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Abstract: Although a large number of meandering rivers have been studied by means of modern
sedimentation, instrument detection, numerical simulation, flume experiment and field outcrop,
and a lot of achievements have been made, there are not many fine anatomical examples of deep
buried ancient rivers, which is a situation that still needs to be improved. The main difficulties in the
research of deep, ancient meandering rivers are the acquisition of data and the incompleteness of
structure, which are both difficulties and challenges. Under the guidance of the modern meandering
river fan sedimentary model and migration law, we established the scheme of meandering river
geomorphology and structure. In the process of river migration, a variety of single migration
models (expansion, contraction, rotation, and translation) and composite migration models can
be distinguished. By analyzing the distribution structure characteristics of channel configuration
elements in different migration modes, the coupled model of the meandering channel plane and
profile structure is established by systematically constructing plane and profile combined with a
three-dimensional channel configuration model. Based on the data of the dense well, taking the
Shan 11 sublayer in the Su-x block of the Sulige gas field as an example, the reservoir structure of
the deep, ancient meandering channel is dissected. In order to reconstruct the evolution of the deep,
ancient channel and make it more consistent with the real laws of river migration and evolution, the
morphological migration law of the modern river is applied to the ancient sedimentation, and the
migration configuration is dissected by combining with the plane-profile structure coupled model. It
further reveals the heterogeneity, the vertical distribution and the superposition form of the channel
sand, and enriches the theory of the reservoir configuration of underground fluvial facies, all of which
are significant for oil and gas exploration and development.

Keywords: Ordos Basin; meandering paleo-channel; migration model; reconstruction; Shanxi formation

1. Introduction

With continuous exploration and development, most of the domestic oilfields are
in the stage of high water cut, and the focus of reservoir research controlled by rivers is
shifted to the reservoir heterogeneity. The study of sedimentary facies cannot meet the
requirements of fine development. The river reservoir configuration and fine sand body
shape and distribution play an important role in guiding exploration and development.
Therefore, based on the study of sedimentary facies, the study of river morphology will
play a great role in solving the contradiction between exploration and production.

The research on fluvial facies has developed rapidly from the 1990s to the 21st century.
There are five major research directions [1]: the coupling between the flow processes and
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near-bank geomorphic features; the co-evolution of meandering river sand; the experimen-
tal study between meandering rivers and material transportation; the morpho-dynamic
evolution of meandering rivers and numerical simulation; the research of submarine me-
andering channels. The morphology and migration evolution of the meandering river
are always a focus of research. River migration is affected by hydrology, hydrodynamics,
sediment transport, geomorphology, climate, human and animal activities [1-4], which
are not controlled by the river [5], and lead to the diversity of river morphology. Among
the researchers, a large number of scholars have described the shape of the meandering
river [6-14]. In the process of the meandering rivers’ evolution, the channels are not all
single model, but more a compound model, and most of them are asymmetric [8,15]. By
field observation, satellite image, instrument detection, numerical simulation, etc., the
morphology and evolution of the surface meandering river can be dissected, quantita-
tively analyzed and predicted [16-24]. In modern river deposition, a variety of migration
modes are summarized. Schumm [6] proposed five types of channel morphology based
on bending index, Daniel [7] determined five types of migration: expansion, rotation
and translation by using sine curve, and Brice [9] proposed 16 models of meander mor-
phology. The channel cut-off can be seen during the process of evolution [25-27], and
chute and neck cutoffs are common. Migration patterns have been recognized and ana-
lyzed in modern sedimentary rock. These migration patterns include several planform
migration modes: (1) symmetrical expansion migration (SEM): the length and curvature
of the channel increase continuously, and the bend apex migrates transversely along the
floodplain (Figure 1a); (2) upstream + rotation expansion migration (UREM): the length
and curvature of the channel increase continuously, and the bend apex moves upstream
of the floodplain (Figure 1b); (3) downstream + rotation expansion migration (DREM):
the length and curvature of the channel increase continuously, and the bend apex moves
downstream of the floodplain (Figure 1c); (4) symmetrical contraction migration (SCM):
the curvature and amplitude decrease, and the bend apex migrates transversely along the
floodplain (Figure 1e); (5) upstream + rotation contraction migration (URCM): the curvature
and amplitude decrease, and the bend apex moves upstream of the floodplain (Figure 1f);
(6) downstream + rotation contraction migration (DRCM): the curvature, and amplitude de-
crease, and the bend apex moves downstream of the floodplain (Figure 1g); (7) translation
migration(TM): the channel sinuosity is constant, while the bend apex migrates parallel
downstream (Figure 1d); (8) translation rotation migration (TRM): the bend apex moves
towards the meander belt axis without straight line (Figure 1h). The authors [8,28] show
that the channel migrates downstream frequently. In the study of Okavango meandering
river migration, the river is also dominated by downstream migration. In addition, these
migration patterns are often combined (Figure 1i-1), which is consistent with the results of
modern satellite images and aerial photos.

