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Abstract 

The sedimentary architecture of fan deltas, which commonly constitute reservoirs, is a primary control on distribu-
tion and recovery efficiency of oil and gas. Deep-water fan deltas have been extensively discussed in the literature, 
whereas the sedimentary architecture of shallow-water fan-delta fronts, especially the characterization of mouth bar, 
quantification of architectural elements, and factors controlling the various architectural elements, remain poorly 
understood. Here, based on the integration of field survey and unmanned aerial vehicle (UAV) observation, the 
sedimentary architecture of Sangyuan section of the Lower Cretaceous Xiguayuan Formation in the Luanping Basin 
to is qualitatively and quantitatively characterized. Furthermore, factors controlling the architecture of the shallow-
water fan-delta front are highlighted. Five facies associations, which differ in both lithofacies and dimensions, were 
interpreted in gravel-sand deposits of Sangyuan section, and indicate variations in flow conditions during deposition. 
The width/thickness ratio of facies associations generally increases rapidly as the flow energy and flow concentra-
tion decreases from debris flow to traction currents during the evolution of shallow-water fan delta. Both distributary 
channels and mouth bars dominate facies associations in the shallow-water fan-delta front, accounting for 53.42% 
and 36.88% of gravel-sand deposits respectively in Sangyuan section. Mouth bar consists of gravel accretions and 
sand accretions. Grain size of sediments influences the relative strength of the inertial force and bed friction, which 
determine the effluent behavior in a river-mouth system and the vertical grain-size trend of mouth bar accretions. 
Gravel accretions are characterized by normal grading, and these are interpreted as the products of inertia-dominated 
effluent. Sand accretions exhibit coarsening-upward trends in the river-mouth systems where friction-dominated out-
flow occurred. The overall vertical grain-size trend of mouth bar depends on the stacking pattern of accretions rather 
than the grading of one accretion.
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1 Introduction
Fan delta is defined as an alluvial fan prograding directly 
into a standing body of water from an adjacent highland 
(Holmes, 1965; McPherson et  al., 1987; Nemec & Steel, 
1988). As the crucial deposits in the margin of basin, fan 
deltas are commonly potential reservoirs for hydrocar-
bon and coals (Ziegler, 2001; Poppelreiter and Aigner, 
2003; Liu et al., 2019), and thus, these deposits are of sig-
nificant interest to researchers.

According to the bathymetry data (ratio of channel to basin 
depth), fan deltas can be categorized into shallow-water and 
deep-water types (Ethridge & Wescott, 1984; Postma, 1990). 
Shallow-water fan deltas are characterized by gently inclined 
delta fronts and are dominated by topsets, whereas deep-
water fan deltas (also called Gilbert-type fan delta) involve 
steeply inclined delta front and are dominated by foresets 
(Edmonds et al., 2011). Sedimentary characteristics (Postma 
& Roep, 1985; Rohais et al., 2008; Longhitano, 2008; Back-
ert et al., 2010), depositional process (Falk & Dorsey, 1998; 
McConnico & Bassett, 2007), and factors controlling the Gil-
bert-type fan delta deposits (Colella, 1988; Zhong et al., 2018; 
Barrett et al., 2019) have been extensively investigated. Based 
on field observations, flume experiments and numerical sim-
ulations, examples of shallow-water fan deltas have also been 
reported. However, these studies reveal that the sedimentary 
architecture of shallow-water fan-delta front differ signifi-
cantly, especially in the extent of development and vertical 
gradation of mouth bar.

The extent of development of mouth bars remains a 
topic of debate among researchers. According to the data 
from outcrops and reservoir description, distributary 
channels are dominant in fan-delta fronts, while mouth 
bars are undeveloped or minor in scale (Jia et  al., 2000; 
Dou et al., 2020; Wu et al., 2020). Jia et al. (2000) charac-
terized facies associations in the Xiguayuan Formation in 
the Luanping Basin and assigned 64.59% of facies to dis-
tributary channels, and only 1.4% to mouth bars in the 
fan-delta front. Conversely, according to other studies, 
both distributary channels and mouth bars are dominate 
facies associations in fan-delta front (Billi et al., 1991; Van 
Dijk et  al., 2009; Wang et  al., 2015; Zhang et  al., 2021, 
2022a, 2022b). Billi et  al. (1991) indicated that the shal-
low water, small size, and low energy of the lake favored 
the formation of mouth bars in the fan-delta front. Physi-
cal experiments have been used to reconstruct the for-
mation of mouth bar in shallow-water fan delta. Major 
isolated mouth bars develop near the shoreline if the 
channel is narrow and deep, whereas multiple arrays 
of mouth bars with small scale are formed at the river 
mouth if the channel is wide and shallow (Van Dijk et al., 
2009; Wang et al., 2015; Zhang et al., 2021). The develop-
ment of mouth bars and distributary channels in shallow-
water fan deltas have also been investigated via stochastic 

simulations using the parallel multi-stage GAN (Zhang 
et  al., 2022b). According to a 3D model, proportions of 
mouth bars and distributary channels are 48.6% and 
24.7%, respectively.

