandstone lithofacies.

Through XRF scanning of typical core sample points, element
variations at different depths were characterized quantitatively to
recognize the lithofacies type. Among the 15 scanning points in
Figure 6, point S1 in section 1 is typical terrigenous clastic rock, with
high Si and Al contents; point S2 in section 2 has an increase of Mg
and Ca contents, indicating the increase of dolomite; point S3 in
section 3 has an increase of S content, reflecting that pyrite content
increases and the rock is shale-depositing in quiet bodies of water;
section 4 is similar to section 2; section 5 is similar to S4 in element
composition, but higher in dolomite, representing dolomitic
mudstone; point S6 in section 6 is dominated by terrigenous
clastic rock and has a relative increase of K and Al; sections 7, 9,
11, and 14 are similar to S3; point S8 in section 8 is similar to point S4;
point S10 in section 10 has higher Ca andMg contents, representing
dolomitic siltstone, but the whole section was identified as felsic

siltstone throughGR and RXO logging curves; point S12 in section 12
with an increase ofAl,K, and Si contents is typical felsic siltstone, with
a higher P content and a small amount of bioclasts; point S13 in
section 13 with higherMg andCa contents is silty dolomite; point S15
in section 15 is typical terrigenous clastic rock (Table 2).

From the above analysis, it can be seen that the Lucaogou
Formation in the outcrop has high comparability with that
underground. The Lu1 Member of nearly 35 m underground can
be correlated with the profile in the north of the outcrop area in
1–2m small sweet spots (Figure 5A, Figure 6). From RXO and
CPOR logging curves, gradual change and abrupt change lithofacies
architectures can obviously be seen (Figure 5B). For example, the
thick reservoir in the middle has a larger CPOR than layers above
and below, this is shown as thick DSh transitioning to the thin-
layered SDh above and below. Affected by the resolution of logging
curves, a large number of 0.2–0.3 m thick reservoirs shown on the
outcrop cannot be identified from logging curves, and these
reservoirs are mostly of the abrupt change type in lithofacies
architecture. For example, layer 3at a 3,570 m depth appears as
an isolated bulge on the CPOR curve, which corresponds to abrupt
changes of several thin layers on the outcrop (Figure 5).

FIGURE 7 | Spatial distribution characteristics of GCT lithofacies architecture (thickness contour). (A) P2l1
2-2 thickness contour of FS lithofacies; (B) P2l1

2-2

thickness contour of DS lithofacies; (C) P2l1
2-2 thickness contour of SD lithofacies; (D,E) architecture of profile.
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Spatial Distribution and Lithofacies
Architecture Patterns of Mixed
Fine-Grained Rocks
A planar thickness contour map of five types of lithofacies,
mudstone facies (M), felsic siltstone facies (FS), dolomitic

siltstone facies (DS), silty dolomite facies (SD), and micrite/
microcrystalline dolomite facies (D) in 80 wells of the work area
was drawn. The FS, DS, and SD of the three lithofacies combinations
have different distributions on the plane and profile, indicating
strong heterogeneity of the mixed fine-grained rocks.

FIGURE 8 | Planar distribution characteristics of ACT and ST lithofacies architectures. (A) P2l2
2-1 thickness contour of FS lithofacies; (B) P2l2

2-1 thickness contour of
DS lithofacies; (C) P2l2

2-1 thickness contour of SD lithofacies; (D) P2l2
2-2 thickness contour of FS lithofacies; (E) P2l2

2-2 thickness contour of DS lithofacies; (F) P2l2
2-2

thickness contour of SD lithofacies.

FIGURE 9 | Profile distribution characteristics of ACT and ST lithofacies architectures.
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P2l1
2-2 as a representative of GCT is the major reservoir of the

current shale oil development, and has mainly FS, DS, and SD
lithofacies developing on the plane (Figure 7A). In this sand
group, FS layers of 2.0–3.5m thick occur mainly in two large
contiguous pieces in the west and middle of the study area and
are less developed in other areas; DS, in a 5–10m thick layer that
comes in four large contiguous pieces fromwest to east on the plane, is
largest in area in the middle piece, but is scattered locally in the east
part (Figure 7B); SD in a 2.5–4.5m thick layer turns up in three to
four large pieces on the plane and is contiguous in the west
(Figure 7C). On the profile, the GCT lithofacies combination of
mudstone to dolomitic siltstone to sandy dolomite to dolomitic
siltstone to mudstone (M→DS→SD→DS→M) takes dominance,
and is mainly distributed in the middle and northwest areas
(Figures 7D,E). The combination M→FS→SD→FS→M also
exists, and is mainly distributed in the west and southwest of the
work area. These three reservoir lithofacies mainly stack in the north-
central and southeast areas.