Despite vast amounts of research into modern rivers, with relatively mature and
perfect theory, the migration model of paleochannel sediments cannot be well inferred and
revealed due to the deep buried morphology and small outcrops [29,30]. At the same time,
the literature related to its internal structure and development mechanism is relatively small,
which also limits our understanding of paleochannel morphological changes [7,9,31-33].
Previous researchers used seismic, core and outcrop data to restore and reconstruct the
paleochannel [30,34], but there were some limitations. Although there are some differences
in the research methods between ancient and modern sediments, sediments adhere to
similar hydrodynamic conditions in the process of migration. Based on the above research,
the channel is not a single and symmetrical migration model. In continuous migration,
there are not only multiple model conversions, but also the combination and superposition
of migration of different stages in the plane, which control the lithology distribution and
reservoir properties. Therefore, river migration is particularly important in the study of the
fluvial reservoir.
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Figure 1. Typical planform migration modes, depicting the migration track of river channel. (a) sym-
metrical expansion migration; (b) upstream + rotation expansion migration; (c) downstream + rota-
tion expansion migration; (d) translation migration; (e) symmetrical contraction migration; (f) up-
stream + rotation contraction migration; (g) downstream + rotation contraction migration; (h) trans-
lation rotation migration; (i) symmetrical expansion + contraction migration; (j) upstream rotation
expansion + contraction migration; (k) downstream rotation expansion + contraction migration;

(1) translation rotation + expansion migration.

Our predecessors have made a lot of significant achievements in reservoir configu-
ration and the morphology of the meandering river, but the more detailed meandering
river cases are rare, and now there are relatively few cases for the reconstruction of ancient
channels. Therefore, “to the ancient theory of this”, this is an important supplement to
the study of ancient meandering rivers. There are eight single migration models and four
compound migration models in the Okavango meandering river fan. The stratigraphic
characteristics are connected with geomorphic dynamics based on the characteristics of the
paleoenvironment. The dynamics of the meandering river is difficult to describe only by
logging and core data. Based on the dense well pattern, the geomorphological migration
law of modern rivers is applied to ancient sedimentation, and combined with the plane
cross-sectional structure coupling model of the meandering channel to realize the recon-
struction of the ancient channel, so this method is feasible and effective. In this study, there
are three research goals: (1) To analyze the sedimentary characteristics and sandstone con-
figuration on the horizontal and vertical profiles; (2) Combining the geomorphic features
to associate it with the modern sedimentary model; (3) The sedimentary model is used to
explain the distribution of three-dimensional facies. This study can reduce the deviation
between the sedimentary structure and the evolution of the meandering river.

2. Geologic Setting and Stratigraphy
2.1. Location of Study Area

The Ordos Basin is a large interior subsiding basin formed during the Indosinian
tectonic movement in the late Triassic period [35], located in the central and western
part of the North China Craton. The basin is a secondary structural unit of the North
China Craton, with stable subsidence, depression migration and torsion. It is also the
second largest sedimentary basin in China. Its tectonic evolution can be divided into five
stages: middle-late Paleozoic aulacogen stage, early Paleozoic shallow platform stage,
late Paleozoic coastal plain stage, Mesozoic inland basin stage and Cenozoic peripheral
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fault depression stage [36]. After multistage evolution, the whole basin is composed of six
tectonic units: Yimeng uplift, Western edge overthrust belt, Tianhuan depression, Yishan
ramp, Jinxi flexural fold belt and Weibei uplift (Figure 2A) [37]. The present tectonic feature
of the basin is an asymmetric rectangular basin with a gentle east flank and a narrow west
flank (Figure 3). The Ordos Basin has huge reserves of gas, with 38 oil fields and 6 gas
fields. The study area of this paper is located in the Sulige gas field (called Su-X), which is
located in Suligemiao area, from Obogahan in Otokehougi in the north to Wugqi County in
the South, while it spans from Yulin City in the east and Etuoke Banner of Inner Mongolia

Autonomous Region in the west.
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Figure 2. Location of Ordos Basin in China and Tectonic unit division of Ordos Basin (a,b). The red
virtual frame in (b) indicates the location of Sulige gas field, and the blue box is the research area
of this paper, called Su-X block; lithostratigraphy characteristics of Ordos Basin (c), the red frame

indicates the monolayers of the study.
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2.2. Stratigraphic Characteristics

Stratigraphic development in the upper Paleozoic Permian of the Ordos Basin, includ-
ing Shanxi Formation (P1s), lower Shihezi Formation (P;x), upper Shihezi Formation (P;s)
and Shigianfeng Formation (P,sh). The Shanxi Formation and Shihezi Formation is an
important gas-bearing stratigraphic unit (Figure 2b). The Pys, with a bottom of “beichagou
sandstone”, is integrated on the Taiyuan formation. Its thickness is about 90~110 m and a
slight thinning trend to the west. The clastic deposits are mainly from the Yimeng uplift
in the late Paleozoic [38]. The Shanxi formation is a set of clastic deposits with coal. The
lithology is mainly gray-white quartz sandstone and fine conglomerate, some lithic sand-
stone, intercalated with thin layers of siltstone, mudstone and coal, with plant fossils [35].
According to the characteristics of the deposition cycles and lithological composition, it can
be subdivided into Shan 2 (S;) and Shan 1 (S1) from bottom to top. The thickness of Sy is
40-50 m, which is composed of three sublayers (including S11,8:2, 5,3, from top to bottom).

2.3. Environment and Sedimentary Facies

Since the late early Permian period (Shanxi Formation) was in the key period of
sea—land conversion under the background of regression, the sedimentary background
is still controversial. The sedimentary environment is mainly fluvial-lacustrine facies
during the Permian period [39], while Shanxi Formation developed a shallow braided river
delta dominated by fluvial and tide [40—43]. A meandering river delta developed in the
Suligemiao area and north of the Ordos Basin [44,45]. The fossil assemblages in the Shanxi
formation indicate a warm and humid climate. According to the analysis of mudstone
and shale samples, the Sr/Cu ratio is generally small and distributed intensively, and the
mineral content of the kaolinite and Yimeng mixed layer in its clay minerals is high, which
indicate that the Shanxi formation has a warm and humid climate. It is consistent with
previous studies [46,47]. The author [35] described the lowstand systems tract in the model
as comprising braided river deposits, the transgressive systems tract consisting mainly
of fine-grained anastomosing river deposits, and meandering river deposits dominating
in the highstand systems tract. The authors [48,49] shared the view that the lowstand
systems tract contains multistorey amalgamated sand-bodies and the sand-bodies in the
transgressive and highstand systems tracts are more isolated. The Shanxi Formation in
the Ordos Basin is characterized by different sedimentary facies due to the change of
water level.

