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ABSTRACT: To address the shortage of characterization scale of field outcrops, we used the char-
acteristics of unmanned aerial vehicle (UAV) oblique photography with a wide field of view and a
high degree of quantification for image acquisition, data processing, and geological interpretation of
the outcrops of the Shaximiao Formation in the Sichuan Basin. We established a 3D digital outcrop
model (DOM), which combines the advantages of visualization and digitization the 3D DOM to inter-
pret the characteristics of typical channel sand bodies. Within the study area, we have identified
three types of channel deposition: composite channel deposition, crevasse channel deposition, and
abandoned channel deposition. Among these, the composite channel deposition was mainly sand-
stone, the bottom contains conglomerate, with large cross-bedding, and the maximum thickness of
the single sand body was 1.96 m. The crevasse channel deposition was mainly fine sandstone and
siltstone, with massive bedding and small cross-bedding, and the maximum thickness of the single
sand body was 0.64 m. The abandoned channel deposition dominated by mudstone with thin sand-
stone, the sandstone was mainly lenticular in section, and the maximum thickness of the single
sand body was 0.28 m. We identified the depositional model of the studied region, which is domi-
nated by braided river deposition, based on the growth size and correspondence of the sand bod-
ies. The research provides a comparative foundation for the detailed characterisation of the under-
ground reservoir sands found in the Jurassic Shaximiao Formation in the Sichuan Basin. It also
serves as a reference for the effective study of UAV oblique photography technology in the field.

KEY WORDS: unmanned aerial vehicle, oblique photography, digital outcrop model, channel sand

body, Shaximiao Formation, Sichuan Basin.

0 INTRODUCTION

The channel sand body served as an essential reser-
voir for oil and gas (Liu et al., 2004; Qiu et al., 1983; Wu
et al., 1981). Conducting fine characterization studies of
channel sand bodies was of great theoretical and practi-
cal significance for deepening understanding of internal
reservoir architecture and remaining oil exploration (Ma
X Hetal., 2018; Jia C Z et al., 2012; Zou et al., 2010; Jia
A L et al,, 2007; Zhao et al., 2001). Geophysical tech-
niques, modern sedimentation, flume simulation experi-
ments, and field outcrop investigations were the main
methods used to study the traditional description of the
channel sand body (Jin et al., 2014; Ji et al., 2013; Zeng
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et al., 2012; Yu et al., 1994). The most commonly used
techniques were geophysical, forward modeling, logging
rock-electrical feature analysis, seismic attribute extrac-
tion analysis, and frequency division interpretation tech-
nology (Lin et al., 2013; Szarawarska et al., 2010; Cross
et al., 2009; Wu et al., 2008; Yin et al., 2001). With the in-
crease in the fine scale of sand body characterization, its
characterization techniques were also improving. Among
them, Fabuel-Perez et al. (2009) investigated outcrop
characterisation and geostatistical analysis of a low-sinu-
osity fluvial-dominated succession using digital outcrop
models. Sahoo and Gani (2015) Creating three-dimen-
sional channel bodies in LiDAR-integrated outcrop char-
acterization. Moreover, Yue et al. (2019) examined the ar-
chitecture of the point bar of a meandering fluvial river us-
ing ground penetrating radar (GPR).

In recent years, with the rapid development of UAV
technology and the increasing civilization, the technical
research of UAV-related applications has been expand-
ing (Hayat et al., 2016; Colomina and Molina, 2014; Ber-
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ni et al., 2009). 3D digital outcrop characterization tech-
nology based on UAV oblique photography has been in-
troduced into geological field work (Marques et al., 2020;
Buckley et al., 2019; Bemis et al., 2014). Chesley et al.
(2017) used UAV and structure-from-motion (SfM) to
characterize sedimentary outcrops in the Morrison For-
mation, Utah, USA. Nieminski and Graham (2017) used
a small UAV and SfM to stratigraphic interpretation. Nes-
bit et al. (2021) used UAV and SfM to confirm and en-
hance previous field-based documentation of coarse-
scale stratigraphic architecture in deep-water channel de-
posits. Compared with the traditional manual modeling
method, the establishment mentioned above of these dig-
ital outcrop models has the characteristics of fast maneu-
verability, accuracy and efficiency, and low use cost. As a
result, digital outcrops have quickly developed into an es-
sential tool for geological interpretation. Pickel et al.
(2015) built digital outcrop models with a training image.
Osman et al. (2017) used the digital outcrop workflow in
the sedimentological interpretation of the Early Triassic
Upper Khartam Member of the Khuff Formation. Liang et
al. (2022) used the digital outcrop to interpret the 3D
quantitative characterization of fractures and cavities. 3D
digital outcrop models based on UAV oblique photogra-
phy technology has become a hot spot for research and
application (Zhang et al., 2020; Yan et al., 2019; Yin et
al., 2018).

