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Abstract: The spatial and temporal evolution of the sandbody architecture of shallow-water deltas in open lacustrine basins is controlled by the classiﬁcation of allocyclicity and autocyclicity. On the southwestern margin of
the Ordos Basin, a braided river system deposited a
shallow-water delta in the Late Triassic Period. Based
on the principle of sequence stratigraphy and the hierarchical analysis of reservoir architecture, the spatial and
temporal evolution of individual sandbodies in the Chang
81 member of the Yanchang Formation in the Zhenbei
Oilﬁeld is interpreted by utilizing data from cores, wells
and outcrops. The research ideas are as follows: large
deposition scale architectural elements (ﬁrst- to thirdorder cycles, as deﬁned by Miall) of diﬀerent sequence
levels are aﬀected by allocyclicity associated with changes
in tectonic activity, provenance, and sea level, and small
deposition scale architectural elements (fourth- to ﬁfthorder cycles, as deﬁned by Miall) of diﬀerent sedimentary
facies mainly consist of individual sandbodies that are
aﬀected by autocyclicity associated with lake-level changes
caused by various river processes. Based on previous studies,
the results are as follows. The sedimentary characteristics
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of shallow-water deltas have been veriﬁed by core and outcrop data. In addition, three ultrashort-term cycles are
identiﬁed on the basis of boundary sequences and lithofacies’ sequences in the outcrop section of the Rui River,
and three sedimentary evolution stages of the delta front
are deﬁned. Finally, according to well data, ﬁve types of
architectural elements at the level of single sandbodies
are identiﬁed. The vertical superimposition and lateral
contact relationships of diﬀerent architectural elements
indicate that during the three sedimentary evolution stages,
the hydrodynamics weakened, strengthened slightly, and
ﬁnally weakened substantially. Among the 20 kinds of
architectural element spatial combination patterns formed
by single sandbodies, primary and secondary sandbodies
have great potential for hosting remaining oil. In the process
of architectural spatiotemporal evolution, the geometry and
connectivity of the underwater distributary channel gradually weakened, and the spatial relationship between the
underwater distributary channel and other architectural elements increased. This article proposes a new method for
researching shallow-water deltas and has some guiding signiﬁcance for exploiting the remaining oil in oil ﬁelds.
Keywords: shallow-water braided river deltas, allocyclicity, autocyclicity, single sandbody architecture, architectural element combination pattern, spatiotemporal evolution

1 Introduction
In 1885, Gilbert studied the sedimentary characteristics of
a Pleistocene delta associated with Lake Bonneville and
concluded that the delta exhibited an obvious three-layer
structure comprising top set, fore set, and bottom set [1].
Later, scholars called this pattern a classic Gilbert-type
delta. In the 1970s–1990s, to further understand the formation and evolution of deltas, many scholars performed
extensive research work on a series of characteristics of
deltas. Bogen studied deltas in several fjord lakes by geomorphology and sedimentology [2]. Syvitski and Farrow
This work is licensed under the Creative Commons Attribution 4.0
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compared two bayhead deltas from sedimentary structures, sediment character, and lithofacies [3]. Tye and
Coleman studied the evolution of lacustrine deltas in
Atchafalaya Basin [4].
However, because of the limitation of the three-layer
structure of Gilbert deltas, the concept of the shallowwater delta was proposed. In 1960, Fisk divided river-controlled deltas into deepwater deltas and shallow-water
deltas [5]. Postma classiﬁed deltas into shallow-water
deltas and deepwater deltas and identiﬁed eight types
of shallow-water deltas [6]. In recent years, research on
shallow-water deltas has gradually deepened and widened.
The research has included numerous aspects, including
the formation dynamics, sedimentary microfacies, sedimentary models, and main control factors of shallowwater deltas [7,8].
In the past decade, the study of shallow-water deltas
has developed further. For example, the division of sedimentary genesis related to underwater distributary channels has become more reﬁned [9]. The stratigraphic slice
method of seismic geomorphology has been gradually
applied in this ﬁeld [10]. The patterns of sandbody prediction, the formation of microfacies assemblages, and the
sedimentary evolution process have been considered [11].
Although previous studies on shallow-water delta sedimentation are extensive, the main research directions remain
focused on certain aspects, such as sedimentogenesis, texture type [12], sedimentary system evolution [13], geometry
[14], and sedimentary characteristics and models [15].
On this basis, research concerning the architecture of
sandbodies in shallow-water deltas has gained gradual
attention [16] and has investigated the characteristics,
main controlling factors and architectural patterns of various individual architectural elements [17], the remaining
oil and heterogeneity [18,19], numerical simulations [20],
etc. In contrast, little research has been performed on the
sedimentary evolution process of architectural elements
in shallow-water deltas or the evolution pattern of assemblage relationships between single sandbody architectural elements during the sedimentary evolution process.
Since sedimentary evolution is accompanied by two types
of cyclic mechanisms during strata formation, it is necessary to distinguish between allocyclicity and autocyclicity.
Allocyclicity is the product of changes in the balance
between accommodation and sediment supply (A/S value)
induced by changes in the sediment supply, tectonic subsidence, and sea level. It usually controls the stacking
pattern of strata and forms a base-level change cycle.
Autocyclicity only controls the internal structure of sedi-
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mentary facies in a sequence and the proportion of lithofacies, which is local or not regular. In particular, the formation of autocyclicity in ﬂuvial sediments is mostly
related to changes in hydrodynamic conditions.
More importantly, oil ﬁelds have faced conﬂicts in
development and production due to heterogeneity in single
sandbody architecture and reservoir interiors. Hence, this
study is imperative to further depict the architectural
sequence of shallow delta fronts, clarify the evolution of
their single sandbody architectural elements, and analyze
their spatial combination relationships and the factors controlling the remaining oil formation and distribution.