The genesis, channel type, channel transformation mode, properties and characteristics
of the Okavango meandering river fan provided new enlightenment for the understanding
of the sedimentary environment of a large, tight gas field. Different scholars have some
disputes about the sedimentary background of the Shanxi formation. On the basis of
previous studies, the coal thickness of the Shanxi formation is greater in the north of
Wushengi-Yulin, medium in Sulige area, and narrow in Yan’an-Qingyang [50]. The dark
mudstone of the Sulige gas field is thick [51] and the plant fossil assemblage indicates a
warm and humid climate. The coal and dark mudstone indicate the watery environment.
To sum up, the wide swamp and wetland environment developed in the northern and
center of the basin, while the sedimentary environment tends to arid in the south. This
is similar to the Okavango meandering river fan. The distributary interchannel in the
upper fan and middle fan store water through vegetation, and broad wetlands and swamps
developed which provided the conditions for coal. The lower fan grows sandy substrate,
and the surface water is seasonal, with less coal (Figure 4). The difference is that the
Okavango meandering river fan is a single provenance sedimentary system, while the
Shanxi Formation in the Ordos Basin is a multiple-sediment-source system (Figure 5).
Although the general climate of the two epochs can be assumed to be similar, no data can
be obtained about the properties of the river flow that led the formation and migration of
the point bars.
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Figure 4. Schematic diagram showing the varying style of river channel and overbank sediments in
(a) the panhandle and upper fan, (b) middle fan, and (c) lower fan sub-environments of the Okavango
Fan (modified from Stanistreet and McCarthy, 1993).
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Figure 5. Depositional model of Shanxi Formation in the Ordos Basin.



Water 2022, 14, 477

7 of 23

In the north of the Ordos Basin, typical tight sandstone reservoirs developed, with
strong source supply, which are distributed continuously in the plane, overlapped in the
vertical, and the sand bodies extend in the north—south direction. The Su-X block of the
Sulige gas field is located in the middle fan. The meandering river fan system is mainly
developed in the Shan 1! layer. The sedimentary microfacies are composed of branch
channel, crevasse splay, floodplain and swamp. The channel belt becomes more complex
after bifurcation. With the increase of channel curvature, the channel belt is superimposed
continuously. The point bar is characterized with fining-upwards normal cycle sandstone,
and the floodplain area is dominated by mudstone, with coal and root. The channel is
characterized by a mixed deposition of bed load and suspended load, and the erosion
interface is common.

3. Data and Methods
3.1. Data Sources

In this paper, the sublayer of Shan ;! (Called S;'), member 1 of Permian Shanxi
Formation in Su-X block is selected as the main research object. The main sedimentary
environment of S;! is river deposition, which is representative of a continental river.
Data from 99 wells were collected from cooperation project with the Changging Oilfield
Corp, among which 14 transverse profiles and 9 longitudinal profiles were reconstructed
(Figure 6). For each profile, data about lithology and core were collected. By integrating the
structure of core, lithological sequences, small layer correlation and unconformity interface
of scour data with previous studies, the above-mentioned profiles were interpreted and
identified for a single meandering channel, step by step with points, lines and surfaces.
The scale and law of the point bar with dense well pattern were statistically extrapolated to
the sparse well pattern, and the ancient meandering channel was reconstructed through
multiple profile. This paper focuses on the detailed description of six profiles (Figure 6,
blue line) to explain the evolution process of the meandering zone.

Figure 6. Location of dense drilling holes and profile in the Su-X block Sulige gas field of Ordos Basin,
China; Six profiles (blue line) are described in detail. It is divided into six zones by virtual frame, the
green frame is zone 1, black frame is zone 2, yellow frame is zone 3, gray frame is zone 4, red frame is

zone 5 and orange frame is zone 6.
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3.2. Method

The research on oil and gas accumulation in petroliferous basins is of great signifi-
cance to oil and gas exploration. In addition to oil source correlation, basin simulation
and other technologies [52,53], it is also particularly important to carry out the study of
modern paleontology. Herein, the descriptive sedimentological term for meander channel
processes is used [54,55], while the hierarchical descriptive small-scale bedding structure is
derived from Collinson et al [56]. On this basis, the architecture of the meander belt can be
recognized along the longitudinal meander belt instead of transverse, which is difficult to
identify in the vertical direction [57]. In particular, understanding of the ancient meander-
ing channel is limited by the different migration patterns superimposed on the plane and
deeply buried. Through core observation and single well facies analysis, sedimentary facies
markers, lithologic characteristics and logging response, the well’s stratigraphic framework
was established in the study area. First, research of a single well. The logging and core
were used to identify the sequence, and the lithology and sedimentary microfacies by
establishing a sequence stratigraphic framework. Second, the combination of channel sand
bodies based on the well connection profile and judging the connectivity of the sandstone
by production data. Third, through the plane and vertical identification of single sandstone
and the connection relationship between sandstones, the distribution of ancient channel
was described in detail. Fourth, restoring the channel evolution by using the combination
of plane and section. According to the data of the layers and sand in the well, the lithofacies
paleogeographic characteristics were analyzed, the sedimentary model was established,
which predicted the possible horizontal and vertical distribution of sedimentary facies.
Due to the influence of well pattern density, the prediction result is uncertain, and the
result of dense well pattern area is closer to the actual situation than that of sparse well
pattern area. The density of the wells and the data available from the geophysical logs were
insufficient to reconstruct the external geometries and internal sedimentological charac-
teristics of the point bars that are now buried at more than 3000 m depth. Consequently,
the reconstruction provided in the following chapters was obtained by adopting the same
pattern reconstructed from the modern Ordos Basin analog, while being aware that this
approach could be affected by uncertainties.