The Jurassic Shaximiao Formation in the Sichuan
Basin is a tropical desert seasonal fluvial deposit that is
part of the Mesozoic red layer. It is composed of interbed-
ded orthoclase sandstone, feldspathic quartz sandstone,
and mudstone (Xia et al., 1984). Dinosaur fossils have
been found within the formation (Moore et al., 2020).
Field observation, core description, log phase analysis,
and seismic interpretation were used by Yang et al.
(2014) to investigate the sedimentary characteristics of
the Shaximiao Formation in Northwest Sichuan. Liu et al.
(2018) conducted a study of the Jurassic sedimentary
system in the Sichuan Basin, utilizing field outcrop and
core data. Their findings indicate that the Shaximiao For-
mation was the primary site of the development of four
sedimentary facies types of the alluvial fan-fluvial-delta-
lake sedimentary system. Yu et al. (2019) determined
that the Jurassic Shaximiao Formation of the Longmen
Mountain frontal zone in West Sichuan developed two
sedimentary facies: alluvial fan and braided river delta,
based on field outcrop sections. Based on sedimentation
analysis, the sand body characteristics of the Shaximiao
Formation show a narrow channel in general, a highly ir-
regular spatial distribution of the sand body (Fang et al.,
2023), complex lithologic interface morphology, and com-
plex channel superposition (Fan, 2022). The information
aspects revealed by the subsurface geological interpreta-
tion and the two-dimensional photographs of the outcrop
are the primary focus of these research. Nevertheless,
because of the Sichuan Basin’s high and steep terrain
and the manual camera’s lack of viewing angle. It is diffi-

cult to consider the outcrop architecture in a realistic, intu-
itive, and complete manner. Meanwhile, there is a seri-
ous issue with various interpretations with subsurface
geological interpretation. Consequently, the depositional
environment of the Shaximiao Formation is a subject of
varying interpretations among academicians (Zhang et
al., 2022; Liu et al., 2018). The study used the 3D digital
outcrop model characterization technique of UAV oblique
photography for fieldwork research, which has estab-
lished the 3D digital outcrop model in Shaximiao Forma-
tion, Sichuan Basin. Our research refined the characteris-
tics of the channel sand body through 3D visualization
analysis to deepen the understanding of the internal geo-
logical architecture. The result provides a comparative
foundation for the detailed characterization of the under-
ground reservoir sands found in the Jurassic Shaximiao
Formation in the Sichuan Basin. It also serves as a refer-
ence for the effective study of UAV oblique photography
technology in the field. The study used the 3D digital out-
crop model characterization technique of UAV oblique
photography for fieldwork research, which has estab-
lished the 3D digital outcrop model in Shaximiao Forma-
tion, Sichuan Basin. Through 3D visualisation analysis,
our research improved the geological architecture by ana-
lysing the characteristics of the channel sand body. The
findings provide a basis for comparison that will be useful
in characterising the underground reservoir sands in the
Jurassic Shaximiao Formation of the Sichuan Basin in
detail. It may also be used as a reference for conducting
an efficient field research of UAV oblique photography
technology.

1 BACKGROUND

Sichuan Basin was located on the western margin of
the ancient Yangzi Plate and was a multi-cycle superim-
posed basin developed from the Upper Yangtze Craton.
Since the Middle Triassic, the Sichuan Basin has been in-
fluenced by the Indonesian Movement, Yanshanian, and
the Himalayan movements, forming the present tectonic
framework (Wang et al., 2014; Chen et al., 1994). The Si-
chuan Basin was mostly bordered by the Longmenshan
fold belt, Daba Mountain fold belt, and Micang Mountain
uplift belt, forming a diamond-shaped configuration. The
direction of the basin was northeast. The basin area was
19 x 10* km® (Figure 1a), and this research specifically
examines the Jurassic Shaximiao Formation located in
the Sichuan Basin.

