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Abstract Deltaic sedimentary systems form the most
favorable hydrocarbon reservoirs in continental faulted
lacustrine basins, and their types and controlling factors
directly affect the distribution of hydrocarbons. The
systematic study of typical modern delta deposition
provides significant guidance regarding the distribution of
oil and gas reservoirs in the subsurface. For this reason, the
Heima River delta in Qinghai Lake, which features
multiple sediment sources and clear sedimentary evolution
stages, was selected for this research. A detailed study of
the sedimentology and architectural characteristics of the
Heimahe delta in Qinghai Lake was conducted. A total of
4 types of gravel facies, 4 types of sand facies, and 2 types
of mud facies were identified. This study also focuses on
recognizing the architectural elements within channels and
bars. The delta plain features debris-flow, switched, and
migrated channels and vertical and bilateral aggradation
bars. The delta front features migrated and filled channels
and bilateral and lateral aggradation bars. Twenty-two
representative outcrop sections were selected. Detailed
observation and analysis of these sections revealed three
stages: the progradation to aggradation (PA) stage, in
which the deposits show evidence of sigmoid-type and
coarse-grained sedimentation; the retrogradation (R) stage,
which is characterized by imbricated regression; and the
aggradation to progradation and degradation (APD) stage,
which is characterized by a terraced-stepping, progression
stacking pattern. Based on the integrated analysis of the
sedimentary environment, outcrop lithofacies associations,
architecture stacking patterns, fossils and bioclasts, we
identified diverse depositional associations and constructed
a sedimentary evolution model of the depositional system
in this area. We suggest that the depositional system
transitioned from an early single-provenance gravel-rich
fan delta to a multi-provenance mud-rich delta and that
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two factors mainly controlled the transition: the southern
boundary fault activity and lake level variations. The
contemporaneous activity of the fault increased the
accommodation in the low-stand systems tract, which
resulted in continuous coarse-sediment deposition.

Keywords Qinghai Lake, Heimahe Delta, sedimentary
pattern, controlling factor, Quaternary

1 Introduction

In recent years, discussion of the mechanisms,
sedimentary characteristics, architectural characteristics,
and controlling factors of deltas has been continuous
(Nocita and Lowe, 1990; Horton and Schmitt, 1996;
Garcia-Garcia etal., 2006; Winsemann etal., 2007,
Rohais et al., 2008; Backert et al., 2010; Eilertsen et al.,
2011; Garcia-Garcia etal., 2011; Tan etal., 2016; Yu
etal.,, 2018b). In the study of sedimentary systems,
outcrops have the unique advantage of being visual,
specific, and indicative of the overall situation (Rioult
etal., 1991; Bridge et al.,, 2000; Miall, 2002; Nagendra
et al., 2002; Young et al., 2003; Homewood et al., 2008;
Fabuel-Perez et al., 2009; Bemis et al., 2014; Tan et al.,
2016; Burnham and Hodgetts, 2019; Freitas et al., 2021).
Describing the sedimentary characteristics of typical
outcrop deposits and creating sedimentary models are
important to understanding subsurface deposits (White
and Willis, 2000; Fabuel-Perez et al., 2009; Butler and
McCaffrey, 2010; Pickel etal., 2015; Burnham and
Hodgetts, 2019; Marques et al., 2020; Sharifigaliuk et al.,
2021) and can effectively promote hydrocarbon explor-
ation and development (Maddy, 2002; Miall and Jones,
2003; Plink-Bjorklund and Steel, 2004; Enge et al., 2007;
Fabuel-Perez et al., 2009; Hodgetts, 2013; Burnham and
Hodgetts, 2019; Marques et al., 2020; Freitas et al., 2021;
Janocha et al., 2021; Sharifigaliuk et al., 2021). In China,
Qinghai Lake has been the subject of many detailed
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outcrops studies (Song et al., 2001; Qiang et al., 2013;
Liuetal, 2016; Morgan and Craddock, 2017; Fielding
etal., 2018; Moscariello, 2018; Yu et al., 2018a; Zhang
etal., 2018b; Ding et al., 2019; Liu et al., 2019a; Liu
etal., 2019b; Chen etal., 2020; Xue and Zeng, 2021).
These studies have verified and improved upon the
theories related to sedimentary systems in fluvial, and
beach-bar systems (Zhang et al., 2018b; Wang et al.,
2019a; Mengetal., 2020), and aeolian sedimentary
models (Qiang et al., 2013; Chen et al., 2018; Ding et al.,
2019; Liu et al., 2019b; Song et al., 2000; Xue and Zeng,
2021). Although previous studies have been conducted in
this region, there has yet to be a detailed and compre-
hensive study on typical outcrop sections with the
conversion process (Chen, 2016).

This study was performed on the Holocene Heimahe
section, which is located on the southern shore of Qinghai
Lake, China. The Heimahe delta has evolved from a
single-provenance body with sandy and gravelly deposi-
tion to a multi-provenance mud-rich deposit. However,
the sedimentary architecture, evolution stages, and
controlling factors of this kind of delta have not been
clarified. By means of field outcrop measurements, grain
size analysis, and unmanned aerial vehicle (UAV) aerial
photography (Paterson and Heslop, 2015; Yu et al.,
2018a; Zhang et al., 2018a), 10 lithofacies and 7
lithofacies associations were identified. The sedimentary
architecture, including 7 fourth-order and 4 fifth-order
units, was also described.

This paper helps in understanding the sedimentary
processes operating in a base-level cycle and proposes a
depositional model considering the controlling factors.
The purposes of this study are (i) to describe the
sedimentary characteristics and spatial and temporal
distribution of the delta in each stage and (ii) to discuss
factors controlling the sedimentary evolution of the
deposits in the outcrop. Furthermore, it can provide
insights into the changes in the lake level variations of
Qinghai Lake.

2 Geological setting

The study area is located on the north-eastern edge of the
Qinghai-Xizang Plateau and south-west of Qinghai Lake,
China (Fig. 1(a)). The Qinghai Lake Basin formed in the
Pliocene, and lacustrine deposits formed at 0.5 Ma (Yuan
et al., 1990). Typical deltaic sediments are present, and
their provenance was the Nanshan Mountains in Qinghai
(Chang et al., 2008). These sediments formed a multi-
provenance delta with an area of 77 km? and an extension
of 8 km (Figs. 1(b) and 1(c)). The study area is mainly
composed of Quaternary deposits, and the lithology of the
mountains to the south is mainly granitic (Fig. 1(d)). The
study area has an inland plateau semiarid climate, with an
average annual temperature of 0.8°C—1.6°C, an annual
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precipitation of 324.5-430 mm, and an annual
evaporation of 1052 mm. The Heimahe River has a
catchment area of 107 km? and an average runoff of
1x107 m3. The surface of Qinghai Lake is at an elevation
of the surface of Qinghai Lake is at an elevation of
approximately 3194 m (Madsen et al., 2008).

