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Abstract: Ground Penetrating Radar (GPR) is a geophysical method that uses antennas to transmit
and receive high-frequency electromagnetic waves to detect the properties and distribution of materi-
als in media. In this paper, geological observation, UAV detection and GPR technology are combined
to study the recent sediments of the Yungang braided river study area in Datong. The application of
the GPR technique to the description of fluvial facies and reservoir architecture and the development
of geological models are discussed. The process of GPR detection technology and application includes
three parts: GPR data acquisition, data processing and integrated interpretation of GPR data. The
geological surface at different depths and scales can be identified by using different combinations
of frequencies and antenna configurations during acquisition. Based on outcrop observation and
lithofacies analysis, the Yandong Member of the Middle Jurassic Yungang Formation in the Datong
Basin has been identified as a typical sandy braided river sedimentary system. The sandy braided
river sandbody changes rapidly laterally, and the spatial distribution and internal structure of the
reservoir are very complex, which has a very important impact on the migration and distribution of
oil and gas as a reservoir. It is very important to make clear the characteristics of each architectural
unit of the fluvial sand body and quantitatively characterize them. The architectural elements of the
braided river sedimentary reservoir in the Datong-Yungang area can be divided into three types:
Channel unit, bar unit and overbank assemblages. The geological radar response characteristics of
different types of sedimentary units are summarized and their interfaces are identified. The channel
sediments form a lens-shaped wave reflection with a flat at the top and convex-down at the bottom
in the radar profile, and the angles of the radar reflection directional axes are different on both sides
of the sedimentary interface. In the radar profile, the deposit of the unit bar is an upward convex
reflection structure. The overbank siltation shows a weak amplitude parallel reflection structure. The
flood plain sediments are distributed continuously and stably in the radar profile, showing weak
reflection characteristics. Different sedimentary units are identified by GPR data and combined with
Unmanned Aerial Vehicle (UAV) detection data, and the establishment of the field outcrop geological
model is completed. The development pattern of the diara is clarified, and the swing and migration
of the channel in different stages are identified.

Keywords: sandy braided river; diara deposits; composite bar; geological model

1. Introduction

In the past 20 years, two-dimensional (2D) outcrop images have been used because
of the limitations of one-dimensional data (profile observations, lithological descriptions,
and drilling data) in reconstructing the depositional systems architecture [1]. The facies
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model of the outcrop, combined with porosity and permeability data, indicates reliable
sedimentological and stratigraphic details and can be used to characterize the subsurface
reservoir in 3D [2]. The use of ground penetrating radar (GPR) is a new technology for
characterizing sedimentary rocks in three dimensions [3,4]. GPR is a high-resolution
geophysical detection technology that can detect the internal material properties and
distribution law of shallow underground rock units. The vertical resolution of GPR is
several decimeters, and the penetration depth is several meters to tens of meters. GPR
systems acquire the spatial distribution of electrical properties of shallow subsurface rocks
by transmitting and receiving high-frequency electromagnetic waves (typically in the range
of 50–900 MHz) through antennas. According to the buried depth and size of the target
the geological body, it is necessary to select GPR antennas with different frequencies, and
the antenna frequency range is generally from 50 MHz to 900 MHz. The attenuation of the
GPR signal is determined by the maximum penetration depth and is inversely proportional
to the resistivity. The wave velocity and attenuation of high-frequency electromagnetic
waves are determined by the apparent dielectric constant of the underground medium.

Similar to the interpretation of large-scale stratigraphic sequences from seismic data,
GPR data have great potential to describe architectural elements in different sedimentary
environments [5]. Unlike conventional seismic data, which have a vertical and horizontal
resolution of no more than 10 and 30 m, the vertical resolution of GPR for sedimentary
structures can reach 10 cm, which is necessary to describe and interpret depositional
paleoenvironments. So far, GPR surveys have been applied to recently unconsolidated
sediments but not too consolidated sedimentary sequences where petroleum accumulations
have occurred [6]. In a near-surface environment, the attenuation of the GPR signal will
be accelerated due to water-bearing formations. GPR detection is carried out in an arid
environment, the electromagnetic wave attenuation is slow, and the stratum in the study
area does not contain water. The electrical properties of consolidated rocks are affected
by diagenesis, faulting and weathering of exposed outcrops. The original sedimentary
response is superimposed on these factors, which interferes with the response waveform of
GPR. Pre-processing, background removal, deconvolution and depth migration can focus
the GPR image to the target interval and reduce artefacts unrelated to the original lithology.