2 Geological setting
As a signiﬁcant sedimentary basin in China, the Ordos
Basin is rich in geological resources (Figure 1a). Additionally, the Upper Triassic Yanchang Formation, an important
oil-bearing formation in the Ordos Basin, was deposited
in a large open lacustrine basin [21], and the depositional
system included rivers, lakes, and multiple deltas; the
resulting deposits are the primary Mesozoic targets of
exploratory development in the basin [22]. On the southwestern basin margin in the Ordos Basin, the Longdong
area (eastern Gansu) is located on two ﬁrst-order tectonic
units that present a west-dipping monoclinal trend, and
the area contains multiple lithologic-structural oil reservoirs (Figure 1b).
It has been pointed out that the sedimentary system of
the Triassic Yanchang Formation in the Longdong area
involved a shallow-water braided river delta with sediment delivered from the southwest direction [23,24]. The
Longdong area was close to the southwestern provenance,
and braided river deposits easily entered the lake directly,
forming a deltaic depositional system. The sedimentary
thickness of the Chang 8 Formation in the Ordos Basin
is laterally stable, and there is no obvious regional steep
slope belt in the lacustrine basin. In addition, the terrain
is very gentle, and the slope angle is approximately 0.1°
[25]. Thus, the structural foundation of the basin was
favorable for the development of shallow-water deltas.
In general, under a combined supply from the Longxi
Ancient Land to the southwest and the Qingling and
Qilian Fold Belt to the south, a sedimentary environment
involving a small delta plain and a shallow-water braided
river delta with a large delta front developed in the
Longdong area [24] (Figure 1c).
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Figure 1: (a) The location of the Ordos Basin on a map of China; (b) location of the study area; (c) the shallow-water delta sedimentary model
(modiﬁed from ref. [24]).

3 Samples and methods
On the basis of surveying extensive previous ﬁndings,
this article studies the Chang 81 layer in the Yanchang
Formation in the Zhenbei Oilﬁeld, which is located in the
Longdong area of the Ordos Basin, by relying on substantial well-logging data from closely spaced wells separated
by approximately 300 m (Figure 2). These well data are
supplemented by substantial outcrop proﬁle observations along the Yan River and Rui River, additional core
data, and considerable data on production performance
in the oil ﬁeld development process.
Initially, combined with the previous research results,
the fourth- and ﬁfth-order sequences as deﬁned by Vail
are identiﬁed by sequence stratigraphy theory, and these
sequences correspond to the medium- and short-term
sequences deﬁned by Cross in high-resolution sequence
stratigraphy.
Due to the lack of seismic data for the Yanchang
Formation in the Ordos Basin, this article mainly uses
abundant core observations and ﬁne-scale logging analysis data to identify sequence boundaries. In the core,
we can observe certain sedimentary structures near the
sequence boundaries, such as the lag at the bottom of
a river channel, scouring structures, contemporaneous
mud gravel, calcareous layers, plant detritus, carbon
dust, and vertical bioturbation burrows. Additionally,

the logging response characteristics of sequence boundaries are obvious and include sudden increases in spontaneous potential (SP) and gamma ray (GR) values,
increases in the negative anomaly amplitude, sudden
increases in the deep and shallow lateral resistivity (RT)
curves, etc., which are reﬂections of changes in the
sedimentary environment. These responses are superimposed at boundaries.
In addition, in sandstones, changes in the grain size,
thickness, and sand–mud ratio can also be used to identify
sequence boundaries. After a sequence boundary is identiﬁed, the single sandbody conﬁguration interface is identiﬁed on the basis of logging curve characteristics. The architectural interface can be distinguished eﬀectively by using
the electrical characteristics of the SP curve, natural GR
curve, RT curve, and acoustic time diﬀerence (AC) curve.
The short-term and ultrashort-term cycles in allocyclicity can be identiﬁed by sequence boundaries.
Furthermore, ﬁrst- and second-order autocyclicity can be
identiﬁed by using the architectural interface of a single
sandbody, and these elements correspond to the fourthand ﬁfth-order architectural elements deﬁned by Miall
[26–28], respectively. Finally, a complete architectural element division scheme from the sequence stratigraphic
level to the single sandbody level is formed.
Notably, the identiﬁcation of sequence stratigraphy
architectural bounding surfaces is a leading step. For

Spatiotemporal evolution of single sandbodies



101

Figure 2: Well locations and coring well locations in the study area.

allocyclicity, the base-level cycle-based partitioning
method in the high-resolution sequence stratigraphic
division is still used. For autocyclicity, the architectural
boundaries are identiﬁed on the basis of comprehensive
lithology–electricity curves. The present sequence architecture partitioning scheme not only takes into account

the isochronism of high-precision sequence division but
also adopts the hierarchy of architectural research.
Afterward, based on the study of the sedimentary
characteristics of shallow-water deltas, the relative
lake-level changes are studied by analyzing the lithofacies and logging, and the results are used to establish
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the evolution process over time. Finally, combined with
the results of architectural element identiﬁcation, the
evolution characteristics of spatial morphology are formed,
and a complete evolution model of architectural elements
is established.

