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Abstract: In the Ordos Basin, Chang 81, a Member of the Yanchang Formation, features the develop-
ment of braided river thin-bedded tight sandstones. These sandstones constitute one of the main
production layers of tight oil and gas in the Yanchang Formation within the basin. This study inte-
grates data from core samples, drilling, and seismic information to identify braided river thin-bedded
sandstones in the Chang 81 Member at Daijiaping, Ordos Basin, using a method of constrained
correlation between seismic waveform and seismic facies. This approach aids in determining the sedi-
mentary microfacies types and reservoir characteristics of thin-bedded tight sandstones. We establish
a quantitative fitting formula for the width-to-thickness ratio of braided channel sand bodies to finely
characterize sand body stacking patterns and spatial distribution of thin-bedded tight sandstones
in braided channels. Braided delta plain deposits in the Chang 81 Member at Daijiaping mainly
comprise four types of sedimentary microfacies: braided channels, crevasse channels, floodplains,
and swamps. The thickness of the reservoir sand body of Chang 81 member is mainly concentrated
between 5-25 m, with low porosity and permeability, making it a typical thin-bedded tight sandstone
reservoir. A method of constrained correlation between seismic waveforms and seismic facies was
employed to identify sand bodies of braided river thin-bedded sandstones in the Chang 81 Member,
summarizing four sand body stacking patterns: longitudinal incision type, longitudinal separation
type, lateral shifting type, and single channel type. Furthermore, a quantitative forecasting formula
of width-to-thickness ratio was established for the river channel scale, providing accurate guidance
for well deployment. Horizontal wells deployed from the sand body’s side towards its center in
a river channel yield a production 1.8 times higher than that of horizontal wells deployed in the
opposite direction. Thin-bedded tight sandstones in braided channels, characterized by flat-top and
convex-bottom lenticular seismic facies, hold practical significance in guiding the deployment of
horizontal well patterns for tight oil and enhancing oil and gas recovery.

Keywords: braided river; tight sandstone; seismic facies; sandbody architecture

1. Introduction

As the world’s energy needs continue to grow, so do the challenges associated with
exploration and development in new areas, especially as most of the easy-to-find oil and
gas reserves have already been discovered [1-5]. As a result, oil exploration has gradually
shifted to a more challenging environment. Thin tight sandstone has become the focus of
oil and gas exploration in recent years and will become the most important source of oil
and gas resources in the next 10 to 20 years. Therefore, how identifying and predicting thin,
tight sandstone has become the top priority in the field of oil and gas in the future.

At present, seismic forecasting of thin-bedded tight sandstone is an active and chal-
lenging issue in the field of sedimentary basin oil and gas exploration and research. In
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recent years, scholars worldwide have conducted extensive research on the geological char-
acteristics, sedimentary genesis, and reservoir prediction of thin-bedded tight sandstone,
achieving fruitful results [6-14]. The significant progress in this area can be summarized in
three aspects:

(1) Tight sandstone reservoirs are characterized by deep burial depth, complex diage-
netic evolution, poor reservoir physical properties [8,15,16], and strong heterogeneities that
can influence fluid recovery in aquifers and reservoirs [17,18].

(2) The sedimentary genesis of tight sandstones is mainly reflected in a relatively
slow deposition rate [19], weak and stable hydrodynamic conditions, distinct interbedding
structures in the formation [20,21], and frequent association with delta deposits [22].

(3) Experts and scholars have used various techniques to predict tight sandstone
reservoir properties, achieving good results. Castagna, Golshubin, and Beatriz [6,7,9]
successfully identified thin-bedded sandstone reservoirs using low-frequency information
below 6 Hz. Zhou [10] proposed a decomposed prediction MEM based on well-seismic
data to address the quantitative prediction problem of thin-bedded sand bodies in mean-
dering stream facies in the Dagang X development zone. He established the relationship
between the thickness of thin-bedded sand bodies and the tuning thickness by fitting the
drilling data, thereby completing the quantitative prediction of thin-bedded sand bodies.
Chen [12] used pre-stack phase inversion, multiple inversion, and encrypted synchronous
frame-constrained sliding threshold methods to characterize thin-bedded sand bodies and
design a horizontal well trajectory under conditions of thin sand bodies in the Fuyu oil
layer, unstable distribution, and large lateral variations, achieving a sandstone encounter
frequency of 99.5% for horizontal wells.

Due to the attenuation of seismic wave energy caused by Quaternary deep-bedded
loess layers in the Ordos Basin [23-25], a strong reflection of controlled lineup energy by
thick shale at the bottom of the Chang 7 Member, and thin braided river tight sandstone in
the Chang 81 Member, predicting thin-bedded sand bodies in the study area is challenging.
Seismic attributes, freeze-drying microtomy of stratigraphic facies, and sparse impulse
inversion constrained by well logging have all been attempted but with limited success.

