
Original Paper

Grain-size control on lacustrine fan-delta architecture in source-to-
sink steep-slope zones: Insights from field surveys and flume-tank 
experiments

Long Sun a,b , Sheng-He Wu a,b,* , Da-Li Yue a,b,** , Si-Chong Jiang c , Zhen-Hua Xu a,b ,
Ke Zhang d,e , Li-Jun Yang a,b , Ji-Ye Li a,b

a State Key Laboratory of Petroleum Resources and Engineering, China University of Petroleum (Beijing), Beijing, 102249, China 
b College of Geosciences, China University of Petroleum (Beijing), Beijing, 102249, China
c Shenzhen Branch of CNOOC Ltd., Shenzhen, 518054, Guangdong, China
d China Zhenhua Oil Co. Ltd, Beijing, 100031, China
e Chengdu North Petroleum Exploration and Development Technology Co. Ltd, Chengdu, 610051, Sichuan, China

a r t i c l e i n f o

Article history:
Received 17 August 2025 
Received in revised form
28 January 2026
Accepted 21 April 2026 
Available online 25 April 2026

Edited by Xiu-Fang Hu

Keywords:
Fan delta
Architectural element
Lobe
Grain size
Source-to-sink steep-slope zones

a b s t r a c t

Lacustrine fan deltas, key depositional systems at basin margins, serve as crucial hydrocarbon accu-
mulation sites. Previous studies have largely focused on depositional slope, overlooking the role of 
source-area slope and its coupling with grain size in source-to-sink steep-slope zones. Understanding 
this grain-size control on fan-delta architecture is crucial for predicting subsurface reservoir distribu-
tion, dimensions, and stacking patterns. Located in the North China Craton, the Luanping Basin features 
well-exposed Yuying (Y) and Duiwogoumen (D) sections of the Lower Cretaceous Xiguayuan Formation, 
which offer ideal outcrops for analyzing fan-delta architecture in source-to-sink steep-slope zones. 
Unmanned aerial vehicle (UAV) digital models reveal that fan-delta architectural elements in source-to-
sink steep-slope zones are dominated by lobes, accompanied by rare distributary channels and slump 
deposits. Steeper source-area slopes promote high-concentration, high-velocity sediment flows, which 
favor lobe deposition and suppress erosional channel development, thereby controlling the relative 
dominance of lobes over channels. Under such steep-slope settings, field surveys and flume-tank ex-
periments jointly elucidate how grain size governs lobe architecture and its underlying mechanisms. 
Fine-grained sediments exhibit higher fluidity and slower settling rates, enabling broader dispersion 
and the formation of wide, sheet-like lobes with high width-to-thickness ratios and predominantly 
vertical stacking. In contrast, coarse-grained sediments show lower fluidity, poorer stability, and faster 
settling, leading to rapid deposition that produces narrow, tongue-shaped lobes with low width-to-
thickness ratios, dominated by lateral migration and associated with deeper incised channels. Thus, 
fan-delta architecture in source-to-sink steep-slope zones is governed by a dual control: source-area 
slope determines the lobe-dominated pattern, and grain size dictates lobe geometry and stacking. 
This study provides a mechanistic framework for predicting reservoir distribution in analogous systems.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Fan deltas are basin-margin depositional systems that develop 
where alluvial fans prograde directly from adjacent highlands into 
bodies of standing water (Holmes, 1945; McPherson et al., 1987). In 
continental basins, lacustrine fan-delta reservoirs represent sig-
nificant hydrocarbon plays. Their substantial internal heteroge-
neity has sustained extensive research interest in petroleum 

geology and sedimentology (Li et al., 2021; Liu et al., 2019; Sun 
et al., 2024; Tan et al., 2017; Tanaka and Maejima, 1995; Wu
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et al., 2025). Characterized by dual subaerial–subaqueous deposi-
tion and complex source-to-sink configurations, they form critical 
links within sediment routing systems and exhibit intricate 
depositional architecture (Kataoka and Nakajo, 2004; Postma, 
1990; Sun et al., 2025).

