
Architecture, genesis, and the
sedimentary evolutionmodel of a
single sand body in tight
sandstone reservoirs: A case
from the Permian Shan-1–He
8 members in the northwest
Ordos Basin, China

Zhen Yang1*, Shumin Wang2, Jiahao Chen3,4 and Shuai Jing5

1Department of Geology, Northwest University, Xi’an, China, 2Exploration and Development Research
Institute, PetroChina Changqing Oilfield Company, Xi’an, China, 3Faculty of Earth Resources, China
University of Geosciences, Wuhan, China, 4College of Geosciences, China University of Petroleum,
Beijing, China, 5The Second Natural Gas Plant, Shaanxi Yanchang Oil and Gas Exploration Company,
Yulin, China

A single sand body is defined as a geological unit that is continuous vertically

and horizontally but separated from the upper and lower sand bodies by

mudstone or impermeable intercalation. The architecture of a single sand

body is significant in the determination of hydrocarbon accumulation

mechanisms in gas reservoirs, especially for exploitation of multiple tight

sandstone gas (TSG) reservoirs. One such example is the gas reservoirs in

the Tianhuan Depression, China, where the architecture and genesis of sand

bodies are poorly understood. Based on the geologic background and

sedimentary characteristics, the evolution of the distributary channel in the

Tianhuan Depression has been examined using data from geological outcrops,

cores, and well logs. The results showed that sand body architecture depends

on the evolution of channel systems, and the scale and size of the channel are

controlled by the sedimentary environment. Three kinds of sedimentary

microfacies (distributary channel, channel mouth bar, and interdistributary

bay) are mainly developed in the study area, and four types of single sand

body stacking patterns (isolated, vertically superimposed, laterally tangentially

superimposed, and horizontally bridged sand bodies) have formed in such a

depositional environment. The target strata (Shan-1 and He-8 members)

provide an ideal object for studying the evolution of the river and the

architecture of the sand bodies. During the early stage of deposition, the

sediment supply was insufficient, with restricted meandering river deltas

dominating and sand bodies mostly existing as isolated types. Until the

middle period of deposition, the sediment supply suddenly increased, the

sedimentation rate accelerated with the decrease in the lake water base

level, and the channel evolved into a large-scale braided river delta,

generally forming superimposed sand bodies. By the late period of

deposition, the provenance supply was reduced again; although braided
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river delta deposits were still dominant, the channel scale was restricted, and the

sand bodies were predominantly isolated and horizontally bridged types. This

work establishes a sedimentary evolution model for tight sandstone gas

reservoirs, that is, a complete cycle of river evolution from small scale to

large scale to terminal weakening, and discusses the genetic mechanism of

single sand body architecture in such a depositional model.

KEYWORDS

single sand body, tight sandstone gas reservoirs, sand body architecture, distributary
channel, sedimentary evolution, Ordos Basin

1 Introduction

A single sand body is defined as a geological unit that is

continuous vertically and horizontally but separated from the

upper and lower sand bodies by mudstone or impermeable

intercalation (Colombera and Mountney, 2021). An

understanding of the single sand body architecture underpins the

successful exploitation of many hydrocarbon resources (Allen,

1978), particularly when secondary or tertiary recovery is

contemplated. Different sand bodies vary considerably in grain

size, sorting, and impurity content, which lead to great

differences in the reservoir’s physical properties (Pranter and

Sommer, 2011). In addition, sand bodies are often separated by

thin mudstones, argillaceous siltstones, or argillaceous fine

sandstones, resulting in disconnection between sand bodies and

strengthening reservoir heterogeneity (Hovadik and Larue, 2007;

Heidsiek et al., 2020). The distribution characteristics of sand bodies

are entirely determined by paleochannel evolution, with channel

swings and breaches being basic characteristics of sedimentary basin

filling (Jerolmack and Mohrig, 2007; Hajek and Edmonds, 2014).

Quantitatively characterizing the evolutionary stages of rivers and

the superposition relationships of channels is an importantmeans to

understand the fluid migration pathways in sand bodies

(Toorenenburg et al., 2016; Pisel et al., 2018). More importantly,

sand body architecture affects the connectivity of subsurface

reservoirs. It has profound implications for strategic schemes

such as CO2 sequestration, hydrocarbon extraction, and

hydrothermal heating (Syvitski et al., 2012; Sahoo et al., 2020).