The Jurassic Shaximiao Formation was the least
deeply buried formation containing hydrocarbons com-
pared to other formations in the Sichuan Basin. The for-
mation may be divided into the Lower Shaximiao Forma-
tion and the Upper Shaximiao Formation (Figure 1c). Dur-
ing the deposition of the middle and upper sections of the
Lower Shaximiao Formation, the lake water in the study
region completely receded. In the northern half of the ba-
sin, fluvial processes predominate, and the predominant
lithology consisted of purple-red mudstone with light gray
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sandstone. During the last stage of the Lower Shaximiao
Formation, the basin had a transient period of sedimenta-
tion in a shallow lake environment. Nevertheless, the du-
ration was quite brief, and the fluvial characteristics were
reinstated. Throughout the Upper Shaximiao Formation,
the basin was primarily characterized by a highly oxi-
dized sedimentary environment and saw the develop-
ment of fluvial facies until the deposition of the Shaxi-
miao Formation concluded. The Upper Shaximiao Forma-
tion is composed of thick floodplain mudstone that is
mostly purple-red in color, interspersed with channel
sand bodies that exhibit shades of gray and gray-green
(Zhang et al., 2022).

The study area was located in the northeastern part
of the Sichuan Basin, between E107°36'36"-E107°43'48"
and N30°32'42"-N30°36'18", in He Lin Town, Liangping
District, Chongqing (Figure 1b). The general orientation
of the mountain was NE direction, which was consistent
with the basin orientation. In this area, the Shaximiao For-
mation was tectonically buried to a depth of -2 000 —
-3 000 m (Duan, 2021; Wen et al., 2005) and exhibited a
widely distributed channel sand body from the basin mar-
gin to the interior, providing the main reservoir for the
Shaximiao Formation. However, the steep topography of
the basin makes the traditional field description relatively

difficult. In order to interpret the sandstone deposition pat-
tern of the Shaximiao Formation, this paper uses UAV
scanning in this study area to establish a 3D digital mod-
el, which in turn facilitates the interpretation of the sedi-
mentary phase and sandstone prediction.

2 DATA AND METHODS
2.1 Oblique Images Acquired

The oblique photogrammetry technology uses multi-
angle cameras to acquire high-resolution aerial images
of ground objects from all angles simultaneously. This
technology expands the application range of remote
sensing images and changes the traditional way of col-
lecting images only from the frontal camera angle. The
3D model produced using oblique photogrammetry tech-
nology can genuinely reflect the scene that conforms to
the human eye vision. It combines the GNSS (GPS +
GLONASS + GALILEO) technology with DJI UAV to in-
corporate the 3D outcrop into the geographic information
framework, showing comprehensive and rich geographic
information (Table 1). The study used the DJI Air 2S multi-
rotor UAV. The UAV platform can be controlled from -90°
to 24° (pitching) and takes a camera with 20 megapixels,
which can meet the field’s multi-angle and high-precision
image acquisition.
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Figure 1. Regional geological background. (a) The study area was located in the Sichuan Basin, southwestern China, and the outcrop location is

in He Lin Town, Liangping District, Chongging. The buried thickness of the Shaximiao Formation is about -1 500— -2 000 m. (b) Stratigraphic

boundaries and fieldwork observation points in the study area, including four sites in total. (c) Lithological characteristics of each stratum ex-

posed in the study area.

Table 1 Digital information acquisition of lithology at each section based on UAV oblique photography, including total area of the section at

each observation point, areas of different lithologies, and maximum sandstone thickness

Position Total area (m?) Sand area (m?) Mud area (m?)  Maximum single sand body thickness (m) Sandstone areal/total area
P1 157.49 148.87 8.62 1.96 0.95
P2 143.66 40.37 103.29 0.64 0.28
P3 72.63 11.36 61.27 0.28 0.16
P4 334.43 136.51 197.92 0.57 0.41
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Figure 2. UAV cruise routes in the study area, with the study route following Rural Road 040. A total of four specific UAV oblique photography

sites were included, and specific cruise routes were designed for each observation site by outcrop orientation.