In this study, the vertical resolution of the 200 MHz GPR data is 0.1 m, and the
penetration depth is about 7.5 m, which can be used to study the sedimentary structure
and interior detail of the outcrop. The vertical resolution of the 200 MHz GPR data is better,
approximately 0.2–0.3 m, but the penetration depth is about 8–10 m due to strong signal
attenuation. Most of the interpretation in this study was done on the migrated 200 MHz
GPR data, as the outcrop is about 6 m thick above the ground.

GPR data are usually composed of 2D profiles [7] or orthogonal with the large spacing
of 2D measuring lines interpolated into a pseudo-3D grid [8–10], for example the GPR mea-
surements of the Switzerland recent-delta gravels [11] and the Utah Cretaceous shoreface
sandstone bodies. If the attenuation and dispersion of the signal are not considered, the
GPR data and the seismic reflection data are different in scale, and the same processing
method can be used. This means that many of the processing techniques, and methods
to interpret 3D seismic data can be used for 3D GPR surveys. For example, GPR data are
acquired on a 3D grid, and the horizontal and vertical resolution of the 3D GPR data is
improved by migration.

GPR has been successfully applied in a variety of clastic sedimentary environ-
ments [12–15] to resolve high-precision imaging of the geometry and interior of archi-
tectural elements and bedforms [11,16–18]. In this study, the interfaces of different archi-
tectural elements are mapped according to 2D GPR profiles (100 and 200 MHz). In the
GPR sections, most of the sedimentary structural interfaces can be responded to on the
GPR profile. A dense grid of high-resolution GPR profiles (200 MHz) was obtained and
interpolated into 3D GPR data. Although the process of data acquisition and processing
of high-resolution 3D GPR is more complex and time-consuming, the display of results is
more detailed, and the accuracy of the geological model is also increased [9,19].
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2. Geologic Setting

The study outcrop area is located in the Datong Basin in northwest China. The eastern
and southern margins of the basin are major faults, and the northern and western bound-
aries edges are denuded. The present tectonic framework of the basin is the result of the
late Indosinian movements [20]. The basin developed over 200 m of Lower Jurassic braided
river deposits in unconformable contact with the underlying Paleozoic marine strata and
is overlain by Middle to Upper Jurassic lacustrine deposits [21]. The fluvial deposits in
the studied outcrop area are located between the mountain range in the northwest and
the lacustrine basin in the southeast, and the braided river extends from the alluvial fan to
the middle of the basin, 20 km away from the northwest mountain range and more than
100 km away from the southeast lake [22]. The Yungang Formation is divided into three
lithologic members, which are the Conglomerate Member, the Rockcave Member and the
Mudstone Member from bottom to top [21,22]. The Conglomerate Member contains grey
conglomerate intercalated sandstone, with a thickness of less than 40 m. The Rockcave
Member comprises red coarse sandstone and a small amount of red mudstone. The Mud-
stone Member is dominated by variegated mudstone with a small amount of fine-sandstone
layers (Figure 1). Overall, the structure and color of the strata indicate that the paleoclimate
of the Middle Jurassic was dominated by a semi-arid to arid climate [20,22]. The sections
that were cut by road used in this study are mainly exposed in the Yungang Formation
Rockcave Member, with a total thickness of more than 60 m and an exposed thickness of
fewer than 30 m. The lithology of the Rockcave Member is medium- or coarse-sandstone,
with a small amount of gravel and mud in the form of lag deposits at the bottom of the
sandstone body. There is a small amount of mudstone in the large-scale sandstone layers,
and the sedimentary structure is mainly trough and tabular cross-bedding [23]. Large
trough-like cross-bedding is common, and without obvious internal lamination inside
that, the sedimentation rate is high and is accompanied by channel migration. Planar
cross-bedding represents lateral and downstream accretion and is the fundamental unit of
channel deposition. Within the study area, an east-west railway runs perpendicular to the
paleo-current direction, crosses six adjacent braided sandbars, and cuts them.