The river systems are built over longer periods owing to

repeated migration and rerouting, and subsequent new channels

are developed on the original abandoned channels (Aslan et al.,

2005; Coronel et al., 2020). Previous studies have shown that the

style and distribution of channelized sand bodies are controlled

by heterologous (external) factors such as tectonic subsidence,

relative sea level, basin subsidence, climate and hinterland

tectonism (Aalto et al., 2003; Flood and Hampson, 2017), and

autogenic behaviors, such as avulsion (Galina and Norman, 2000;

Hajek and Wolinsky, 2012). Numerical models investigating the

origin of channelized sand bodies show that provenance supply,

erosion frequency, and accumulation rate jointly control the

spatial distribution of underwater sand bodies in delta plain

strata (Blum et al., 2013; Tye, 2013). Predictive sand body

architecture focuses on emphasizing that their stratigraphic

framework is primarily driven by cyclical changes in relative

sea level (Fernandes et al., 2016). In addition, the sand body

architecture downstream of the river is more susceptible to slope

and topography, while upstream is more affected by heterologous

climatic and tectonic controls (Hajek and Wolinsky, 2012; Shen

et al., 2015; Widera, 2016). The thickness of the channel’s lateral

thin sand is equivalent to the weaker multi-layer sand

accumulation. Its thickness is proportional to the channel

depth (Pranter et al., 2009; Flood and Hampson, 2015), and

the width of sand bodies is determined by the river scale and

alluvial stage (Gibling, 2006). In addition, compensational

stacking of sand bodies is preferentially carried out at lower

topographical locations due to differential deposition rates,

which are dependent on the original sedimentary environment

and provenance conditions (Miall, 1977; Slingerland and Smith,

1998; Roberts, 2007). However, current interpretations about the

architecture and genesis of single sand bodies emphasize the

various allogenic controls (Hampson et al., 2012), while

authigenic determinants such as the original depositional

environment have been neglected, especially the process and

mechanism of channel evolution, which remain unclear.

The northern Tianhuan (NT) Depression is a super-large gas

field in the Ordos Basin, Central China (Yang et al., 2012),

whereas the accuracy criteria based on single-layer scale can no

longer meet the demands of reservoir exploration, especially in

the development of tight sandstone gas reservoirs, where the

basic geological unit has shifted from single-layer to single sand

body within compound channels (Dai et al., 2012; Meng et al.,

2016; Zhu et al., 2020). Although many studies have documented

characteristics regarding the scale and type of sand bodies and

paleochannels (Zhang et al., 2018; Zhu et al., 2020), the key

determinants of sand body architecture (processes and

mechanisms of channel evolution) remain unclear. Hence, we

investigated the following: 1) the sand body architecture, namely,

the sand body stacking styles, and the systematic classification of

sedimentary microfacies in the study area. 2) The processes and

models of sedimentary evolution. 3) The genesis of the single

sand body and the channel evolution mechanism through the

analysis of comprehensive geological factors such as outcrops,

cores, and well logging data, concerning the geological evolution

background.
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2 Geological setting

The Ordos Basin is located in Central China (Figure 1) to the

west of the Lvliang Mountains and east of the Helan Mountains

(Zhu et al., 2013; Zhou et al., 2016). The Ordos Basin can be

divided into six different tectonic settings, namely, the Yimeng

Uplift, the Western Margin Thrust Belt, the Tianhuan

Depression, the Weibei Uplift, the Jinxi Folded Belt, and the

Yishan Slope, of which the Yishan Slope has relatively stable

tectonic subsidence (Yang et al., 2008). The slope and adjacent

Tianhuan Depression areas are considered the primary tight gas

reservoirs for the next 30 years (Guo et al., 2016).