4 Sedimentary characteristics of a
shallow-water braided river delta
4.1 Evidence of shallow-water delta
deposition
According to the current views in shallow-water delta
sedimentation research, the sediments forming the reservoirs experienced long-distance transport by the action of
traction currents and have low compositional maturity,
moderate textural maturity, and overall ﬁne granularity,
with most deposits being ﬁne sandstones [29].
A large number of core data conﬁrm that the study
area was characterized by a shallow delta front depositional environment. First, the ﬁne-grained deposits are
dominantly ﬁne sandstone and siltstone (Figure 3a and b).
Second, the sandstone is mainly gray, gray green and
gray white, and the mudstone is mostly dark gray and
gray black (Figure 3c and i). A large number of sedimentary structures of strong hydrodynamic origin can be
seen, such as parallel bedding, trough bedding, planar
cross bedding, and retention deposition (Figure 3c–f).
Wedge bedding, sand grain cross bedding, and horizontal bedding can also be seen, reﬂecting a relatively
weak sedimentary environment (Figure 3g, h, and k).
Importantly, a large number of broken rhizome and leaf
fossils in the mudstone are signs of a shallow-water sedimentary environment, such as a shore or shallow lake
(Figure 3o and n). Also, the wavy bedding is formed
under oscillatory hydrodynamic conditions, which is the
reﬂection of the rapid change of lake waves in shallowwater delta (Figure 3l). Worm burrows are present in the
mudstone, indicating that the lake was shallow, the underwater sedimentary environment was turbulent, and the
oxygen level was suﬃcient (Figure 3p). Finally, thin coal
beds and carbonaceous mudstones are common (Figure 3j,
m, and n), reﬂecting a shallow-water environment in the
Longdong area. In response to lake-level ﬂuctuations, subaerial and subaqueous sedimentary environments appear
to alternate. These core observations suggest that the study
area mainly featured a delta front sedimentary environment impacted by frequent lake-level ﬂuctuations.

Changes in the lake level can induce changes in
redox reactions, migration of ancient lake shorelines,
and distinct rhythms in shallow-water sedimentation.
The observed sedimentary sandbodies are diverse in
form. Among them, sandbodies at the delta front mouth
bar exhibit restricted development. The underwater channels bifurcated and diverted frequently, creating deposits
that are superimposed vertically and horizontally, extend
long distances, and are large in scale. Additionally, sandbody development was inﬂuenced by the base-level elevation and subsidence, and accretion and retrogradation
occurred frequently, thereby leading to diverse sandbody
combinations, complex spatial overlap and contact relationships, numerous sandbody architectural elements,
complicated horizontal and vertical combination relationships, and prominent associations between spatiotemporal evolution and base-level cycles.

4.2 Characteristics of sequence stratigraphy
At present, the Yanchang Formation is mainly divided
into ﬁve long-term base-level cycles, and a high-resolution
sequence stratigraphic framework with medium-term
base-level cycles as the unit have been established.
The transition surface between long-term base-level
cycles LSC2 and LSC3 is located between Chang 82 and
Chang 81 (Figure 4). Additionally, Chang 82 is a complete medium-term cycle known as MSC2-III, and Chang
81 is an ascending half cycle of the medium-term cycle
known as MSC3-I [30].
The medium-term base-level cycle is controlled by
the long-period eccentricity of the Milankovitch cycle.
This cycle is usually bounded by a large-scale scouring
surface and consists of a series of short-term base-level
cycles. Due to the limitation of the vertical resolution of
seismic data, it is diﬃcult to identify the interface of
medium-term cycles on seismic proﬁles. Therefore, this
article uses outcrops, logging curves, and lithologic proﬁle characteristics to identify it.
MSC3-I is equivalent to the Chang 81 member. The
medium-term cycle consists of a series of short-term
cycles dominated by rising base-level cycles. MSC2-III is
equivalent to the Chang 82 member and consists of a
complete short-term cycle. The Lijiapan shale at the
top of Chang 9 eﬀectively indicates the boundary with
Chang 8 (Figure 5a). Furthermore, the SB3 interface is
the bottom interface of LSC3, which is roughly equivalent
to the interface between Chang 82 and Chang 81 (Figure 5b).
Additionally, this interface is a microfacies transition

Spatiotemporal evolution of single sandbodies
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Figure 3: Sedimentary indicators of a shallow-water delta. (a) Fine sandstone; (b) siltstone; (c) parallel bedding; (d) trough bedding;
(e) planar cross bedding; (f) retention deposition; (g) sand grain cross bedding; (h) Wedge bedding; (i) mudstone; (j) thin coal beds;
(k) horizontal bedding; (l) wavy bedding; (m) carbonaceous mudstones; (n) carbonaceous plants; (o) broken rhizome and leaf fossils;
(p) worm burrows.
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Figure 4: Sequence stratigraphy in the Chang 8 layers of the Yanchang Formation.

Figure 5: Identifying marks of sequence stratigraphy in outcrop sections along the Yan River and Rui River. (a) Boundary of Chang 8 and
Chang 9 in Yan River; (b) SB3 interface of LSC3 in Yan river; (c) microfacies transition surface in Rui river; (d) large trough cross bedding in
Rui River; (e) wedge bedding in Rui River; (f) conjugate joints in distributary channel in Rui River.

Spatiotemporal evolution of single sandbodies

surface that formed during continuous deposition (Figure
5c). The lithology of the Chang 82 layer is light gray calcareous ﬁne sandstone, and the lithology of the Chang 81
layer is pebbly sandstone. The outcrop proﬁles are characterized by large distributary channels, showing large
trough and wedge cross bedding (Figure 5d and e). In
addition, conjugate joints can be seen in the distributary
channel (Figure 5f).
Similarly, the changes in natural GR and RT curves
can be used to eﬀectively identify short-term or ultrashort-term cycles. For example, the change from low to
high natural GR values reﬂects an increase in the proportion of shale, which can represent a short-term positive
cycle or ultrashort-term positive cycle.