Figure 1. Location of Datong Basin, the regional geological background of outcrop and lithologic
column of exposed Rockcave Member [19].

3. Methods and Data

Traditional outcrop research is mainly based on profile observation, primarily focusing
on the description of the sedimentary structure and reservoir structure(Figure 2). In
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addition to the observation of outcrop profiles, UAV mapping and GPR detection were also
used in this study (Figure 3).

Figure 2. UAV aerial photos. Five compound bars cut by the railway can be identified, and there is a
large pro-provenance channel bar section in the north. 3D GPR survey on the No.4 composite bar,
34 × 45 m in size.
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Figure 3. This study applies to the workflow and methods for outcrops, including outcrop observation
and description, lithologic assemblage description, ground penetrating radar detection and UAV
aerial photography.

3.1. Profile Observation and Petrophysical Parameters Test

Through the profile observation of the outcrop, the thickness, contact relationship
and geometric shape of different sedimentary units on the profile, as well as the details of
sedimentary structure types and lithological information can be obtained. Our goal was to
explore the sedimentary process and further characterize the sedimentary facies.
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In this study, 13 samples from different parts of the profile were also taken, and
their dielectric constant was tested, which can provide important parameters for GPR
data processing.

3.2. UAV Mapping

The high-resolution photos provided by UAV mapping can identify a variety of
information, such as stratigraphic profiles, coordinate information and elevation data.

The DJI Phantom 4 Pro UAV platform with a CMOS camera was used in this study.
The maximum flight altitude of a UAV is 110 m relative to the terrain. The sensor size is
23.5 × 15.7 mm with 20 million effective pixels. The UAV camera system mapped a total
area of 2.4471 km2 of terrain and 12 outcrop profiles (Figure 1). The virtual outcrop model
used Pix4D, a professional software designed for drone-based mapping, to establish a 3D
landform model with a resolution of 5 cm.

3.3. GPR Detection

GPR is an efficient geophysical detection technology that can be used to characterize
the surface and sedimentary structure of geological bodies in outcrop studies. Like the
traditional seismic exploration, it is divided into three aspects: Data acquisition, signal
processing and comprehensive interpretation.

3.3.1. Acquisition of GPR Data

In this study, five outcrop profiles were selected for GPR detection, with a total line
length of 1221 m, including four two-dimensional GPR measuring lines and one high-
resolution three-dimensional GPR survey. The GSSI (Geophysical Survey Systems, Inc.,
St. Nashua, NH, USA ) SIR-3000 Ground Penetrating Radar system with 100 MHz and
200 MHz shielded antennas were used for this study. At Outcrop No.3, No.5, No.6 and
No.8, GPR profiles of 50, 71, 62 and 248 m in length, respectively, were acquired with the
200 MHz shielded antenna that the penetration depth can reach 7.5 m below the surface,
which can provide high-resolution images of the internal structure of the geological body.
On the No.4 composite bar, which is relatively flat at the top, three-dimensional GPR
detection was designed. The survey size was 45 × 34 m, and the number of measured lines
was 10 in the east-west direction and 11 in the north-south direction. The grid spacing
was 5 m in the east-west direction and 3.4 m in the north-south direction. GPR detection
requires a relatively flat ground to ensure good coupling between the radar antenna and
the ground and to acquire a high signal-to-noise ratio data.

3.3.2. GPR Data Processing

The purpose of GPR data processing is to suppress the interference and improve
the signal-to-noise ratio and the resolution of the reflected wave. The reflection wave
parameters (such as waveform, amplitude, etc.) extracted by data processing provide
a guarantee for further geological interpretation. The GPR data processing workflow is
shown in Figure 4.

The electromagnetic wave velocity of the sample was measured between 0.081 and
0.107 m/ns.