In data acquisition, our information includes tradition-
al manual detailed investigation and UAV oblique photog-
raphy. Among them, in the UAV photography data acqui-
sition, we designed two flight heights according to the
topographic and geomorphological features. In the key
outcrop area, we designed a flight altitude of 10 m. Com-
bined with the capabilities of the camera, the resolution
of the profile can be calculated to be about 1 cm accord-
ing to Eq. (1). In the non-focused outcrop area, we de-
signed the flight altitude to be 100 m, and the resolution
of the profile can be calculated to be about 10 cm accord-
ing to Eq. (1). These two altitudes can satisfy the integrity
of the outcrop area but can also carry out fine and quanti-
tative research on the rock layers of the key profile. Ac-
cording to these two flight altitudes, we accumulated 49
UAV photos at point 1, 54 UAV photos at point 2, 57 UAV
photos at point 3, and 41 UAV photos at point 4 (Fig-
ure 2).

H = fx (GSDla) 1)

H is the UAV altitude (m); f is the lens focal length
(mm); GSD is the ground resolution (m); a is the pixel
size (mm).

2.2 3D Modeling of Digital Outcrops

Digital outcrop modeling effectively combines UAV
technology and oblique photography technology to gener-
ate a realistic 3D model and achieve 3D measurability.
Our research used ContextCapture software for the
study area of 3D modeling. Its modeling process mainly
includes oblique photography, automatic modeling, and
automatic mapping. In this study, continuous 2D images
can be used to restore the accurate 3D model. Com-
pared with manual modeling, automatic modeling of
oblique photography has the advantages of high efficien-
cy, high accuracy, high realism, and low cost (Figure 3).

3 RESULTS

Through literature research and field outcrop investi-
gation, the study determined that the Jurassic Shaximiao
Formation in the Sichuan Basin mostly consisted of de-
posits from fluvials and shallow lakes. Based on the UAV
3D digital outcrop model, we have discovered three differ-
ent types of fluvial deposits in the research area: compos-
ite channel deposits, crevasse channel deposits, and
abandoned channel deposits. Furthermore, we use the
3D model visualisation capability to classify the stages of
channel erosion and the filling process in the designated
research region.

3.1 Composite Channel Sand Body

The main characteristics of channel deposition were
sandstone and conglomerate. Moreover, it was rich in
bedding types. The cross-section was trough-shaped,
and the rocks were primarily lenticular. The flushing of
flowing water shows an apparent erosion surface at the
bottom of the channel bed, which constitutes the base of
the channel deposition unit.

The outcrop of Observation Point 1 was located at
30°35'1.12"N, 07°39'7.12"E, an orientation of 37°, and in
the 3D model, the section outcrop length was about
45.52 m, and thickness was 4.76 m. The sandstone was
significantly developed in the full section (Figures 4, 5),
the broad sandstone area to section area ratio reaches
94.52%, and the maximum single sand body thickness
reaches 1.96 m. In the front view of the 3D model, the
section consists of two bottom-up normal gradings super-
imposed, and the change of lithologic combination mainly
causes the normal grading characteristics.

A clear erosional surface was visible at the section’s
bottom of the single-stage channel. The lower part of the
erosion surface was mainly mudstone with a thin layer of
overbank sandstone, and many wormholes were devel-
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Figure 4. 3D digital outcrop characteristics of the composite channel sand body of the Jurassic Shaximiao Formation, (a) digital outcrop model
front view of the sand body extensions, (b) detailed carving of the internal architecture of composite channel sand body.