4.3 Characteristics of lithofacies
Based on the identiﬁcation of sequence boundaries, the
high-frequency sequence in the Chang 8 Formation in the
outcrop section along the Rui River is studied, and three
ultrashort-term base-level cycles are identiﬁed in the
Chang 81 Formation (Figure 6).
Based on these three ultrashort-term cycles, the lakelevel and hydrodynamic intensity changes during the
sedimentary evolution of the Chang 81 Formation are studied. The hydrodynamic intensity decreased from high to
low in the third ultrashort cycle. In the second ultrashortterm cycle, it changed from low to high. In the ﬁrst ultrashort-term cycle, it changed from high to low again. This
pattern indicates that the lake level experienced three
trends: rising, falling, and rising.
First, a series of marks of lithofacies were identiﬁed
in the outcrop proﬁle. Then combined with the analysis
of indicators of lithofacies and logging curves, the facies
associated with this sedimentary evolution stage in
the study area were diﬀerentiated, and 10 sequences of
lithofacies in each ultrashort-term cycle were identiﬁed.
The results show that sequence changes in the lithofacies
reﬂect changes in the lake level, and the identiﬁed
changes were used to describe the sedimentary evolution
process (Figure 7).
In the ﬁrst phase, a medium-thick ﬁne sandstone
facies with large cross bedding is common, and occasional thin layers of wavy-bedding siltstone facies and
horizontally bedded mudstone facies are observed. Normal
cycles are quite common and reﬂect strong hydrodynamic
forces and good sandbody development under the sedimentary environment in this phase. The sandbodies are dominantly underwater distributary channel sandbodies, and a
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few underwater natural levees are present. In addition, the
ﬁne-grained sedimentary part developed in the interdistributary bay.
In the second phase, reverse cycles with an inverted
tapered shape appear, and these deposits are composed
of multiple lithofacies. Additionally, parallel bedding and
various cross beddings indicate strong hydrodynamic
conditions. In addition, sand ripples indicate medium
hydrodynamic conditions, and the wavy bedding indicates an oscillating depositional environment associated
with well-developed sandbodies. It is considered that
these deposits represent estuary dam and front sheet
sand microfacies and appear above the three types of
sedimentary microfacies in the ﬁrst phase. Moreover,
the many estuary dams almost form a skeleton sandbody in this phase jointly with the underwater distributary channels. Additionally, the number of underwater
natural levees increases remarkably, the number of ﬁnegrained interdistributary bay sedimentary units decreases,
and sheet sands are developed in small amounts in extremely limited areas.
In the third phase, the reverse cycles disappear, and
the normal cycles associated with underwater distributary channels become dominant again. It is speculated
that the sandbodies associated with estuary dams and
underwater distributary channels decrease in number,
and the underwater distributary channel sandbodies
remain as sedimentary skeletal sandbodies. In addition,
the sheet sands grow greatly, the underwater natural
levees lessen in number, and the ﬁne-grained sedimentary units of the interdistributary bay grow in number
again.

5 Results
5.1 Architecture classiﬁcation scheme
controlled by base-level cycles in the
study area
Since the identiﬁcation of architectural elements at the
sequence stratigraphic scale has been completed on the
basis of sequence boundary identiﬁcation, the following
is mainly focused on the architectural elements under the
inﬂuence of autocyclicity [31]. Based on Miall ﬂuvial
facies architectural element analysis method [26], this
article describes the architectural interfaces of the third,
fourth, and ﬁfth levels, thus completing the division of
architectural elements of each level (Table 1).
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Figure 6: Three ultrashort-term cycles in the Chang 81 outcrop section along the Rui River. (a) The boundary of Chang 8 and Chang 9; (b) the
bottom of 3rd ultrashort-term cycle; (c) the bottom of 2nd ultrashort-term cycle; (d) the bottom of 1st ultrashort-term cycle; (e) the middle of
1st ultrashort-term cycle; (f) the top of 1st ultrashort-term cycle.

Spatiotemporal evolution of single sandbodies
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Figure 7: Lithofacies’ sequence of the three ultrashort-term cycles in the Chang 81 outcrop section.

5.2 Identiﬁcation of single sandbody
architectural element boundaries
In view of the necessity of single sandbody research,
we need to further subdivide the ﬁfth- to third-order
bounding surfaces of Miall, under whose constraints,
various orders of autocyclicity have been formed. The
boundary of ﬁrst-order autocyclicity is the same as the

boundaries of the ultrashort-term cycles, which are
mostly erosion or ﬂooding surfaces, and it can be identiﬁed from the retention deposition at the bottom of the
core and the abrupt change in the natural GR curve in the
logging response. The architectural elements of this level
reﬂect a mobile distributary channel sandbody complex
comprising multiple individual sandbodies or a plant leaf
complex formed by a single distributary channel. The

Second-order
autocycle
boundary

Third-order
autocycle
boundary

Fourth
order

Third order

Fifth order

Sixth-order
sequence
boundary
First-order
autocycle
boundary

Fourth-order
sequence
boundary
Sixth order Fifth-order
sequence
boundary

Third-order
sequence
boundary

Eighth
order

Seventh
order

Sequence
architecture
boundary
classiﬁcation

Miall’s
hierarchy

Parasequence

Parasequence set

Sequence

Conventional
sequence
stratigraphic
classiﬁcation

Hydrodynamic condition
diﬀerential surfaces,
without apparent, time
discontinuity or erosion

Minimum allocycle
Layer set
boundaries, such as lake
ﬂooding surface
Boundaries with changes in Layer
features like granularity and
bed form scale that are
corresponding to the
maximum autocycle
Lateral migration of
sedimentary bodies, etc.,
erosion surfaces

Boundary of characteristic
sedimentary environment

Unconformable
discontinuity and its
corresponding conformable
surface
Sediment pattern changing
boundary

Sequence architecture
boundary type

Third-order
autocycle

Second-order
autocycle

Changes in medium-term
hydrodynamic conditions
associated with turbulence or
migration of water bodies that
cross or surround the channel
bed forms

Migration or erosion of single
sandbodies associated with lake
level ﬂuctuations

Migration or erosion of
distributary channel complex

First-order
autocycle

Single sand layer

Layer (single
layer)