3.3.3. Interpretation of GPR Data

Similar to seismic in oil and gas exploration, interpretation of GPR data is based
primarily on reflector patterns, using radar facies to analyze rock formations in the under-
ground medium [19,24,25]. The interface and internal structure of a geological body are
interpreted in terms of the amplitude, configuration, and continuity of the reflector and its
external geometry [26–28]. There have been many successful cases of GPR in various clastic
depositional environments, and it is capable of solving geometric problems at the scale
of architectural elements and bedforms. The vertical resolution of GPR data in outcrop
detection is the one-quarter wavelength. The reflection wavelength of GPR is calculated
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according to Equation (1). The dielectric constant is measured by sandstone samples from
the outcrop section, and the average value is 4.08. The longitudinal resolution of the
100 and 200 MHz GPR data is 36 and 14 cm, respectively.

λ =
C

f
√

ε
(1)

where ε represents relative permittivity (measured value 4.08), f is the antenna frequency
in Hz, and C is the speed of light in a vacuum with a value of 3 × 108 m/s.

Figure 4. In this study, the GPR data processing process and 3D interpolation applied.

In this study, the 2D GPR profiles (100 and 200 MHz) were mapped to geological
interpretations that could be compared to the outcrop profiles. Most of the sedimentary
units can be well identified from GPR sections. The high-resolution 3D GPR profile grid
(200 MHz) is more complex to process and interpret, but the data are far more detailed and
reliable, which is helpful for further geological model building.

4. Results
4.1. Architectural Elements

Architectural elements refer to the shape, scale, direction and superposition rela-
tionship of different levels of constituent units. The fluvial reservoir architecture ele-
ments depend on the related strata [29] and the depositional products of sedimentary
processes [30,31]. In this study, the features of the sedimentary architecture are controlled
by the bed form and boundary of the channel. The description of braided river sedimentary
architectural elements based on outcrop observation and the previous division scheme
are shown in Table 1 [13,21,29,32–37]. Architectural elements can be divided into three
types: Channel unit, bar unit and overbank assemblages. The channel unit includes a filling
channel unit (CHf) and a migration channel unit (CHm). The bar unit consists of unit-bar
(UB) elements and compound-bar (CB) elements. The non-channel part is mainly composed
of the overbank assemblage (OF) consisting of interfluvial muddy and sandy splays. In the
channel belts, different sedimentary units in the channel belt have experienced different
sedimentary processes.
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Table 1. Classification of architectural elements of braided river system by different researchers.

Architectural Element Reference

channels; slip-bounded bars; sand flats; flood plains Cant and Walker 1978 [34]

simple or compound bars; tabular sandstone; down-climbing bar; small-scale channel;
large-scale channel; laterally accreted bar; sandstone ridges; tabular mudstone Allen 1983 [33]

channel; lateral accretion; sediment gravity flow; gravel bar; sand bedform; downstream
accretion; laminated sand; overbank fines Miall 1985 [31]

simple bars; transitional dune-bar; dune complexes; downstream accretion; channel
(sandstone); channel (mudstone) Hjellbakk 1997 [36]

large channel fills; small channel fills; unit bar; compound bar; flood plain Bridge and Lunt 2006 [37]

4.1.1. Filling Channels (CHf)

Sediments in the filling channel are mainly medium-grained sandstones (St, Sl and Fl)
with minor cross-bedding. Smaller mudstone intraclasts sediments occur as lag deposits
at the bottom of the filling channel. Sediments filling the channel are often structureless
or laminated, and the grain size decreases gradually upward. The thickness of the filling
channel is 1.2–3.4 m, the width is often more than 30 m, the average width-thickness ratio
is 17.6, and the width-thickness ratio indicates that the lateral migration capacity of the
channel is relatively weak. A large number of trough cross-beds are developed in the
filling channel, and their widths are measured to be 0.18 to 4.63 m, with an average of
1.54 m. The cross-bed thickness ranges from 0.03 to 0.38 m, with an average of 0.21 m. The
width-thickness ratio of cross-beds is 5.9–19.5, averaging 12.3. The average width-thickness
ratio of the trough cross-beds is relatively high, which indicates that the incising ability
of the channel is relatively weak [38]. The relatively small size of the trough cross-beds
indicates that the energy of the paleocurrent is relatively low, so fine-grained sediments
are widely developed in this element [39]. The low gradient of the W/T trend along the
channel (0.0147) indicates that the channel flows energy is uniform. Abandoned channels
are also developed in the filling channels [40], which are filled by layered, fine-grained
muddy sediments and often develop on the flanks of a channel belt. It is formed because
the upstream end of the compound bar blocks the flow due to channel diversion, and the
fine-grained sediments are deposited due to the static flow. Abandoned channels may also
be developed in mudstone-sandstone mixed filling channels. [41].