2.1 Geologic structure

Before the uplift of the Nanshan Mountains, the Qinghai
Lake Basin and Gonghe Basin were unified into “a single
lake referred to as ancient Qinghai Lake” (Yuan et al.,
1990; Bian et al., 2000; Lu, 2004; Madsen et al., 2008).
In the Pliocene of the late Neogene, the movement of the
Wenquan dextral strike-slip fault caused the reactivation
of the northern Nanshan thrust fault, resulting in thrust
faulting between the Gonghe Basin and the Qinghai Lake
Basin and the uplift of the Nanshan range, which divided
the ancient Qinghai Lake basin into the present Qinghai
Lake Basin and the Gonghe Basin (Chang et al., 2008;
Chang et al., 2009). This early tectonic activity involved
shortening and continuous thrust faulting (Bian et al.,
2000; Chang et al., 2009) (Fig. 1(d)).

The Nanshan Mountains are an arch-shaped mountain
range that formed in the early Palaeozoic and is mainly
composed of strongly deformed Triassic flysch and
granite (Wang and Burchfiel, 2004). It is the western
section of the large Qinghai Lake-Beihuaiyang Fault
zone, which strikes WNW, dips SW, and has a dip angle
of 50° to 70°. Data show that it is a normal fault along the
southern margin of Qinghai Lake (Lanzhou Institute of
Geology CAS, 1979). Qinghai Lake is the largest inland
saltwater lake in China and is a typical fault-depression
basin and an asymmetric rift lake that formed 2 Ma. The
delta is developed on the deep regional fault zone at the
southern edge of the Nangilian Mountains, and its
formation and evolution are related to tectonic
movements of this major fault and climate fluctuations.
The delta features a long asymmetric morphologic
distribution. The periphery of the lacustrine basin is
bounded by faults, which can be grouped into three main
sets of fault structures with strikes of NNW, NW, and
nearly N-S (Fig. 1(a)).

2.2 Regional stratigraphy

The Nanshan Mountains are mainly composed of Lower
Triassic and Upper Carboniferous intrusive rocks. The
lower part of the Triassic (T1) is dominated by dacite and
rhyodacite, and the middle and upper parts are dominated
by conglomerate and glutenite (Lanzhou Institute of
Geology CAS, 1979; Yuan et al., 1990; Qinghai Bureau
of Geology and Mineral Resources, 1991). The Heima
River section was deposited during the Holocene.

The Neoproterozoic (N) Linxia Formation is charac-
terized by a fine—coarse sedimentary sequence from the
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Fig. 1 Regional maps. (a) A schematic map of faults of Qinghai Lake area (modified from Bian et al. (2000)); (b) the outcrops
location of the study area on satellite image; (c) lithology diagram of the study area and its surrounding area; (d) schematic section of
the structure and sedimentation in the fan-delta, whose location was on (b) and (c).

bottom to the top, with two lithological sections, the
upper and lower, and the two sections are in conformable
contact. The rock assemblage of the upper section is
interbedded dark gray multicomponent conglomerate and
argillaceous silt. The dark gray multicomponent
conglomerate and argillaceous silt are observed to
alternate in the valley, are flat-lying, and are covered by
Quaternary aeolian sand. The rock assemblage of the
lower section (N2I1) is earthy yellow argillaceous
siltstone mixed with brick-red silty mudstone and
occasionally with fine conglomerate. The sedimentary
structure of this section is characterized by parallel
bedding and small cross-bedding, which reflects the weak
overall hydrodynamic environment.

The lithology of the Quaternary (Q, including the
Pleistocene and Holocene) strata is complex and diverse.
The middle-lower Pleistocene (Qpl-2 gl + fgl) is a
moraine deposit featuring a set of yellowish gray to
brownish gray gravel layers with medium rounding, poor
sorting, and low degrees of cementation. The Upper
Pleistocene (Qp3al + pl) strata are the most widely
distributed Quaternary deposits in the study area and
consist of a set of gray gravel layers with silt and clay
layers. The Holocene system is divided into a modern

alluvial layer (Qhal) and a lake and marsh sedimentary
layer (Qhh + 1). The modern alluvial layer is mainly
distributed in modern rivers or channels. The gravel layer
is the main layer. The gravel is poorly sorted and weakly
rounded due to the short transport distance, and there is
no apparent structure. Lake and marsh sediments are
distributed in modern shoreland areas and are rich in
organic matter. These sediments are composed of bedded
blue-gray to gray-black silt, mud, and clay and are rich in
organic matter (Fig.2) (Bianetal., 2000; Lu,2004;
Madsen et al., 2008).

3 Data and methods

The data sets used in this study were obtained from
measuring and sampling 22 outcrop sections. The
sections were described at decimeter-scale resolution.
Grain size analysis and modern visualization techniques
were also used (Paterson and Heslop, 2015; Blistan et al.,
2016; Liuetal., 2016; Zhangetal., 2018a; Afuso and
Matsubara, 2019).

Outcrops have the unique advantage of visualizing,
specifying, and demonstrating the overall conditions in
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Fig.2 A brief stratigraphic table of the Nanshan tectonic belt, Qinghai.

the study of sedimentary systems (Yu et al., 2013; Zhang
etal., 2015; Shanetal.,2018). The location of each
exploratory trench and outcrop was selected based on the
following principles: 1) the section line distance was
short, and the stratum was completely exposed; 2) un-
broken stratigraphic sections were selected to the degree
possible; and 3) sections formed by natural gullies or
artificial excavation were fully utilized. In this study, a
total of 22 outcrops in 6 lines (Fig. 1(c)) were selected
from the outlet to the outer delta front, of which 2
trenches (measuring 1.5 m long, 1 m wide and 1.5 m
deep) were excavated (HMH10 and 22 in Fig. 1(c)). A
composite bar chart using a 1:10 vertical scale was
drafted. Macroscopic photographs were taken to record
the overall sedimentary characteristics of each point, and
local zoomed-in photographs of special geological
phenomena such as trough cross-bedding and macrosco-
pic fossils were taken.