For these reasons, (i) this study employs a method of constrained correlation between
seismic waveform and seismic facies to identify braided river thin-bedded sandstones in
the Chang 81 Member at Daijiaping, Ordos Basin; (ii) The sedimentary microfacies types
and reservoir characteristics of thin tight sandstone were determined by the comprehensive
application of core, drilling and logging data.; (iii) Combined with seismic, drilling, and
logging data, sand body stacking patterns and the spatial distribution of thin-bedded tight
sandstones in braided channels are finely characterized. Thin-bedded tight sandstones in
braided channels, characterized by flat-top and convex-bottom lenticular seismic facies,
have practical significance in guiding the deployment of horizontal well patterns for tight
oil and improving oil and gas recovery.

2. Geologic Setting

Located in the western part of the North China Platform, the Ordos Basin is a craton
basin formed by the stacking of the Paleozoic platform, marginal depression, and the
Mesozoic-Cenozoic intra-platform depression [26-28]. With a wide and gentle eastern
flank and a steep and narrow western flank, it is an asymmetric rectangular synclinal basin
with a total area of 25 x 10* km? and is also the second-largest oil and gas-bearing basin
in China. The Ordos Basin can be further divided into six SBUs: Yimeng uplift, Western
edge thrusting belt, Tianhuan depression, Yishan slope, Jinxi flexural fold belt, and Weibei
uplift (Figure 1a) [29,30]. Multiple oil-bearing series develop in the Ordos Basin. The
Yanchang Formation of the Upper Triassic series is the main oil and gas-bearing horizon of
the Mesozoic erathem in the Ordos Basin [31].
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Figure 1. Geologic Setting Map of the Study Area (a) Geographical Location Map of the Study Area;
(b) Stratigraphic Column of the Study Area.

The study area is located in Daijiaping, southwest of the Ordos Basin, north of the
Weibei uplift, and south of the Tianhuan Depression. The structure of the study area
is relatively gentle, showing the overall west-dipping monocline structure, lack of large
structures, mainly small nose uplift, covering an area of about 2515.68 km?. The study
area has experienced several multi-stage tectonic movements, among which the Indosinian,
Yanshanian, and Xishan tectonic movements have a great influence on the structural
morphology of this area. The result is the contact relation of disconformity or parallel
unconformity among some strata in the study area [32]. The Yanchang Formation of the
Upper Triassic, which was formed in the late Triassic braided river delta, is the main
oil-bearing horizon in this area. A suite of light gray fine sandstone, siltstone, and dark
mudstone develops in the oil formation of the C8 member, the main oil-bearing horizon,
which is a typical type of shallow delta front-edge deposit [33-36] (Figure 1b). It has
characteristics such as fine sand body size, large thickness change, and rapid sedimentary
facies changes. The C8 member of the Yanchang Formation in Daijiaping is about 80-110 m
thick and is divided into two sub-layers from top to bottom: C81 and C82. C81 consists
of C811, C812 and C813 layers. C82 consists of two layers, C821 and C822. Sandstone is
mainly developed in C812, and a few sand bodies are developed in C813. The thickness of
the sandstone is 5-25 m. A suite of gray-black C7 member Zhangjiatan shale is developed



Processes 2023, 11, 1303

40f19

on the top of the C8 member. In this paper, the C7 member shale is regarded as a marker
bed to identify thin-bedded sandstone in the Chang 81 member.

3. Data and Method

This study was carried out using core data from approximately 100 m in 7 cored wells,
data from 32 exploration and appraisal wells, data from 2 horizontal wells, and post-stack
3D seismic data. The 3D seismic data, covering an area of about 700 km?, has a relatively
high signal-to-noise ratio (SNR) and resolution, with a bandwidth of 1545 Hz and a
dominant frequency of 20-35 Hz. The elevation of the 3D seismic datum in the study
area is 1400 m, the seismic profile is positive polarity, and the wavelet is 0 phase. The
dominant frequency of the target stratum (Chang 81 member sand body) is about 35 Hz.
Seismic data were sampled every 2 ms, with the surface element size being 25 m x 12.5 m.
(@ Based on core marks, petrophysical calibration of logging curves (natural gamma ray,
acoustic log, and density curves), and sedimentary characteristics, typical sedimentary
microfacies of the C81 member were comprehensively identified, and seven lithofacies
types were summarized. @) Combining logging data, seismic facies, and characteristics of
sedimentary microfacies, channel stacking patterns were analyzed using well-seismic data
based on seismic profiles, and the stacking characteristics and distribution patterns of four
types of braided channels were identified. (3) The thin sandstone of the C81 member in
the study area was identified by the method of constrained correlation between seismic
waveform and seismic facies, and the lenticular seismic facies of the C81 member was
explained in detail. The lenticular seismic facies characteristics were revealed according to
the drilling, and the transverse distribution range of the braided channel sandstone was
described. (® According to the statistical results for braided river lenticular seismic facies
calibrated on 32 wells in the study area, including the bank’s full width and the maximum
depth, a quantitative forecasting formula of width-to-thickness ratio was established for the
river channel scale. (5) Based on the calibrated lenticular seismic facies using well-seismic
data, two different horizontal well drilling plans were compared to reveal the guiding
significance of distribution characteristics of seismic facies combined with well-seismic
data to guide the well pattern deployment of tight oil horizontal Wells.