4.1.2. Migrating Channels (CHm)

The grain size of the migrating channel is mainly medium to coarse sandstone and
gradually decreases upward. Large-scale trough stratification (St) developed in the uni-
directionally inclined bedform and shows asymmetric characteristics (Figure 5). Channel
bedforms were eroded and superimposed unidirectionally in one direction. The channel
bases were incised into lower strata and the bed-forms bottom contains lags of mudstone
intraclast. The thickness of the migrating channel element is between 0.38 and 5.96 m, with
an average of 3.13 m. The width is between 13 and 131 m, with an average of 59.5 m. The
average width-to-thickness ratio is 21.8. The average width, thickness and width-thickness
ratio of the trough cross-bed developed in the migrating channel are 1.52, 0.16 and 9.26 m,
respectively. The outer geometry of the migrating channel is asymmetric because of the
lateral migration of the channel caused by unilateral accretion on the channel bedforms [42].
The scale of the channel and sedimentary structures may indicate that the hydrodynamic
energy is moderate and therefore the channel is less capable of erosion. The average
width-to-thickness ratio of St is higher than that of the switching channel, indicating the
decrease of the bed-form incision. The lateral migration bed-forms of the channel with
unilateral aggradation usually occur near the compound bar, which is located near the
channel boundary with high sinuosity and can extend laterally for tens of meters [43].
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However, due to the frequent occurrence of erosion and bifurcation in the braided channel,
migration channels are less common.

Figure 5. The typical channel architecture elements of the outcrop section of the Yungang Formation
include a filling channel and unilateral accretion migration channel. 1©, 2© and 3© represent the shape
of the river bottom in different periods.

4.1.3. Unit Bar (UB)

The simple bar of Hjellbakk [36] is considered the unit dam (UB) in this study, with
grain size being medium-coarse sandstone and decreasing gradually toward the top, and
parallel bedding (Sp) and ripple cross-bedding (Sr) is developed. Large cross-beddings also
tend to have high dips. The thickness of the unit bar is between 0.8 and 5.3 m, and the width
can reach tens of meters. The base is generally an erosion surface, and the top contacts
are convex-up. Such element was often formed during a single, relatively continuous
flow, which is the reason for the occurrence of a single set of planar cross-beds. Under the
condition of increasing flow velocity, the coalesced dunes were formed on inclined high-dip
strata [44]. With the increase of sediment concentration and the decrease of water depth
over the top of the bar (resulting in the decrease in flow velocity), isolated growth cores are
formed on the low-relief bar [45]. Various cross-bedding structures are formed on the top
of the sand bar, resulting in another rapid and short-term flow velocity fluctuation [46,47].
Therefore, in the channel belt, and when the hydrodynamic energy change increases, the
unit bars were greatly transformed, so there was an erosion surface in front of the bar. A
large number of plane cross-bedded groups developed in the unit bars, which combined
with other architectural elements to form composite bars.