The study area, the NT Depression, is in the northwestern

Ordos Basin, covering approximately 11,000 km2. The study area

is adjacent to the Sulige gas field in the east and connected to the

Western Margin Thrust Belt in the west. The upper Paleozoic

strata are a set of clastic rock sedimentary systems with marine

and continental transition facies (Gao et al., 2019). The Permian

strata are successively developed into the Taiyuan Formation

(P1t), the Shanxi Formation (P2s), the Lower Shihezi Formation,

and the Upper Shihezi Formation (P2h), with a total sedimentary

thickness of approximately 500 m (Figure 2). The source rocks

are mainly coal seams and dark mudstone of the Taiyuan–Shanxi

formations, which have the characteristics of extensive

hydrocarbon generation (Xiao et al., 2005). The high-yield gas

reservoirs are mainly produced from the Shanxi and Lower

Shihezi formations (Yang et al., 2008). The 1st to 7th

members (He 1 to He 7) of the P2h are the regional cap

rocks. The main gas-producing strata are the 1st member of

the Shanxi Formation (Shan 1, the following are denoted by “Sh-

1”) and the 8th member of the Xiashihezi Formation (He 8),

among which He 8 can be further subdivided into the upper and

FIGURE 1
Geographical location of the study area and structural units of the Ordos Basin. (A) Location of the study area. The study area is an irregular
polygon due to the topography limitations of the Western Margin Thrust Belt and the distribution of exploration wells. (B) Distribution of strata and
faults through the line x-y.
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lower He 8 (the following are denoted by “UH-8” and “LH-8”).

The Sh-1 formation developed as shallow meandering river delta

deposits, while the He-8 formation developed as shallow braided

river delta deposits (Tian et al., 2011), both of which are

regionally superimposed contacts.

3 Materials and methods

3.1 Outcrop measurement

The advantages of field outcrop research, such as

visualization, large-scale, and high precision, are unmatched

by other reservoir configuration research methods. To obtain

channel scale data and sand bodies’ distribution patterns, we

selected two outcrop sites with complete Sh-1 and He-8 members

and rich geological phenomena on the section and selected

14 observation points for mapping, recording, and systematic

photographing. The GTA 1800R Electronic Total Station was

used to measure the thickness and width of distributary channel

sand bodies exposed in the outcrop section, and formation

azimuth and dip angle were measured using an

HG31 Compass to correct the distributary channel width to

obtain the true and accurate parameters of the distributary

channel.

3.2. Width-to-thickness ratio

Hydrodynamic conditions control the depth and width of the

channel, which in turn affect the thickness of the single sand body

and the width of the channel zone (Gibling, 2006). The study of

FIGURE 2
Comprehensive stratigraphic column of the study area. The Lower Shihezi Formation’s 8th member (He-8, subdivided into “UH-8” and “LH-8”)
and the Shanxi Formation’s 1st member (Shan-1, referred to as “Sh-1”) are highlighted in red.
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river geology and geomorphology shows that the height of the

channel mouth bar is controlled by the flow depth when the river

is at its full bank (Weerts and Bierkens, 1993; Turner and Tester,

2006), and the channel width is positively correlated with the

water depth (Figure 3).

In this study, based on outcrops, cores, and logging methods,

we identified and counted the scale of channel mouth bars and

sand bodies and successfully predicted the channel width and

sand body connectivity by using the established width–thickness

ratio range in the study area (Tian et al., 2013). It is calculated

using Eqs 1 and 2 for the single river and Eqs 3–5 for the multi-

phase channel belt. The calculation process is as follows:

h � 1.5 × d, (1)
w � 6.75 × h1.54, (2)

where h is the depth of the river, d is the thickness of the channel

mouth bar, and w is the width of the river.

Wm � 65.5 × D1.54, (3)
Wb � 59.9 × D1.8, (4)

D � 1/n × (h1 + h2 + h2 + ...... + hn), (5)

whereWm is the channel-belt width of a meandering river,Wb is

the channel-belt width of a braided river, and D is the average

depth of the channel.

4 Results

4.1 Sedimentary microfacies

Delta plain and front sub-facies are mainly deposited in the

Tianhuan Depression. According to the comprehensive

comparison of field outcrops, cores, and logging data and

referring to the identification principles of typical sedimentary

environment, the classification standards for sedimentary

microfacies in the study area were established (Table 1). Three

kinds of sedimentary microfacies are mainly developed: the

distributary channel, the channel mouth bar, and the

interdistributary bay.

4.1.1 Distributary channel
The lithology of the distributary channel is dominated by

medium sandstone and fine sandstone, and the stranded coarse

sandstone is deposited at the bottom of the single sand body

(Figure 4). The sedimentary structures include parallel bedding,

small tabular cross-bedding, and wedge cross-bedding. Scour

surfaces or mud gravel deposits can also be seen on outcrops and

cores. The vertical direction is mainly positive rhythm, that is, the

sandstone grain size tapers upward. Corresponding to the

logging response, the resistivity (RT) curve exhibits a box

shape of medium-to-high amplitude (Figure 4).

