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Abstract:
The marine shale in the Sinian Doushantuo Formation of Qinglinkou outcrop section is
well developed, but the current characterization methods for outcrops are unsatisfactory. In
this paper, the data of outcrop in the field study area were collected by Unmanned Aerial
Vehicle, then processed and interpreted by oblique photography technology combined with
manual investigation. Subsequently, we established a quantitative geological knowledge
database of the shale formations and carried out the typical section of anatomy analysis.
The results showed that the high-precision image information captured by unmanned aerial
vehicle oblique photography technology can be well coupled with a three-dimensional
coordinate system. The three-dimensional digital model was used to characterize the
lithologic assemblage, thickness and distribution characteristics of the target reservoir.
Based on this digital model, we established the three-dimensional lithology and the total
organic carbon models of the outcrop area. The spatial distribution characteristics of
interbedding between marine dolomite and shale in the outcrop area were displayed, and
the distribution of total organic carbon was revealed under lithological constraints. The
models are beneficial for the analysis and prediction of the lithology and total organic
carbon, which is of great significance to the understanding of shale gas sweet spots.

1. Introduction
Marine shales are essential reservoirs of shale oil and

gas. The high-quality marine shale reservoirs of China are
mainly found in deep-water shelf facies belts, which have
gentle topography and a wide distribution range. Shale gas
reservoirs are abundant in the Sinian Doushantuo Formation,
Qinglinkou, Western Hubei province, China. Recently, indus-
trial gas flow was discovered in Well Yiye3, which reflects
the great exploration and development potential of ancient
marine shale (Zhai et al., 2020). Studies have shown that
the Doushantuo Formation is widely distributed with a large

average accumulative thickness of 87.3 m, which is controlled
by sedimentary facies. Its total organic carbon contents range
from 0.67% to 2.90% (average of 1.53%), and its mineral
components are mainly clay minerals and clastic minerals (Xu
et al., 2020a, 2020b).

The paleoclimate, paleoenvironment and paleogeography
of a large area of this formation are consistent, and the distri-
bution of reservoir thickness is stable (Bowker, 2007; Loucks
et al., 2007; Mohamed et al., 2012; Galvis et al., 2018; Yin et
al., 2021a). Based on the classification of mineral components,
the marine shale mainly includes siliceous shale facies, clayey
shale facies, carbonate shale facies, silicic-carbonate shale
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Fig. 1. Outcrop area of Qinglinkou section, Sinian System, Western Hubei.

facies, carbonate-siliceous shale facies, siliceous/siltstone fa-
cies, and limestone facies (Singh et al., 2008; Katz et al.,
2014). The shale hydrocarbon pore volume mainly consists of
matrix pores and fractures (Xu et al., 2020a). The matrix pores
include intergranular pores of clay minerals, inter-crystalline
pores of brittle minerals, secondary dissolution pores, and
organic pores, and the pore sizes are mainly at the nanoscale.
Fractures are highly developed in areas with frequent or strong
tectonic movements (Jia et al., 2016; Wang et al., 2019).

The spatial distribution of different lithofacies of marine
shale is not clear. Besides, the sweet-spot prediction method
relies on expensive drilling wells. Therefore, it is of great
significance to study similar areas of shale outcrops in the area
(Picke et al., 2015; Azri et al., 2019). However, the high and
steep terrain of the outcrops brings challenges to observation
and research (Fernando et al., 2019; Gilham et al., 2019). At
present, unmanned aerial vehicle (UAV) is the preferred equip-
ment for this task (Mirko et al., 2019; Caravaca et al., 2020;
Yin et al., 2021a). This paper introduces unmanned aerial
vehicle oblique photography technology (UAVOPT), which is
characterized by agility, high precision, global view, and a
high degree of quantification. The proposed technique not only
enriches the methods of marine fine-grained shale sedimentol-
ogy research but also has important practical significance to
guiding shale oil and gas exploration and development.