The vertical grain-size trends of mouth bar in the fan-
delta front are complex. Field observations and reservoir 
characterization studies reveal that mouth bars comprise 
coarsening-upward sand sequences (Billi et al., 1991; Jia 
et  al., 2018). However, some studies based on outcrops 
describe fining-upward trend of mouth bars in shallow-
water fan deltaic successions (Benvenuti, 2003; Fab-
bricatore et  al., 2014). Besides, in flume experiment of 
shallow-water fan delta, the fining-upward mouth bar 
developed (Wang et  al., 2015). Therefore, the sedimen-
tary architecture of shallow-water fan deltas, especially 
the mouth-bar characterization, requires further inves-
tigation. In addition, the following aspects of the sedi-
mentary architecture still remain poorly understand: (i) 
quantitative descriptions because previous studies mainly 
qualitative and (ii) controlling factors.

Here, field surveys and unmanned aerial vehicle obser-
vations were utilized to study the Sangyuan section of the 
Lower Cretaceous Xiguayuan Formation in the Luanping 
Basin. The objectives of the present study were as fol-
lows: (i) to qualitatively and quantitatively characterize 
the sedimentary architecture of a shallow-water fan-delta 
front and (ii) to elucidate factors controlling sedimentary 
architecture.

2  Geological setting
The Luanping Basin is an extensional basin in the north 
of the Yanshan Fold-thrust Belt in northeast China (Gra-
ham et al., 2001; Davis et al., 2001; Ren et al., 2002; Cope 
and Grahanm, 2007; Wei et  al., 2012). This simple half-
graben, which is bounded by normal faults on the north-
west and west (Wu et  al., 2000; Cope et  al., 2010; Yan 
et al., 2020), developed during Late Jurassic–Early Creta-
ceous time, period. The basin displays a NE-SW orienta-
tion, and it is approximately 40 km long and 20 km wide, 
thereby covering an area of almost 800  km2 (Fig. 1). The 
basement comprises Archean metamorphic and Protero-
zoic intrusive rocks, overlain by Middle Jurassic, Upper 
Jurassic and Lower Cretaceous strata. Lower Cretaceous 
strata host the Dadianzi and Xiguanyuan formations (Li 
et al., 2004; Tian et al., 2004). The initial-rift, rift-climax 
and rift-recession succession have been documented in 
Xiguayuan Formation, and a complete alluvial fan–lacus-
trine sequence has been reported, consisting of alluvial 
fan, fan-delta and lacustrine facies associations (Cope 
et al., 2010; Dou et al., 2020; Jia et al., 2020).

The Sangyuan section lies in western part of Luanping 
Basin, approximately 20 km from the Luanping District. 
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Paleocurrent indicators in the section suggest a NW 
direction. According to previous studies, shallow-water 
fan delta deposits in the Sangyuan section are charac-
terized by coarse-grained sediments with various sedi-
mentary structure, which indicate the coexistence of 
traction and gravity flows, and are dominated by topset 
beds. The widespread distribution of symmetrical ripples 
and mud cracks in Sangyuan section indicate deposi-
tion in shallow-water to subaerial environments (Zhang 
et al., 2022a). From the southeast to the northwest (lower 
part to upper part of Sangyuan section), the thickness 
of gravel-sand deposits gradually decreases and then 
increases along with the fluctuation of lake level. Luo 
et  al. (2007) identified six 5th base level cycles (namely, 
SQ1–SQ6) in the Sangyuan section. SQ1–SQ3 represent 
fining- and thinning-upward sequences, whereas SQ4–
SQ6 exhibit coarsening- and thickening-upward trends 
(Fig. 2).

3  Data and methodology
In this study, field surveys and unmanned aerial vehicle 
(UAV) observations were integrated. Field surveys were 
used to closely examine lithologies, sedimentary struc-
tures and vertical grain-size trends of gravel-sand depos-
its. Based on field surveys, more than 400 high-definition 
photographs of the section were taken and 17 columns 

with a cumulative length of approximately 420 m describ-
ing the sedimentary architecture were drawn. Moreover, 
18 samples were collected to examine grain-size varia-
tions in mouth bar deposits, whereas 24 samples (S1–S24 
in Fig. 2) were taken to investigate fluctuations of the lake 
level using geochemical analyses data. All analyses were 
conducted in the State Key Laboratory of Petroleum 
Resources and Prospecting, China University of Petro-
leum (Beijing).