3.3. Data Acquisition

Combining the characteristics of core and logging curve, it was observed that the
petroelectric characteristics of the different lithologies were different. So, they have different
logging characteristics in different sedimentary microfacies. The distribution of sand and
sedimentary facies was analyzed mainly by using the amplitude, shape, top—bottom contact
relationship and smoothness of GR and AC curve (Figure 7). In the GR curve, the point
bar was characterized by box or bell shape. The GR value was relatively small, mostly less
than 50API. The thickness of sand was 5-10 m; crevasse splay was characterized by a finger
shape. The GR value was low—medium value, mostly less than 70API. The thickness of sand
was less than 3 m; subchannel was characterized by irregular box shape. The GR value was
around 50AP], thickness of sand between 3 m and 5 m; main channel was characterized by
a bell shape. The values gradually changed from bottom to top, with low bottom and high
top, with the bottom value less than 50 API. Thickness of sand was 5-10 m; abandoned
channel was characterized by cap shape, the GR value of bottom was less than 50 API, up to
100 APL The thickness was usually less than 3 m. The meandering channel is dominated by
coarse-gravelly coarse sandstone and medium-fine sandstone, forming a normal gradation.
The GR curve was toothed, box shaped and bell shaped with low value. The negative
abnormal amplitude of AC curve was large; The flood plain is dominated by mudstone,
and the GR curve was a high value, toothed box, with low amplitude of AC curve. By
analyzing the four identification marks of channel sand, elevation difference, thickness
difference and abandoned channel, a single channel can be identified [58,59]. The vertical
stage of the river channel is based on the sedimentary section, which is mainly identified
by the characteristics of mud interlayer, calcareous interlayer and logging curve mutation.
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The mud interlayer had the high GR value, which was generally higher than 150API; AC
was high value, usually greater than 240 pus/m. Argillaceous sedimentary discontinuities
are often unstable laterally due to channel undercutting; GR of calcareous interlayer was
low, with a low value of AC. Logging curve mutation indicates the lithological changes.

Classification Box shape Finger shape [Irregular box shape| Bell shape Cap shape
Welldeptif  gryap Vel depth r/ap| Weldepth | GR/APIWell depth Well denth
. GR/APIZGO,m i 200 /m | .G bom |30 200 /m GRIAP] %) 0P
3370 30 200

3490
34301 3375 3470; 3380
Typical Curve 2405
3475
34357 33804 3385
- 7 35001
34401

33854

Environmenta

Interpretation Point bar Crevasse splay Sub-channel Main channel [Abandoned channel

Figure 7. Logging characteristics of different sedimentary microfacies.

4. Results
4.1. Lithology and Well-Logging Characteristics

In the study area, well 10 was selected as the standard well for the lithofacies analysis of
S;!. The deposition of S; is mainly composed of sandstone, pebbly sandstone and mudstone
(Figure 8). The core depth of well 10 is 3314-3350 m (Figure 9), and the 3314-3329 m is
the S;! sub layer. Parallel bedding, oblique bedding, cross bedding and mud gravel are
developed, which developed an abrupt erosion surface at the bottom and developed a rare
detention deposit. It is a typical point bar with obvious normal gradation and approximate
box shape of GR curve. Thick mudstone and sandy mudstone are developed at the top,
with horizontal bedding and sand bedding, which indicate fluviatile floodplain deposition.
According to the lithology mutation, the scouring surface, grading, sand correlation mode
and lithology combination, the 811 sublayer of all wells was subdivided and compared,
and the two stages of river could be identified. In order to realize the river’s evolution and
reconstruction, the S;! sublayer was subdivided into two monolayers.

Figure 8. Lithologic characteristics in study area. (a) Well 94, erosion surface, 3320.94 m; (b) well 82,
pebbly sandstone, 3330.58 m; (c) well 64, parallel bedding, 3338.16 m; (d) well 8, sandstone, 3363.04 m;
(e) well 74, mud, 3358.03 m.
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Figure 9. Core characterization and logging curve characteristics of well 10.

By observing the logging curve and core, the Su-X block is mainly formed in a me-
andering river, and the sedimentary microfacies include a branch channel, crevasse splay,
floodplain and swamp (Figure 10), which are consistent with previous studies. The logging
curves of the different sedimentary microfacies were obviously different in shape, grading,
thickness and amplitude. An abandoned channel is an important signal to identify the
boundary of a single channel. Based on amplitude and curve shape, its logging curve can
be divided into two patterns: gradual transition interfaces and sudden transition interfaces.
The sudden transition interfaces are abandoned at high energy, while the gradual transition
interfaces are abandoned at low energy. There are multistage scour and superposition in the
point bar, and the logging curves are mainly box-shaped, bell-box shaped and combined-
bell shaped; The crevasse splay is the sediment overflowing inside the riverbed during
the flood period, which is deposited outside the river channel and has sudden transition
interfaces with the underlying floodplain, with finger-shaped logging curves. The flood
plain is formed by the vertical aggradation of flood on the broad plain outside the riverbed.
The lithology is mainly mudstone and argillaceous siltstone, with less sandstone. The
logging curve is straight or low amplitude dentate.
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Figure 10. Plane distribution of sedimentary microfacies of S;! sublayer in Su-X block of Ordos Basin,
(a)is S11 71 monolayer, (b) is G172 monolayer, showing the changes of sedimentary microfacies of
two monolayers.