The formation of fan deltas is governed by the coupled controls 
of source and depositional conditions. Source conditions include 
grain size, flow velocity, sediment concentration, and source-area 
slope, whereas depositional conditions encompass depositional 
slope and water depth (Zhang et al., 2021). Slope is a pivotal 
parameter in the source-to-sink system, directly or indirectly 
influencing weathering, transport, and deposition in both the 
catchment and the basin (Hussain et al., 2020; Sun et al., 2025). 
Previous studies have largely focused on the slope of the deposi-
tional area, classifying fan deltas into steep-slope and gentle-slope 
types based on this gradient (Wu et al., 1994; Yu et al., 2014). 
Research has detailed how depositional slope provides a key 
driving force for sediment transport and controls fan-delta 
morphology by regulating flow velocity (Gao et al., 2020; Harvey 
et al., 2005; Parker et al., 1998). Numerous experimental simula-
tions have further explored the relationships among fan slope, 
sedimentation patterns, and flow dynamics by varying deposi-
tional conditions (Geleynse et al., 2011; Milana and Tietze, 2002; 
Nota et al., 2024; Whipple et al., 1998; Zhang et al., 2021, 2022). 
These studies underscore the fundamental role of depositional 
slope in sedimentary system evolution and its importance for 
understanding sedimentary dynamics (Sun et al., 2025). However, 
as proximal deposits, fan deltas are profoundly influenced by their 
source area. A key oversight from a source-to-sink perspective is 
the role of the source-area slope. While depositional slope pri-
marily affects morphology through flow velocity (Gao et al., 2020), 
the source-area slope exerts a more comprehensive control by also 
governing sediment concentration, discharge, and the initial grain-
size distribution (Sun et al., 2025). Under specific climatic condi-
tions, steep mountainous catchments are more susceptible to 
slope failures, such as landslides and collapses, which increase 
debris supply and promote high-concentration, high-velocity 
debris flows (de Haas et al., 2016; Shanmugam, 2000). Despite this, 
how the source-area slope controls the internal architecture of fan 
deltas remains poorly understood. Furthermore, although physical 
experiments have simulated steep-slope fan deltas by adjusting 
the depositional gradient, they often retain source-condition pa-
rameters (e.g., low concentration and discharge) typical of gentle-
slope catchments (Zhang et al., 2021, 2022). Conversely, subsurface 
and field studies have focused on reconstructing paleotopography 
of the depositional areas or have been limited by data, making it 
difficult to quantify the source-area slope and its effects on sedi-
ment flux (Li et al., 2021; Sun et al., 2025; Zhang et al., 2023). 
Therefore, the steep-slope zone emphasized in this study extends 
beyond the steep depositional or fault-related slopes commonly 
examined. It refers specifically to a source-to-sink steep slope zone 
where both the source and the depositional basin exhibit steep 
gradients. Within this framework, studying fan-delta architecture 
as an integrated system remains an underexplored research gap, 
particularly for fan deltas widely developed in such steep slope 
settings.

Extensive physical experiments and numerical simulations 
have elucidated how sediment grain size controls fan-delta pro-
cesses, morphology, and vertical rhythms (Van Dijk et al., 2009, 
2012; Wang et al., 2015; Zhang et al., 2021, 2022). Key findings 
include: (1) grain size influences the morphology and scale of 
architectural elements, with coarser sediment leading to slower 
progradation, flatter fan profiles, smaller width-to-thickness ra-
tios, and larger distributary channels; (2) the critical slope for fan-
delta development is negatively correlated with median grain size,

with finer grains promoting sheet flows and lobe development; 
and (3) grain size affects lobe accretionary rhythms, as demon-
strated by coarser sediments producing fining-upward sequences. 
However, even studies that varied grain size and depositional 
slope in experiments have largely maintained source-condition 
parameters typical of gentle topography, neglecting the steep 
source-area slope's control on sediment supply and flow behavior 
(Wang et al., 2015; Zhang et al., 2021, 2022). Consequently, the 
sedimentary dynamics and the controlling role of grain size on 
fan-delta architecture within integrated source-to-sink steep-
slope zones are still insufficiently understood.