Lake ﬂooding surface

Ultrashort-term
base-level cycle

System tract

Section (oil layer
group)

Single sandbody level,
mobile distributary channel
single site dams, ﬁxed
single distributary
channels, and single
estuary dams
Accretion bodies, lateral
accretion layers, lateral
accretion bodies of
foreset beds

Mobile distributary channel
sandbody complex, lobe
complex formed by a single
distributary channel

Vertically superimposed
bodies of valleys or
multiphase river delta
sediments
Single-phase river delta
sedimentary bodies

Basin ﬁlling body

Formation (oilbearing series)

Limited
Limited sedimentary unit
stratigraphic unit

Subsection
(sands group/
small layer)

Relative changes in lake level

Tectonic movement and relative
changes in lake level

Sedimentogenesis

Periodic changes in
hydrodynamic conditions

Short-term
base-level cycle

Medium-term
base-level cycle

Long-term baselevel cycle

Base-level cycle
classiﬁcation

Table 1: Architectural element partition scheme from allocyclicity to autocyclicity (modiﬁed according to [26,31])
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boundary of second-order autocyclicity is mostly erosion
surfaces resulting from lateral migration of sedimentary
bodies. They control the migration or erosion of individual
sandbodies related to lake wave ﬂuctuations, and individual sandbody architectural elements should be constrained. Third-order autocyclicity boundaries generally
represent the diﬀerential surfaces of hydrodynamic conditions. They restrict the formation of lateral accretion
and accretion in single sandbodies.
Due to the inﬂuence of the 3- to5-level architectural
interface on the connectivity of the single sandbodies,
during the development stage of an oil ﬁeld, the thirdto ﬁfth-level architectural interface can be identiﬁed as a
seepage barrier. The boundary orders are equivalent to
the corresponding orders of architectural elements.
Depending on genesis, three types of interlayers are
identiﬁed by using well data from the study area, namely,
muddy, calcareous, and physical property interlayers
(Figure 8). Muddy interlayers are common, while calcareous interlayers and physical seepage barriers are mostly
in the form of interlayers (Table 2).
From the table above, it is clear that the GR and AC
curves are remarkably eﬀective in identifying the three
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types of seepage barriers. When supplemented by the SP
curve and RT curve, a semiquantitative eﬀect for architectural bounding surface identiﬁcation can be achieved.

5.3 Base-level cycle identiﬁcation and
classiﬁcation for single-well sequence
stratigraphy architecture
By using the above method, 6 ﬁrst-order autogenetic
cycles and 10 second-order autogenetic cycles were identiﬁed in well Z339 (Figure 9).
As shown in the ﬁgure, two obvious large changes
can be seen in the natural GR curve. These changes are
associated with very high values, which reﬂect muddy
deposition after the end of channel sandbody deposition.
These cycles reﬂect three channel sedimentation processes and correspond to the three ultrashort-term cycles
in the outcrop proﬁle. Each instance in which the natural
GR curve increases and the AC curve decreases to a low
value corresponds to a change in the sedimentary environment. All of these factors represent discontinuities in

Figure 8: Identiﬁcation of third- to ﬁfth-order architectural element interfaces by using lithological-electrical response characteristics
(a) AC-GR lithological-electrical response; (b) SP-GR lithological-electrical response; (c) RT-GR lithological-electrical response; (d) SP-AC
lithological-electrical response.

213.5–241
227.3
7.7–45.7
24.1
75.1–105.2
88.4
34.6–71.2
52.7
Possessing certain
porosity and
permeability, which is
tough to reach

Mudstone, silty
mudstone

Oil-stained
sandstone,
siltstone, muddy
conglomerate

Argillaceous
interlayer

Physical
property
interlayer

Lag sedimentation sites at the
river bottom, rapid
sedimentation sites like river
channel edges and landslides

52.2–79.9
63.3
Mainly sedimentation

Low resistivity, high acoustic
wave, hole enlargement, high
spontaneous potential, high
gamma, highly argillaceous
Microelectrode logging curve
presents certain amplitude
diﬀerences, and the resistance,
acoustic wave, spontaneous
potential

108.9–150.1 12.6–26.6 224.3–254.1
123.6
19.6
236.3

188.4–210.1
199.8
17.7–65.6
39.7
34.9–68.7 54.8–82.7
52.1
67.8
Mainly diagenesis
High resistivity, low acoustic
wave, low spontaneous
potential, low gamma
Calcareous
mudstone,
calcareous ﬁne
siltstone
Calcareous
interlayer

Top and bottom boundaries of
channel sandstone, sites with
easy formation of diagenetic
cementation bands at the
architecture boundaries
Between two genetic
sandbodies, channel migration
edges, lateral accretion sites

Lithology

Development sites

Logging curve characteristics

Genesis

SP (mV)

GR (API)

RT (Ω I)

AC (µs/s)

Qiang Tong et al.

Architecture
boundary type

Table 2: Lithological-electrical characteristic response statistics of third- to ﬁfth-order bounding surfaces in the study area

Value ranges and means of logging curves
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the sandbody continuity and the formation of an architectural interface. The division of second-order autogenetic cycles is also based on the above characteristics
of the lithological-electrical responses, so it will not be
described in detail.
The architectural elements of a single sandbody correspond to each level of autogenetic cycles. Miall’s ﬁfthorder bounding surfaces depict a sandbody complex
that is represented by single sedimentary microfacies in
the river delta context. Furthermore, a single sandbody
represented by the single sedimentary microfacies constitutes the key architectural elements discussed in this
article, which are depicted by the fourth-order boundaries, such as the single underwater distributary channels and single estuary dams.