To characterize the sedimentary features of each
profile, each location was sampled with a sampling
density of 0.2—0.5 m and a sample weight of approxi-

mately 1 kg per sample. Basic information, such as
sampling point, vertical depth and lithology, were
recorded on the sample bag with a marker pen before
analyzing the sample characteristics by sieve analysis.
Grain size analysis was carried out by sieve (sifter). Each
sample was disaggregated into its component grains,
which were separated into eight fractions according to the
amount of sample passing through a set of pore sizes
(-1.6¢, —1¢, 09, 1¢, 1.3, 2¢, 39, and 4.5¢). Each of the
eight fractions was weighed, and the amount of each as a
portion of the total weight was calculated. Subsequently,
the corresponding cumulative percentage was calculated,
and then a cumulative frequency curve, which can reflect
the hydrodynamic conditions during deposition, was
generated.

The elevation data were obtained through satellite
systems. The application of unmanned aerial vehicle
(UAV) aerial photography technology is becoming
increasingly widespread, and its use in field outcrop
research is becoming common (Enge et al., 2007; Afuso
and Matsubara, 2019). This technology can easily achieve
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the goal of recording the overall characteristics of the
research target. This study used a DJI UAV M200 to take
multiple sets of photos at 50 m, 80 m, and 100 m from the
ground.

4 Sedimentary characteristics

4.1 Lithofacies and architectures

4.1.1 Lithofacies identification

Since sedimentary structures in gravels are not well
developed and the grain size and support forms of clasts
are complex and diverse, a single lithology or sedimen-
tary structure cannot accurately reflect the depositional
environment (Ghazi and Mountney, 2009; Trendell et al.,
2013; Zhangetal., 2015; Tanetal.,2017; Shanetal.,
2021). Lithofacies types were identified by integrating
key factors, including grain size, sedimentary fabrics, and
sedimentary structures, with detailed field outcrop
observations and descriptions according to the principle
of origin-structure classification (Fig. 3).

4.1.1.1 Gravelly facies

1) Multigrade clast-supported, massive gravels (Gmc)
This lithofacies is characterized by light gray to gray
boulders, cobbles, pebbles, and granules mixed with
sandy and muddy sediments. The gravel clasts are mainly
composed of granite and metamorphic clasts, with
diameters of 5 cm to 50 cm and a maximum of 1.5 m.
The gravel clasts are poorly sorted with medium
roundness, exhibiting multigrade clast-supported features
with plenty of sandy and muddy matrix. The Gmc shows
massive, chaotic characteristics and contains rare clasts
with high dip angles (> 70°). This type of lithofacies is
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generally thick bedded with thicknesses generally over 30
cm to 50 cm. The massive, multigrade straight gravel
clasts indicate that this lithofacies was typically
developed by high-density debris flows, which were
triggered by intermittent flood events. The debris flows
were generally characterized by high viscosity and
cohesion, transporting large volumes and chaotically
oriented clasts (Zhao et al., 2015).

2) Clast -supported, imbricated gravels (Gic)

This kind of lithofacies mainly consists of gray pebbles
with granules and pebbles. Most of the pebbles are
elongated with axial lengths from 3 cm to 8 cm and show
imbricated structures with low dip angles (commonly less
than 30°). In the field trench profiles, multiple stories of
clast-supported, imbricated gravels dipping upstream with
respect to the river are observed. Each individual layer of
Gic shows medium sorting and roundness with
thicknesses of approximately 10 cm to 15 cm. However,
the average diameter of the gravel clasts and thickness of
each layer varied among the different layers in the
vertical profile. The clast-supported, imbricated gravels
of this flat facies indicate dilution of the high-density
debris flows, which transformed into sheet flood currents
(Galloway, 1996). This type of lithofacies is a product of
transformational flows, which exhibit sedimentary
textures and structures typical of both debris and traction
flows (Ghazi and Mountney, 2009).

3) Matrix-supported, massive graves (Gmm)

This lithofacies is characterized by gray pebbles,
cobbles, and yellowish gray fine-grained sands. The
gravels mainly consist of granite clasts with diameters
from 5 cm to 10 cm and a maximum of 25 cm. The gravel
clasts are poorly sorted and well rounded, and they are
supported by a fine-grained sandy and muddy matrix. The
Gmm generally shows massive characteristics without
any structures. In the outcrop section, the gravel clasts
appear to float in the matrix, and the layers range in

Code Gme Gmm Gee Gic St

Sp Sh Sm Fm Fl

Name facies  [ported conglomerate facids facies sandstone facies

sravel-supported floating| Sand-supported floating [Multi-stage particle sup- | iybricate conglomerate

Trough cross bedding

Planar cross bedding
sandstone facies

Parallel bedding
sandstone facies

Massive sand facies Massive silt facies Massive mud facies
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gravels float on medium I filled with fine gravel | gravel:Gravels oriented
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Traction flow: Incised

High laminar flow High laminar flow Low laminar flow  |Low energy environment Steay water

Picture

Fig. 3 Lithofacies of the Heimahe delta deposites.
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thickness from 15 c¢cm to 30 cm. The high content of
sandy or muddy matrix of this lithofacies suggests dilute
debris-flow deposition with a relatively low density and
concentration of sediments, likely left by local failures or
sandy cohesionless debris-flows (Shan et al., 2021).

4) Clast-supported, cross-bedded gravels (Gece)

This lithofacies is mainly comprised of gray, relatively
fine-grained clasts dominated by pebbles and granules
with coarse-grained sands. The diameters of the granules
in this lithofacies are commonly less than 3 cm. Most of
the gravel clasts are well rounded and medium-to-well
sorted. In the outcrop trench profile, trough planar cross-
bedding is observed in the Gce facies. Gravel clasts on
the bedding surfaces occasionally show imbricated
features. The thicknesses of these clast-supported, cross-
bedded gravel beds range from 10 cm to 50 cm. Cross-
bedding of the sediments in this lithofacies indicates that
the dominant depositional agents were traction currents,
which generally form during the attenuation of floods.
However, the gravelly sediments suggest the flows still
exhibited strong hydrodynamics (Miall, 1985).