The main idea of the method of constrained correlation between seismic waveform
and seismic facies is to use the data body of seismic waveform, and fill the wave crest part
with black-filled variable areas in the seismic waveform section, while the trough is not
filled, so as to better identify the continuity of wave crest (or trough). Channel sand bodies
in seismic facies are usually characterized by down-cut lenticular features of “flat-top and
convex-bottom”, and channel lens bodies are characterized by continuous wave crest in
the phase axis (or white wave trough in phase axis) and obvious downward curvature
in waveform section. Therefore, the method of constrained correlation between seismic
waveform and seismic facies can make the identification of channel lens sandstone easier
and more accurate. As a result, the shale bed at the bottom of the C7 member is corrected
as a flat reference surface and used as a marker bed. According to the calibrated synthetic
seismogram of wells that encounter sand bodies during drilling, sandstones observed
after drilling on the Chang 81 Member exhibit “flat-top and convex-bottom” lenticular
seismic facies on seismic profiles. In other words, continuous wave peak lineups (or white
wave trough lineups) at black-filled variable areas on waveform profiles exhibit a distinct
downward curvature. Moreover, the lateral extent of such lenticular seismic facies exactly
represents the lateral extent of braided river sandstones. Then, the lateral extent of braided
river sandstones observed after drilling can be presented using such lenticular seismic
facies observed after drilling as well-seismic data for sandstone calibration. Based on
calibrated lenticular seismic facies of known well points, the extent of lenticular seismic
facies for areas where no drilling is carried out is determined every 10 seismic lines, and
then the inter-well braided river sand bodies were identified.



Processes 2023, 11, 1303

50f19

4. Results
4.1. Types and Characteristics of Sedimentary Microfacies

Facies marker characteristics such as mudstone color, bedding structure, and fossil
features were analyzed based on core observations and descriptions. In the geological
context of the study area, Chang 81 Member of the Yanchang Formation in Daijiaping was
mainly considered as the braided delta plain subfacies, covering four microfacies, including
braided channels, crevasse channels, floodplains, and swamps.

4.1.1. Braided Channel Microfacies
Description

Braided channel microfacies include four typical facies assemblages (FAs): parallel-
bedded sandstone facies (Sh), tabular cross-bedded sandstone facies (Sp), trough cross-bedded
sandstone facies (St), and massive-bedded pebbly sandstone facies (Gpt) (Figure 2, Table 1).
Parallel-bedded sandstone facies are mainly composed of gray fine- to medium-grained
sandstone and argillaceous siltstone, about 1-3 m thick, and develop into parallel bedding
(Figure 2c). Tabular cross-bedded sandstone facies develop in the middle part of braided
channels, about 2-3 m thick. It mainly consists of gray fine- to medium-grained sandstone.
Black laminations are often carbonaceous laminations (Figure 2a) in abrupt contact with
the massive sandy conglomerate. Trough cross-bedded sandstone facies, about 2 m thick,
are mainly composed of gray-white fine-coarse sandstone with no paleontological fossils.
Massive-bedded pebbly sandstone facies, about 1 m thick, are distributed at the bottom
of trough cross-bedded sandstone and tabular cross-bedded sandstone, with large lateral
thickness changes. Conglomerate, 1-6 cm long and 0.5-2 cm thick, is mostly flat, irregularly
distributed, and directionally arranged (Figure 2d). Braided channel sandstones have
gamma values of 50-80 APL. The gamma curve is characterized by dentate bell-shaped and
dentate box-shaped patterns (Figure 2f).

Explanation

A large number of erosion surfaces, unidirectional flow of trough and tabular cross-
bedded sandstones, and upward fine-grained cycles topped by parallel bedded fine sand-
stones indicate typical fluvial deposits. Conglomerate-bearing sandstones at the base of
the sandstones indicate lag deposits on the river bed. Conglomerate, usually in irreg-
ular geometry, has a roundness of angular-subangular shape, showing that they were
formed by the flow of water eroding the mudstone on both sides of the upstream river
bed before proximal transportation and deposition, reflecting the characteristics of strong
hydrodynamic force and erosion capability. The repeated occurrence of massive pebbled
sandstone facies indicates that braided channels have multi-stage cycles and multi-period
channel stacking [37-41].