The UAV observation is a research method that is used 
to collect data from different locations, and these data 
can be employed to establish a three-dimensional (3D) 
model of a studied area. This method enables the collec-
tion of data from high and steep mountain areas, as well 
as other areas that are inaccessible through field surveys. 
The 3D digital model that is established from these data 
facilitates quantitative analysis that is void of manual 
measurement errors and subjective direct observations 
(Blistan et al., 2016; Yin et al., 2018). In the present study, 
a UAV equipped with an oblique camera that contains 
five lenses was utilized, and the observation altitude was 
300  m. More than 5500 photographs involving coordi-
nates were taken during observations, and the resolu-
tion of the established digital model is 0.2 m. This model 
was used to investigate the macroscopic distribution and 
quantitative scales of architectural elements.

Fig. 1 Maps showing the A location of the Luanping Basin in the north of a fold-thrust belt, and B detailed structure, exposed stratigraphic 
formation, paleocurrent direction, and locations of the section studied.  J2j-Jiulongshan Formation,  J2t-Tiaojishan Formation,  J2h-Houcheng 
Formation,  J3z-Zhangjiakou Formation,  J3db-Dabeigou Formation,  K3d-Dadianzi Formation,  K3x-Xiguayuan Formation
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4  Sedimentary characteristics and analysis
4.1  Lithology
According to grain sizes, lithofacies in the shallow-water 
fan delta include conglomerate, sandstone and mud–silt-
stone. Based on sedimentary structures, twelve subtypes 
including C1–C6, S1–S5, and M1were identified (Fig. 3).

4.1.1  Conglomerate lithofacies
In this lithofacies, grains with diameters that are 
> 2 mm exceed 30%, and the main subtypes include peb-
ble conglomerate, granule conglomerate and graded 
conglomerates.

A. Pebble conglomerate

In this subtype of the conglomerate lithofacies, content 
of grains with diameters that are > 10 mm is higher than 
50%. Based on sedimentary structures, it can be divided 
into massive pebble conglomerate (C1) and imbricated 
pebble conglomerates (C2).

The massive pebble conglomerate is clast- or matrix-
supported, and it is characterized by relatively poor grain 
sorting. Clasts are randomly arranged, and nearly upright 
gravels and muddy rip-up clast occur occasionally 
(Fig.  3A). Conversely, the imbricated pebbly conglom-
erate is clast-supported and extremely poorly sorted. It 
contains gravels that are up to 10 mm long, and these dis-
play a consistent NNS orientation (Fig. 3B).

B. Granule conglomerate

Grains with diameter varying between 2 and 10 mm are 
> 50% in this conglomerate subtype. Sedimentary struc-
tures reveal that this subtype involves massive granule 
conglomerate (C3), cross-laminated granule conglomer-
ate (C4), and imbricated granule conglomerate (C5).

The massive granule conglomerate is clast-supported 
and poorly sorted. It contains gravels that exhibit ran-
dom orientations and muddy rip-up clasts in its lower 
portion (Fig. 3C). The cross-laminated granule conglom-
erate is also clast-supported, but it is characterized by 

Fig. 2 3D digital model of the Sangyuan section that was established based on UAV observations data. From the bottom to top, the thickness of 
gravel-sand deposits gradually decreases, and then it increases according to fluctuations of the lake level. A symmetrical ripples that indicate a 
shallow-water environment above the wave base; B cross-laminated sandstones reflecting actions of traction currents; C symmetrical ripples; D 
coarse-grained sediments; E mud cracks that are indicative of a subaerial environment; F slump structures associated with gravity flow deposits



Page 5 of 17     3 Sedimentary architecture of shallow-water fan-delta front

moderately sorted grains. Steep inclinations (up to 60°) 
and thick (thicknesses of 5–15  cm) cross-laminations 
are typical features of this conglomerate type. Randomly 
oriented gravels and some that are arranged along bed-
ding planes are also present (Fig. 3D). In the imbricated 
granule conglomerate, gravels commonly display an ori-
entation that is indicative of the paleocurrent direction 
(Fig. 3E).