2. Geological setting
This article focuses on the study and modeling of the

Qinlinkou outcrop, a well-known example of marine shale
deposits. The outcrop profile is geographically located in Zigui
County, Yichang City, Western Hubei Province. The position
coordinates of the profile are 110°55’ E and 30°48’ N. The

quality of exposure in this outcrop is excellent; it is easily
accessed on foot and allows for both a broad view and numer-
ous detailed observations (Fig. 1). Therefore, it is often visited
by students, geologists and professionals of the oil industry,
and has been well documented in earlier publications (An et
al., 2014). The study area is the standard naming site of the
Neoproterozoic Sinian system in South China, and also the site
of the classical sections of Mid-Late Neoproterozoic Sinian
system in China’s chronostratigraphic ladder system, which
mainly includes the Liantuo Formation, Nantuo Formation,
Doushantuo Formation, and Dengying Formation in the Sinian
system. The second, third and fourth members of the Doushan-
tuo Formation are in the target stratum (Fig. 1) (Jia et al., 2016;
Wang et al., 2019). The lithology is mainly dark gray, gray-
black argillaceous dolomite, dark gray dolomitic limestone,
and dark black argillaceous shale, often containing silica-
phosphatic nodules and masses (Fig. 2). Furthermore, there
are micropaleoplants and macroalgae, and these formations
are unconformable with the Lower Nantuo Formation.

3. Methods
The description and interpretation of the Qinglinkou out-

crop field were based on the combination and integration of
conventional and digital outcrop datasets (Mirko et al., 2019;
Yahya et al., 2019; Caravaca et al., 2020). The height of
the study site is 150-156 m; the area is about 0.5 km2. The
conventional outcrop dataset includes a) ten stratigraphic logs
represented at 1:50 scale; b) detailed lithological logs from five
additional locations; c) lithology identification and calibration,
statistics of quantitative shale geological knowledge database,
and typical outcrop refined architecture analysis.
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Fig. 2. Outcrop lithologic characteristics of Qinglinkou section.

3.1 Outcrop study using conventional and digital
datasets

The UAV oblique photographic data volume is well cou-
pled with a three-dimensional (3D) coordinate system, which
is convenient to obtain coordinate and other measurement data,
for example, the body length, width and height of geological
objects (Yin et al., 2021b). The UAV field acquisition process
is as follows: a) field outcrop exploration is performed, includ-
ing recording the scale, terrain and route; b) UAV equipment
assembly, route planning and choosing the best route to be
cruised in the field area; c) the UAV completes the real-time
coordinate position and the photographic image scanning; d)
point cloud data processing, conducting the second processing
to the collected data, obtaining the high-accuracy coordinate
and the image data; e) a 3D digital outcrop model is estab-
lished by Context Capture software (Fig. 3).

3.2 Construction of 3D lithofacies model and
TOC model

The 3D(three-dimensional) geocellular lithofacies model
presented in this paper comprises the Doushantuo Formation
stratigraphic portion of the outcropping succession, and in-
cludes eighteen cycles. The model covers an area that is 206
m long, 137 m wide and 17 m thick. The modeling process
is based on an industry-standard reservoir-modeling workflow,
and consists of: a) the construction of the stratigraphic frame-
work and modeling grid, and the population of the grid with
lithofacies categories using geostatistical algorithms; and b)

the modeling of petrophysical properties constrained to the
lithofacies model (Yin et al., 2021b).

The stratigraphic framework modeling contains the 4 hori-
zons that bind the member contacts (Fig 4(a)) and includes
three zones. We elaborated the contour maps describing the
elevation and the geometry of each stratigraphic horizon using
the traces digitized on the UAV digital outcrop model. These
maps were deterministically constructed using an acute 3D
viewer (Bentley Systems).

The construction of the 3D grid was guided by the horizon
framework (Fig 4(b)). In a horizontal plane, the grid cell
dimensions were set to 5 m × 5 m. The horizons enabled
us to define a specific grid layering pattern in each modeling
zone, and thus mimic the bedding observed in the outcrop.
A horizontal layering parallel to the basal horizon (base of
the model) with a cell height of 0.3 m was used. A specific
reference surface was employed to guide the grid layering in
each subzone. The cell height used for these two subzones was
set to 0.18 m, which resulted in a high-definition 3D grid with
7.67 million cells. The five digitized lithological logs (W1-
W5) along with the 10 pseudo wells were upscaled to the
3D grid. To populate the rest of the modeling cells, a pixel-
based algorithm was applied, which depends on the type of
sedimentary heterogeneity to be captured.

The pixel-based algorithm used in this study is the “Se-
quential indicator simulation” method implemented in Petrel.
This algorithm is based on Petrel’s GSLIB (Geostatistical
Software LIBrary) algorithm and enables the reproduction
of gradual lithofacies transitions. This method is stochastic,
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Table 1. Lithofacies description and bedding thickness.