We hypothesize that in steep source-to-sink systems, grain size 
exerts a primary control on lobe geometry and stacking pattern, 
while channels remain subordinate. To test this, we integrate field 
surveys with flume-tank experiments through a three-part 
methodology: (1) lithofacies analysis based on field measure-
ments, (2) cross-sectional architecture analysis using 3D digital 
outcrop models constructed from unmanned aerial vehicle (UAV) 
data, and (3) interpretation of sedimentary dynamics governing 
fan delta formation in source-to-sink steep-slope zones, combined 
with flume-tank experiments using grain size as the sole variable. 
Ultimately, this will establish architectural patterns for fan deltas 
under varying grain size conditions in source-to-sink steep-slope 
zones.

2. Geological setting

The outcrop sections investigated in this study are located in 
the Luanping Basin, situated in the northeastern part of the Yan-
shan Fold-Thrust Belt on the North China Craton (Fig. 1(a)) (Cope 
and Graham, 2007; Fang et al., 2022; Wei et al., 2012). This basin 
is a continental volcanic-faulted lake basin with a NE–SW-trending 
half graben structure. The basin extends approximately 40 km in 
the NE–SW orientation and approximately 20 km in the NW–SE 
direction, with a remaining area of approximately 800 km 2 (Pan 
et al., 2021; Yan et al., 2020; Zhang et al., 2023). Its tectonic 
framework is primarily controlled by two extensional normal 
faults: the Hongqi-Gangzi Fault to the north and the Xiaobaiqi-
Fujiadian Fault to the west (Fig. 1(b)) (Cope et al., 2010). The tec-
tonic evolution of the basin is divided into three stages: (1) the first 
rifting stage (initial rifting), (2) the second rifting stage (peak 
rifting), and (3) the third rifting stage (rifting decline), during 
which two phases of large-scale volcanic activity occurred 
(Fig. 2(a)) (Jia et al., 2020; Wu et al., 2000).

Basement rocks of the Luanping Basin consist predominantly of 
Neoarchean metamorphic rocks and Proterozoic intrusive rocks 
(Pan et al., 2021; Yan et al., 2020). In ascending order, the stra-
tigraphy comprises the Middle Jurassic Jiulongshan Formation 
(J 2 j), Upper Jurassic Tiaojishan Formation (J 3 t), Upper Jurassic 
Houcheng Formation (J 3 h), Lower Cretaceous Zhangjiakou For-
mation (K 1 z), Lower Cretaceous Dabeigou Formation (K 1 db), Lower 
Cretaceous Dadianzi Formation (K 1 d), Lower Cretaceous 
Xiguayuan Formation (K 1 x), and Quaternary (Q) (Fig. 2(a)). This 
study focuses on the Lower Cretaceous Xiguayuan Formation 
(K 1 x). The biotite 40 Ar/ 39 Ar age of the extensively developed ba-
salts within the Lower Cretaceous Xiguayuan Formation of the 
Luanping Basin constrains the depositional age to ~128.4 ± 0.2 Ma, 
and the total thickness of the K 1 x is approximately 1700 m (Wei 
et al., 2012; Yuan et al., 2025). The formation consists mainly of 
conglomerate, sandstone, siltstone, and mudstone, interpreted as 
deposits of alluvial fans, fan deltas, and semi-deep to deep lakes. 
From bottom to top, it comprises a complete second-order 
sequence (characterized by an initial lacustrine transgression fol-
lowed by a lacustrine regression), which can be further subdivided 
into three third-order sequences (Fig. 2(b)). The lacustrine
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mudstone of the Xiguayuan Formation has good hydrocarbon 
generation potential, while the fan delta and alluvial fan sand 
bodies serve as reservoirs. These intervals have been the preferred 
targets for oil and gas exploration in recent years, and hydrocarbon 
shows have been discovered (Pan et al., 2021).