oped in the sandstone. The maximum thickness of over-
bank sandstone was 0.32 m, and the total area of over-
bank sandstone was 9.01 m? accounting for 5.72% of
the total area of the section. Obvious alluvial valleys
were visible near the erosion surface, and the sediments
were dominated by gravelly sandstone, with evident

channel bed lag deposits visible. Upward the erosion sur-
face, the mud clasts can be seen, the large scale cross-
bedding was developed, and the sediment has obvious
lower coarse and upper fine cyclothem (Figure 5). We an-
alyzed this outcrop section's bottom-up depositional char-
acteristics and mapped the sandstone deposition relation-
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Figure 5. Interpretation of typical phenomena in composite channel sands. (a) Erosion surface visible at the bottom of the channel; (b) mud

clasts; (c) the layers at the bottom of the channel show banded sandstone interspersed with mudstone; (d) wormhole; (e) normal grading; (f)

large scale of cross-bedding; (g) lag deposits; (h) bottom lagging deposits exhibiting sandy conglomerate

ship under the 3D model visualization conditions. It was
concluded that the section consistent with the typical
channel sand characteristics and composite channel
sand formed by multiple stages of sand bodies deposit-
ing on top of each other.

3.2 Crevasse Channel Sand Body
The Crevasse channel sand body was mainly
formed when the flood water flows out of the main chan-

nel through a local break. The lithology was mainly fine
sandstone and siltstone, with massive bedding, small
cross-bedding, wave cross-bedding, and horizontal bed-
ding. The thickness of the sand body deposited in a sin-
gle crevasse channel was mostly tens of centimeters to
several meters, and the rock was tongue-shaped, thin-
ning and pinching out toward the flood plain, and the sec-
tion was lenticular. When a flood loaded with sediment
overflows the channel banks, sheet-shaped overflow
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Figure 6. 3D digital outcrop characteristics of the crevasse channel sand body of the Jurassic Shaximiao Formation. (a) Digital outcrop model

front view of the sand body extensions; (b) detailed carving of the internal architecture of crevasse channel sand body.

sandstone was formed on the floodplain instead of break-
ing the banks.

The outcrop of observation point 2 was located 30°
35'2.27"N, 107° 39'15.65"E, orientation 37°. In the 3D
model, the section outcrop length was about 29.94 m,
and the thickness was 4.95 m. The whole section mainly
composed of mudstone (Figures 6, 7), the overall sand-
stone area to section area ratio only 28.10%, the sand-
stone content was less, and the maximum single sand
body thickness was only 0.64 m. On the 3D model front
view, the overall appearance was multi-stage layered
mudstone with thin sandstone. The sandstone was lentic-
ular in the cross direction, showing the typical sedimenta-
ry characteristics of the crevasse channel. The area of
the crevasse channel was 8.41 m?, accounting for 5.85%
of the total area of the section, in which the maximum
thickness of the sandstone of the crevasse channel was
0.43 m. There are also thin layers of overbank sandstone
between the mudstone, the maximum thickness of over-
bank sandstone was 0.08 m, the thickness was thin but
widely distributed, and the total area was 17.67 m? ac-
counting for 12.30% of the total area of the section.

Unlike the typical channel depositional characteris-
tics of Observation Site 1, the crevasse channel sand
body and the overbank sand body were relatively thin,
and the scale of the laminae was relatively small, mainly
showing massive bedding and small cross-bedding. As
the whole Jurassic Shaximiao Formation sedimentary
background was an arid environment, sediment injection
was visible in the mudstone (Figure 7). When the next
stage of the flood loaded with sediment overflows the
bank, its cracks were filled with sediment and form sand-
stone dikes vertical to the horizon. Above the outcrop
channel, a thick layer of channel sand was developed,
the sand body has a clear sequence surface, and the
sandstone area was 14.29 m? which accounts for 9.95%
of the total area of the section.

3.3 Abandoned Channel Deposits

Abandoned channel deposits consist mainly of silt-
stone and mudstone, and horizontal bedding was devel-
oped in the rock. On a larger scale, channel abandon-
ment was mainly caused by redirections or crevasses.
The river channel swings across the floodplain, accompa-
nied by ephemeral streams, forming new channels in rel-
atively low floodplain basins, while the original old chan-
nels were abandoned, and floodplains were formed
around the old channels. Furthermore, a thin layer of
overbank sandstone may be formed during the channel
swing on the floodplain.