5.4 Precise characterization of sedimentary
system evolution by the three
ultrashort-term base-level cycles
In the present research setting, the single sandbodies in
the river delta sedimentary system are the minimum unit
of time span under autocyclicity, and the architectural
elements of the level represent the beginning and the
end of changes in the river delta sedimentary evolution.
Especially in the sedimentary environment of the shallowwater delta front, the variation range of water depth is
small. Thus, large-scale architectural elements cannot
accurately describe ultrashort-term changes, and extremely high-frequency lake-level changes are also unclear.
These results indicate that the shorter the base-level cycle
process, the higher the accuracy of architectural element
characterization. Hence, the precise characterization of
sixth-order sequence boundaries (lake ﬂooding surfaces)
oﬀers the most accurate guidance for research on sedimentary system evolution.
Given the diﬀering features of single-phase river delta
sedimentary bodies above and below base level, we subdivided the shallow braided river delta front sedimentary systems in the study area in sequential order into three ultrashort-term cycle phases: the shallow braided river upper
delta front sedimentary system, the shallow braided river
middle delta front sedimentary system, and the shallow
braided river lower delta front sedimentary system.
In essence, the architectural elements depicted by
autocyclicity are the facies architecture. Therefore, it is
necessary to establish relationships between autocyclicity
and various orders of facies architectural elements based
on well data (log lithofacies). Finally, an integration of the

Spatiotemporal evolution of single sandbodies

Figure 9: Base-level cycle identiﬁcation and classiﬁcation of single-well sequence architecture of well Z339.
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Width
Thickness
W/T ratio

250–650 m
2.3–8.5 m
30–280

180–450 m
1.5–6.7 m
27–300

Relatively large
Mid-to-high amplitude serrated
funnel shape, with gradual
change at the bottom, and abrupt
change at the top

Large
Mid-to-high amplitude
serrated bell or box shape,
with abrupt changes at the top
and bottom

Logging shape

Reverse cycle
Sl, Fsc
Middle
None-moderate-none
Relatively long
Relatively strong

Normal cycle
Gm, Sl, Sh
Upper, middle and lower
Large-moderate-small
Long
Strong

Autocyclicity type
Lithofacies
Delta front phase
Quantity variation
Cyclicality
Hydrodynamic
condition
A/S
Logging
characteristics

Estuary dam

Underwater distributary
channel

Name of
architectural
element

100–210 m
0.8–4.1 m
24–263

Relatively small
Low amplitude serrated bell
shape, with gradual change at
the top, and abrupt change at
the bottom

Normal cycle
Sl, Fsc, Fl
Upper, middle and lower
Small-moderate-large
Relatively short
Relatively weak

Underwater natural levee

180–370 m
0.5–3.5 m
51–740

Small
Mid-to-low- amplitude
serrated ﬁnger shape, with
abrupt contacts at the top and
bottom

Normal cycle
Fsc
Middle and lower
None-small-moderate
Short
Relatively weak

Front sheet sand

Not measured
Not measured
Not measured

Extremely small
Low amplitude serrated linear
shape, partially interspersed
with mid-to-low- amplitude
ﬁnger shape

Compounded
Fl
Upper, middle and lower
Small-moderate-large
Indistinct
Extremely weak

Interdistributary bay ﬁnegrained sedimentary unit



Table 3: Classiﬁcation and characteristics of monogenic sandbody-level architectural elements
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Figure 10: Classiﬁcation of vertical superposition patterns of single sandbody architectural elements in the study area. (a) 14 major types of
vertical superposition patterns during lake surface ﬂuctuating; (b) three delta front phases of architectural evolution.

allocyclicity to autocyclicity architectural element classiﬁcation is accomplished.

6 Discussion
6.1 Stratigraphic process-response
sedimentary dynamics
By regarding the ultrashort-term cycles as the genetic
stratigraphic units, we consider that the ﬁrst ultrashortterm base-level cycle in the study area is an upwardly

deepening asymmetric cycle with little accommodation
(A/S < 1).
Initially, the lake level was extremely low and tended
to increase slowly. Later, the lake-level rise accelerated
gradually to a medium water level and then decelerated
slowly to medium and high levels. Under the condition of
a low water level, the sandbodies accumulated rapidly
and formed a composite underwater distributary channel
with a cut-and-stack style. From the middle of the channel
to the ﬂank, the development of underwater levees and an
underwater distributary bay can be seen.
The second ultrashort-term base-level cycle is an
upwardly shallowing asymmetrical cycle with high accommodation (A/S > 1). The lake level fell rapidly and then
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slowly to a medium level from a medium to high level. Due
to the decrease in base level, the sedimentary process
became a weak aggradation–progradation process, and
the hydrodynamics increased from a low level to a moderate
level.
With the decrease in ﬂow velocity, unloading occurred
at the estuary, and an estuary bar with an inverse grain
sequence formed. The underwater distributary channel
sandbodies and mouth bar sandbodies began to be deposited. At the same time, front sheet sandbodies were produced by erosion of the estuary bar.
The third ultrashort-term base-level cycle is an
upwardly deepening asymmetrical cycle with high accommodation (A/S ≫ 1). The lake level rose rapidly and then
slowly to the highest value (maximum ﬂooding surface of
Chang 7) from the medium water level.
The underwater distributary channel sandbodies are
still visible in the lithofacies, but they quantitatively
decline, and most are in an isolated form. In the middle
and later stages of the middle delta front, the sediments
of the estuary bar suﬀered erosion and gradually disappeared. They disappeared due to their instability under
shallow-water conditions.

6.2 Types and characteristics of single
sandbody architectural elements
Taking into consideration the comprehensive logging
responses, ﬁve types of monogenic sandbody architectural
elements are identiﬁed in the study area, namely, underwater distributary channels, estuary dams, underwater
natural levees, sheet sands, and interdistributary bay
ﬁne-grained sedimentary units (Table 3).