FIGURE 3
Schematic diagram of the delta channel width calculation process. (A) shows a single meandering river model, which is used to calculate the
channel width of the Sh-1member. (B) shows amulti-channel braided rivermodel, which is used to calculate the channel width of theHe-8member.
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4.1.2 Channel mouth bar
The channel mouth bar is developed at the front end of

underwater distributary channel, and it is formed by the rapid

accumulation of sediments in the estuary due to the sudden

increase of accommodating space and the decrease of flow

velocity (Tian et al., 2013; Trendell et al., 2013), where the

hydrodynamic force is the strongest. The lithology is basically

medium-fine sandstone. The grain size is fine at the bottom and

coarse at the top (reverse rhythm), and the channel mouth bar is

crescent-shaped in the plane and lens-shaped in the section.

Small wedge cross-bedding, tabular cross-bedding, and mud

gravel structures are developed. Corresponding to the logging

response, the spontaneous potential (SP) curve exhibits a low-to-

medium amplitude funnel shape, while the RT curve exhibits a

medium-to-high amplitude funnel shape (Figure 4).

4.1.3 Interdistributary bay
The interdistributary bay is a relatively low-lying area

between distributary channels or mouth bars, which is poorly

connected with the external water and is generally shallow. It is

the main barrier and interlayer in the delta plain. The lithology is

dominated by argillaceous siltstone and mudstone, and

horizontal bedding is common. Corresponding to the logging

response, the SP curve behaves more closely to the mudstone

baseline (MB) (Figure 4).

4.2 Stacking pattern of a single sand body

The stacking relationship of sand bodies from Sh-1 to He-8 in

the NT is divided into four main types: isolated, vertically

superimposed, laterally tangentially superimposed, and

horizontally bridged sand bodies (Figure 5).

The isolated sand body generally represented a single channel

that experienced rapid deposition (Figure 5A) (Khalifa and Mills,

2020; Abdel, 2021), and 44% of the sand bodies in the Sh-1 member

are of this type (Figure 6), typically deposited in interdistributary

bays and small distributary channel environments. The vertically

superimposed sand bodies showed a weak swing in the amplitude of

a single channel where sediment supply is sufficient and stable

(Figure 5B), while a strong oscillation will evolve into laterally

tangentially superimposed sand bodies (Figure 5C) (El-Ghali

et al., 2009; Snedden, 2013). The vertically superimposed and

laterally tangentially superimposed sand bodies account for 38%

and 37% of the LH-8 member, respectively, and are usually

deposited in distributary channels and channel mouth bar

settings. The horizontally bridged sand bodies represent a

distributary channel with changing flow direction in multiple

periods, but the duration of the single-stage channel and

sediment deposition time is relatively long (Figure 5D)

(Dalrymple and Choi, 2007; Marion et al., 2020); 37% of the

sand bodies in the UH-8 member are of this type (Figure 6),

which are mostly found in two-phase distributary channel

microfacies with little tectonic elevation difference.

4.3 Distribution of sand bodies

Four to five main channels were developed in the Sh-1

member, with a width of about 1,000 m. As the channel

advanced toward the lake basin, the main distributary channel

further bifurcated and the number of distributary channels

increased, while the size of the channel gradually decreased.

The sand bodies were predominantly isolated vertically. The

width of the sub-channels was approximately 200 m, and then

they entered the pre-delta environment in the southeast direction

(Figure 7A).

The LH-8 member was a braided river delta deposit with

sufficient provenance and wide channel distribution; the whole

area was covered in delta front deposition (Figure 7B). Due to the

continuous migration, avulsion, and relocation of braided rivers,

channel sand bodies were superimposed vertically and

intertwined horizontally (Figure 7D). The scale of distributary

channels gradually decreased toward the lake basin, with a

reduction in the extent of lateral connectivity of the channels,

and gradually evolved into multiple single channels.

During the deposition stage of the UH-8 member, the

channel scale of the braided river decreased, and the size of

the sand bodies was limited. The braided river was cross-divided

horizontally and dominated by horizontal bridged sand bodies

vertically, bridged types, and entered the pre-delta in the

southeast direction (Figures 7C, D).

TABLE 1 Classification standard of delta sedimentary microfacies in the Sh-1 to He-8 members, the Tianhuan Depression.