C. Graded conglomerate

In this conglomerate type, grains with diameters that 
are > 10 mm and between 2 and 10 mm make up < 50%. 
The relatively wide grain size distribution accounts for 
its poor sorting. This graded conglomerate (C6) exhibits 
either normal or inverse grading (Fig. 3F).

Fig. 3 Lithofacies in Sangyuan section. A massive pebble conglomerate (C1); B imbricated pebble conglomerate (C2); C massive granule 
conglomerate (C3); D cross-laminated granule conglomerate (C4); E imbricated granule conglomerate (C5); F grading conglomerate (C6); G massive 
coarse sandstone (S1); H cross-laminated coarse sandstone (S2); I parallel-laminated coarse sandstone (S3); J cross-laminated fine to medium 
sandstone (S4); K parallel-laminated fine to medium sandstone (S5); L mud–siltstone (M1)
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4.1.2  Sandstone lithofacies
Based on grain sizes, the sandstone lithofacies is divided 
into coarse sandstone and fine–medium sandstone.

A. Coarse sandstone

In this subtype, coarse sand grains are > 50%, and it can 
be subdivided into massive coarse sandstone (S1), cross-
laminated coarse sandstone (S2), and parallel-laminated 
coarse sandstone (S3).

The massive and cross-laminated coarse sandstones are 
moderately sorted, and these contain < 5% of conglomer-
ate grains with relatively small diameters (Fig. 3G and H). 
Conglomerates in cross-laminated coarse sandstone are 
arranged along bedding planes. Conversely, parallel-lam-
inated coarse sandstones are well sorted (Fig. 3I). Com-
pared with the cross-laminated granular conglomerate, 
inclinations of bedding planes are gentle (between 2 and 
20°) and the scale of cross-lamination is lower (laminas 
are < 10 cm thick) (Fig. 3H).

B. Fine–medium sandstone

The fine–medium sandstone lithofacies contains mainly 
fine and medium sand grains. Sedimentary structures 
enabled this sandstone type to be classified as cross-lami-
nated (S4) and parallel-laminated (S5), and both subtypes 
are well sorted (Fig. 3J and K).

Cross-laminated fine–medium sandstone displays 
trough and wedge-shaped cross bedding, as well as ripple 
laminations. The fine sand content gradually increases 
while the scale of cross-lamination decreases from the 
trough  cross  bedding-dominated (medium sand-domi-
nated, and laminas are < 5 cm) to the ripple lamination-
dominated (fine sand-dominated and laminae are < 2 cm) 
fine–medium sandstones (Fig. 3J).

4.1.3  Mud–siltstone lithofacies
This lithofacies (M1), which contains abundant clay and 
silt, varies from light green to gray-green and dark gray. 
In deposits with high silt contents, ripple laminations 
developed locally, whereas occasional mud cracks in light 
gray mudstones reflect deposition in a subaerial environ-
ment (Fig. 3L).

4.2  Characteristics of the sedimentary architecture 
and analysis

Even though the studied section was occasionally exposed 
to the subaerial environment, it was primarily deposited 
in a shallow-water environment, and thus, records pre-
served are mostly those of shallow-water fan-delta front 

deposits. Three facies associations emerged from the 
gravel-sand deposits, and these included distributary 
channel, lobe and sheet sand deposits. Deposits contain-
ing mud–siltstone are not the focus of this study.

4.2.1  Facies association A–Distributary channel

Description

Facies association A consists of conglomerate and coarse 
sandstone, and this is characterized by normal grad-
ing and concave-up beds with erosional bases. Distribu-
tary channel deposits vary from 1 to 28  m in thickness 
between 6 and 160  m in width. Scale, lithofacies asso-
ciations, and nearby bedding plane structures partition 
distributary channel deposits into types A and B. Type 
A channel deposits (FAA) are characterized by coarse-
grained sediments and thick beds, which are overlain by 
light green and greenish gray mud–siltstones. The mud 
cracks can be seen nearby. The lower portion of the FAA, 
which involves the C1 and C2 lithofacies, is > 5 m thick, 
and this is overlain by the C3 and C5 lithofacies (Fig. 4). 
Type B channel deposits (FAB) vary in thickness from a 
few decimeters to 4 m, and it contains a higher propor-
tion of fine sediments than the FAA. The lower portion 
generally comprises the C3, C4, and C6 lithofacies, and 
these are overlain by the S1, S2 and S3 (Fig. 5). Associ-
ated greenish to dark gray mud–siltstones and ripples 
occurs around occasionally.