Observation point 3 outcrop was located at 30°
34'56.67"N, 107° 39'26.44"E, orientation 37°. In the 3D
model, the section outcrop length was about 18.74 m,
and the thickness was 4.72 m. The whole section was al-
so mainly dominated by mudstone (Figures 8, 9), the
overall sandstone area to section area ratio was 15.64%,
and the maximum single sand body thickness was 0.28
m. On the front view of the 3D model, the bottom of the
section shows multiple periods of thick mudstone inter-
bedded with thin sandstone. In the middle of the section,
obvious channel pinching was observed, and the channel
filling was mainly mudstone deposits with thin sandstone.
At the same time, the upper part of the section was main-
ly lenticular sandstone.

Similar to the thinly bedded overbank sandstone at
observation site 2, the sandstone interbedded with thick
mudstone in the lower part of this section shows typical
floodplain and overbank sand deposition. While in the
central part of the section, the muddy sediments domi-
nate the channel, mainly typical abandoned channel de-
position (Figure 9). This type of deposition may be mainly
influenced by ephemeral streams, which formed a typical
channel deposition section in the vertical direction during
the flood period due to the erosion of the channel, while
a floodplain surrounded the former channel due to the
sudden abandonment of the channel. The abandoned
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Figure 7. Observation 2 Interpretation of typical phenomena. (a) Channel sand body characteristics and internal architecture; (b) overbank sand
body; (c) sediment injection; (d) crevasse channel sand body.

S Thickness (cm)

Figure 8. 3D digital outcrop characteristics of the abandoned channel deposits of the Jurassic Shaximiao Formation. (a) Depositional character-
istics of the front view of the section;(b) sediment injection; (c) floodplain and overbank.

channel depositional characteristics differ from the typical floodplain deposition, sediment injection form the dikes,
channel-fill depositional characteristics at observation and a thin layer of overbank sandstone interbeds the
point 1. The internal filling characteristics were similar to thick mudstone layer.
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Figure 9. Observation 3 Typical phenomena. (a) Abandoned channel fill section characteristics; (b) river abandonment fill process.

3.4 Channel Erosion and Filling Process

As an essential mode of sediment transport, the
channel can cause erosion, transport, and accumulation
of sediment. Among them, the flowing water erodes the
channel bed material and makes the channel deepen
and widen; meanwhile, the sediment transported by the
river can be carried downstream by suspension, salta-
tion, and rolling. Influenced by the change of hydrody-
namic conditions, the sediment accumulates on the chan-
nel bed and forms the channel filling, and this whole pro-
cess belongs to one deposition event. When the next
depositional event occurs, the previous stage of channel
filing was accompanied by a new stage of erosion, trans-
port, and accumulation, forming the next stage of chan-
nel filling. This cycle repeats itself, and the entire process
of continuous channel erosion and filling can be ob-
served on the outcrop.

Observation point 4 outcrop was located at 30°
34'42.13"N, 107°40'14.43"E, orientation 322°, and in the
3D model, the section outcrop length was approximately
71.71 m, and thickness was 22.96 m. This section differs
from the previous three observations. The section can be
observed as triangular in the plan through the vertical
view angle. In the side view direction, the sedimentary
characteristics of the three sections can be observed.
Based on the lithological characteristics of the Jurassic
strata in the Sichuan Basin, it was considered that the
sandstone of the Suining Formation was in the upper
part of this outcrop, with an outcrop height of about 11.61
m. The lower part was the Shaximiao Formation, repre-
sented by the typical red layer of the target layer, with an
outcrop height of about 11.35 m (Figure 10). Based on
the 3D digital outcrop, the sequence boundary of the for-
mation can be classified by multi-angle observation.

In the front view of the target layer, it can be ob-
served that the section has an apparent stage subordina-
tion from bottom to top. The lower part of this section
mainly shows a thick layer of mudstone interbedded by a
thin layer of overbank sandstone, the maximum thick-
ness of overbank sandstone was 0.26 m. The total area
of overbank sandstone was 56.42 m? accounting for
16.87% of the total area of the section (Figure 10). It was
similar to the overbank sandstone and flood plain deposi-
tional characteristics of observation site 2. The upper
part of the section shows typical channel deposition. The
maximum sandstone thickness was 0.57 m, the total ar-
ea of sandstone was 80.09 m? accounting for 23.94% of
the total area of the section, and a clear channel erosion
surface can be observed. Its overall thickness was about
2.36 m, and three stages of obvious channel deposition
events were classified at this site based on the identified
erosion surfaces. Furthermore, the three stages of chan-
nel erosion filling types were further summarized based
on how the erosion surfaces cut each other (Figure 11).