Sub-facies Sedimentary
microfacies

Lithology Sedimentary
structure

Vertical
rhythm

Logging response

Delta plain and
delta

Distributary
channel

Med-sandstone Parallel bedding, cross-bedding, scour surface,
and mud gravel

Positive Low SP and high RT

Fine sandstone

Channel mouth bar Med-sandstone Cross-bedding Reverse Low-mid SP and mid-
high RTFine sandstone Mud gravel

Interdistributary
bay

Argillaceous siltstone and
mudstone

Horizontal bedding Compound High SP and low RT
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The results of quantitative calculations show that the

single sand body scale (thickness and width) of the Sh-1

member was smaller than that of the He-8 member,

especially the channel size of the LH-8 member, which was

the largest (Table 2), indicating that the LH-8 was stronger

than the UH-8 in terms of hydrodynamics. The channel scale

and hydrodynamic conditions of the Sh-1 member were the

weakest.

5 Discussion

5.1 Sedimentary evolution model

According to the sedimentary environments and channel

variations, the provenance supply of the study area primarily

came from the north and west. In the north, the terrain was

gentle, and several underwater distributary channels advanced

FIGURE 4
Delta plain and delta front sub-facies markers in the Sh-1 to He-8 members.
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FIGURE 5
Main stacking types and outcrop characteristics of a single sand body in the study area. (A) Isolated sand body, (B) vertically superimposed sand
bodies, (C) tangentially superimposed sand bodies, and (D) horizontally bridged sand bodies.

FIGURE 6
Frequency distribution of sand body stacking styles in the Sh-1 and He-8 members. (A) Isolated sand body, (B) vertically superimposed sand
bodies, (C) tangentially superimposed sand bodies, and (D) horizontally bridged sand bodies. The data were obtained from logging data analysis of
88 exploration wells, including 259 complete sand bodies in the UH-8 member, 283 in the LH-8 member, and 251 in the Sh-1 member.
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toward the center of the lake basin, forming many strip-shaped

and sheet-shaped sand bodies, which were typical shallow-water

delta deposits. Based on the abovementioned analysis and

previous understanding of the paleoclimate and

paleogeography of the Ordos Basin (Dai et al., 2012; Meng

et al., 2016), a sedimentary evolution model of Sh-1 and He-8

members in the Tianhuan Depression was established (Figure 8).

In the Sh-1 member, the scale of the channel belt was

relatively limited, with an average of 720~1,800 m (Table 2).

The slope of the terrain was small, and the sand-carrying

capacity was limited due to the weak hydrodynamic

conditions. The warm and humid climate was suitable for

vegetation growth (Zhu et al., 2020). The soil consolidation in

the provenance area was quite stable, the sediment supply was

FIGURE 7
2D and vertical distribution characteristics of the delta in the Sh-1 to He-8 members. (A–C) represent the 2D distribution of sand bodies in the
Sh-1 member, LH-8 member, and UH-8 member, respectively. (D) The profile of sedimentary microfacies passing through the line x-y.

TABLE 2 Quantitative calculation results of distributary channel width in the study area.

Member Sand body thickness (m) Channel width (m) Channel zone width (m)

Min Max Avg int Min Max Avg int Min Max Avg int

UH-8 0.8 9.8 4.1~6.2 9.3 480.5 90~205 46.5 3659.7 890~2400

LH-8 1.3 11.7 5.3~7.4 14.9 625.7 190~310 75.9 6358.2 1760~2920

Sh-1 0.7 8.4 3.9~6.1 8.6 437.6 95~180 43.2 3025.8 720~1800

Min, minimum; Max, maximum; and Avg int, average interval.
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weakened, leading to a decline in the lateral migration ability

of rivers, and the meandering river delta sediments were

limited in size and were mostly isolated sand bodies

(Figure 8A).

In the LH-8 member, the river sedimentation was suddenly

enhanced due to the strong drop in the lake base level; the

sediment supply was adequate, and the deposition rate was rapid.

The strong hydrodynamic conditions and rapid sediment supply

FIGURE 8
Sedimentary evolution model of the delta in the Sh-1 to He-8 members in the Tianhuan Depression, the Ordos Basin. (A) Sedimentary
environment of the Sh-1 member, (B) sedimentary environment of the LH-8 member, and (C) sedimentary environment of the UH-8 member.
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led to a lack of time for the “digestion” of main transport

channels, thus forming large braided river deltas. More

importantly, with the further increase of the paleo-slope

(Zhang et al., 2018), the hydrodynamic conditions

strengthened again, leading to the forward transport or lateral

migration of the underwater distributary channels. The channel

frequently bifurcated and then intersected, and the underwater

parts were prone to forming superimposed sand bodies (mainly

vertically superimposed and laterally tangentially superimposed;

Figure 8B).