4.1.4. Compound Bar (CB)

The composite bar (CB) element is the high-quality reservoir in braided river deposits,
and the main lithological assemblages are plane stratification (Sp), horizontal stratification
(Sh), and minor trough stratification (St) or ripple sand (Sr) in the upper segment. This
usually consists of multiple lower-order elements (downstream-accretive (DA), transverse-
accretive (LA), unit-bar (UB), or chute) (Figure 6). As can be observed from the white dotted
line in Figure 6, there is usually gravel or mud erosion at the bottom of CBs [44]. From the
outcrop, it can be observed that the grain size of the element decreases gradually upward,
and the thickness of the cross-beds also decreases gradually upward. With the decrease
of hydrodynamic energy, the grain size shows an upward trend of fining in the CB. The
thickness of CBs is usually more than 10 m, and the width is tens of meters. According to
HjellBakk [36], at the bottom of the wide and flat channel, these sediments are deposited by
local accumulation and gradually increase, which is consistent with the convex-up external
configuration of typical dune complexes. The chutes developed at the top of the unit bar or
the composite bar and may evolve into new channels during the flood period. Subsequently,
large compound bars formed during periods of high flow and were eroded by chutes or
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channels into several oblique bars during the low-flow stage. The tabular cross-beds in the
bar unit show various bedform geometries and stacking patterns, which are indicative of
various depositional processes. The width, thickness and dip angle (α) of the cross-beds
of the bar units in the outcrop section were measured to characterize them. The width of
single-set planar cross-beds is 0.24–7.35 m, with an average of 3.42 m. The thickness of
single-set planar cross-beds is 0.07–2.61 m, with an average of 1.14 m. The dip angle α of
single-set planar cross-beds is 7–22◦, with an average of 12◦. Since the scale of cross-beds is
consistent with the depth of channel flow [48], the scale of cross-bedding is determined
by the flow depth at which various bedforms and bounding surfaces formed in braided
fluvial channels and vary frequently. The thickness of the planar cross-bedding is relatively
large at the bottom of the bar and gradually decreases upward, which indicates that the
hydrodynamic force also decreases gradually during the vertical accretion of bedforms.
The thickness of cross-beds is positively correlated with the dip angle. Therefore, when the
water level is high, the bottom of the composite dam develops thick high-angle large-scale
cross-beds, and when the water level drops, the bottom of the composite bars develop thin
cross-bedding with a low dip angle.

Figure 6. The typical composite bar architecture elements of the outcrop section of the Yungang
Formation. The composite bar element comprises unit bars and chutes. 1©, 2©, and 3© represent
channel bottom shapes of different periods, respectively.

4.1.5. Overbank Fines (OF)

The overbank fine-grained (OF) deposits mainly consist of massive mudstone (Fm)
and laminated mudstone (Fl), with thin interbeds of fine sandstone (Sl) (Figure 7). The clay
content gradually increases upward and is covered by other sandy architectural elements.
The sediments are mainly purple or red mudstone, with little or no pedogenic development.
The mudstone layer has a thickness of 0.06 to 2.1 m and a width of several meters to more
than 100 m. A few fine roots were found in the upper part of the mudstone layer, and no
other fossils or bioturbation were found.

The sedimentary structure formed by overbank muddy deposits in the floodplain is
laminated mudstone (F1), and the sandy crevasse splays during the flood period are thin,
fine-grained sandstone. Abandoned channels in the upper part of the channel elements in
the channel belt form massive mudstones (Fm). The red color of the laminated mudstone
generally indicates good drainage conditions [49], the high clay content in the mudstone
and the presence of a lesser amount of sandstone in the upper part of this element indicating
that the fluvial system may hinder the discharge of rainwater and seasonal floods [50].
These fine-grained sediments are often developed at the top of the channel and are filled
with floodplain sediment as the water level rises above the bank of the channels [51].
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Figure 7. Typical bank overflow deposits in the outcrop section of the Yungang Formation. The grain
size is mudstone and siltstone. Occurs on channel deposits.

4.2. GPR Radar Facies

Outcrop No.4 is a large compound bar in which the river channel, unit bar and other
architectural elements can be identified. The reflection structure in the 200 MHz GPR
profile corresponds well to the architectural elements in the outcrop profile and can further
depict its internal structure (Figure 8).

A 3D GPR survey grid was acquired on Outcrop No. 4, and a shielded 200 MHz
antenna was adopted. The penetration depth of the GPR electromagnetic wave was about
10 m below the surface (Figure 9). The survey measuring line number was 10 in the east-
west direction and 11 in the south-north direction, the total survey size was 45 × 34 m, and
the track pitch was 5 m in the east-west direction and 3.4 m in the south-north direction.

GPR profiles of the composite bar exhibit parallel or subparallel reflectors with large
amplitudes and local high dips on the outcrop. Near the southern section, imbricated
reflection structures are seen inside the channel, indicating that the channel is offset and
has a transverse relationship to the unit column, while near the northern section, multiple
superimposed S-shaped reflection patterns are seen across the GPR section (Figure 10).
This shows the westward migration of the channel. There is an obvious protruding radar
phase in the unit bar on the east side of the section. In the direction of the provenance, the
channel can be seen cutting downward, and the compound strip is accreted downward.