4.1.2. Crevasse Channel Microfacies
Description

Crevasse channel microfacies are associated with tabular cross-bedded sandstone
facies (Sp) (Figure 2, Table 1) and are characterized by fine gray sandstone with a thin
single-bed thickness, typically 1-2 m thick. These channels exhibit small planar cross-
bedding and erosion surface structures and are clearly undercut (Figure 2e). The top
and bottom surfaces are surrounded by mudstone and make contact with the underlying
mudstone through scouring action (Figure 2e). The gamma curve is finger-shaped or small
bell-shaped, with gamma values of 50-150 API (Figure 2f).

Explanation

Crevasse channels are rare in the study area. The scouring surface at the bottom
(Figure 2e) indicates that the hydrodynamic force of the river channel increases rapidly
during the crevasse period, resulting in a higher flow velocity. In this case, the underly-
ing swamp mudstone is scoured and eroded, forming an uneven scouring surface. The
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abrupt change in the gamma curve to a finger-shaped pattern also reflects the alternating
hydrodynamic conditions of the river channel during the crevasse period.

0 2cm
g
AC(1s/m)
GR(API) Depth Stratigraphic 190—310 Core Microfacies
Layer|50 —210| (m) column [DEN(g/cm?®)| photograph
22—2.7
2390 —
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Figure 2. Photographs and stratigraphy of the Chang 8 member in Daijiaping area. (a) Planar cross-
bedding in the A11 well core data, at a depth of 2408.26 m; (b) Climbing-ripple cross-lamination in
the A1l well core data, at a depth of 2398.3 m; (c) Parallel bedding in the A33 well core data, at a
depth of 2412.8 m; (d) Lag deposits of muddy gravel at the bottom in the A11 well core data, at a
depth of 2403.22 m; (e) Bottom scouring surface in the A11 well core data, at a depth of 2417.58 m;
(f) Stratigraphic column and well log of a section of well A11.
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4.1.3. Floodplain Microfacies
Description

Floodplain microfacies are divided into five typical FAs: parallel-bedded silty mud-
stone (Fm), horizontal-bedded argillaceous siltstone (Fm), ripple cross-laminated argilla-
ceous siltstone (Sr), horizontal-bedded mudstone (Fm), and bioturbated argillaceous silt-
stone (Flb) (Figures 2 and 3, Table 1). Parallel-bedded silty mudstone facies, about 3 m thick,
mainly consist of gray-white silty mudstone and develop parallel bedding. Horizontal-
bedded argillaceous siltstone facies are mostly found in the lower part of the floodplain,
about 1-3 m thick, primarily composed of gray-white argillaceous siltstone, and develop
horizontal bedding. The top and bottom surfaces are surrounded by mudstone. Ripple
cross-laminated argillaceous siltstone facies, about 2 m thick, are mainly composed of
light gray argillaceous siltstone and develop ripple cross-lamination with numerous black
carbon laminations (Figure 2b). Horizontal-bedded mudstone facies are mostly light gray
or gray-black with reduced colors, containing a large amount of plant charcoal (Figure 3e)
and exhibiting clear charcoal outlines. Bioturbated argillaceous siltstone facies are about
1 m thick, where high-angle inclined or nearly vertical dwelling burrows, about 5 cm long,
can be observed in the gray-white argillaceous siltstone (Figure 3d). The gamma curve is a
jagged line of high amplitude, with gamma values greater than 100 API (Figure 3f).
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GR(API)| Depth
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2390
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{orizontal B sioturbation B 5ot piane
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Figure 3. Photographs and stratigraphy of the Chang 8 member in Daijiaping area. (a) Gray black
mudstone in the A34 well core data at a depth of 2027.51 m. (b) Plant root in the A35 well core data, at
a depth of 2271.38 m; (c) Plant charcoal and burrow in the A33 well core data, at a depth of 2495.68 m;
The red circles are biological burrows; (d) Burrow in the A33 well core data, at a depth of 2494.58 m;
(e) Plant charcoal in the A33 well core data, at a depth of 2393.22 m; (f) Stratigraphic column and well
log of a section of well A33.
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Explanation

Ripple cross-lamination, plant charcoal, bioturbation, and obvious burrow traces in
silty mudstone and argillaceous siltstone collectively reflect the floodplain depositional
environment. Several siltstone-mudstone FAs indicate typical floodplain deposits formed
by rivers under periodic flooding [42-44]. Fine-grained sediments deposited during floods
formed finer mudstone, while coarse-grained sediments deposited during lateral movement
of the riverbed formed coarser siltstone.