4.1.1.2  Sandy facies

1) Trough cross-bedded sands (St)

This lithology is dominated by brownish gray gravel-
bearing coarse- and medium-grained sands with fining-
upward sequences, and the clasts are well sorted and
rounded. Trough cross-bedding is well developed, and the
beds range in thickness from 10 cm to 30 cm. Granules
generally occur at the base of the trough cross-bedding,
which commonly show erosive features. Groove-like
structures forming a downward concavity in the sandy
layers, which are a typical sedimentary structure of
traction flows under high-energy conditions, reflect the
downcutting and filling of channels (Miall, 1985).

2) Planar cross-bedded sands (Sp)

This facies is characterized by the predominance of
gray, medium- and coarse-grained sands with high
roundness and good sorting. The planar cross-bedding
generally exhibits blocky or weak coarsening-upward
sequences with thicknesses ranging from 5 cm to 15 cm
and lateral continuity of up to tens of meters. This facies
is characterized by the sedimentary structure formed by
the tangent of the laminae formed by water eroding the
top of a previously deposited layer followed by lateral or
vertical accretion of bedforms (Miall, 1985; Wang et al.,
2019a).

3) Parallel-bedded sands (Sh)

This facies mainly consists of fine- and medium-
grained sandy sediments with parallel bedding. This thin-
bedded lithofacies generally exhibits flat tops and bases
with thicknesses ranging from 5 cm to 25 cm, and these
layers feature good later extents and no obvious cross-
stratification. Rare granules are distributed at the base of
the bedding. This facies reflects the presence of rapid,
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high-velocity traction currents, representing the transition
from subcritical to supercritical conditions resulting in the
deposition of sandy facies during stages of decreasing
current strength (Yu et al., 2013).

4) Massive sandy facies (Sm)

This facies is characterized by a blocky structure of
medium- to coarse-grained sandy deposits, containing a
small amount of fine-grained gravel. The bases of this
facies are generally flat or slightly irregular, without
obvious vertical grading. This facies is generally thick
bedded (up to 50 cm) with lenticular shapes in lateral
extent. This massive sandy facies indicates sustained,
highly concentrated floods that transported large volumes
of sandy sediments in a short time, resulting in high rates
of deposition (Yu et al., 2013).

4.1.1.3 Muddy facies

1) Massive muddy facies (Fm)

This facies mainly consists of brownish gray,
structureless mud and silt with rare floating granules.
Plant roots are generally developed at the top of this
muddy facies. The thickness of the massive muddy facies
varies in different locations, ranging from 10 cm to 70
cm. This fine-grained facies formed through the
deposition of suspended sediments under relatively stable
hydrodynamic conditions. However, the thick-bedded
vertical feature indicates a high rate of sedimentation
associated with dilute floods (Miall, 1985; Fabuel-Perez
et al., 2009).

2) Laminated muddy facies (Fl)

This facies is characterized by gray to dark gray, clay-
dominated sediments. In the vertical direction, clayey
sediments exhibit subtle color changes or are interbedded
with silty layers, resulting in laminations with thicknesses
ranging from less than one millimeter to a few
millimeters. This facies is commonly developed with
fine-grained sands showing wide lateral continuity. The
laminated muddy facies indicate suspension-dominated
deposition under a low hydrodynamic environment with a
low rate of sedimentation (Miall, 1985).

4.1.2 Lithofacies association and architectural elements

The characteristics of lithofacies associations are an
important indicator for determining the genesis of coarse-
grained sediments (Tanetal., 2017; Lietal,2018; Yu
etal., 2018b; Fu etal.,, 2020; Shan etal.,, 2021). The
architecture units proposed by Allen (1983) have been
used as an important mean to identify sedimentary facies.
According to the six-level interface classification
proposed by Miall (1985) and the principle of architecture
classification (Miall, 2002; Deynoux et al., 2005; Garcia-
Garcia et al., 2006; Backert et al., 2010; Yu et al., 2018a),
the architecture units has been refined in the field. Based
on the description and lithofacies identification, seven
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Fig. 4 Typical lithofacies associations of the Heimahe delta.

major vertical sequences (Fig. 4), namely, architectural
elements (Fig.5), were determined. To clarify the
sedimentary characteristics and distribution patterns of
different subfacies, the morphology of sedimentary
bodies was dissected, and the macroscopic variation
patterns of delta sand and gravel bodies were studied.

4.1.2.1 Channel

1) Debris-flow channel (CHd)

It shows the development of thick-bedded, coarse
gravel deposits dominated by Gmc and Gmm with Sm.
The channel is mainly composed of matrix-supported,
poorly rounded, and poorly sorted gravel. The maximum
gravel diameter in the profile can reach 26 c¢cm, and the
maximum grain size seen in the channel reaches 147 cm.
Occasional larger gravel clasts have a floating or straight-
up distribution and blocky structure. The clasts are poorly
sorted and are supported by a poorly sorted matrix of
sand, silt, and mud. Beds of these lithofacies have a sharp
interface but no erosional relationships with the
underlying beds.

A debris-flow channel is created by highly concentrated
flows and generally show blocky or weak normal
grading. These data reflect the debris-flow deposits
containing mixtures of gravel, sand, and mud on the steep
slope of the proximal area (Zielinski and Gozdik, 2001)
(Figs. 4(a) and 5(a)).

2) Switched channels (CHs)

Switched channels are characterized by an obvious
fining-upward pattern, with poorly sorted and coarse-
grained multistage supported gravel facies (Gmc) at the
bottom, transitioning upwards to a finer-grained sandy
supported gravel facies (Gmm), and a directionally
imbricated gravel facies developed at the top. From the
bottom up, the gravel directionality gradually increases,
the bottom often features a scouring surface, the top is a
gradational contact, and various interlacing laminations
are developed. It is dominated by trough-like interlacing
laminae and grain-order laminae, with a gradual upward-
fining trend.

Large flood events and downstream aggradation are the
main controlling factors of CHs. This association is the
product of the formation of distributary channels after the
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Fig. 5 Characteristics of the architecture elements. (a) Debris-flow channel (CHd); (b) Switched channels (CHs); (c) Migrated
channel (CHm); (d) Filled channel (Chf); (e) Vertical accretion (Bv); (f) Unilateral accretion (Bl); (g) Bilateral accretion (Bb).

unloading of suspended materials in the debris-flow chan-
nels and the reduction in viscosity. The transition from a
debris-flow to a traction flow is consistent with the develo-
pment of bilateral accretionary bars (Zielinski and Gozdik,
2001; Ghazi and Mountney, 2009) (Figs. 4(b) and 5(b)).