Lithofacies Sedimentary profile Discription Bedding thickness

Horizontal bedded
mud shale (MSh)

Sedimentary profile DiscriptionLithofacies

Horizontal bedded 
  mud shale(MSh)

Horizontal bedding 
dolomite(Dh)

Horizontal bedding 
siliceous banded 
shale(Sih)

Black-gray, thin-medium 
layered, horizontal 
bedding structure, 
generally deposited in 
deep marine.

Black, thin layered, 
horizontal mostly 
bedding structure, 
deposited in shallow 
marine.

Gray-white, black-gray 
medium-thick layered, 
horizontal bedding 
structure, deposited in a 
shallow marine.

Bedding
thickness

0.5-20 cm

10-50 cm

1-5 cmSi
Si

Si

Si

Black-gray, thin-medium layered, hori-
zontal bedding structure, generally de-
posited in deep marine

0.5-50 cm

Horizontal bedding
dolomite (Dh)

Sedimentary profile DiscriptionLithofacies

Horizontal bedded 
  mud shale(MSh)

Horizontal bedding 
dolomite(Dh)

Horizontal bedding 
siliceous banded 
shale(Sih)

Black-gray, thin-medium 
layered, horizontal 
bedding structure, 
generally deposited in 
deep marine.

Black, thin layered, 
horizontal mostly 
bedding structure, 
deposited in shallow 
marine.

Gray-white, black-gray 
medium-thick layered, 
horizontal bedding 
structure, deposited in a 
shallow marine.

Bedding
thickness

0.5-20 cm

10-50 cm

1-5 cmSi
Si

Si

Si

Gray-white, black-gray medium-thick-
layered, horizontal bedding structure,
deposited in a shallow marine

10-50 cm

Horizontal bedding
siliceous banded
shale (Sih)

Sedimentary profile DiscriptionLithofacies

Horizontal bedded 
  mud shale(MSh)

Horizontal bedding 
dolomite(Dh)

Horizontal bedding 
siliceous banded 
shale(Sih)

Black-gray, thin-medium 
layered, horizontal 
bedding structure, 
generally deposited in 
deep marine.

Black, thin layered, 
horizontal mostly 
bedding structure, 
deposited in shallow 
marine.

Gray-white, black-gray 
medium-thick layered, 
horizontal bedding 
structure, deposited in a 
shallow marine.

Bedding
thickness

0.5-20 cm

10-50 cm

1-5 cmSi
Si

Si

Si

Black, thin layered, horizontal mostly
bedding structure, deposited in shallow
marine

1-5 cm

therefore, if the seed number is left to vary, the subsequent
realizations can be very different. The Gaussian field describes
the serrated geometry of the modeled boundary. It is controlled
by variograms, Random seed, trends in 1D, 2D or 3D, and
ensures conditioning to hard data (i.e., the upscaled lithological
logs). This algorithm was used to reproduce the transition be-
tween mudstone-dominated deposits and dolomite-dominated
deposits (Yin et al., 2021a).

The geometry and positioning were defined based on the
lithofacies observed in the upscaled logs. The selection of the
parameters governing the Gaussian field (i.e., variogram data)
was guided by trial-and-error and visual comparison with the
outcrop geometries. The lithofacies modeling was conditioned
to the upscaled lithological logs and pseudo wells, and ten
models of high-definition 3D lithofacies were obtained (Fig
4(c)). The petrophysical models were obtained by testing the
TOC values of different positions (Fig 4(d)). The “Sequen-
tial Indicator Simulation” (SIS) method was also used, that
achieves deterministic trend and lithofacies control in Petrel.

4. Outcrop sedimentary characteristics

4.1 Outcrop strata distribution characteristics
Based on previous results and data, the second, third and

fourth members of the Doushantuo Formation were divided
into 18 layers according to lithological changes among the
three facies listed in Fig 3. It captures the distribution of
three lithofacies (MSh, Dh, Sih) distinguished in the outcrop
(Table 1). These lithofacies are mainly distributed in the anoxic
environment where the paleo-water depth is blocked. The rock
types are mainly black shale, black-gray black, carbonaceous,
laminated, and shale. The shales are characterized by micro-
crystalline structures. They usually contain primary minerals
such as quartz, feldspar, and pyrite in varying amounts. From
the perspective of composition and structure, this set of
organic-rich deposits is mainly formed in the environment
of stagnant and anoxic deep-water lagoons or intra-platform
basins.