4.1.4. Swamp Microfacies
Description

Swamp microfacies are characterized by bioturbated mudstone facies (Flb) (Figure 2,
Figure 3, Table 1). Bioturbated mudstone is dominated by gray-black mudstone (Figure 3a)
and contains a large amount of plant charcoal (Figure 3c), exhibiting horizontal bedding
and a bioturbated structure. Dwelling burrows have a diameter of about 0.5 cm (Figure 3c).
Plant roots, oxidized to brown and appearing as irregular stripes, can be observed in shale
(Figure 3b). The gamma curve is straight and jagged, with gamma values greater than
100 API (Figure 3f).

Explanation

The presence of black mudstone, plant charcoal, and plant roots in swamp microfacies
indicates a warm and humid environment with sustained water availability. In such a
stable and calm environment with adequate oxygen supply, biological activity thrives
and vegetation grows. When the plants die, their remains are reduced to black organic
matter and form peat deposits. The bioturbation and horizontal bedding observed in
gray-black mudstones indicate a quiet, reducing, and calm depositional environment in the
swampy lowland [45-47].

Table 1. Summary of Lithofacies Types Observed in C81 Member (Modified according to Zhu et al., 2020) [47].

Facies Code

Lithology

Sedimentary Structures Depositional Process Interpretation

Gpt pebbly sandstone

When the water flow erodes the concave
bank and riverbed at the maximum
velocity, the velocity decreases, and coarse
particles carried by the water flow are first
deposited on the scouring surface, thus
forming the bottom lag deposits

Hydrodynamic environment
of traction flow
[48,49]

massive structure, lag
deposit (Figure 2d)

Sand, fine to
St medium-grained Trough cross-bedded

sandstone

The water flow further deviates to the
convex bank. The water depth becomes
shallow, and the flow velocity decreases,

resulting in the deposition of fine and

medium components in jumping
components in turn and the formation of
the dune bottom of dune facies. With the
movement of sand dunes, trough
cross-bedding formed [50]

Unidirectional low-flow
environment [48]

Sr

argillaceous

siltstone

Ripple cross-laminations The lower part of the lower Asymmetrical current ripples,
(Figure 2b) flow regime [51-53] climbing-current ripples [47]

Sh

Sandstone to

siltstone

The water flow starts deviating to the
convex bank. The water depth becomes
Planar or Sy . shallow, and the flow velocity decreases
o Unidirectional high-flow o A or
subplanar lamination . but is still fast, resulting in the deposition
. environment [50,53,54] L. .
(Figure 2c) of coarse components in jumping

components in turn and the formation of
the flat bottom before parallel bedding [51]
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Table 1. Cont.

Facies Code

Lithology

Sedimentary Structures Depositional Process Interpretation

The product of multiple migrations and

S Sa‘nd, fine t © Planar cross-bedded Unidirectional high flow swings of channel sand bodies, as well as
P medium-grained X mode, sand wave ical dati £ h
sandstone (Figure 2a,e) transformation [50,55] vertical aggradation, may result from the
! lateral aggradation of the river island [56]
dark gray mudstone Massive or horizontal . L. . .
Fib tosilitone,  lamination, bioturbated | Seciment precpitates fom A swampy or floodplain environment
bioturbated (Figure 3a—d) suspension or solution y with a permanent body o1 water
Fm Siltstone / Massive or laminated Deposition from Floodplain deposit under stable
mudstone (Figure 3e) suspension [50] hydrodynamic conditions
4.2. Reservoir Characteristics of Thin-Bedded Tight Sandstone
The statistical results of sand body thickness for 42 wells in the study area reveal that
all 42 wells in the C81 member of Daijiaping encountered sand bodies during drilling. C811
is mainly composed of mudstone. C812 exhibits the most developed sand body, with a
thickness of 5-25 m. C813 has a relatively low development degree of sand bodies, with
some wells having sand bodies larger than 15 m. Overall, the C81 member has relatively
developed sand bodies. The sand body thickness of most wells is less than 15 m, indicating
a typical thin sand body (Figure 4a).
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Figure 4. Lithology and physical property of core well in Daijiaping area. (a) Thickness distribution of
reservoir sand body in C81 member. (b) Histogram of porosity distribution of C81 member reservoir.
(c) Histogram of permeability distribution of C81 member reservoir.

Based on the statistical analysis for 238 core samples from 7 cored wells in the study
area, the reservoir porosity of C81 members in Daijiaping is mainly distributed between
7.5% and 15%, with an average value of 11.7% (Figure 4b). The permeability mainly falls
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a. Longitudi-
nal incision

type

b. Longitudi-
nal separation

type

c. Lateral shift-
ing type

Channel Model

A28 A4

within a range of 0.01-0.5 x 1073 um?, with an average value of 0.2 x 103 pm? (Figure 4c),
showing a typical tight reservoir.