3) Migrated channel (CHm)

The lithofacies of Gmc, St, Sp, Sh, and Fm constitute
the CHm element. The facies is dominated by medium-
coarse-grained silt and sand. Fining-upward sequences
are developed, and the thickness of trough cross-bedded
sand layers is thin, topped by a thin imbricated lateral
accumulation, parallel lamination or block structure
(Figs. 4(c) and 5(c)). The laminations mostly converge in
the same direction.

The planform of CHm consists of unitary lateral
migration in channels due to some unidirectional lateral
aggradation bedforms. The smaller size of the cross-
beddings reflects the weakening of the hydrodynamic
force, and the parallel bedding at the top indicates the
rapid reduction in the particle size transported. This type
of channel develops in a meandering river at the distal
end of the fan (Ghazi and Mountney, 2009; Li et al.,
2015a).

4) Filled channel (CHf)

This association shows a complete gravel-sand—mud
sequence in the vertical direction, and the lithology is
gravelly sand and coarse sandstone. The bottom is
characterized by a multigrade clast-supported gravel

facies (Gmce) with a small grain size, and the top is a
parallel-laminated fine sand stage (Sh), massive mudstone
(Fm), and laminated mudstone (F1). Fine-grained sand is
the main lithology. The scale of the trough cross-bedding
in this association is smaller than that in channels.
Scouring surfaces are found at the base of the CHf.

The fine-grained sediments suggest that the CHf
formed following the rapid reduction in energy after high-
speed water flowed into a lake (Olariu and Bhattacharya,
20006; Li et al., 2015a) (Figs. 4(d) and 5(d)).

4.1.2.2 Bars

1) Vertical accretion (Bv)

This association shows an obvious upward-coarsening
trend, with a sandy matrix base supporting gravel facies
at the bottom and multistage particles supporting gravel
facies at the top, with a gradual decrease in the matrix
content from the bottom to the top. The cyclicity is not
obvious and is mostly blocky. The basal contacts of Bvs
are usually erosive. Downward-climbing cross-bedded
sets rest on significant erosion surfaces. Planar cross-
bedding is well developed, some clasts are imbricated,
and the intergranular expression is multilevel granular
support. Some channel elements are developed in the Bv
elements.

Similar to the switched channels, this association
represents the transition from debris flow to traction flow.
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During this depositional process, the hydrodynamic
conditions gradually weaken and stabilize, sediment
slowly deposits, and the sediment body gradually grows
(Olariu and Bhattacharya, 2006; Wakefield et al., 2015)
(Figs. 4(e) and 5(e)). There is no trough cross bedding
reflecting vertical accretion.

2) Unilateral accretion (BI)

The lithofacies of this association vary markedly and
mainly include St, Sp, and Sh. This association shows a
wide range of grain sizes, with gravel, sand and silt all
being present and exhibiting a typical upward-fining
trend. There is trough/planar cross-bedding at the bottom,
small trough cross-bedding and climbing cross-bedding in
the middle and upper parts, and horizontal laminae can be
seen at the top. The lamination downlaps onto the channel
floor.

The bedding is formed by the continuous lateral
migration of the channel and the weakening strength of
the bottom flow (Li et al., 2015a; Wakefield et al., 2015)
(Figs. 4(f) and 5(f)). Bl is often deposited in high-
sinuosity channels associated with CHm and CHLt.

3) Bilateral accretion (Bb)

Bb is interpreted as the downstream and bilateral
accretion of compound bars based on the internal
arrangement of accretion surfaces (Maill, 2014b). Large-
scale Sp sets associated with downstream-oriented flow
are abundant. This association features fine sand and silt
dominated by anti-grain order in the vertical direction.
The clasts are relatively well sorted and rounded. On its
flanks, a slotted interlayer formed by channel scouring is
visible, and parallel laminae are developed at the top

It is possible that accretion can occur at the downstream
end of a channel bar from DA elements. This represents
the accretion of sediments carried by the channel inlet
(Ghazi and Mountney, 2009; Li et al., 2015a) (Figs. 4(g)
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and 5(g)).

4.2  Architecture stacking pattern

The Heimahe Delta, which developed in the steep slope
zone of this lake, is characterized by a proximal sediment
provenance, coarse-grained and poorly sorted sediment,
strongly  heterogenetic features, complex internal
structures, and mixed sedimentation styles. The analysis
of individual outcrop profile characteristics reveals
obvious differences and regular features (Ghazi and
Mountney, 2009; Li et al., 2014, 2015b; Wakefield et al.,
2015).

4.2.1 Debris-flow channel (D)

Debris-flow channels (Fig. 6(a)) are distributed in the
upper delta plains, are formed by the cutting and stacking
of debris-flow channels during flood stages, and are
dominated by debris flows. Due to the proximity to the
provenance area and the steep topographic slope, the
flowing water carries a large amount of mud, sand, and
gravel during the flood stage, which intensely scours pre-
existing deposits and accumulates rapidly in the channels,
forming gravel with matrix support. These deposits have
low textural and compositional maturity, high gap-fill
content, and large volumes. As the flood subsides and
energy weakens, the debris flow gradually transitions to a
sheet flow, the matrix content decreases, and gravel
deposits dominated by granular support form on top of
the previous stage in the debris flow channel. In the next
flood stage, new debris-flow channels cut into and erode
the previous channel deposits, and there is no obvious
pattern in the superposition relationship (Shan et al.,
2018).

Architecture

Profiles
element

Facies

Satellite image

a.Debris-flow
channel and
interchannel

Delta plain

b.Swinged
channels and
vertical
accretion bar

c.Filled

channel and
bilateral
accretion bar

Delta front

d.Migrated
channel and
unilateral bar

Fig. 6 Characteristics of the architecture stacking pattern. (a) Debris-flow channel and interchannel (D); (b) Switched channels and
vertical accretion bars (S); (c) Filled channels and bilateral accretion bars (F); (d) Migrated channels and unilateral accretion

bars (M).
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4.2.2  Switched channels and vertical accretion bars (S)

S is mainly developed in the lower delta plain, and the
most common superimposed assemblages are those of
channel channels and channel bars. With the unloading
and accumulation of a large amount of debris material in
the plain during the flood stage, the energy and density of
the fluid weakens after entering the lower delta plain
(Zhang et al., 2015). The sediments are coarse-grained
gravels, but the traction flow dominance is more
pronounced. Gravel is carried and deposited mainly as
bottom loads, resulting in more and smaller bifurcations
in the switched channels and the beginning of vertical
accretionary bar development. The lithology of the bar
body is mainly gray sandy fine gravel and medium
gravel, and the cyclicity is not obvious and is mostly
blocky. The channels are mostly lateral and superimposed
on each other and on the bar, reflecting the switched
nature of the channels (Ghazi and Mountney, 2009);
isolated channels can also be seen (Fig. 6(b)).