The UAVOPT of the outcrop section shows that the
second member conforms with the underlying member. The
second member is characterized by interbedded gray meso-
carbonaceous dolomite and black carbonaceous shale. Indi-
vidual bedding has a variable thickness range from 0.2 to 0.5

m (Fig. 3).
The third member conformably overlies the second mem-

ber and has a total thickness of about 45.2 m. The shale is
mainly composed of black, lenticular bedded siliceous bands.
At the bottom, there are medium-thick-bedded psoriatic mi-
crocrystalline dolomites with little algal mounds. The middle
part is gray mesomorphic chert with slime and silty dolomite.
The upper part of the third member is dominated by gray
colored, thinly interbedded dolomitic and micritic limestone
and shale. It is characterized by variable lithofacies, including
1) gray, thinly interbedded dolomitic to micritic limestone and
shale, and 2) grayish-white interbedded micritic limestone and
dolomitic limestone. Furthermore, a thinning upward pattern
of bedding thicknesses is observed in dolomitic limestone beds
(Fig. 3).

The fourth member conformably overlies the third member.
There are mainly dark siliceous shales with dolomite and a
siliceous lens. The black siliceous shale observed within the
fourth member is characterized as brittle. The black shale in
this succession is different from the dolomite rock in the upper
and lower members, and the total layer thickness of black shale
is about 11.2 m (Fig. 3).

4.2 Characteristics of shale to dolomite bedding
thickness ratio

The quantitative measurement of lithological type, shale to
dolomite bedding thicknesses ratio, and their lateral continu-
ities were established using UAV Oblique Photographic Data
(Table 2) (Zhai et al., 2020; Yin et al., 2021a).

The second member can be divided into nine layers accord-
ing to lithologic assemblage, with a total thickness of 131.1
m. The shale to dolomite bedding thickness ratios of II-7 and
II-5 layers are greater than 1, while those of II-9, II-4 and II-1
are equal to 1, and those of II-8, II-6, II-3, II-2 are less than
1 (Table 2).

The third member is dominated by shallow marine high-
energy sedimentary facies, which are composed of six layers
according to lithologic assemblage, with a total thickness of
about 49.6 m. The shale to dolomite bedding thickness ratios
of III-6, III-5, and III-3 layers are less than 1, while those of
III-4, III-2, and III-1 are equal to 1 (Table 2).

The fourth member is dominated by shallow-sea low en-
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Table 2. Quantitative outcrop geological knowledge database of shale in the Doushantuo Formation.

Formation Layer True thickness
(m)

Lithology and lithology combination
Shale/dolomite
bedding thickness
ratio

Lateral
continuity

II-9 12.27 Medium thick-bedded dolostone
intercalated with thin-beddedshale

=1 good

II-8 9.80 Thick-bedded dolomite <1 general

II-7 11.32 Shale interspersed with thin-bedded
dolomite

>1 general

II-6 21.78 Medium thin-bedded dolomite
intercalated with thin-bedded shale

<1 general

M2 II-5 6.78 Thin-bedded dolomite
intercalated with shale

>1 general

II-4 14.51 Medium thin-bedded dolomite
interbedded with shale

=1 good

II-3 17.62 Medium-thick-bedded dolostone
interbedded with thin-bedded shale

<1 general

II-2 6.49 Thick-bedded dolomite <1 general

II-1 5.64 Thin-bedded dolomite interbedded
with thin-bedded shale

=1 good

III-6 12.11 Thick-bedded dolomite <1 general

III-5 8.02 Thick-bedded massive dolostone <1 general

III-4 10.93 Medium-thin-bedded dolomite
interspersed with siliceous bands

=1 good

M3 III-3 5.00 Dolomite intercalated with siliceous bands <1 general

III-2 3.98 Thick-bedded dolostone intercalated
with thin-bedded shale

=1 good

III-1 5.84 Thick-bedded dolomite interspersed
with siliceous bands

=1 good

IV-3 6.88 Medium-thin shale interbedded with dolomite =1 good

M4 IV-2 4.69 Medium-thick-bedded shale
intercalated with thin-bedded dolostone

>1 general

IV-1 3.01 Medium-thin shale >1 general

ergy sedimentary facies with high shale development. Accord-
ing to the lithologic assemblage, this member can be divided
into three layers with a total thickness of about 12.66 m. The
shale to dolomite bedding thickness ratios of IV-1 and IV-2
layers are greater than 1, and those of IV-3 layers are equal
to 1 (Table 2).