4.3. Recognition and Distribution of Thin-Bedded Tight Sandstone
4.3.1. Stacking Pattern of Braided Channel Sand Body

After a detailed characterization of braided river sandstones, braided river tight
sandstones were classified according to the stacking patterns of tight sandstones and their
different distribution scales, including longitudinal incision, longitudinal separation, lateral
shifting, and single channel types.

(1) Composite channel of longitudinal incision type

On a gentle and expansive floodplain, multiple river channels have undergone lateral
migration and vertical stacking, influenced by the cyclical changes in floodwaters and
erosion due to the river breaching and incision. As the channels undergo multiple cycles of
migration, abandonment, and migration again, sedimentary units continue to accumulate
laterally, resulting in a continuous vertical deposition. This process leads to the formation
of complex sand body contacts over multiple periods [58].

Composite channel of longitudinal incision type refers to multi-stage channel multi-
stage channel under vertical incision and stacking. Late-stage river channel deposits exhibit
obvious erosion and scouring against early channel deposits during their formation. In this
case, the two-stage sand bodies are vertically connected, with better connectivity, exhibiting
a stacking pattern of the river channel to the river channel. The natural gamma curve in
electrofacies shows a continuous box shape, while the seismic facies exhibit typical flat-top
and convex-bottom lenticular seismic facies (Figure 5a).
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Figure 5. Seismic Response Characteristics of Braided Channel Reservoir Stacking Pattern. The solid
blue lines in the lenticular seismic facies represent the Chang 7 member. The solid red lines in the
lenticular seismic facies represent the bottom of the lenticular seismic facies. The green dotted lines
in the lenticular seismic facies represent the well path.

(2) Composite channel of longitudinal separation type

Composite channel of longitudinal separation type refers to two-stage stacked sand
bodies containing a mudstone interlayer. In other words, a suite of muddy floodplain
sediments covers early river sediments, and late river sand bodies erode and are stacked
on the floodplain, resulting in a stacking pattern of “channel-floodplain-channel”. The
longitudinal connectivity of sand bodies is poor. The natural gamma curve in electrofacies
shows a shape of “box-shaped to jagged with a high amplitude, then to box-shaped” or
“bell-shaped to jagged with a high amplitude, then to box-shaped”. The seismic facies
exhibit typical flat-top and convex-bottom lenticular seismic facies (Figure 5b).

(3) Composite channel of lateral shifting type

A composite channel of lateral shifting type is also called a confluence channel. As the
accommodating space gradually decreases, rivers undergo channel migration, diversion,
and multiple parallel channels, as well as a lateral accumulation over a short period. Sand
bodies also migrate laterally, resulting in improved lateral connectivity. The natural gamma
curve in electrofacies shows a box-shaped feature of a thin bed. The seismic facies exhibit
flat-top and convex-bottom lenticular seismic facies with low amplitude (Figure 5c).

(4) Single channel

A single channel refers to a single isolated channel. The natural gamma curve in
electrofacies shows a box-shaped feature of a thin bed. The seismic facies exhibit flat-top
and convex-bottom lenticular seismic facies with low amplitude (Figure 5d).

4.3.2. Distribution Law of Braided River Tight Sandstone

The lateral extent of braided river sandstones observed after drilling can be presented
using lenticular seismic facies observed after drilling as well-seismic data for sandstone
calibration. Based on calibrated lenticular seismic facies of known well points, the extent
of lenticular seismic facies for areas where no drilling is carried out is determined every
10 seismic lines, and then inter-well braided river sandstones are predicted (Figure 6a,c).
The geometry of lenticular seismic facies also represents the extent of braided channel sand
bodies, so the extent of braided channels can be characterized (Figure 6b,d) according to
the extent of such lenticular seismic facies.

(1) Distribution characteristics of C812 sand body

C812 sand bodies had a banding distribution, and the channels were complex and
varied, showing the typical characteristics of the braided channels, which also reflected
the gradually dropping lake level during the depositional period and the decreasing
accommodation, with sufficient sediment supply. The channel sand bodies have a thickness
ranging from 4.5 to 23.9 m, and the channel width ranges from 300 to 1200 m. During the
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C812 depositional period, the braided channels were mainly extended in the near north-east
direction, and there were parts of small branches in the north-south direction, showing the
north-east source direction in this period (Figure 6b).

(2) Distribution characteristics of C813 sand body

(813 sand bodies had a relatively simple distribution, and the channel branches were
also significantly reduced, which indicated that the water and source supply upstream
of the braided channel decreased during the C813 depositional period, resulting in the
weakening of river diversion and the reduction of river branches. Additionally, more
floodplain and swamp facies deposits were formed. The channel sand bodies have a
thickness ranging from 3.1 to 25 m, and the channel width ranges from 400 to 1000 m. The
channels were distributed in the near northeast direction, reflecting the northeast source
direction during the C813 depositional period. A large number of floodplains and swamps
were developed between the channels. (Figure 6d).
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Figure 6. Distribution Plan of C8 Channel Sand Body (a) Distribution Map of Seismic Facies of
C812 Channel Sand Body; (b) Distribution Plan of C812 Channel Sand Body; (c) Distribution Map of
Seismic Facies of C813 Channel Sand Body; (d) Distribution Plan of C813 Channel Sand Body.