4.2.3 Filled channels and bilateral accretion bars (F)

F is mainly formed by the filled submerged distributary
channel and bilateral accretion bars. This reflects the
depositional characteristics of gradually weakening
hydrodynamics and decreasing sediment supply during
deposition. This lithofacies association is dominated by
gray and dark gray sandy fine gravel deposits, which are
finer in grain size than the above assemblage. The vertical
direction exhibits a fining-upward trend, with the bottom
being the erosional scour surface of the channels, while
the top is in gradational contact with the overlying
deposits (Ghazi and Mountney, 2009) (Fig. 6(c)).

4.2.4 Migrated channels and unilateral accretion bars (M)

M is mainly distributed at the delta front and are
dominated by migratory channels and unilateral accretion
bars. The lithology is mainly gray, greenish—gray or dark
gray siltstone and mudstone. There is composite bedding,
small-scale sand bedding and horizontal bedding, with
fining-upward or homogeneous characteristics in the
vertical direction. This lithofacies association represents
the fine-grained sedimentary part of the delta sedimentary
system with a high degree of channel curvature and
frequent distributary channels (Tunbridge, 1981; Olariu
and Bhattacharya, 20006; Li et al., 2015a) (Fig. 6(d)).

4.3 Sedimentary distribution

4.3.1 Delta plain

The proximal end of the upper delta plain is dominated by
thick-bedded boulder gravel and coarse gravel with low
matrix content and consists of multiple stages of debris-
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flow channel (D) deposits superimposed by vertical
upwards scouring, with a one-stage cumulative proba-
bility curve (Yuetal., 2013; Lietal., 2015a) (Fig. 7(a)).
The scouring surfaces at the bottom of the debris-flow
channels are strongly convex downwards, and a large
amount of boulder gravel is visible, transitioning upwards
to medium and coarse gravel, with sandy or gravelly
matrix supporting the floating gravel facies, with very
poor sorting and rounding (Fig. 7(b)). The bottom of the
second stage is superimposed by a multigrade debris-flow
channel or switched channel (S) scouring, with a flat top
and convex bottom, transitioning upwards to grain-
supported, poorly sorted and rounded medium gravel with
a sandy matrix. The profile shows a gradual decrease in
gravel grain size from bottom to top, a decrease in single-
bed thickness, a decrease in the degree of scouring of the
channel, and a transition from multistage superposition to
sheet floodplain in the vertical direction (Fig. 7(c)). This
pattern reflects the gradual migration of the fan with the
migration of the accommodable and the change in the
magnitude of the sediment supply during development.
The top three stages are massive chalky sands, represen-
ting low-flow diffuse deposits when hydrodynamic
conditions weaken (Fig. 7(d)).

The lower delta plain features smaller grain sizes. The
lower part is debris-flow channel (D) deposits, dominated
by fine gravel and medium-coarse sandstone, supported
by multigrade grains, occasionally with upright gravel
clasts or gravel clasts arranged in a high-angle orientation
(Zhao et al., 2015) (Fig. 8(a)). The middle of the profile
has a high-porosity nature. The unstable distribution of S
is caused by the flushing of loose fine-grained deposits
that have not been consolidated by the later continuous
flow (Fig. 8(c)). The upper part is a debris-flow and
migrated channel with unilateral accretion bar (M)
deposits, no obvious sedimentary structure, sand-rich
debris-flow to traction current deposits, and a cumulative
probability curve indicative of a transition (Fig. 8(d)).

432 Delta front

The delta front mainly features filled channels and
bilateral accretion bars (F) and migrated channels and
unilateral accretion bars (M).

During the downward flow of the distributary channel,
a filled channel (F) is gradually formed due to the further
reduction in hydrodynamic conditions and the flattening
of the topographic area. Migrated channels develop near
the delta front (Fig. 9(a)). The early water column was
more energetic with strong energy at the time of bottom
deposition in the delta plain. The sandy matrix content is
greater in Gmc and mainly a mixture of medium
sandstone and gravel. The local sandy matrix content can
be greater than 70%, characteristic of debris-flow (D)
deposits (Fig. 9(b)). Due to the lake transgression in the
middle stage, the profile shows a clear rapid upward grain
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Fig. 7 Panoramic photo, interpretation for outcrop profile 1(location in Fig. 1(c)) of the lower delta plain and cumulative
probability curves of three deposition stages. (a) Panoramic photo of outcrop profile 1; (b) cumulative probability curve for firste-
stage; (c) cumulative probability curve for second-stage; (d) cumulative probability curve for third-stage.
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Fig. 8 Panoramic photo, interpretation for outcrop profile 14 (location in Fig. 1(c)) of the lower delta plain and cumulative
probability curves of three deposition stages. (a) Panoramic photo of outcrop profile 14; (b) cumulative probability curve for firste-
stage; (¢) cumulative probability curve for second-stage; (d) cumulative probability curve for third-stage.

size reduction to silt, and overflow deposits are observed filled channels and bilateral accretion bars (F) are

(Lietal., 2015a) (Figs. 9(a) and 9(c)). Traction current gradually formed due to the further reduction in

(Fig. 9(d)) deposits are present at the top of the profiles. hydrodynamic conditions and the flattening of the
During the downward flow of the distributary channel, topographic area (Yu et al., 2018a) (Fig. 9(a)).
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Fig. 9 Panoramic photo, interpretation for outcrop profile 7 (location in Fig. 1(c)) of the delta front and cumulative probability
curves of three deposition stages. (a) Panoramic photo of outcrop profile 7; (b) cumulative probability curve for first-stage;
(c) cumulative probability curve for second-stage; (d) cumulative probability curve for third-stage.