4 EXPLANATIONS AND DISCUSSIONS

The channel sediments in the study area have
coarse grain size, frequent lateral migration of the river,
and apparent vertical superposition. A set of upward from
coarse to fine sequence ends, followed by another
coarse to fine layer sequence, which has been repeated
many times, constituting a multi-stage channel superposi-
tion style. This multi-stage channel superposition style
was mainly caused by frequent changes in stream flow,
constant migration and redirection, and multiple erosion.
The channels were superimposed laterally and vertically
with high width-to-depth ratios, which was suitable for
braided channel deposition characteristics. Both sides of
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Figure 10. 3D digital outcrop characteristics of the channel erosion and filling process of the Jurassic Shaximiao Formation. (a) Front view pro-
vides an overall macroscopic description of the section location, section orientation, and section size information; (b) side view delineates the
section sand body orientation as well as the section stratigraphy based on the front view; (c) front view, selected target layer, a fine description of

the sandstone extension pattern of the target layer.
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Figure 11. Digital outcrop 3D visualization of the channel stage classification. (a) Local fine detailing of the channel erosion-fill process by UAV

modeling; (b) divided into three stages of channel flushing and filling process.

the channel show a transition from siltstone-dominated
overbank deposition to a floodplain dominated by mud-
stone on the outer side. In low areas of the floodplain,
during flooding, floodwaters can spill over to form small
lakes on both sides of the channel (Figure 12). These
small lakes were environmentally stable, biologically
abundant, and can preserve complete biological remains.
Traditional views interpret the sandstone of the Shaxi-
miao Formation in the Liangping area as channel sand
(Yu et al., 2019), lacking knowledge about what specific
type of channel sandstone it was. In this paper, the inter-
pretation was compared with the traditional results, and
this paper clarifies the type of fluvial developed in the
Shaximiao Formation in the Liangping area of East Sich-
uan with the assistance of the UAV 3D digital model (Fig-
ure 12).

We determined the deposition of braided channels
by analyzing the depositional characteristics of outcrops
in the Liangping area. Moreover, we also establish a dep-

ositional model of the Shaximiao Formation in the area
(Figure 12). The study area’s microscopic analysis of
sedimentary characteristics of typical channels was
achieved by establishing 3D digital outcrops. Its analysis
consists of two main parts. The first part was the vertical
staging of channel deposition, which includes identifying
a single channel and classification of the stages of the
composite channel. The second part was the lateral
boundary classification. With the advantage of 3D digital
outcrop model visualization, reasonable lateral boundary
delineation was carried out based on vertical staging.
Combined with the previous knowledge of the deposition-
al environment of the Shaximiao Formation, as well as
based on this three-dimensional model, the microanaly-
sis of the sand body expands in the study area was com-
pleted.

The anatomical results show that the maximum sin-
gle sandstone thickness in each digital outcrop section
was still dominated by channel sand (Figure 13). The
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Figure 12. Deposition model of the Shaximiao Formation in the Liangping area of the Sichuan Basin based on the UAV 3D digital outcrops.
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Figure 13. Maximum single sand body thickness and proportion of various types of sand bodies in the sections of the Shaximiao Formation in

the Liangping area.

maximum single sandstone thickness in the composite
channel of observation point 1 reaches 1.96 m, which
was a good place for oil and gas reservoir in the Shaxi-
miao Formation and was proved by actual production in
the current exploration and development process (Huang
et al., 2017; Wang et al., 2004). The sand body of the cre-
vasse channel at observation point 2 was much larger
than the thickness of the overbank sandstone. However,
of the different types of sandstone, the overbank sand-
stone accounts for 12.3% of the entire section, which
was more than twice the area of the sand body of the cre-
vasse channel (5.85%). In addition, the overbank sand-

stone was also developed in the abandoned channel at
observation points 3 and 4, accounting for 15.64% and
16.87% of the entire section, which was a widely distribut-
ed sandstone type in the study area (Figure 13).