P2l2
2-1 is representative of ACT and the replacement domain for

shale oil development. In this sand group, the FS, DS, and SD are
different in distribution location, and thin, isolated, and larger in
distribution range on the plane; while sandy coarse grain parts of them
seldom stack on the profile. Most of the combinations have coarse
grains in the middle and ACT above and below (Figure 8A). The FS
layers, with thicknesses from 0.4 to 1.4m (0.8m on average) mostly
turn up in isolated patches in the northwest, middle, and southeast
areas (Figure 8B). The DS layers, 0.4–1.2m thick, 0.6m on average,
mainly appear as isolated contiguous patches in the middle and
southeast areas (Figure 8C). The SD layers 1.0–2.5m thick, on
average 1.5m, come up in isolated contiguous patches in the
central and northwestern areas. On the profile, felsic siltstone
facies, dolomitic siltstone facies, sandy dolomite facies, and
mudstone facies (M→FS→M, M→SD→M, M→SD→M)
superimpose, and come in thin isolated layers.

P2l2
2-2 as a representative of the ST is the major target for early

shale oil development. In this sand group, FS layers are 5–10 m

thick, 6 m on average, and have dispersed distribution
(Figure 8D); DS layers are 0.4–1.0 m thick, on average 0.5 m,
and mainly come up in isolation in the middle of the study area
(Figure 8E); SD layers of this type are 1.0–3.0 m thick, on average
1.5 m, and mostly appear as isolated layers in the west
(Figure 8F). DS and SD are less developed. On the profile, the
lithofacies combination from mudstone to felsic siltstone to
mudstone (Mh→FSm→Mh) is most common, and FS and SD
superimpose in local parts; this type in lenticular shape appear in
isolation mostly in the middle and central-east parts, and less in
the east and west (Figure 9).

Lithofacies Architecture Patterns of the
Mixed Fine-Grained Rocks
Any kind of lithofacies contains dolomite, leading to the
interbedding of mixed fine-grained rocks and organic-rich
shale, forming a characteristic distribution pattern of mixed
fine-grained rocks architecture. Affected by the changes of
base level cycles, lithofacies architecture has obvious zonation
and differentiation in spatial distribution, and shows an
overall evolution trend from shallow clastic lacustrine to
hybrid shallow lacustrine to semi-deep lacustrine facies. The
clastic shallow lacustrine sediments have mainly terrigenous
clastic particles as source material, thick-layered FS of the
special lithofacies architecture, and scattered distribution over
a large range on the plane. In contrast, the hybrid shallow
lacustrine sediments are a mixture of terrigenous clastic
materials and dolomite, with a hybrid beach bar in a potato
shape in a limited range, and have mainly GCT and symmetrical
lithofacies architecture of DS and SD. Toward the deep water,
dolomitic flat spreads in the sheet, in which the ACT of lithofacies
architecture with SD as the reservoir takes dominance. The
hybrid beach bar and dolomitic flat sometimes superimpose
over each other, forming the GCT of lithofacies architecture
(Figure 10).

FIGURE 10 | Distribution pattern of mixed fine-grained rocks lithofacies architectures in the work area.
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CONCLUSION

Through the above study, we have reached the following conclusions:

1) According to lithology and sedimentary structure, the mixed
fine-grained rocks can be divided into 13 lithofacies types
(including 8 types of clastic lithofacies and 5 types of
carbonates lithofacies) in 5 sub-categories and 2 categories.
The origins and features of different lithofacies types in the
study area were analyzed.

2) UAV photography was combined with a traditional field
survey to characterize the lithofacies architectures of the
Lucaogou Formation on the outcrop, and it is found that
the lithofacies architecture combinations of mixed fine-
grained rocks include three types: GCT, ACT, and ST. The
GCT with higher sand development degree and symmetrical
lithofacies architecture has a high quality reservoir with
dissolution pores, and is mixed beach-bar sand in the
mixed zone. This type is high in development degree and
often appears as several similar cycles stacking over each
other. The ACT can be subdivided into two sub-types, is
average in sand development degree, asymmetric, and smaller
in reservoir thickness. This type is very high in development
degree and often comes in several similar cycles. The ST
belongs to thick clastic rock, relatively independent in the
mixed fine-grained rocks with a high development degree of
sand. Its combination is thick-layer FSm, which is a higher
quality reservoir with properties of a tight reservoir. And this
type often appears as stacking of single-cycle sand layers.

3) In the distribution of mixed fine-grained rocks of different
lithofacies architectures, different layers differ widely in

lithofacies architecture. The GCT represented by P2l1
2-2 has

the architecture pattern of M→DS→SD→DS→M and
appears as a limited lens overlapping on the plane. The
ACT represented by P2l2

2-1 has the architecture patterns of
M→FS→M, M→SD→M and M→SD→M and appears as
isolated thin layers on the plane. The ST represented by
P2l2

2-2 has the architecture pattern of Mh→FSm→Mh and
turns up as a lens of different sizes on the plane.
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