5. Outcrop profile interpretation
According to the different characteristics of color, lithol-

ogy, lithofacies association, and sedimentary environment evo-
lution, three typical outcrop profiles were selected to research
the lithofacies architecture anatomy.

The outcropping section L1 to L1’ was selected for archi-
tecture anatomy and analysis (Figs. 3 and 5). It is located in
the lower eastern part of the work area. The section has a width
of about 80 m, height of about 25 m, and UAVOPT resolution
of about 5 cm. The resolution UAV oblique photographic data

Fig. 5. Lithofacies architecture geological interpretation of
outcrop section L1 to L1’ (profile location Fig. 3).

can be identified in the thickness of 5 cm lithology and
lithological combinations.

The lithology is mainly composed of medium to thick
bedding gray dolomite and medium to thin bedding shale
interbedded with siliceous bands and developed horizontal
bedding. The bedding thickness of the dolomite single layer
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Fig. 6. Geological interpretation of lithofacies architecture of
outcrop section L2 to L2’ (profile location: Fig. 3).

Fig. 7. Geological interpretation of lithofacies architecture of
outcrop section L3 to L3’ (profile location: Fig. 3).

is 4-37 cm, and the bedding thickness of the shale single layer
is 8-20 cm. From bottom to top, there are multiple lithofacies
from Dh, MSh to Dh, and the shale/dolomite ratio is usually
greater than 1. Among them, the thickness of dolomite bedding
is greater and it is thick-bedded, while the thickness of shale
is relatively small and it is thin-bedded. The thick dolomite
and thin shale have interbedded characteristics in the outcrop
section. The lithological changes from Dh and MSh to Dh
and bedding thickness variations from thin (8-20 cm) to thick
(4-37 cm) indicate water level fluctuation. This shows that the
sedimentary process of slope deposition and the paleo-water-
depth gradually becomes shallow (Dh) to deep (MSh).

The outcrop section L2 to L2’ was selected for architecture
anatomy and analysis (Figs. 3 and 6), which is located in the
lower eastern part of the work area, with a width of about 60
m, height of about 20 m, and UAVOPT resolution of about 2
cm. It can accurately characterize the lithology and combina-
tion characteristics of different layers. The lithology is mainly
gray-black medium thick-bedded dolostone interbedded with
black shale and developed horizontal bedding, gradually thin-
ning upward. The bedding thickness of dolomite is 15-50 cm,
and the bedding thickness of shale is 15-30 cm. From bottom
to top, there are generally multiple cycles of Dh and MSh to
Dh, and the lithofacies combination pattern is mainly a shale/-
dolomite thickness ratio that is greater than 1. The dolomite
bedding thickness is greater than shale. The lithology changes
from Dh and MSh to Dh and the bedding thickness varies
from thin (15-30 cm) to thick (15-50 cm), indicating water
level fluctuation. This shows that the sedimentary process of
carbonate platform and gentle slope deposition, and the paleo-
water-depth gradually becomes shallow (Dh) to deep (MSh).

The L3 to L3’ section, located in the middle of the work
area, has strong stratification, a section width of 50 m and

Table 3. Sample number and TOC content.

Sample Group TOC Sample Group TOC

S1 M2 1.97 S10 M2 2.4

S2 M2 1.24 S11 M2 1.14

S3 M2 1.62 S12 M2 0.955

S4 M2 1.76 S13 M2 0.806

S5 M2 3.68 S14 M2 0.987

S6 M2 2.96 S15 M3 0.136

S7 M2 1.26 S16 M3 0.106

S8 M2 2.32 S17 M3 0.238

S9 M2 1.97 S18 M4 2.16
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Fig. 8. Content of TOC in different layers with samples.

height of 12 m, and UAVOPT resolution of 5 cm (Figs. 3 and
7). This section can accurately characterize the lithology and
combination characteristics of different layers. Its lithology is
mainly dark gray and gray-white thick-bedded dolomite inter-
spersed with a few siliceous bands and developed horizontal
bedding. The bedding thickness of the dolostone monolayer is
11-120 cm with bedding thickness from medium to thick. It is
about 7.10 m to the upper layer. From bottom to top, it mainly
shows the overlapping of multiple cycles of Dh pattern, and the
lithofacies combination pattern is mainly characterized by a
ratio of shale bedding thickness to dolomite bedding thickness
that is greater than 1. Lithofacies Dh and bedding thickness
nearly do not change, indicating water level stabilization. This
shows a gradual sedimentary process from the section L2 to
L2’ deep sea to the carbonate platform, and paleo-water-depth
from deep to shallow (Dh).