The 3D GPR geological body was obtained by Kriging interpolation of the 2D GPR
lines high corrected by interlines (Figure 11). The channel migration and the vertical
accretion of the unit bar can be observed from the 3D GPR data volume. A clear S-shaped
reflection structure (black dotted line) can be seen at the head of the unit bar.
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Figure 8. UAV photograph of Outcrop No. 4 with corresponding geological sketch and ground-
penetrating radar profile. The section length is 45 m and the thickness is 8 m. 1, 2 and 3 represent
different periods. The frequency of the radar antenna is 200 MHz, which can identify the spatial
distribution of the main architectural elements and internal structures in the outcrop. (a) The outcrop
profile; (b) Geological sketch map, black dots indicate gravel; (c) GPR profile.The lithology of the
channel deposit in the outcrop study area is generally sandstone, with a small amount of gravel
at the bottom, and the overall grain size is coarse. On the GPR profile, the geometric shape of the
waveform is lenticular with a flat top and convex-down bottom, the events in the channel are parallel
or sub-parallel, and there are different reflection responses on both sides of the interface. The deposit
of the unit bar was relatively coarse-grained, mainly composed of sandstone, sometimes containing
gravel, and developed abundant bedding. The radar profile shows lenticular reflection with a flat
bottom and convex-up top, and the internal reflection is relatively chaotic. The overbank deposit
occurs under relatively quiet water conditions, and the deposition process is relatively slow and
steady. The grain size of the sediment is small, and the sediment is clay and silt. The GPR profile
shows a parallel reflection structure with weak amplitude (Table 2). The GPR facies features identified
in the observable profile and compared with the geological features in the outcrop profile can be used
to interpret 3D radar data.
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Table 2. Summary of identified sedimentary architectural elements and their GPR characteristics in
the Yungang Formation, Datong Basin.

Element Facie Composition Outcrop Pictures GPR Features

Filling Channels St, Sp, Sm, Sh, SI, Sr

Unit Bar Sp, St, Sr

Over Bank Fm, Fl

Migrating Channels St, Sp, Sm, Sh, SI, Sr

Compound Bar Sp, St, Sr

Abandoned channel Fm

Figure 9. The 3D GPR survey grid of Outcrop No. 4. The size is 45 × 34 m, and the track pitch is 5 m
in the X direction and 3.4 m in the Y direction.

GPR reflections correlate well with interfaces between sandstone layers and mudstone
layers within mudstone up to 10 m below ground because there are significant variations
in the electrical properties of the rocks on either side of these interfaces. Mudstone layers
are characterized by irregularity in thickness and shape and appear as discontinuous and
irregular reflections in GPR profiles (Figure 10). Using the GPR data with a 200 MHz
antenna, many layers significantly smaller than 0.3 m cannot be resolved (Figure 11).
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Figure 10. GPR network 2D profile grid.

Figure 11. The GPR 3D data with dimensions of 45 × 34 × 10 m. The migrating channels and
the forward accretion of the unit bar can be observed. The GPR profile of the bar head reflects the
sigmoidal stratification identified.

5. Discussion
5.1. Sedimentary Stage of Sandy Braided River

Through the GPR 3D data volume, three third-order boundary surfaces of 1.2.3 are
interpreted, which respectively represent the bedform of the channel in different periods
(Figure 12). Sandy braided river deposits can be divided into four stages: Erosion stage,
development stage, stable stage and abandonment stage (Figure 13).
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Figure 13. Depositional process of the sandy braided river of Yungang Formation in Datong Basin. 1,
2, 3, 4 indicate the stages of depositional process.