4.2. Coupled Characteristics of Channel Plane and Profile

Much inspiration has been obtained from the study of the sedimentary facies of the
Okavango meandering river fan, as mentioned in Section 2.3 (Figure 11). It also indicates
that the member of S in Ordos Basin has similar sedimentary environment characteristics.
Therefore, the river migration also follows similar hydrodynamic conditions, and the migra-
tion mode is shown in Figure 1. In the channel of Sy, the channel is vertically superimposed
and transformed by different architectural elements, and a similar sequence is generated
repeatedly. Meanwhile, the different migration types show different characteristics on the
profile. The focus is the point bar. Due to the hydrodynamic force differences, upstream
waterpower is stronger than downstream, as a result, the incision extent is deeper in the
upstream leading to the development of a steeper dipping angle [30,57].
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Figure 11. The river of the Okavango meandering river fan shows the geomorphic features of the

meandering river. (a) Meandering with cut-off, eroded bars and chute channel; (b) Meandering with
point bar and counter point bar; (¢) Meandering with compound point bar.

In the above-mentioned eight single models, there are certain spatial variations in the
profile: (1) SEM shows that the dipping angle decreases away from the meander belt axis
(A-A’ profile). In contrast, the upstream bar and downstream bar are symmetrical, and
the dipping angle decreases parallel to the longitudinal meander belt axis (B-B’ profile)
(Figure 12a); (2) UREM shows that the dipping angle decreases and then increases to the
longitudinal meander belt axis (A-A’ profile) and the dipping angle of the upstream bar
is greater than the downstream bar (B-B’ profile) (Figure 12b); (3) DREM shows that the
dipping angle decreases away from the meander belt axis (A-A’ profile). The characteristic
of the B-B’ profile is contrary to UREM (Figure 12c); (4) SCM shows the dipping angle
increases away from the meander belt axis (A-A’ profile). In contrast, the upstream bar
and downstream bar are symmetrical (B-B” profile) (Figure 12e); (5) URCM shows that
the dipping angle increases repeatedly to the longitudinal meander belt axis(A-A’ profile)
and the dipping angle of upstream bar is greater than the downstream bar (B-B’ profile)
(Figure 12f); (6) DRCM shows that the dipping angle increases repeatedly to the longitudinal
meander belt axis (A-A’ profile) and the dipping angle of upstream bar is less than the
downstream bar (B-B’ profile) (Figure 12g); (7) TM keeps the dipping angle stable in the
B-B’ profile, rather, the transverse dipping angle decreases in the A-A’ profile (Figure 12d);
(8) TRM gives a similar change rule as well as translation mode in the A-A’ profile, thus,
the dipping angles are divided into two parts to decrease in the B-B’ profile, respectively,
(Figure 12h).

To sum up, in the process of expansion, the transverse dipping angle increases slowly
from inside to outside, while in the process of contraction, it increases rapidly; In the
upstream rotation model, the vertical dipping angle of the upstream bar is larger than the
downstream bar, but it is the opposite in the downstream rotation model.

In the paleo-sedimentary environment, the migration pattern of channels can be
identified by the bedding dipping angle and migration direction of the bend apex. In
compound migration, there are more than two single patterns, and the sediment on the
sections overlap each other. In the expansion model, the upstream bar, central bar and
downstream bar are well preserved. The upstream bar and central bar in the downstream
model are poorly preserved, while the downstream bar in the upstream model is poorly
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preserved (Figure 13a). and the upstream bar in the translation model is not well preserved
due to erosion (Figure 13b,c).

AW
s AW B s W TARNW B BN B Y S
SCM URCM DRCM TRM

Figure 12. Stratigraphic sequence of single planform modes, (a-h) similar to that in Figure 1.

a Stagel Stage2 Stage3 Staged

. Pool rajectory

(1] Changes in_dip angle

100 m Troded steps

Terminology Point-bar upstream part Point-bar central part Point-bar downstream part

Figure 13. Cross section of composite model, highlighting the main structural factors of the migration
and transformation of the meandering channel: (a) the asymmetric point bar of compound model,
showing the planform evolution and internal architecture of the expanding four stages of pool zone
migration [30]; (b) translation and (c) translation with rotation [57].
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1074.8 m

The block mainly develops a channel and floodplain, such as channel filling, point
bar, etc. According to the well pattern data, the superimposition and erosion of the
multistage channel is obvious. According to well data, the superimposition and erosion
of the multistage channel is obvious. In the S;! sublayer of the Su-X block, the channel
was constantly changing and straightening, which limits the preservation of floodplain
sediments. In contrast, the floodplain of the overlying strata is better preserved.