6. 3D modeling of lithofacies and TOC
The spatial distribution of high-quality marine shale reser-

voirs is closely related to the dolomite content. Dolomite in
an appropriate amount (shale/dolomite bedding thickness ratio
is equal to 1) is the key mineral for the development of high-
quality reservoirs. As mentioned above, an area with shale to
dolomite ratio that equals 1 is a high-quality reservoir devel-
opment area. Therefore, this research used Petrel modeling
software to comprehensively compare multiple closely related
irregular outcrops. After processing the UAV digital data, the
outcrop section of the pseudo wells was set. The next steps
were to input pseudo wells data (coordinates, well depth and
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Fig. 9. 3D geological models of lithology and TOC content.

deviation, lithology), and combine it with the above-mentioned
outcrop quantitative geological knowledge database. Then,
lithological 3D random modeling was established based on
Facies Modeling Module (Fig. 8). Finally, based on TOC
sampling data (Table 3 and Fig. 8), the 3D spatial distribution
of TOC content was displayed limited by lithofacies.

The 3D lithologic model better reveals the spatial dis-
tribution of marine shales in the outlying area. Shales are
embedded in thick dolomite, among which the shale in the
second member is the most developed one (Fig. 9(a)). The grid
model shows that different outcrop positions are constrained
by outcrop profile data and have certain characteristics of
randomness (Fig. 9(b)). The TOC data obtained from 18
samples distributed in different zones (Fig. 3 and Table 2)
were imported into modeling software as parameters, and
the SIS algorithm was used to carry out the distribution of
the 3D TOC model under lithologic constraints (Fig. 9(c)).
Overall, the TOC content of dolomite is lower at 0.2% to 1.2%,
and the TOC content of shale is 1.2% to 3.68%. The TOC
content of the shale developed in the middle of the second
member is 3.68%, and the 3D TOC model shows the TOC
parameter attribute distribution corresponding to the lithology
well. Influenced by the stochastic modeling algorithm, the
spatial distribution has certain randomness (Fig. 9(d)). The
model can be used to analyze and predict the lithology and
TOC content of any location in the study area, which is of
great significance to understanding the sweet spots of shale

gas.
Using the 3D TOC model, the horizontal distribution of

TOC content can be further studied, and the prediction results
of TOC distribution in shale can be displayed more clearly. In
general, the TOC content of the second member II-4 is 0.14%
to 3.68 %, with the highest TOC content in the western and
low eastern part. The lithology in the western part is mainly
mudstone shale, and that in the eastern part is mainly dolomite
(Fig. 10(a)). Moreover, the TOC content of the second member
II-7 is 0.24% to 3.59%, with the highest TOC content in the
western and low eastern areas. The lithology in the western
part is mainly mud shale, and that in the eastern part is mainly
dolomite (Fig. 10(b)). The TOC content of the third member
III-2 is 0.58% to 3.31 %, with the highest value in the southern
and low northern areas. The lithology in the southern part is
mainly mud shale, while it is dolomite in the northern part
(Fig. 10(c)). The TOC content of the third member III-5 is
1.61% to 2.36 %, band it is stable in this layer, indicating
that the ratio of mud shale to dolomite is equal to 1 (Fig.
10(d)). The second members II-4 and II-7 are high-quality
reservoirs; the third members III-2 and III-5 are poor-quality
reservoirs. The plane high-quality reservoir is in the mud shale
enrichment area, where the ratio of mud shale to dolomite is
greater than 1, such as in the second member II-4.
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Fig. 10. Content of TOC distribution in different layers.

7. Discussion
Shale oil and gas exploration and development have two

key issues. One is the lithofacies association pattern of source
and reservoir lithofacies, and the other is the spatial distri-
bution characteristics of high-quality reservoirs (Galvis et al.,
2018). There are three combinations of lithofacies in the study
area, namely, shale to dolomite bedding thickness ratio greater
than 1, that equal to 1, and that less than 1. At present, marine
shale is the most common reservoir facies hosting shale gas,
and the ‘equal to 1’ type is the most favorable lithofacies
combination and productivity feature. The spatial distribution
of its high-quality reservoirs is closely related to dolomite
content. Dolomite in a proper amount is a key brittle mineral
for the reservoir’s development. Therefore, the combination of
shale and dolomite with a ratio equal to 1, that is, the top of
the second member and the bottom of the third member, are
high-quality reservoirs (Fig. 11).