During the deposition of the Xiguayuan Formation, the north-
ern part of the basin was controlled by a large synsedimentary 
normal fault and proximity to the source area, representing a 
steep-slope zone of the lacustrine basin; in contrast, the southern 
part, distal to the source area, formed a gentle-slope zone 
(Fig. 1(c)) (Cope et al., 2010; Wei et al., 2012). The two outcrop 
sections in this study, the Yuying (Y) section and the Duiwogou-
men (D) section, are both located near this fault in the northern 
basin (Fig. 1(b)) and represent typical lacustrine fan-delta front 
deposits within the source-to-sink steep-slope zones. Sedimen-
tary structures such as gravel bedding plane dips indicate that the 
source direction of both sections is northwest, with a paleocurrent 
direction of 145 ◦ (Fig. 3(a)) (Wei et al., 2012).

The Y section has a total length of approximately 270 m, with 
a cumulative thickness of the clastic succession of 29.6 m. Based 
on strike, it is subdivided into two segments oriented at 126 ◦ 

and 112 ◦ (Fig. 3(a) and (b)). The angle between the paleocurrent 
direction and the section strike ranges from 19 ◦ to 33 ◦ , indi-
cating a low-angle oblique relationship to the source. Strati-
graphically, it belongs to the upper sequence of the Xiguayuan 
Formation and exhibits an overall coarsening-upward succes-
sion. Dominant lithologies include poorly sorted sandstone, 
pebble conglomerate, cobble conglomerate, glutenite, and 
mudstone (Fig. 2(c)). The D section is approximately 305 m long 
with a cumulative clastic thickness of 21.4 m. It is similarly 
subdivided into two segments with strikes of 104 ◦ and 89 ◦ 

(Fig. 3(a)–(c)). The angle between section strike and paleo-
current direction (41 ◦ –56 ◦ ) reflects a high-angle oblique source 
direction. Main lithologies comprise cobble conglomerate, 
pebble conglomerate, glutenite, minor sandstone, and gray-
green mudstone (Fig. 2(c)) (Yang et al., 2021).

Fig. 1. (a) Regional location map of the Luanping Basin within the North China Craton; (b) geological map showing the distribution of strata and faults in the Luanping Basin 
(modified from Ma et al., 2023; Sun et al., 2026; Yan et al., 2020); (c) geological cross section displaying the internal architecture of the Luanping Basin, with the section location 
shown in (b) (modified from Wei et al., 2012).
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3. Methodology

3.1. Field survey methodology

3.1.1. Field measurement
This study combined traditional field measurement with UAV-

based digital observation. Field measurements focused on two 
outcrop sections and included detailed observations of (1) sedi-
mentary petrological characteristics: lithology, grain size, sorting, 
roundness, and sedimentary structures; (2) depositional archi-
tectural element characteristics: morphological features, di-
rections, dimensions, and stacking patterns. A total of 435 high-
resolution photographs were captured using a Nikon D800E 
camera, and measured sections with a cumulative thickness 
exceeding 50 m were documented. Additionally, 23 samples were 
collected for thin section analysis, and 43 samples were collected 
for grain-size analysis via combined sieve analysis and laser 
diffraction. All analyses were performed at the State Key Labora-
tory of Petroleum Resources and Engineering, China University of 
Petroleum (Beijing).

3.1.2. Unmanned aerial vehicle observation
UAV-based digital observation is a research method involving 

the collection of coordinate data from multiple directions and 
angles to construct a 3D digital outcrop model of the study area 
(Zhang et al., 2023). The primary advantage of UAV-based obser-
vation is its ability to acquire data from steep outcrops and other 
inaccessible areas beyond the reach of traditional field surveys 
(Yin et al., 2023). Furthermore, the 3D digital outcrop model 
generated from UAV data facilitates quantitative analysis of 
architectural elements, effectively minimizing measurement er-
rors and significantly enhancing the accuracy of field research 
(Blistan et al., 2016; Zhang et al., 2023). For this field campaign, a 
DJI M600PRO UAV equipped with a high-definition camera 
featuring five oblique lenses and a maximum flight altitude of 
300 m was employed. Using a systematic grid flight pattern 
(Fig. 3(b) and (c)), a total of 2119 high-definition, geotagged photos 
(containing longitude, latitude, and elevation data) were captured. 
Context Capture v.2.0 software was then used to construct the 3D 
digital outcrop models of the two study sections, achieving a 
resolution of 0.1 m.