In the early stage of channel sedimentation, the mudstone is washed and stirred by
the rapid flow to form mud gravel, which is the lag sediment deposited at the bottom of
the bar and channel [49]. Later, the braided river deposits are developed on interface 3,
and the unit bar is formed in the channel. The sedimentary structure is mainly trough
and tabular cross-bedding, and the grain size is medium to coarse sandstone. The braided
channels on both sides of the unit bar are developed and filled. The bedform of the channel
formed after the completion of the development stage is Interface 2. Above surface 2, due
to the swing migration of water flow, the channel will migrate and change its course, and
the early channel will be abandoned, forming a new channel and a new bar. At this stage,



Minerals 2022, 12, 739 15 of 19

several migration-type and erosion-type composite sand bars are formed [50]. The vertical
direction is a positive rhythmic combination pattern showing the upward fining of grain
size in multiple periods. After the formation of the compound bar, the bedform of the river
channel is interface 1. With the weakening of hydrodynamic force, the scale of the river
channel gradually decreases and small-scale sand bars are deposited [51]. Sedimentary
structures in the upper part of the channel are mainly low-angle inclined bedding and
horizontal bedding, while the lithology is dominated by medium-fine sandstone or siltstone.
As the hydrodynamics continue to weaken, the channel is gradually filled and abandoned
by fine-grained sediments and floodplain mudstone brought by floods.

5.2. Establishment of Outcrop Geological Model

Through the above analysis of the sedimentary model of the sandy braided river, and
combined with the virtual outcrop model obtained by UAV detection, the outcrop geological
model was established (Figure 14). The scale of the model is 1.5 km in the east-west direction
and 2 km in the north-south direction. In consideration of the paleogeomorphology and
sedimentary structure style, the paleocurrent direction is approximately from north to
south. The model is also based on the three interfaces 1, 2 and 3. The model can show
the various architectural elements in the braided river deposits and the smaller-scale
sedimentary structures within them. The model can identify and describe the heterogeneity
of the architectural elements in the sandy braided river system, such as the variation
of permeability.
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6. Conclusions

Based on 3D GPR data, detailed sedimentary and stratigraphic information and UAV
detection results, the braided river architecture units and internal sedimentary elements
in Datong Basin were identified and analyzed. GPR is a geophysical method that uses
antennas to transmit and receive high-frequency electromagnetic waves to detect the
properties and distribution of materials in media. The same structural elements and
boundary surfaces were interpreted in the offset GPR data.

The interfaces of different architectural elements were mapped according to 2D GPR
profiles (100 or 200 MHz). Most of the sedimentary structural interfaces can be responded
to on the GPR profile. A dense grid of high-resolution GPR profiles (200 MHz) was obtained
to interpolate image selected sites into 3D.

The vertical resolution of the 200 MHz GPR data is about 0.2–0.3 m, but the penetration
depth is about 8–10 m due to strong signal attenuation. Most of the interpretation in this
study was done on the migrated 200 MHz GPR data, as the outcrop is about 6 m thick
above the ground

The architectural elements in the study area are determined by the internal lithofa-
cies combination and genetic characteristics of the sedimentary unit and the geometric
shape of the external sedimentary structure. Architectural elements can be divided into
three categories: Channel unit, bar unit and overbank assemblages. The channel unit
includes a filling channel unit (CHf) and a migration channel unit (CHm). The bar unit
consists of unit-bar elements (UB) and compound-bar elements (CB). The non-channel part
is mainly composed of the overbank assemblage (OF) consisting of interfluvial muddy
and sandy splays. In the channel belts, each sedimentary unit represents a particular
sedimentary process.

GPR profiles of composite bar exhibit parallel or subparallel reflectors with large
amplitudes and local high dips on the outcrop. Near the south profile, an imbricated
reflection structure can be observed inside the channel, indicating the migration of the
channel and a lateral relationship with the unit bar, while near the north profile, the GPR
profile shows several superimposed S-shaped reflection patterns, showing the migration of
the channel to the west. Obvious convex-up radar facies can be seen inside the unit bar
on the east side of the profile. In the direction of the provenance, the downcutting of the
channel and the downstream accretion of the composite bar can be seen.

Sandy braided river deposits can be divided into four stages: Erosion stage, develop-
ment stage, stable stage and abandonment stage.

The outcrop geological model can show the various architectural elements in the
braided river deposits and the smaller-scale sedimentary structures within them. The
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model can identify and describe the heterogeneity of the architectural elements in the sandy
braided river system, such as the variation of permeability.

Due to the uneven surface during field outcrop detection, the coupling between the
radar antenna and the surface is not good, which may affect the accuracy of radar detection.
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