5. Discussion
5.1. Seismic Identification Method of Braided River Tight Sandstone

The Quaternary deep-bedded loess deposits in the Ordos Basin, ranging from tens to
hundreds of meters thick, have accumulated over a long period of weathering and erosion.
This has resulted in the formation of a unique loess landscape characterized by dendritic
drainage patterns, gullies, tablelands, ridges, hills, slopes, and other landforms. The pres-
ence of loess layers with varying thicknesses, shallow underlying depths, and significant
differences in intralayer velocity greatly impacts the absorption and attenuation of seismic
wave energy, as well as the quality of seismic data recording [24,25]. A deep-bedded shale,
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10-20 m thick, is deposited at the bottom of the C7 Member of the Yanchang Formation,
forming a distinctive strong reflection lineup on seismic profiles. This suppresses the
seismic reflection energy of the underlying thin-bedded sand body at the Chang 81 Member
to some extent. Braided river sand bodies in the Chang 81 Member exhibit characteristics
such as thin thickness, rapidly changing facies, and high heterogeneity. Furthermore, the
wave impedance contrast between thin-bedded sand bodies and adjacent mudstones is not
prominent. These factors make it challenging to predict thin-bedded sand bodies in the
study area. Seismic attributes, freeze-drying microtomy of stratigraphic facies, and sparse
impulse inversion constrained by well logging have all been tried but with poor results. As
a result, this study integrates data such as core samples, drilling, and seismic information.
A method of constrained correlation between seismic waveform and seismic facies was
used to identify braided river thin-bedded sandstones in the Chang 81 Member, Daijiaping,
Ordos Basin.

5.2. Quantitative Prediction of Braided Channel Scale

Through modern river deposit surveys and detailed analysis of ancient outcrops, schol-
ars both at home and abroad have conducted quantitative prediction and identification of
different types of river channel sand bodies and found that there is a quantitative constraint
relationship between the bankfull width of a river and its maximum depth [59-65]. How-
ever, it is difficult to determine whether the thickest part of the sand body is encountered
during drilling solely by observing the sandstone thickness during drilling (i.e., whether it
is at the maximum depth of the river). This makes predicting the width of river channels
using the observed sandstone thickness during drilling associated with significant error.

In this study, lenticular seismic facies were identified to predict braided river sand-
stones, with the shale marker bed at the bottom of the C7 member corrected to a flat
reference surface. The geometry of lenticular seismic facies represents the overall ge-
ometry of braided river sand bodies. Therefore, the distance (W) between two points
(Figure 7, points a, b) when the waveform starts to bend down continuous wave peak line-
ups (or white wave trough lineups) at black-filled variable areas on waveform profiles of
lenticular seismic facies represents the braided river bankfull width. The maximum depth
of the river is represented by the distance (H) between the tangent point (Figure 7, point c)
of the lower curve of wave peak lineups (or white wave trough lineups) and the horizontal
plane and points a, b. This method is sufficient to count the bankfull width and maximum
depth of the river using calibrated braided river seismic facies observed during drilling for
all sand bodies.
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Figure 7. Relationship between River Parameters W and H under Lenticular Seismic Facies of Braided

Channels. (a) Relation between W and H of channel in seismic profile; (b) Schematic diagram of W
and H model of channel lens.

According to the bankfull width (W) and the maximum depth (H, time domain) based
on braided river lenticular seismic facies for 32 wells in the study area, the width of braided
rivers in the study area falls within a range of 1140-6170 m, and the maximum thickness
of braided river channel sand bodies is between 8.2-32.3 ms (Table 2). By fitting 32 sets
of bankfull width and maximum depth from 32 wells in the study area, a quantitative
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prediction formula for the width-to-thickness ratio of braided channel scale is obtained as
follows (Figure 8):

y = 228.36x — 1447 R? = 0.8768 1)

where: x = Maximum depth (ms);

y = Bankfull width (m);

If the maximum depth (ms) of the channel lens is read on seismic profiles, the bankfull
width of the channel lens can be calculated by the formula (1) to realize the quantitative
forecasting of the size of the channel lens, thus providing accurate guidance for well
location deployment.

Table 2. Statistical Table of Channel Sand Body Parameters under Lenticular Seismic Facies of Braided
Channels in Chang 81 Member.