Fig. 2. Stratigraphic column and lithological section of study interval. (a) Generalized stratigraphic and lithological column showing geochronology, sedimentary facies and 
tectonic evolution for all successions in the Luanping Basin (modified from Pan et al., 2021); (b) lithological section and sequence cycles for the Xiguayuan Formation in central 
parts of the basin, with section location shown in Fig. 1(b); (c) lithology and thickness of the two study sections (modified from Sun et al., 2026). Note: m, si, fs, ms, cs, gc, pc, and 
cc represent mudstone, siltstone, fine sandstone, medium sandstone, coarse sandstone, granule conglomerate, pebble conglomerate and cobble conglomerate, respectively.
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3.2. Flume-tank experiment methodology

3.2.1. Design of flume-tank experiments
Three fan delta flume-tank experiments (R1–R3) were con-

ducted using a sedimentation simulation experimental device at 
the Sedimentology–Stratigraphy Dynamics Experimental Platform 

of the State Key Laboratory of Petroleum Resources and Engi-
neering, China University of Petroleum (Beijing). The experimental 
system consists of: (a) a slurry sediment supply system, (b) a
4 m × 9 m pool equipped with a two-stage slope adjustment de-
vice, (c) a high-definition imaging system, and (d) a 3D laser 
scanner (Fig. 4). The slurry sediment supply system delivers high-
concentration sediments, with freely adjustable sediment grain 
size, concentration, flow velocity and discharge according to 
experimental requirements. The slope adjustment device has a 
variable gradient range of 0–90‰, corresponding to slope angles of 
0–5.1 ◦ , encompassing the gradient ranges of most natural sedi-
mentary environments. The high-definition imaging system doc-
uments the formation and evolution processes of sedimentation, 
while the 3D laser scanner performs geomorphic reconstruction 
and thickness measurement.

This study aims to clarify the depositional architecture of fan 
deltas in source-to-sink steep-slope zones under varying sedi-
ment grain sizes and to elucidate the underlying control mech-
anisms. Experimental parameters were scaled-down 
sedimentary dynamics parameters derived from the outcrops. In 
addition to reconstructing key field parameters (e.g., flow rate, 
sediment concentration, and slope) using sedimentary dy-
namics formulas, the experimental design was validated by 
comparing thresholds with modern sediments. The Wuma fan

delta in Lugu Lake, southwestern China, was selected as a 
representative analog for steep slopes. Key experimental pa-
rameters included hydrodynamic indices such as mean flow 

velocity (U), Froude number (Fr), Reynolds number (Re), bed 
slope (S), volumetric sediment concentration (C v ), and median 
grain size (D 50 ).

Key parameters were determined as follows:
The paleo-slope of the depositional area was estimated using 

the following empirical relationship:

S = 0:141 
D max 

H
(1)

where S is the paleo-slope gradient, m/m; D max is the maximum 

gravel size, m; H is the flow layer depth, m.
For sediment grains >0.2 mm, the average flow velocity was 

estimated from the critical velocity (Sidorchuk and Borisova, 
2000):

U c= 6:8D 1=350 H 1=6 (2)

U = 0:76U c 

(
H

D 10

) 1=6 
(3)

where, U c is the critical velocity, m/s; D 50 is the median sediment 
grain size, m; U is the average velocity, m/s; D 10 is the coarse 
fraction grain size (corresponding to 10% cumulative percentage), 
m.