In the UH-8 member, the lake datum was at a high level

during the deposition period when compared with that of the

LH-8 member. As the slope became gentler (Zhang et al., 2018),

the hydrodynamic conditions weakened and the sediment

supply decreased, leading to a decline in the lateral erosion

capacity of the channel. At this time, the sedimentary

environment was still a braided river delta, but the channel

scale was weaker than that of the LH-8 member, with the

underwater parts mostly forming horizontally bridged sand

bodies (Figure 8C).

FIGURE 9
Evolution of distributary channels and single sand body architecture and genesis mechanisms in the LH-8 member. (i, ii, iii) are the three single
sand body architecture models, (A,C,E) are the three phase distributary channels, and (B,D) are the transitional phases.
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5.2 Genetic analysis of the single sand
body

The stacking styles of different single sand bodies are the

products of distributary channel evolution (Marzo et al., 1988;

Joeckel et al., 2016). The analysis of channel evolution patterns

will help to clarify the sand bodies’ configuration and genesis.

According to the difference in channel elevation and sedimentary

microfacies at different stages identified by logging, the channel

evolution in the study area mainly had the following three models

(Figure 9).

i) Lateral crevasse at the riverside

The lateral crevasse, formed during intermittent flood

periods, was caused by the river bursting the concave banks

when the water level of the original channel rose (Figure 9(i)).

The scale of the crevasse channel was generally smaller than the

original channel, and the angle between themainstream direction

and the original channel was smaller. The lateral crevasse could

form a new channel and then evolve from the original isolated

sand body to laterally tangentially superimposed sand bodies,

which play a crucial role in the overall widening of the channel.

ii) Inter-channel fork scouring at the river front

Fork scouring was caused by continuous erosion of the original

river fork area (Figure 9 (ii)). The main upstream channel was

uninterruptedly scoured, reconstructed the bifurcation, which could

erode the inter-river floodplain and develop new channels under

appropriate conditions, and then evolved from original horizontally

bridged sand bodies to laterally tangentially superimposed sand

bodies, thus enlarging the channel scope, enhancing the flood

discharge capacity, and reaching a new balance of the channel.

(iii) Lateral erosion at the riverside

Lateral erosion was a common channel evolution mode,

which was caused by the lateral circulation of the original

channel (Figure 9 (iii)). The lateral erosion occurred only in a

certain section (the angle of flow direction is suddenly greater

than 15°) of the original channel and may evolve into a new

crevasse channel, so vertically superimposed and laterally

tangentially superimposed sand bodies are often developed.

During the formation of the contemporaneous compound

channels, the late channels developed on the basis of the early

channels, and thus their top elevations were generally higher than

those of the early rivers (Sahoo et al., 2016; Qin et al., 2017). The

LH-8 member is one of the most interesting layers due to its

diverse sand body stacking patterns and complex channel

networks; hence, the evolution process of the distributary

channel was specially established in the LH-8 member, which

experienced three main stages of evolution (Figure 9).

The first phase is the initial developing stage of distributary

channels (Figure 9A), and it can be seen that four main

distributary channels developed from the provenance direction

(NW direction). The northern distributary channels were larger

in scale, with bifurcation-merger evident in the middle of the

rivers, while the southern distributary channels were smaller in

scale and mostly isolated. During the transitional stage

(Figure 9B), the northern distributary channels widened

significantly, and crevasse erosion was dominant in the near-

provenance area, resulting in the large-scale distribution of

channels in the northwest. The original distributary channels

in the central part of the study area had varying degrees of

crevasse erosion and lateral erosion, but the scale was small, and

the sand bodies were mostly of the laterally tangentially

superimposed type.

In the second phase (Figure 9C), the characteristics of

distributary channels were still clearly visible. The distribution

of the former southern distributary channels became larger, the

southern channels were dominated by lateral erosion, and the

scale of distributary channels further increased. At this time, the

single distributary channel was dominated by the horizontally

bridged type (Figure 9D).