5 Discussion

5.1 Evolution stages

Detailed depiction of field outcrops and grain size
analysis were the main data used for this study, and
detailed profile 7 (Figs. 1(c) and 9) served as an
important basis for stage analysis. The bottom of the
lower section exhibits gray to greyish-yellow medium to
coarse gravel, and the underlying strata could not be
observed. The top has an abrupt lithologic change surface
with no obvious sedimentary structure, but there is an
obvious gravel orientation arrangement that tends to the
south, and occasional upright gravel clasts can be seen.
The gravel clasts are mainly composed of granite and
gneiss, have grain sizes of 3 to 12 ¢cm (locally up to 1 m)
(Fig. 10), are characterized by poor sorting and poor to
medium rounding (Figs. 11(a) and 11(b)), and are present
in the flood-stage delta distributary channels. The
transport mechanism of these clasts is debris flows
(Tanaka and Maejima, 1995; Ulicny, 2001; Wu et al.,
2010). Most of the medium to fine gravel and all the
coarse gravel were unloaded onshore as the lake level
rose rapidly during flooding of this area. The distributary
channel acts as a dominant channel for transporting
gravel and exhibits top gravelly sandstone deposits (Figs.
11(a) and 11(b)), representing the transitional stage from
a debris flow to a traction flow (Fig. 11(c)). The
histogram shows rapid upward grain size reduction and
disappearance of gravel grains in this section, indicating a

rapid rise in lake level. The middle section is a thick
greyish yellow layer of gravelly fine sand, silt, and
muddy silt, which are in sharp contact with the
underlying gravel. Abundant white bioclastic (Figs. 11(d)
and 11(e)), reed-related tufas formed by a calcareous
wreath attached to the base of the trunk (Fig. 11(f)), a few
intact fossils (Figs. 4(g)—4(i)), and burrows with
backfilling structures (Figs. 11(j) and 11(k)) are present
in the lower part. Many root-lap structures (Fig. 11(1)) are
seen in the middle and upper parts. These findings
indicate that this was the location of the lake shoreline at
the time, with shallow water depths and fast deposition
rates, and that the deposition boundary between each
flood stage was not obvious due to strong wave
modification. The profile shows the darkening of the
upper part and the abundance of root-lap structures, and
the overall grain order is not obvious (Fig. 10) (Wu et al.,
2010; Yin et al., 2020). However, the observations reflect
the shallowing of the water, characterized by thickly
bedded gray—brown silt and fine sand with no obvious
change in grain size. The increase in root-lap structures
also indicates that the water became shallower as the lake
level fell, and small-scale gravel-filled washes developed
at the top because of the last decline in the lake level. The
existence of multiple terraces on the surface is also proof
that the lake level rapidly declined (Fig. 12).
Correspondingly, there are three stages. The first stage
is the progradation to aggradation (PA) (Neal and Abreu,
2009) stage (Fig. 13(a)), which is characterized by gravel-
rich sedimentation. The sedimentary characteristics of
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Fig. 10 Deposional cycles and panoramic photo for outcrop profile 7 (location in Fig. 1(c)).

this stage are similar to those of most deltas, and the
channels are dominated by debris-flow channels and
switched channels. The stacking pattern is S type with
high-angle deposits, and the sedimentary center is in the
middle of the delta plain (Fig. 14, Stage I). This stage
developed through cut-and-stacking and continuous
deposition and was dominated by coarse-grained
deposition with low textural and compositional maturity.
The thickness is thick, the grain size is coarse, most
sediment is from a single provenance, and no vegetation
developed. The second stage is the lacustrine transgr-
essive system, i.e., the retrogradation (R) (Neal and
Abreu, 2009) stage (Fig. 13(b)). Deltaic deposition occur-
red mainly underwater, and the majority of macroscopic
fossils, insect pores and root-lap structures developed
during this stage. The stacking pattern is stacked
imbricated regression, and the deposition center is at the
delta front and the west side (Fig. 14, stage II). Isolated
zonal deposition and fine-grained deposition are the main
depositional patterns, the structure and composition
maturity are medium, and the sand beds are thin or
nonexistent. This stage is the transition from a single
provenance to multiple provenances, and the vegetation
was more developed. The third stage is a forced lacustrine

regression system with aggradation to progradation and
degradation stacking (APD) (Neal and Abreu, 2009) (Fig.
13(c)). The deposits are mainly fine sand, silt, and
mudstone, with occasional lenticular gravelly channels,
and the stacking pattern is a terrace-stepping progression
with the center of deposition far from the delta front
(Fig. 14, Stage III). Isolated zonal development and
medium coarse-fine grain deposition were dominant. The
high textural and compositional maturity, thin fine-
grained sand beds, multi-provenance sediment supply,
abundant vegetation, and surface terrace development
indicate that the shoreline was rapidly receding toward
the lake basin.

5.2 Controlling factors

5.2.1 Tectonics

There have been nine major tectonic deformation events
(at 21. 8-7.78 Ma, 5.1 Ma, 3.7-3.4 Ma, 2.8-2.24 Ma,
1.91-1.75 Ma, 1.3-1.1 Ma, 0.9-0.7 Ma, and 0.15—
0.12 Ma) on the north-eastern margin of the Qinghai-
Xizang Plateau. The period 8—7.78 Ma represents the
beginning of the strong tectonic deformation of the north-
eastern Qinghai-Xizang Plateau, the period 3.7-3.4 Ma
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Fig. 11 Partial enlarged detail of profile 7. (a) and (b) are gravelly sandstone deposits; (c) is debris flow to a traction flow; (d) and
(e) are bioclastics; (f) is reed-related tufa; (g)and (i) are fossils; (j) and (k) are burrows with backfilling structures; (1) is root-lap
structures.

represents the core of the tectonic deformation of the
north-eastern Qinghai-Xizang Plateau, the period 1.91—
1.75 Ma represents the strongest tectonic deformation and
the folding and uplift of north-eastern edge of the Qinghai-
Xizang Plateau, and the period 0.9—0.7 Ma represents the
Kunlun-Yellow River movement on the north-eastern
edge of the Tibetan Plateau. The present-day landforms
were formed by the uplift associated with the Kunlun-
Yellow River movement during 0.9-0.7 Ma (Yuan, 2003;
An et al., 2006; Zhang et al., 2006; Yuan et al., 2013).
Due to the strong activity of the Nanshan boundary
fault in Qinghai, the palacotopography in the southern
Qinghai Lake Basin has a steep slope, which played a
great role in controlling the deposition of the delta (Lu,
2004; Wang and Burchfiel, 2004). The continuous
activity of the Zongwulongshan-Nanshan fault in Qinghai
has caused the Nanshan Mountains to continuously uplift
and the lacustrine deposits to sink, forming multilevel
terraces (Figs. 1 and 12) between the basin and the
Nanshan range and causing the lacustrine deposits to
recede rapidly, which is also the main factor controlling
the mud-rich deposits in the Heimahe delta (Yuan et al.,
1990). Additionally, the uplift of the Nanshan Mountain
thrust continues to occur, resulting in a large topographic

elevation difference between the hanging and foot walls
of the fault, and the debris eroded from the upthrown side
of the fault is directly deposited at the bottom of the foot
wall, providing a large amount of readily available
sediment for the Heimahe delta (Liu, 2002; Lu, 2004;
Madsen et al., 2008).