The flow regime was characterized by the Froude number (Fr) 
and Reynolds number (Re) (Van Dijk et al., 2009):

Fig. 3. (a) Satellite imagery showing locations and orientations of the study sections. (b)–(c) 3D digital models established using UAV data for the study sections Yuying (Y) and 
Duiwogoumen (D), respectively.
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Fr =
U
̅̅̅̅̅̅ 
gH

√ (4) 

Re = UH=μ (5)

where g is the gravitational acceleration, m/s 2 ; μ is the kinematic 
viscosity of water, m 2 /s. Here, Fr distinguishes between subcritical 
(Fr < 1) and supercritical (Fr > 1) flow, while Re differentiates 
between laminar (Re < 40) and turbulent (Re > 2000) regimes.

To ensure dynamic similarity between the experiments and the 
natural system, scaling was performed based on similarity theory. 
Due to scale effects, grain-size parameters for the experiments 
were obtained by scaling the field-derived grain-size distributions, 
guided by dimensionless numbers that characterize sediment 
transport (de Leeuw et al., 2016; Parker et al., 2003; Shields, 1936; 
van Rijn, 1984). Among them, the Shields number (τ * ) is used to 
characterize the sediment transport intensity and mobility 
(Shields, 1936), the critical Shields number (τ * c ) is used to calculate 
the critical starting condition when the sediment starts to move, 
and the ratio (T) of the τ * to τ * c can be used to reflect the transport 
intensity of sediments (Parker et al., 2003). The larger the T value, 
the greater the transport intensity of the sediments. Particle Rey-
nolds number (Re p ) is used to reflect the stability of sediment in 
the fluid (Parker et al., 1998). The explicit equations are as follows:

T = τ * 
/ 

τ *c (6)

τ * = 
τ b 

ρRgD50 
(7)

τ b = ρgHS (8)

R = 
ρ s − ρ 

ρ
(9)

τ *c = 0:5 
[ 
0:22Re p − 0:6 + 0:06 × 10 (− 7:7Re p 

− 0:6 ) 
] 

(10)

Re p = 
D 50

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
RgD 50

√ 

μ
(11)

where τ b represents the average shear stress, N/m 2 ; ρ is fluid 
density, kg/m 3 ; R is the submerged specific gravity of sediment, 
dimensionless; ρ s is the density of the sediment, kg/m 3 ; μ denotes 
the kinematic viscosity of water, approximately 10 − 6 m 2 /s at 20 ◦ C.

Specific calculated parameter values, which depend on final 
grain size, flow depth, and unit thickness, are provided in the Re-
sults section following the petrological and architectural analysis.

3.2.2. Measurement of experimental results
Depositional evolution was monitored using a high-definition 

imaging system and a 3D laser scanner. Positioned directly above 
the flume tank, the imaging system comprised four high-definition 
cameras programmed to capture images at 1-s intervals during 
simulations. Concurrently, a Leica RTC360 3D laser scanner ac-
quired point cloud data of depositional bedforms and fan-delta 
surfaces at 1 mm vertical and horizontal resolution. Post-
processing with Leica Cyclone 2023 software generated high-
resolution 3D digital terrain models and sediment thickness

Fig. 4. Schematic view of the flume-tank experimental setup, showing the slurry sediment supply device, slope adjustment system, imaging system, and 3D laser scanner.
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contour maps. Post-experiment, fan-delta sediments were oven-
dried at 30 ◦ C for 48 h. Six section lines were established along 
two orientations, namely parallel to the sediment source and 
perpendicular to the sediment source. Sequential sectioning, 
observation, description, and photography of these sections yiel-
ded detailed sedimentary cross-section datasets.

4. Results

4.1. Lithology of outcrop section

Based on distinct grain-size sequences, five major lithologies are 
defined and described, including conglomerate, glutenite, sandstone, 
siltstone and mudstone. Combining with sedimentary structures, 
sixteen lithofacies subtypes are subdivided (Figs. 5 and 6).

4.1.1. Conglomerate lithofacies
In this type of lithofacies, clasts larger than 2 mm account for 

more than 50% of the composition. The main subtypes include 
massive cobble conglomerate (Ccm), massive pebble conglom-
erate (Cpm), graded pebble conglomerate (Cpg), massive granule 
conglomerate (Cgm), graded granule conglomerate (Cgg), cross-
stratified granule conglomerate (Cgc), and parallel-stratified 
granule conglomerate (Cgp) (Fig. 5(a)–(g)).