6.3 Vertical superposition patterns of
architectural elements changing with
base-level cycles
On the basis of sedimentogenesis analysis, 14 major types
of vertical superposition patterns are screened for architectural elements (Figure 10a).
During the upper delta front phase of architectural
evolution (Figure 10b), the lake level was rather low, and
despite slight elevations in the later period, the hydrodynamics were relatively strong overall. The underwater

Figure 11: Classiﬁcation of lateral contact patterns between single sandbody architectural elements in the study area. (a) The combinations
of lateral contact relationships between various architectural elements; (b) the lateral contact patterns changes with the architectural
evolution.

Spatiotemporal evolution of single sandbodies

distributary channel elements are the primary type of sandbody architectural elements, while the interdistributary
bay ﬁne-grained sedimentary units and underwater natural
levee elements are relatively rare. Regarding the vertical
superposition patterns of single sandbody architectural
elements, vertical and lateral undercutting stacks of underwater distributary channels prevail, both of which are
stacking patterns in a strong hydrodynamic environment.
During the middle delta front phase of architectural
evolution, the overall water level was high, the sedimentary hydrodynamics were severely weak, and the sedimentary strength declined in a gradual manner. The vertical
superposition patterns of single sandbody architectural
elements are observed mainly around the estuary dam
and underwater distributary channel elements, which
include the vertical superposition of estuary dams with
underwater natural levees and the vertical superposition
of estuary dams.
During the lower delta front phase of architectural
evolution, the lake level rose again, and the maximum
ﬂooding period of Chang 7 was reached at the end of this
phase. Thus, the lake level rose to the maximum in this
phase, the energy of the sedimentary environment was
low, and the hydrodynamic force weakened gradually to
the minimum. The major types of sandbody architectural
elements include a reduced number of underwater distributary channels, a slightly increased number of underwater natural levees, and signiﬁcantly increased numbers of front sheet sands and interdistributary bay ﬁnegrained sedimentary units. All the vertical superposition
patterns of single sandbody architectural elements are
types with weak sedimentary hydrodynamics.

6.4 Lateral contact patterns of architectural
elements changing with base-level
cycles
The lateral contact pattern of single sandbody architectural elements is the epitome of the horizontal distribution of sedimentary microfacies. Diﬀerent types of single
sandbody architectural elements are aﬀected by diﬀerent
hydrodynamic forces in the sedimentary environment,
showing diﬀerent lateral contact patterns, which can
reﬂect the sedimentary evolution process (Figure 11).
In Figure 11a, the combinations of lateral contact
relationships between various architectural elements in
the study area are illustrated and are classiﬁed primarily
into side cutting, lateral contact, and abutment. In the
side cutting condition, two single sandbodies have a
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strong lateral communication relationship; whereas in
the abutment condition, the communication relationship
between two single sandbodies is weak. Furthermore, the
lateral contact relationships between single sandbody
architectural elements are prominently aﬀected by the
sedimentary hydrodynamics.
The upper front phase of the shallow braided river
delta experienced a strong-to-weak transition process in
terms of the hydrodynamics. The side cutting of underwater distributary channels developed during the highenergy depositional stage with strong hydrodynamics in
the middle of the main channels. At the intersections and
junctions of river channels, two types of lateral contact
relationships with medium hydrodynamics developed,
namely, the abutment between underwater distributary
channels and the abutment of underwater distributary
channels with underwater natural levees. At sites such
as the channel ﬂanks or the branch channel sides, lateral
contact relationships with weak hydrodynamics developed, such as the abutment of underwater distributary
channels with interdistributary bay ﬁne-grained sedimentary units and the abutment of underwater natural
levees with interdistributary bay ﬁne-grained sedimentary units.
The middle front phase of the shallow braided river
delta undergoes a weak-to-strong transition process in
terms of the hydrodynamics, and many types of lateral
contact relationships are present. Initially, the hydrodynamic force was weak, and a range of lateral contact
patterns developed, including sheet sands, underwater
natural levees, and interdistributary bay ﬁne-grained
sedimentary units. Later, the hydrodynamics increased
gradually to moderate levels, and a range of lateral contact
relationships dominated by estuary dams and underwater
distributary channels developed. Afterward, the hydrodynamics reached their strongest point in this phase, and
the side cutting lateral contact pattern developed between
underwater distributary channels and estuary dams in a
high-energy environment.
The lower front phase of the shallow braided river
delta exhibited a strong-to-weak transition process in
terms of the hydrodynamics. After the disappearance of
estuary dams, lateral contact relationships no longer
formed in the high-energy environment. Under medium
hydrodynamic conditions, abutting lateral contacts developed between the underwater distributary channels and
the underwater natural levees and sheet sands. Although
the lateral contact relationships developed in a low-energy
environment inherited from the previous two phases, they
decreased in number slightly, which reﬂects a signiﬁcant
reduction in hydrodynamic intensity (Figure 11b).
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Figure 12: Spatial combination pattern classiﬁcations of architectural elements.

6.5 Classiﬁcation and characteristics of
spatial combination patterns of single
sandbody architectural elements
By integrating the vertical superposition patterns with
the lateral contact relationships, a variety of spatial combination pattern classiﬁcations are formed for the architectural elements. Based on the architectural element
identiﬁcations with comprehensive logging responses,
the number of spatial combination patterns, which are
developed on several trunk proﬁles, is counted in the
study area. According to the ﬁndings, there are 20 major
types of spatial combination patterns (Figure 12).
Note: These patterns are expressed in the form of MN1(N2)-P1(P2) or M-N2-P2 (where M denotes the basal
single sandbody architectural element, N1 denotes the
single sandbody architectural element in side cutting
contact with M, N2 denotes the single sandbody architectural element in abutting contact with M, P1 denotes
the single sandbody architectural element in a vertical

tangential overlapping pattern with M, and P2 denotes
the single sandbody architectural element in a vertical
superposition pattern with M; furthermore, A represents
the underwater distributary channel architectural element, B represents the estuary dam architectural element,
C represents the underwater natural levee architectural
element, D represents the front sheet sand architectural
element, and E represents the interdistributary bay ﬁnegrained sedimentary unit).