4.3. Reconstruction of Meandering Paleochannels

The migration model of modern rivers is applied to the restoration of ancient rivers.
While it may be straightforward to observe the differences between the ancient sediments
and the modern river sediments, it is difficult to directly apply modern sedimentary
mesoscale parameters to the paleoenvironment [18]. Moreover, because the formation is
deeply buried underground, it is impossible to measure the dip angle of lateral accumula-
tion, and the representation of lateral accumulation belongs to qualitative inference. In the
well-drain direction, the boundary is determined according to the logging data, the core
and sand body distribution. Due to strong transformation by a later river, the exposure of
the point bar is incomplete, and the research focuses on the S;!~! monolayer. Moreover, in
order to achieve accurate migration structure interpretation and analysis, Su-X is divided
into six areas. Six configuration sections are mainly described. L5 (longitudinal profiles) is
northeast-southwest strike, nearly parallel to the source direction, and T1, T3, T5, T11 and
T14 (transverse profiles) are vertical to the source direction.

Zone 1: There are two meandering river belts in zone 1. Five wells meet the right
meandering river belt (wells 6, 7, 18, 99) and six wells meet the left meandering river belt
(wells 4, 15, 16). The sand of wells 6 and 99 (Bend a) is well developed and belongs to the
point bar. The sand is more developed in the later sand of well 99. Combined with the
hydrodynamic characteristics, the channel migrates from well 6 to well 99. In wells 7 and
18 (Bend b), the early sand developed, while the later sand did not develop (abandoned
channel), and wells 7 and 18 changed from a lateral accumulation point bar to abandoned
channel; combined with the perforation data, the point bars are not connected. The results
of anatomy indicate that Bends a and b migrate with symmetrical expansion, while the
apex (pool zone) migrates transversely away from the channel belt axis, as shown in the
Figures 14 and 15.

The sand formed in the early stage of well 3 and then turned into an abandoned
channel, indicating that the channel migrated; In well 15 (Bend C), the early sand is not
developed, and thin sand is developed in the late stage.

In well 16, the early sand is developed, and the later sand is not developed, which
indicates that the channel moved from well 16 to well 15; combined with the configura-
tion profile characteristics, Bend ¢ developed symmetrical expansion structure, and the
migration process of channel is shown in Figure 16.

712.8 m 497.6m  558.7m 364.1m 496.3m _ 5503 m 1031.1 m 704.6 m 136.3m 575.6 m 755.8 m 760.6 m 928.4 m

Point bar

*. Pebbly sandstone | *

b b wk” P_\ - s11-2 s 43 s ¢ \ i 00 J / ’(
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. 0 ds, 5 s -z
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Pty " &
) k i 7 . L) . o
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Figure 14. Profile L5 of comprehensive analysis including evolution model of meander bend-based
multiple connected core wells which are collected from database in S;! sublayer of Su-X block, Sulige
gas field, Ordos Basin, China: migration areas Z1 (green frame), Z4 (gray frame), Z6 (orange frame).
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Figure 15. Profile T1 of comprehensive analysis including evolution model of meander bend-based
multiple connected core wells which are collected from database in S;! sublayer of Su-X block, Sulige
gas field, Ordos Basin, China: migration areas Z1 (green frame), Z2 (black frame).
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Figure 16. Profile T2 and T3 of comprehensive analysis including evolution model of meander
bend-based multiple connected core wells which are collected from database in S;! sublayer of Su-X
block, Sulige gas field, Ordos Basin, China: migration areas Z1 (green frame), Z2 (black frame).

Zone 2: There is a meandering belt in zone 2, and the early sand of well 2 is developed,
which belongs to point bar lateral accumulation. Sand was encountered in wells 9, 12,
13 and 14 (Bend e). Sand is developed in wells 9 and 13, which is in the range of point
bar lateral accretion. Thin sand is developed in well 12 in the middle stage, which is
transformed from floodplain to point bar. Crevasse splay sand is developed in the late stage
of well 14, and the channel moves from well 13 to well 14. In the early stage of wells 26 and
27 (Bend f), the sand developed from point bar to floodplain, and the channel migrated
from well 27 to well 26. The sand bodies of other wells are undeveloped and belong to
the floodplain; The analysis of the anatomy indicate that Bend e migrates with UREM
deviating away from the meander belt axis towards the upstream direction and Bend f
migrates with DREM, deviating away from the meander belt axis towards the downstream
direction, as shown in the Figures 15-17.

Zone 3: Is downstream from zone 2. Sand is encountered in wells 56, 62 and 63
(Bend g). Early sand is developed in well 56, middle sand is developed in well 63, and sand
is developed in well 62, which indicates that the channel migrates from 56 to 63 and then
to well 62. The sand of well 67 (Bend h) is developed, which belongs to point bar lateral
deposition. The early sand body of well 76 is crevasse splay. Comprehensive analysis
shows that Bend g migrates from SEM to DREM and Bend h migrates with UREM.
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Figure 17. Profile T5 of comprehensive analysis including evolution model of meander bend-based
multiple connected core wells which are collected from database in S;! sublayer of Su-X block, Sulige
gas field, Ordos Basin, China: migration areas Z2 (black frame), Z4 (gray frame).

Zone 4: Is downstream from zone 1. The sand of well 32 is not developed. The sand
of well 33 (Bend d) is developed in the early stage, which is formed by lateral deposition
of the point bar. The late stage sand is not developed, which indicates the migration from
point bar to abandoned channel. The sand of well 47 is not developed in the early stage, but
developed in the late stage, which indicates that the floodplain is transformed into point
bar; The early sand of well 52 is not developed, and the later sand is developed, which
indicates that it has changed from floodplain to point bar. The early thin sand of well 52
(Bend I) is developed, and the later sand body is thick, which indicates that it has changed
from abandoned channel to point bar; Sand is encountered in wells 68 and 74 (Bend J). The
early sand is more developed than the later sand in well 68. The sand of well 74 developed in
the late stage, while that of well 75 did not, indicating that the channel moved from well 75 to
well 74. The results of the anatomy indicate that Bend d migrates with SEM, Bend I migrate
with SEM+UREM and Bend ] migrates with SEM, as shown in the Figures 14, 17 and 18.
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Figure 18. Profile T11 of comprehensive analysis including evolution model of meander bend-based
multiple connected core wells which are collected from database in S;! sublayer of Su-X block, Sulige
gas field, Ordos Basin, China: migration areas Z3 (yellow frame), Z4(gray frame).