Interpretation

The FAA is in the SQ6 and it is attributed to deposition 
in subaerial distributary channels. The associated mud 
cracks and light color of mud–siltstones likely reflect the 
subaerial environment. The presence of randomly ori-
ented gravels, poor sorting, and lack of grading in litho-
facies C1 and C3 are attributed to highly concentrated 
debris flows that were devoid of internal laminar shearing 
(Gloppen & Steel, 1981; Shanmugam, 2000; Gani, 2004). 
The C2 and C5 lithofacies are extremely poorly sorted 
and the common occurrence of large oriented clasts sug-
gests deposition from weak-cohesive debris flows. Large 
gravels can be moved and turned by currents because of 
weak cohesion, and this probably explains the imbrica-
tion in conglomerates (Hampton, 1975; Lowe et al., 1982; 
Zavala & Pan, 2018).

Sediments in the FAB are attributed to deposition in 
subaqueous distributary channels. Symmetrical ripples 
and relatively dark color of the associated mud–silt-
stones suggest deposition in a shallow-water environ-
ment. As shown in Fig. 5, characteristics of subaqueous 



Page 7 of 17     3 Sedimentary architecture of shallow-water fan-delta front

distributary channels are complex because of the pres-
ence of diverse lithofacies associations. Lithofacies 
variations probably represent the change of flow con-
ditions. Inverse graded and overlying normal graded 
units can be interpreted as products of a hyperpycnal 
flow, which reflects expanding-to-waning flash floods 
(Zavala et al., 2006; Yan et al., 2020) (Fig. 5b1). The C3 
lithofacies is attributed to a non-tractional deposition 
because of its poor sorting, occurrence of randomly 
oriented gravels and muddy rip-up clasts. Conversely, 
the S2 and S3 lithofacies are assigned to fully tractional 
deposition, and these display the upper flow-regime 
plane-bed configuration as well as dunes and current 
ripples (Benvenuti et  al., 2003). Thus, lithofacies asso-
ciations involving the C3 overlain by the S2 are con-
nected to the genesis of debris flows to traction currents 
(Fig. 5a2). During evolution of the fan delta (decreasing 
scale of distributary channels), products of debris flow 

decreased in thickness, whereas those of traction cur-
rents, such as the cross-laminated conglomerate and 
sandstone, are more likely to be recorded (Fig. 5a1).

4.2.2  Facies association B–Lobe
Description

Facies association B typically contains conglomerates and 
sandstones, and these strata exhibit convex-upward top 
surfaces. Individual units range from 1 to 15 m in thick-
ness and generally extend laterally for > 60 m. Based on 
differences in lithofacies associations and vertical grain-
size trends, this lithofacies can be associated with the 
following lobe types: gravel lobes (FBA) and gravel-sand 
lobes (FBB).

The FBA is characterized by coarse-grained sediments 
(dominated by the C1 and C3 lithofacies) and the lack of 
a grain-size trend. It ranges from 8 to 15 m in thickness 

Fig. 4 Sedimentary architecture of type A channel deposits. Lithofacies C1 and C2 that are in the bottom portion exceed 5 m in thickness, and 
these are overlain by the C3 and C5 lithofacies
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Fig. 5 Sedimentary architecture of type B channel deposits. Lithofacies associations in type B channel deposits are complex, but in general, these 
involve the C3, C4, and C6 in the bottom, which are overlain by the S1, S2 and S3
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Fig. 6 Sedimentary architecture of lobes. A Gravel lobes that are characterized by coarse-grained sediments and no grain-size trend; B gravel 
accretions comprising primarily of the C3 lithofacies overlain by S1, five normally-graded accretions are recognized in this gravel-sand lobe; C sand 
and gravel accretions, sand accretions generally contain cross- and parallel-laminated sandstones that are characterized by coarsening-upward 
trends
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and 60–150 m in lateral extent (Fig. 6A). Sand and gravel 
accretions are recognized in the FBB. Gravel accretions 
(the thickness of the conglomerate lithofacies accounts 
for > 30%) primarily contain the C3 lithofacies overlain by 
the S1 (Fig. 6B). Sand accretions are generally cross- and 
parallel-laminated sandstones that comprise the S2, S3, 
S4, and S5 lithofacies (Fig. 6C). These accretions and the 
FBB display either coarsening- or fining-upward trends.

Interpretation

The FBA is common in the SQ6. Its spatial distribution 
and low width/thickness ratios of 8–10 imply that it orig-
inated from highly concentrated flows at the lake mar-
gin. Its massive coarse-grained sediments, occurrence 
of upright gravels, and lack of a grain-size trend sug-
gest its deposition involved a freezing process by debris 
flows (Kim, 1995; Sohn et  al., 1999). This caused lobes 
to extend forward instead of laterally (Van Dijk et  al., 
2009; Zhang et al., 2021), and thus, the FBA is assigned to 
tongue-shaped debris deposits. It was likely derived from 
debris deposits in alluvial fans that were dipping into the 
lake (Blair & McPherson, 1998; Wu et al., 2016).