The fault system controlling the deposition of the fan
(Gawthorpe and Calella, 1990) has the following
characteristics: (i) it is a boundary fault between the
South Qilian tectonic zone and the Zongulong tectonic
zone to the west of the Heimahe River and becomes a
hidden fault in the study area because it is covered by the
Quaternary system on the southern shore of Qinghai
Lake; (ii) it has the characteristics of multistage activity
and has controlled the distribution of the delta; (iii) it
controls the distribution of the regional stratigraphy; and
(iv) it is geomorphologically manifested as multistage
terraces (Fig. 12). The contemporaneous activity of the
fault increased the accommodation in the PA stage.

5.2.2 Climate change

The Heimahe area is a zone of relatively high
precipitation due to the local topography, with a multiyear
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Fig. 12 Terraced trajectory. (a) Macroscopic characteristics of terraces in satellite image; (b) Panoramic photo of terrace;

(c) enlarged red box in (a); (d) two lines elevation map in (a).
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Fig. 14 Sedimentation pattern characteristics. (a)—(c) down-stream outcrop profiles; (d)—(f) cross-stream outcrop profiles;

(g) location of (a)—(f).

average annual precipitation of 426 mm, but the
precipitation is still much less than the evaporation
(Holmes et al., 2009;  Liu et al., 2010; Lietal., 2013;
Wang and Feng, 2013; Li et al., 2017). The uplift of the
Qinghai-Xizang Plateau and other tectonic movements
are the main factors driving climate change in this region.
Climate fluctuation is one of the factors affecting the
change in the lake level. The climate of the study area has
undergone three major changes between warm-humid and
warm-dry conditions over approximately 10 kyrs (Shen
etal., 2005; Liuetal., 2010; Luetal,2011; Luetal,
2015; Houetal., 2016; Tangetal., 2018; Zhang et al.,
2020; Xue and Zeng, 2021) (Fig. 15). Stage A corres-
ponds to the PA stage, and weathering and denudation
were strong under relatively dry climate conditions;
coarse-grained delta deposits formed in response to the
sufficient sediment supply. Stage B corresponds to the R
stage, and stage C corresponds to the APD stage. From
the middle of stage B, the climate was relatively humid,
and the grain size of the sediments became significantly
finer. In late stage C, the lake level declined rapidly,
corresponding to the forced lacustrine retreat stage.

5.2.3 Lake level variations

The lake experienced several periods of transgression and
regression within 10 kyrs. Fault activity is frequent in the
Heimahe area, and climate fluctuations are closely related
to tectonic activity (Gawthorpe and Calella, 1990;
Reading and Richards, 1994; Lietal,, 2001). The lake
level reached a maximum of approximately 3210 m at
approximately 3 kyrs (Fig. 16) (Henderson and Holmes,
2009; Liuetal., 2011; Panetal., 2012; Liuetal., 2013;
Fan et al., 2014; Cui et al., 2016; Wang et al., 2019b; Xu
etal., 2020). Tectonic movement and rainfall are
important factors affecting changes in lake levels. The
lake level increased significantly at 7.8 ka and 3.4 ka,
while the precipitation did not increase significantly at
3.4 ka. Therefore, it is believed that the tectonic activity
at this time caused the lake level to rise.

Lake level is one of the important factors affecting the
distribution and stacking pattern of sedimentary bodies.
The lacustrine development in the study area is mainly
divided into three stages (Fig. 16). When the lake level
was at a lower level and rose slowly in stage A (Figs.
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16(a) and 16(b)), corresponding to stage I (Figs. 13(a)
and 14), the delta body gradually retreated and had a
fining-up trend. In stage B (Figs. 16(a) and 16(b)),
corresponding to stage II (Figs. 13(b) and 14), the lake
rose rapidly. The grain size of the sediments rapidly
changed from coarse to fine. In stage C (Figs. 16(a) and
16(b)), corresponding to stage III (Figs. 13(c) and 14), the
lake level rose to the maximum and then rapidly declined.
After the deposit surface was exposed, some of the
deposit was eroded, the delta gradually accumulated, the
grain size became coarser, and the sedimentary range
expanded.

6 Conclusions

1) The classification of delta architecture is determined
by facies association. The delta plain can be divided into
4 types of architectural elements and their associations,
namely, debris-flow channels, switched channels,
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migrated channels, and vertical accretion bars, and the
delta front can be divided into 4 types of architectural
elements and their associations, namely, filled channels,
bilateral accretion bars, migrated channels, and unilateral
bars.

2) The sedimentary evolution process is divided into
three stages: PA, R, and APD. In the PA stage, the
stacking pattern is an inverse S-type high-angle
progression, dominated by coarse-grained sedimentation,
which was caused by an abundant sediment supply, and
the deposits formed in superimposed channels and
continuous sheets. In the R stage, the stacking pattern is
imbricated, dominated by fine-grained sedimentation, and
the channels are isolated and stripe-shaped. The stacking
pattern of the APD is a stair-stepping progression,
characterized by fine-grained sediments deposited in
isolated strips.

3) Tectonic activity, climate fluctuations and lake level
variations jointly controlled the planar distribution,
superimposed pattern of sand bodies and evolution of the
delta, and tectonics were the most important controlling
factor. The climate and the palacostructure characteristics
controlled the sediment supply.

Since the sediments of the studied section are not yet
dated and cannot be positively related to the changes in
the lake level, the sedimentary evolution of the study area
needs to be further studied.
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