Zone 5: Sand is encountered in wells 71, 87 and 88. The sand in wells 71 and 88
(Bend K) is developed, which is the point bar. Multistage sand is developed in well 87;
in the early stage of well 89 (Bend L), the sand is developed, which is point bar lateral
deposition, and the overflow sand is developed in the late stage; sand is encountered in
wells 85, 91 and 92 which are branch channel deposits. The sand in wells 85 and 91 is
crevasse splay, and the sand in well 92 (Bend O) is developed in the early stage formed by
point bar lateral accumulation.

Zone 6: In well 80 (Bend M), the sand developed in the early stage and did not develop
in the late stage, indicating the migration from point bar to floodplain deposit; the sand of
well 83 (Bend N) is developed and formed by lateral accretion of the point bar; because there
are few wells in Zone 6, it is difficult to determine the migration of the river. Combined
with the migration characteristics of the upstream and the characteristics of topography
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and structure, Bend N migrates with SEM, and the channel converged in this Zone, as
shown in Figures 14 and 19.

807.3 m 629.7 m 594.7 m 1221.3 m
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Figure 19. Profile T14 of comprehensive analysis including evolution model of meander bend-based
multiple connected core wells which are collected from database in S;! sublayer of Su-X block, Sulige
gas field, Ordos Basin, China: migration areas Z5 (red frame), Z6 (orange frame).

The results of anatomy indicate that Bend K migrates with DREM, Bend L migrates
with UREM and Bend O migrates with DREM. The law of the other point bar is in-
ferred, according to the structural landform and hydrodynamic characteristics, as shown in
Figures 20 and 21.

Figure 20. Migration modes of ancient planform of S;! monolayer in the Sulige gas field of Ordos

Basin, China.
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Figure 21. Reconstruction of the complex meandering belt based on the dense network of well data.

5. Discussion
5.1. Migration Characteristics

Based on the reconstruction methods of the modern Okavango meandering river and
the previous migration model, combined with the ancient flow analysis and the track of the
center line in the early and late stages, the ancient meandering channel was reconstructed.
Combined with the coupling mechanism of the plane-profile characteristics of a meandering
river, the channel migration is finely depicted. In the study area, the whole meander belt
was mainly formed by the expansion model, followed by the contraction model and,
occasionally, the translational migration model. The later channel inherited the evolution
of the early channel, and the compound migration model was more common in a single
layer (Figure 20). Expansion (Figure 21, Bend b, ¢, d) increased the curvature and flow path
length. The bend apex is away from the meander belt axis and nonlinear migration path
with increasing the asymmetrical bend in rotation (Figure 21, Bend f, g, h, o, II). Translation
(Figure 21, Bend I1I) is characterized by the bend apex parallel to the meander belt axis
without an obvious change in the sinuosity. Under the conditions of continuous expansion
of the channel, the upstream bar is easy to preserve; However, almost all upstream bars
will suffer local erosion, resulting in the restriction of the trajectory to the downstream.
According to the data of logging, logging and core observation, the abandoned channel
and point bar were identified, which clearly showed the strong cutting, diversion and
damage of the late channel to the early channel. The complex meandering river belt
reveals the evolution process of the ancient channel, with constant cut-off and confluence
branching of rivers. The above figure shows the reconstruction of the ancient meandering
river belt in S;!. The research shows that a single meandering ring can be combined from
different profiles, the whole river runs through north-south, and the flow of the whole S;



Water 2022, 14, 477

19 of 23

sublayer is discontinuous. The sedimentary characteristics and vertical heterogeneity of
channel sandstone are shown on the connecting well profiles, and the sand shows different
distribution and superposition forms. It is reasonable to guide the evolution mechanism of
the ancient meandering river with the characteristics of modern meandering river, but the
accuracy of stratigraphic correlation and anatomy has a certain impact on the reconstruction
of the meandering belt. So, the result is uncertainty. At the same time, the dense well area
plays an important role in guiding the sparse well area, but the river migration structure
in the sparse well area is still uncertain. The sediments of the different meandering rivers
are also different. Under the condition of high-energy hydrodynamics, the sediments are
characterized by coarse grains, showing weak aggradation; the low energy hydrodynamic
condition is opposite. In the composite migration model, the separation and recognition of
a single pattern is complex, which also increases the difficulty of river structure fineness
and reconstruction. At present, improving the well pattern density could solve the problem.

5.2. Comparison of Results from Empirical Equations and Actual Reconstruction

The studied meander belt was characterized by a channel as deep as mean 5.6 m,
based on the anatomy of the dense well net, thus, the thickness of buried sand is compacted
and corrected. The average burial depth of S;! is about 3360 m. The authors [60] presented
the formula of buried depth and porosity based on the analysis of clay and Hegarty [61]
generalized the formula of the thickness (sandstone and mudstone)-buried depth formula.
Based on the above empirical relationships, the 5.6 m thickness of the channel sandstone
from almost 3360 m depth is restored to its original thickness. this value is almost 1.42 times.
The empirical formula is compared with the actual reconstruction results:

Formula (1) is from Leeder [62], Formulas (2)—(5) are from Williams [63], Formula (6) is
organized by the author, based on Leeder and Williams [62,63]. In the sandstone thickness
after compaction correction, seven empirical formulas in the table are used to estimate the
relevant parameters of channel scale (Table 1).