Similar characteristics are found in existing drilling stud-

ies. During the Lower Sinian period, shale reservoirs were
mainly developed in the second and fourth members. For
well EYangye 1, the Doushantuo Formation is divided into 4
tertiary sequences, including DST1, DST2, DST3, and DST4.
Among them, DST2 in the outcrop area corresponds to the
second member, DST3 corresponds to the third member,
and DST4 corresponds to the fourth member (Zhai et al.,
2020). According to GR logging, single bedding thickness,
shale/dolomite bedding thickness ratio, and content of TOC
(Table 4), the middle of DST2 and the bottom of DST3 are
high-quality shale sweet spots. This area has a total thickness
of 90-110 m, a depth of 3,330-3,440 m, and is composed of a
transgressive system tract (TST) and a high-level system tract
(HST).

The transgressive system domain corresponds to the middle
and upper part of the second member. At about 50 m, there
is deep-water facies. Black shale is mainly well developed.
A large number of pyrite lamellae, foliation, and phosphorus
nodules can be seen, indicating that the paleo-water in this
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Fig. 11. Sweet spot distribution pattern in marine shale outcrop profile.

Table 4. Sweet spot types and geological parameters.

Lithofacies Type I Type II Type III

GR Logging value (API) 40∼100 40∼50 30∼50

Single bedding thickness (cm) 20∼40 40∼60 60∼80

Shale/dolomite bedding
thickness ratio

=1 >1 <1

Content of TOC (%) 1.2∼3.0 0.8∼2.5 0.5∼0.8

period is relatively deep. According to the GR logging value,
the depositional environment shows stable water level fluctua-
tion, and paleo-water depth does not intensely change during
this period. The thickness of shale is much greater than that
of dolomite, and the area with a thickness ratio that is greater
than 1 is a type II reservoir. The shale section and thin-layer
dolomite lithofacies dominate in the slope facies. Meanwhile,
the thickness of shale and dolomite is approximately equal to
1. From the logging curve, the GR value becomes larger, indi-
cating that the paleo-water is gradually deeper. The dolomitic
content gradually declines, and the TOC content becomes
higher from 3,400 to 3,440 m, which is a high-quality type
I reservoir. For the platform facies of carbonate rocks, gas
logging measurement shows that dolomite is the main reservoir
with low TOC content and low methane content, indicating a
type III reservoir (Fig. 12).

The 3D UAV oblique photogrammetric data provide an
opportunity to measure the dimensions of marine shale and
dolomite. The quantitative modeling of 3D shale geological
parameters gives an insight into predicting the distribution and
dimensions of lithofacies and TOC in the marine environment.
The future direction of research is to combine the UAV digital
model with microscopic pore structure data to reveal the shale
geological characteristics, which can determine the accuracy
of prediction for different types of sweet spots.

8. Conclusions
In this paper, the characterizations of shale outcrops were

revealed based on the combination of UAVOPT and digital

datasets, and the following conclusions could be drawn:

1) UAVOPT can help to achieve the 3D digitization and
visualization of shale outcrops and establish a quantitative
shale reservoir knowledge database. Based on the 3D dig-
ital outcrop model, the lithologic assemblage, thickness
and distribution characteristics of the target layer can be
characterized in detail, and the quantitative geological
knowledge base of the marine shale reservoirs can be
established.

2) The Doushantuo Formation exhibits the development of
a deep-water basin and carbonate platform deposition.
The third member is characterized by carbonate platform
deposition, while the second and fourth members exhibit
mainly deep-water marine basin deposition. It is mainly
composed of three different ratios of marine shale and
dolomite, namely, greater than 1, equal to 1, and less
than 1. The assemblage with shale to dolomite bedding
thickness ratio that is equal to 1 is the reservoir with the
highest quality for exploration and development.

3) Based on the digital model established by UAVOPT, 3D
lithology and TOC models of the outcrop area were
established. The 3D spatial distribution characteristics of
interbedding between marine dolomite and shale in the
outcrop area were presented, and the spatial distribution
of TOC parameter attributes was reflected under litho-
logic constraints. The constructed model can be used to
analyze and predict the lithology and TOC content of any
location in the study area, which is of great significance
to the understanding of sweet spots in shale gas.
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