The Jurassic Shaximiao Formation in the Sichuan
Basin was rich in natural gas resources (Dai et al., 2012)
and has produced more than 30 x 10° m® of gas cumula-
tively (Duan, 2021; Liang et al., 2011). For the high-quali-
ty reservoir, accurate evaluation was the critical point at
present (Ma Y S et al., 2018; Du et al., 2014; Yang et al.,
2007). The composite channel sands in this research
project can be used as a preferential target for rating
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high-quality reservoirs, followed by the crevasse channel
sands. Moreover, the overbank sandstones in the study
area can be used as a sweet spot for exploring remain-
ing oil and gas resources (Figure 13).

In this article, we employ DOMs for the characteriza-
tion of outcrop and more specifically we demonstrate
how DOMs represent a powerful tool in quantification of
dimensions of geobodies in outcrop. Statistical analysis
and relationships of the different sandbody can be used
in subsurface reservoir models of analog systems depos-
ited in similar environments. Width-to-thickness ratios
can be used to estimate body width when only the thick-
ness is known. At the same, distribution of architectural
elements and the relationship between geobodies ob-
served in the qualitative analysis can provide valuable in-
formation to understand architecture and facies distribu-
tion of reservoirs in similar systems. Of course, digital
outcrops also have certain limitations. It is still necessary
to manually survey and supplement relevant information
in areas with severe weathering or in environments with
severe vegetation coverage.

5 CONCLUSIONS

The use of UAV oblique photography in outcrop
work has changed the workflow and methods of tradition-
al outcrops. We can use UAV measurement and map-
ping. The section’s geomorphic characteristics and sedi-
mentary information were concentrated in a 3D digital
outcrop model. It was a more comprehensive, intuitive,
and realistic way to reflect the section’s sequence of lay-
ers, structures, and sedimentary characteristics com-
pared with the traditional 2D image information.

Three types of channel deposition were identified in
the study area: composite channel deposition, crevasse
channel deposition, and abandoned channel deposition.
In addition to the typical channel deposition characteris-
tics of these three channel deposits on a large scale,
there were also significant differences in the fine charac-
terization processes on a small scale. The typical charac-
teristic was the significant difference in lithology between
the abandoned channel deposits and the other two chan-
nel deposits, where the abandoned channel deposits
were dominated by mudstone with thin sandstone, the
sandstone was mainly lenticular in section, and the maxi-
mum thickness of single sand body was 0.28 m. In con-
trast, the composite channel sand and the crevasse
channel sand were dominated by sandstone. Although
the lithology of the composite channel deposition was
similar to the crevasse channel deposition, there were ap-
parent differences in the scale of sedimentary structures.
The crevasse channel sand body was smaller in scale
and dominated by massive bedding and small cross-bed-
ding, and the maximum thickness of single sand body
was 0.64 m. The composite channel sand body was
mainly characterized by large cross-bedding, and the
maximum thickness of single sand body was 1.96 m.

This study provides a new method for the fine char-
acterization of reservoir sands, which was vital for the

identification of subsurface reservoir sands in the Sich-
uan Basin of the study area. With the advantage of 3D vi-
sualization of the digital outcrop model, it has a signifi-
cant reference value for establishing the deposition mod-
el of the target area. The use of DOMs in combination
with traditional field data offers significant improvements
in efficiency, accuracy, and utility in outcrop characteriza-
tion and provides results that can be applied to other ana-
log studies to produce better quantified data sets and
generate more representative reservoir models. Of
course, the following points should also be noted when
we use the UAV oblique photography technology to re-
search. (1) The camera resolution mainly controls the ac-
curacy of the outcrop measurement, so the accuracy of
the 3D digital model we establish should also be based
on the equipment itself. (2) The 3D digital outcrop was
still essentially composed of an information-rich 2D im-
age overlay. The higher the accuracy of the image over-
lay, the more accurate the model, but the greater the
computational workload. Therefore, in the process of
obliqgue photography, the degree of superimposition of
2D images should be balanced.
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