The FBB also displays a convex-upward top surface, 
and its non-erosive bed contact and upward-fining or 
upward-coarsening sequences suggest that it is a mouth 
bar deposit. Accretions in the FBB are considered 
records of the progradation of mouth bar bodies. Grain 
size variations in accretions probably reflect a continu-
ous river supply that was characterized by variable flow 

discharge and energy. Gravel accretions represent mouth 
bar deposits from fluvial processes at the river mouth of 
subaerial distributary channels or a main/proximal sub-
aqueous distributary channel (Dunne & Hempton, 1984; 
Rasmussen, 2000). The massive appearance and normal 
grading of gravel accretions imply that these originated 
from debris flows (Shultz, 1984; Rasmussen, 2000). In 
fact, the massive gravelly bed (C3 lithofacies) was depos-
ited abruptly as an inertial carpet, whereas turbulent 
currents continued to deposit sand (S1 lithofacies) (Benv-
enuti, 2003; Fabbricatore et  al., 2014). Conversely, sand 
accretions were probably deposited at outlets of second-
ary/distal subaqueous distributary channels (Rasmussen, 
2000; Fabbricatore et al., 2014). Sand lithofacies that are 
characterized by slightly inclined cross- and parallel-
lamination are attributed to traction currents in the river 
mouth system (Turner & Tester, 2006; Winsemann et al., 
2009).

4.2.3  Facies association C–Sheet sand
Description

Facies association C generally involves the S4 (domi-
nated by ripple lamination) and S5 lithofacies, as well 
as occasional ripple-laminated siltstone, and it displays 
a sheet-like geometry. Its thickness ranges from 0.3 to 
0.8  m and extend laterally for hundreds of meters. The 
lateral boundaries of sheet sand deposits are poorly 
exposed because of vegetation cover, and this explains 
the general lack of exact width values (Fig. 7). This facies 

Fig. 7 Sedimentary architecture of sheet sand, which commonly contain the S4 (dominated by ripple laminations) and S5 lithofacies



Page 11 of 17     3 Sedimentary architecture of shallow-water fan-delta front

association occurs near symmetrical ripples and dark 
gray mud–siltstones.

Interpretation

These laterally extensive sheets are interpreted to rep-
resent sheet sand deposits from traction currents via 
reworking of sands that were previously deposited in the 
shallow-water fan-delta front (Orton & Reading, 1993; 
Longhitano, 2008). Ripple cross-laminated sandstones 
probably represent the phase of deposition involving 
waves of variable energy. Dark mud–siltstones and fine 
sandstones indicate low energy conditions also occurred 
during deposition.

4.3  Dimensions of architectural elements
Based on the characteristics of architectural elements, 
especially the lithofacies associations and geometry, their 
spatial distribution in the shallow-water fan-delta front 

is elucidated (Fig.  8). Dimensions of architectural ele-
ments, including distributary channels, tongue-shaped 
debris deposits, mouth bars, and sheet sands, were meas-
ured using the 3D digital model of the studied section. 
According to the results, the proportion of gravel-sand 
deposits in the Sangyuan section is 31.67%. Distributary 
channel and mouth bar deposits dominate facies asso-
ciations in the shallow-water fan-delta front as reported 
by Billi et  al. (1991), and these account for 53.42% and 
36.88%, respectively. Tongue-shaped debris deposits and 
sheet sands correspondingly represent 8.39% and 1.31% 
of the gravel-sand deposits.

The relationship between the thickness and width 
of architectural elements (after corrections associated 
with directions) are shown in Fig. 9. Sheet sands exhib-
ited the highest width/thickness ratios (higher than 121) 
as it ranges from 0.3 to 0.8  m in thickness and often 
show a considerably lateral extent (wider than 100  m). 
Conversely, tongue-shaped debris deposits produced a 