6.6 Comprehensive evaluation of spatial
combination patterns of single
sandbody architectural elements
After considering the sedimentary environment and development status, these spatial combination patterns are
classiﬁed into levels I, II, III, and IV by integrating parameters, such as the geometric attributes, logging cycle

Spatiotemporal evolution of single sandbodies
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Figure 13: Comprehensive evaluation of the spatial combination patterns of the single sandbody architectural elements.

characteristics, distribution ratio, permeability, development position, water ﬂooding, displacement eﬃciency,
and remaining oil distribution position (Figure 13).

Among the level I spatial combinations, type A-A1-A1
occupies the largest proportion and features the largest
thickness, a high average permeability, a high degree of
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Figure 14: Evolution of spatial combination models between sandbody architectural elements.

water drive production, and little remaining oil. This
reﬂects the spatial combination pattern of dominant sandbody connectivity resulting from the main channel sedimentation. Type A-A2-A2 also accounts for a large proportion but actually has very weak spatial connectivity.
Hence, there is a substantial distribution of remaining
oil. The types A-BA-B2 and A-A2-B2 are also combination

patterns with relatively broad spatial connectivity and a
substantial distribution of remaining oil. Relevant displacement eﬃciencies, however, are markedly lower in these
two types than in the previous two types. Type B-B1-A1 is
the product of the peak development of estuary dams,
when the sedimentary hydrodynamics were relatively
strong despite the small proportion of development.

Spatiotemporal evolution of single sandbodies

Thus, the permeability is maintained at a relatively high
level, and the remaining oil distribution is substantial
as well.
Among the level II spatial combinations, both A-A1C2 and A-C2-A1 are types with strong within-channel
deposition, so the average permeability is also high.
Types A-B1-D2 and A-B1-C2 represent the side cutting
developmental period of estuary dams and underwater
distributary channels, where the hydrodynamics were
relatively strong. Because of good lateral connectivity,
there is little remaining oil. A-B2-B2 is a type with favorable sandbody conditions but poor connectivity.
Among the level III spatial relationships, the combination patterns between underwater distributary channels and estuary dam sandbodies remain the major types.
Although A-E2-A1, A-A2-C2, and A-A2-D2 are all combination patterns between underwater distributary channel
sandbodies, the overall hydrodynamics were weak, the
distribution areas are small, and the displacement index
is very low. Types A-B2-C2 and A-C2-B2 are the combination patterns between underwater distributary channels
and estuary dams and are associated with even weaker
hydrodynamics than the previous combinations, and
their physical properties are reduced.
Among the level IV patterns, A-E2-B2 is the most
dominant relationship. Other types, including A-D2C2, A-E2-C2, A-E2-D2, and A-E2-E2, are all combination types of weak hydrodynamic sediments that are
developed under branch channels. In the current evaluation criteria, there is no potential for subsequent
development.

6.7 The single sandbodies architectural
evolution models
The sedimentary system of the shallow braided river delta
front in the study area is subdivided according to the
three time-stratigraphic units formed by the three ultrashort-term cycles into the upper front, middle front, and
lower front phases. Then combined with the development
status of single sandbody architectural elements identiﬁed in various phases and the research results of their
spatial combination patterns, the sandbody architectural
models and their evolution law are derived within these
phases (Figure 14).
The features of the upper delta front architectural
combinations are summarized as dense channel cutting
and superposition. The primary architectural elements
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are underwater distributary channels, most of which are
in a dense side cutting superposition pattern. Several distributary channels extend rapidly forward and interweave.
The features of the middle delta front architectural
combinations are summarized as multiarchitecture mixed
aggregation and splice ﬁlling. The coexistence of underwater distributary channels and estuary dams prevailed in
this phase. The extent of the underwater distributary
channel was shortened, and the mouth bar developed
into fans. Small leafy sheet sand can be seen at the distal
end of the delta. The connectivity of the distributary channels is reduced, and the channels are separated from each
other. The mixing degree of various architectural elements
is relatively high.
The features of the lower delta front architecture
combinations are summarized as a loose architecture
with scattered lateral gradation. Underwater distributary
channels remained the dominant architectural element
in this phase. In addition, various architectural elements
were loosely superimposed, and their combinations
formed a lateral gradation. In the early stage of this
stage, the estuarine bar was generally washed out. The
sheet sand began to be deposited in succession, and the
branching channels were embedded in it, forming a
loose pattern as a whole.

7 Conclusions
(1) Combined with the previous research results, the
results of this study suggest that the study area featured a shallow lake depth and obvious delta front
sedimentary characteristics.
(2) The allocyclicity is classiﬁed by using the sequence
interface and lithofacies’ sequence, and three ultrashort-term base-level cycles were identiﬁed in an
outcrop along the Rui River. Then the Chang 81
Formation is divided into three sedimentary evolution stages: upper delta front, middle delta front,
and lower delta front.
(3) Based on well data, the autocyclicity is divided, and
ﬁve types of architectural elements at the microfacies
scale are identiﬁed, which are equivalent to the
fourth-order architectural elements of Miall.
(4) According to the lake-level change, the vertical
overlap pattern and lateral contact pattern of architectural elements in each evolution stage were studied. Twenty main spatial combination patterns were
formed, of which the ﬁrst and second types have
great development potential.
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(5) The architectural evolution model mainly reﬂects
that the geometry and connectivity of the underwater
distributary channel are gradually weakened. However,
the spatial combination patterns of underwater distributary channels and other architectural elements are
closer.
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