Table 1. Empirical equations of estimation of quantitative parameters for meandering channel.

Standard Deviation of

Ref . : : Applicabl
ISuerfﬁaneCre Equation Units Residuals in Percent Correlation Coefficient Rl;flglza(m;:
+ -
1 IgW = 1.541gD + 0.83 m - - - -
2 Ly = 7.5W112 m 74 42 0.96 1.5 < W < 4000
3 Ly = 5.1W112 m 65 39 0.97 1.5 < W < 2000
4 B =43W12 m 65 39 0.96 1.5 < W < 4000
5 R. = 1.5W!12 m 55 35 0.97 1.5 < W <2000
6 G — 0.52In14D~%% - - - - -
7 Q = 0.004¢!-61inkm m3/s - - - -

D = mean bankfull depth; Rc = channel-bend radius of curvature; Lm = meander wavelength; S = channel
sinuosity; Lb = along channel bend length; W = mean bankfull channel width; Q = mean annual discharge;
B = meander belt width.

Comparing the two results, the results are basically consistent with the results of
the seven empirical formulas (Table 2). Only in Bend III, 1V, the actual value is larger
(table), which may be because they belong to the composite migration model, the migration
process is more complex, which makes the sand thickness obtained from sedimentary data
uncertain. Bend c and I are SEM, Bend e and bend h are UREM. Bend g is DREM. Bend Il is
URCM + SEM. Bend III is TM + SCM. Bend 1V is DREM + CM. Compared with the single
mode, the compound model has a stronger hydrodynamic force, and has the characteristics
with upstream bar erosion and the downstream bar superposition. Due to the later river
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erosion, the early point bar is eroded, and the sand body thickness is thinned, which affects
the accuracy. In addition, the later river has more stable hydrodynamic characteristics.

Table 2. Comparison of results from empirical equations and actual reconstruction.

Bend Compacted Initial w Lm Lb Wm Rc S Q

Units ~ Methods m (m) (m) (m) (m) (m) / m/s

c Equation 41 615 111.5 1472.7 1001.4 844.37 294.5 2.4 504.36
Actual value : ’ — 1718.4 1291.8 779.1 331.8 14 —

o Equation 75 1514 2073.9 1410.2 1189.0 414.8 2.2 875.1
Actual value . — 2302.6 1563.3 958.7 575.2 15 —

g Equation 50 78 160.8 2218.9 1508.9 1272.2 443.8 2.2 975.8
Actual value ’ : — 2318.2 1249.5 1140.6 373.8 2.0 —

h Equation 9 200.5 2840.2 1931.3 1628.4 568.0 2.1 14519
Actual value — 2526.2 1764.2 1413.9 557.4 1.7 —

I Equation 36 54 91.3 1176.8 800.2 674.7 235.4 2.5 351.5
Actual value : . — 1849.1 1642.6 1152.2 673.4 1.8 —

I Equation 9 200.5 2840.2 1931.3 1628.4 568.0 2.1 1451.9
Actual value — 2684.3 2216.6 1688.8 543.6 2.2 —

I Equation 45 6.75 128.7 1729.2 1175.8 991.43 345.8 2.3 653.14
Actual value ’ ’ — 2720.6 929.05 1662.7 432.1 29 —

v Equation 48 70 142.2 19329 1314.3 1108.1 386.5 2.2 781.34
Actual value : : — 2631.7 2091.0 1755.9 506.3 2.6 —

6. Conclusions

Based on the previous research [8,14,28] and satellite image survey results, the mod-
ern meandering river migration model has eight single models: symmetrical expansion
migration (SEM), upstream rotation expansion migration (UREM), downstream rotation ex-
pansion migration, contraction migration (SCM), upstream rotation contraction migration
(URCM), downstream rotation contraction migration (DRCM), translation migration(TM)
and translation rotation migration(TRM). The four compound models of channel mor-
phology are symmetrical expansion + contraction migration (SE + CM), upstream rotation
expansion + contraction migration (URE+CM), downstream rotation expansion + contrac-
tion migration (DRE+CM), translation rotation + expansion migration (TR+EM). In the
process of river migration, the length and curvature of the river are increasing, and it is
easy to develop a cut-off and chute.

The results show that the ancient mean bankfull width (W) is almost 140 m, the average
width of a single meander (B) is about 1300 m, the average radius of curvature (R) is about
490 m, the average length of a meander (Lb) is about 1500 m, the average wavelength of a
meander (Lm) is about 2300 m, the average sinuosity (S) is almost 2.0, and the mean annual
discharge estimated by empirical formula (Q) is about 880 m?/s. No matter in time scale or
space scale, when a multistage channel migrates, the early channel is easily eroded and
transformed by the later channel; it is difficult to preserve completely. Channel migration
is mainly asymmetric, mainly in the downstream migration model.

The empirical formula and the actual reconstruction results show that the actual
anatomy is basically consistent with the empirical formula in the table, which indicates that
in order to obtain the real geometric parameters of the ancient meandering channel, it is
necessary to correct the sedimentary thickness, otherwise the formula result will be less
than the actual value.

This study from the central Ordos Basin is an example of the restoration of an ancient
channel belt to demonstrate how the planform evolution of an ancient meandering river
can be reconstructed from horizontal and vertical profiles. The reconstruction process is
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affected by many factors. Improving the well pattern density is an effective way to solve
the uncertainty.
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