Maximum Bankfull Maximum Bankfull
Well Name Depth (ms) Width (m) Well Name Depth (ms) Width (m)
Al 8.2 1140 Al7 22 2600
A2 143 1350 A18 19 2721
A3 16 1500 A19 23.2 3160
Ad 12.8 1523 A20 20 3376
A5 16 1530 A21 175 3490
A6 12 1680 A22 23 3780
A7 18 1820 A23 222 4050
A8 16.7 1860 A24 24 4441
A9 15 1950 A25 25 4441
A10 147 1960 A26 23.7 4722
All 16.5 2030 A27 32.3 5180
Al2 153 2081 A28 275 5250
Al13 16.5 2140 A29 32 5380
Al4 153 2160 A30 30 5420
Al5 162 2280 A31 275 5971
Al6 15 2420 A32 314 6170
7000
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Figure 8. Chang 81 Member Fitting Formula for Bankfull Width and Maximum Depth in Chang
81 Member.
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5.3. Influence of Seismic Facies Distribution on Horizontal Well Deployment

The lenticular seismic facies of well seismic calibration have two advantages: (1) the rel-
ative position relationship between well location and channel sand body can be intuitively
and accurately determined in the profile (Figure 9); (2) it can guide the drilling direction
of horizontal wells more accurately. The horizontal section of well A31 was deployed by
drilling from the middle of the channel towards the side of the channel (Figure 9a), with
an average daily oil production of 0.41t (Figure 10a). On the contrary, for well A36, the
horizontal section was drilled from the side of the channel towards the middle of the chan-
nel (Figure 9b), with an average daily oil production of 0.72 t (Figure 10b). By comparison,
if horizontal wells are deployed from the side of the sand body towards the center of the
sand body in a river channel, the corresponding production is 1.8 times higher than that of
horizontal wells deployed oppositely, leading to an average daily production increase of
75%. This shows that thin-bedded tight sandstones in braided channels, characterized by
top-flat and bottom-convex lenticular seismic facies, have practical significance in guiding
the deployment of horizontal well patterns for tight oil and improving oil and gas recovery.
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Figure 9. Two Different Horizontal Well Drilling Schemes under the Guidance of Seismic Facies.
(a) A31 Well Drilled from the Middle of the Channel towards the Side of the Channel; (b) A36 Well
Drilled from the Side of the Channel towards the Middle of the Channel.

40
Horizontal Well A31 Daily liquid production A
= 30 . Daily oil production
N—
c
]
= 20
5]
=
o
e 10 |
Ay —_—
_~__\ﬂ—v-——
0

3/6 3/26 4/15 5/5 5/25 6/14 7/4 7/24 8/13 9/2 9/2210/12 11/1

50

Horizontal Well A36 b
40 : :

Daily liquid production

Daily oil productio

n

30

20

Production (t)

\a = —

4/1 4/21 5/11 5/31 6/20 7/10 7/30 8/19 9/8 9/28 10/18

0

Figure 10. Comparison of Production under Two Different Horizontal Well Drilling Schemes.
(a) Production of Horizontal Well A31; (b) Production of Horizontal Well A36.



Processes 2023, 11, 1303 16 of 19

6. Conclusions

This study integrates data from core samples, drilling, and seismic information to
identify braided river thin-bedded sandstones in the Chang 81 Member at Daijiaping, Ordos
Basin, using a method of constrained correlation between seismic waveform and seismic
facies. This approach aids in determining the sedimentary microfacies types and reservoir
characteristics of thin-bedded tight sandstones. We establish a quantitative fitting formula
for the width-to-thickness ratio of braided channel sand bodies to finely characterize sand
body stacking patterns and spatial distribution of thin-bedded tight sandstones in braided
channels. The following conclusions were achieved from this study:

(1) Braided delta plain deposits developed in the Chang 81 Member in Daijiaping
primarily consist of four types of sedimentary microfacies: braided channel, crevasse
channel, floodplain, and swamp. The sand body thickness of Chang 81 Member is mainly
concentrated between 5-25 m. It has low porosity and permeability, making it a typical
thin-bedded tight sandstone reservoir.

(2) A method of constrained correlation between seismic waveform and seismic facies
was used to identify braided river thin-bedded sandstones in the Chang 81 Member and
to summarize four sand body stacking patterns, including the longitudinal incision type,
longitudinal separation type, lateral shifting type, and single channel type. In addition,
a quantitative forecasting formula of the width-to-thickness ratio was established for the
river channel scale to provide accurate guidance for well deployment.

(3) If horizontal wells are deployed from the side of the sand body towards the center
of the sand body in a river channel, the corresponding production is 1.8 times higher than
that of horizontal wells deployed in the opposite direction.

Therefore, thin-bedded tight sandstones in braided channels, characterized by top-flat
and bottom-convex lenticular seismic facies, have practical significance in guiding the
deployment of horizontal well patterns for tight oil and improving oil and gas recovery.
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