In the third phase (Figure 9E), the new channels were mainly

formed by lateral erosion on the basis of the second-stage

channels. According to the distribution of channels during the

transition period, there were notable large-scale crevasses

between the original distributary channels only near the

provenance, and most of them were lateral crevasses in the

middle of the study area. The phenomenon of inter-channel

fork erosion also appeared during this period. During the third

stage, the distributary channel features were not evident, and the

channels as a whole were interleaved into a sheet spread. The

width and size of the channels reach their maximum, and the

vertical superposition of distributary channels in different

periods could be seen, which also explained that the sand

bodies were mostly vertically superimposed in the current

LH-8 member.

5.3 Geological implications for natural gas
exploitation

Different single sand body architectures represent

different natural gas accumulation conditions, which will

also cause differences in gas/water enrichment in sand

bodies. The gas reservoir profile of wells T34–S38 shows

that the sand bodies in the LH-8 member are superior to

those of the UH-8 and Sh-1 members in terms of size and

vertical and horizontal connectivity (Figure 10). The LH-8

reservoir is mainly composed of gas and water layers or water-

bearing gas layers, while the sand bodies of the UH-8 member

are mostly dominated by gas and water layers and dry layers,

and the sand bodies are mostly isolated or horizontally
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bridged, with relatively poor connectivity. The Sh-1 member is

dominated by gas and water layers with isolated sand bodies

and poor connectivity. The gas testing results show that when

the topographic structure and source rock conditions are

similar, the vertically superimposed sand bodies have the

largest gas production, followed by the laterally tangentially

superimposed sand bodies, and the isolated and horizontally

bridged sand bodies have the least gas saturation.

According to the statistical results of well logging and gas

testing, the vertically superimposed and laterally tangentially

superimposed sand bodies are mostly enriched in natural gas

(Figure 10), which is due to the vertically superimposed sand

bodies that have been washed and superimposed by multi-

stage distributary channels, forming good lithology–physical

properties vertically. In addition, if the gas supply from the

underlying hydrocarbon rocks is sufficient or the transport

channel is open, it is conducive to the enrichment of natural

gas. The tangentially superimposed sand bodies not only have

superior connectivity laterally but can also form a relatively

good lithology–physical property combination vertically,

which is also conducive to the accumulation of natural gas.

However, the isolated and horizontally bridged sand bodies

are mostly surrounded by impermeable layers, making it

difficult for gas to be filled, so the original sedimentary

water is mostly retained. Therefore, combined with the

current status of exploration and development, the next

step in the study area will be to focus on the central parts

of the distributary channels, especially the superimposed sand

bodies. This work is instructive for basins with the same

sedimentary and sand body genesis worldwide and thus has

potentially significant scientific and development

implications.

6 Conclusion

Single sand body architectures are crucial for the

exploitation of tight sandstone gas (TSG) reservoirs. The

stacking relationship of sand bodies from Sh-1 to He-8

members in the NT is divided into four main types: isolated,

vertically superimposed, laterally tangentially superimposed,

and horizontally bridged sand bodies.

Delta plain and front sub-facies are mainly deposited

in the study area, and three kinds of sedimentary

FIGURE 10
Gas reservoir profile of wells T34–S38 in the study area.

Frontiers in Earth Science frontiersin.org13

Yang et al. 10.3389/feart.2022.1003818

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1003818


microfacies are mainly developed: the distributary channel,

the channel mouth bar, and the interdistributary bay. There

are great differences in the development frequency of single

sand body stacking patterns in different sedimentary

microfacies.

The sedimentary evolution model is a complete cycle of

river evolution from small scale to large scale to terminal

weakening. During the sedimentary period of the Sh-1

member, the sediment supply was insufficient, with

restricted meandering river deltas dominating and sand

bodies mostly existing as isolated types. Until the

depositional period of the LH-8 member, the sediment

supply increased suddenly, the deposition rate accelerated,

and braided river delta deposition developed, generally

forming superimposed sand bodies. By the depositional

period of the UH-8 member, the provenance had decreased

again. Although the sedimentary environment of the braided

river delta had not changed substantially, the sand body

distribution and channel scale were limited.

The stacking styles of different single sand bodies are the

products of distributary channel evolution. The river

evolution in the study area has the following three models:

lateral crevasse at the river side, inter-channel fork scouring at

the river front, and lateral erosion at the riverside, which plays

a crucial role in the overall widening of the channel.

Considering the current exploration and development

status, the next step is to take the central parts of the

distributary channels, especially the superimposed sand

bodies, as the primary development target.
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