Fig. 8 Distribution of architectural elements in the shallow-water fan delta front in the Sangyuan section. A The 3D digital model of studied section. 
B The interpretation of the sedimentary architecture. C and D Magnification of images shown in (A) and (B). E Column of Sangyuan section. The 
proportion of gravel-sand deposits in the Sangyuan section is 31.67%. Distributary channels and mouth bars dominate facies associations in the 
shallow-water fan delta front
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narrow range of width/thickness ratios (8–10), and the 
average was 9.1. Relatedly, mouth bars showed width/
thickness ratios that range from 23 to 67, and the average 
was 41.3. Subaerial and subaqueous distributary chan-
nels showed width/thickness ratios of 4–7 (averaging 5.3) 
for the former and 6–25 (averaging 10.7) for the latter. 
Overall, width/thickness ratios of architectural elements 
increased rapidly as the flow energy and concentration 
changed from those of debris flows to traction currents 
during evolution of the shallow-water fan delta (Fig. 9A). 
Variations in flow conditions during deposition in sub-
aqueous distributary channels and mouth bars likely 
account for the extensive differences in width/thickness 
ratios.

Regarding architectural elements, the width and thick-
ness data for each exhibit positive correlations, but the 
correlation coefficient  (R2) values differ. For example, the 
correlation coefficient  (R2) between the width and thick-
ness for tongue-shaped debris deposits is 0.9731, whereas 
that for distributary channels is 0.6438 (Fig. 9B). To fur-
ther understand controls on the scale of distributary 
channels, cross plots associated with locations of dis-
tributary channels (Fig. 10) and lithofacies in these chan-
nels were created (Fig. 11). As shown in Fig. 10, thicker 
single gravel-sand deposits, lighter color of mudstone 
and higher V/Ni ratio indicate shallower water (Jones & 
Manning, 1994), thus, the lake level rises first and then 
falls (SQ1–SQ4: relatively deep water; SQ5: medium 
water depth; SQ6: relatively shallow water). These plots 

Fig. 9 Plots showing dimensions of architectural elements measured via the 3D digital model. A The width/thickness ratio of architectural elements 
increased rapidly as the flow energy and concentration changed from debris flow to traction currents during the shallow-water fan delta evolution. 
B The width is positively correlated with thickness for each architectural element, however, the correlation coefficients differ

Fig. 10 Lake level fluctuation of studied section. A Thickness variations of single gravel-sand deposits. Thinner gravel-sand deposits indicate 
shallower water; B Mudstone color variations, a lighter color indicates shallower water; C Major and trace elements content variations, the V/Ni ratio 
is negatively correlated to the water depth, thus, a higher value indicates shallower water (Jones & Manning, 1994); and D The lake level fluctuation 
is inferred based on (A, B and C). SQ1–SQ4: relatively deep water; SQ5: medium water depth; SQ6: relatively shallow water
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reveal the following: (i) Distributary channels that devel-
oped in shallower waters are characterized by thicker lay-
ers and lower width/thickness ratios, and these highlight 
the influence of lake level fluctuations on the channel-
related erosion. These channels that developed in shal-
lower waters are more incised because of a low resistance 
of water bodies and highly concentrated flows (Fig. 11A). 
(ii) Coarser-grained distributary channel deposits are 
thicker and these exhibit lower width/thickness ratios 
because of the intense erosion associated with coarse 
sediments (Fig. 11B).

5  Factors controlling the vertical grain‑size trend 
of mouth bar

As stated in Sect.  4.2, the vertical grain-size trends of 
mouth bar accretions are complex. Gravel accretions 
commonly show fining-upward trends, whereas sand 
accretions exhibit coarsening-upward trends (Fig.  6). 
Grain size analyses of samples selected from mouth bar 
accretion involving diverse vertical variations reveal that 
grain sizes of sediments control vertical grain-size trends. 
Accretions involving coarse sediments (median grain size 
> 1000  μm) commonly display a fining-upward trend, 
whereas those containing fine sediments (median grain 
size < 1000 μm) exhibit a coarsening-upward trend in the 
Sangyuan section (Fig. 12).

The deposition of sediments in a river-mouth system is 
associated with the effluent behavior, which is affected by 
both the inertia and bed friction. An inertia-dominated 
effluent increases grain sizes of sediments along foreset 
beds, and thus, the associated mouth bar accretions are 
characterized by a fining-upward trend. Conversely, a fric-
tion-dominated effluent decreases grain sizes of sediments 
along foreset beds, and the corresponding accretions 

display a coarsening-upward trend (Postma, 1990; Wang 
et  al., 2015; Wright, 1977). The relative strengths of the 
inertial force and bed friction in a river-mouth system are 
strongly connected to the Reynolds (Re) and Froude (Fr) 
numbers (Wright, 1977). An inertia-dominated deposi-
tional pattern occurs if the Re exceeds 2300 or if the Fr is 
> 16.1, whereas lower Re and Fr values are linked to fric-
tion-dominated processes (Barkley et  al., 2015; Hayashi 
et  al., 1967). The parameters Re and Fr can be calculated 
using the following expressions:

(1)Re =
vh

µ

Fig. 11 Control of lake level fluctuation and lithofacies on dimensions of distributary channels. A The channels developed in shallower water are 
characterized by thicker layer and lower width/thickness ratio. B Coarser-grained distributary channels with larger thickness and lower width/
thickness ratio

Fig. 12 Vertical grain-size trend of mouth bar accretions varies with 
grain size. Accretions involving coarse-grained sediments (median 
grain size is > 1000 μm) display fining-upward trends, whereas those 
with fine-grained sediments (< 1000 μm) are characterized by inverse 
grading
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where v is the flow velocity (m sec −1) that is related to 
the discharge, slope of the substrate layer, etc. A high 
discharge and a steep slope of the substrate layer cause 
a high flow velocity, thereby producing high Re and Fr 
values, as validated by Zhang et  al. (2021) using flume 
experiments. The parameter µ is the kinematic viscos-
ity  (m2   sec−1), which is mainly affected by grain size of 
sediments. Fine sediments elevate the viscosity, thereby 
creating low Re values, as reported by Zhang et al. (2021). 
The parameter h is water depth of channel outlet (m) 
and g is the gravitational constant (m   sec−2). Therefore, 
gravel accretions in mouth bars that are characterized by 
normal grading can be considered as products of inertia-
dominated effluents because of their high Re values. As 
the Re value decreases, sand accretions in river-mouth 
systems display a coarsening-upward trend, and this 
highlights the control of friction-dominated effluents.

(2)Fr =
v

√

gh

As for the overall vertical grain-size trend of mouth bar, 
it depends on the stacking pattern of accretions rather 
than the grading sequence of one accretion. In the Sangy-
uan section, four grading patterns are evident, including 
an overall inverse grading that involves repetitive coars-
ening-upward packages (Fig. 13), an overall inverse grad-
ing comprising inversely- and normally-graded accretions 
(Fig. 6C), an overall inverse grading showing a repetition 
of fining-upward packages (Fig. 13), and an overall normal 
grading that comprises repeating fining-upward pack-
ages (Fig.  6B). The overall inverse grading of the mouth 
bar deposits is attributed to overlying coarser accretions, 
whereas the decline in sediment sizes in bottom-up accre-
tions can produce overall normally graded mouth bar.

6  Conclusions
The main findings of this study are summarized as 
follows:

Fig. 13 Overall inverse grading of mouth bar. In Columns 1 and 2, the overall inverse grading is characterized by repeated coarsening-upward 
packages, whereas in Column 3, the inverse grading involves repeated fining-upward packages
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(1) Five facies associations are interpreted in gravel-
sand deposits in the Sangyuan section, including 
subaerial distributary channels, subaqueous dis-
tributary channels, tongue-shaped debris deposits, 
mouth bars and sheet sands. Mouth bar consists 
of gravel and sand accretions, showing coarsen-
ing-upward trend or fining-upward trend. Facies 
associations displayed differences in dimensions, 
which indicated variations in flow conditions dur-
ing deposition. Overall, the width/thickness ratios 
of facies associations increased rapidly as the flow 
energy and flow concentration changed from those 
of debris flows to traction currents during evolu-
tion of the shallow-water fan delta. Variations in 
flow conditions during deposition of sediments in 
subaqueous distributary channels and mouth bars 
can explain the wide differences in width/thickness 
ratios.

(2) In the gravel-sand deposits of the Sangyuan sec-
tion, both distributary channels and mouth bars 
dominate facies associations of the shallow-water 
fan-delta front, accounting for 53.42% and 36.88%, 
respectively. Tongue-shaped debris deposits and 
sheet sands represent 8.39% and 1.31%, respectively.

(3) Grain sizes of sediments influence the strength of 
the inertial force and bed friction during deposi-
tion, and these factors determined the behavior of 
effluents in the river-mouth system, which further 
result in the vertical grain-size trends of mouth bar 
accretions. The normal grading of gravel accretions 
was attributed to inertia-dominated effluents. Sand 
accretions displayed a coarsening-upward trend in 
the river-mouth system, and this was assigned to 
friction-dominated effluents. The overall vertical 
grain-size trend of mouth bars depended on the 
stacking pattern of accretions rather than the grad-
ing in one accretion. The overall inverse grading of 
the mouth bar deposits is attributed to overlying 
coarser accretions, whereas the decline in sediment 
sizes in bottom-up accretions accounted for overall 
normally graded mouth bar.
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