(1) Ccm

Description: The Ccm lithofacies is a massive, clast-
supported conglomerate in which cobbles (>100 mm) consti-
tute over 50% of the framework. Dominant clast sizes range from 

120 mm to 200 mm (maximum 430 mm), with minor pebbles. 
The interstices are filled with finer debris. Clasts are moderately 
rounded (sub-angular to sub-rounded). The fabric is chaotic, 
sorting is extremely poor, and near-upright clasts are present 
(Fig. 5(a)).

Interpretation: This lithofacies is interpreted as debris-flow 

deposits. The extremely poor sorting, chaotic fabric, and near-
upright clasts indicate rapid “freezing” of a cohesive flow, which 
prevented clast reorientation (Kim et al., 1995; Sohn et al., 1999).

(2) Cpm

Description: The Cpm lithofacies is a massive, pebble-
dominated conglomerate, in which pebbles (10–100 mm) consti-
tute over 50% of the framework. Pebble content reaches ~80%, with 
dominant grain sizes of 15–30 mm. Outsized cobbles (up to 
400 mm) occur as floating clasts within the pebble-rich, sandy 
matrix. Clasts are moderately rounded (sub-angular to sub-
rounded), exhibiting a disordered fabric and poor to extremely 
poor sorting (Fig. 5(b)).

Fig. 5. Photographs showing representative conglomerate and glutenite lithofacies of the two study sections. (a) Massive cobble conglomerate (Ccm); (b) massive pebble 
conglomerate (Cpm); (c) graded pebble conglomerate (Cpg); (d) massive granule conglomerate (Cgm); (e) graded granule conglomerate (Cgg); (f) cross-stratified granule 
conglomerate (Cgc); (g) parallel-stratified granule conglomerate (Cgp); (h) massive glutenite (Gm); (i) slump-generated glutenite (Gs).
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Interpretation: This lithofacies is interpreted as debris-flow 

deposits. Compared to more cobble-dominated debris flows (e.g., 
Ccm), it likely represents events with a higher sand-to-gravel ratio 
or slightly longer transport distance.

(3) Cpg

Description: The Cpg lithofacies is a pebble conglomerate with 
well-developed normal grading. Pebbles constitute ~60% of the 
rock, and the average clast diameter fines upward from 50 mm at 
the base to 5 mm at the top. Clasts exhibit point contacts, are 
moderately rounded (sub-angular to sub-rounded), and are well 
sorted (Fig. 5(c)).

Interpretation: This lithofacies is interpreted as a pebbly 
high-density turbidite. The distinct normal grading records 
deposition from a single waning, turbulent current (Zavala and 
Pan, 2018).

(4) Cgm

Description: The Cgm lithofacies is a massive, matrix-
supported conglomerate dominated by granules (2–10 mm), 
which comprise >50% (locally >90%) of the composition. The 
framework is infilled by a sandy-gravelly matrix. Clasts are

moderately rounded (sub-rounded to sub-angular) and exhibit 
moderate sorting (Fig. 5(d)).

Interpretation: This lithofacies is interpreted as sandy debris-
flow deposits. The matrix-supported, massive structure indicates 
rapid deposition from a cohesive flow.

(5) Cgg

Description: The Cgg lithofacies consists of graded-bedded 
conglomerate where granules (2–10 mm) constitute >50% of the 
composition. Clast diameter fines upward from 10 mm to 2 mm, 
with coarse sand (1–2 mm) dominating the uppermost part. Clasts 
are moderately rounded (sub-angular to sub-rounded) and 
moderately sorted (Fig. 5(e)).

Interpretation: This lithofacies is interpreted as granule-
dominated high-density turbidites. The normal grading records 
deposition from a single, waning turbulent flow (Lowe, 1982; 
Zavala and Pan, 2018).

(6) Cgc

Description: The Cgc lithofacies is a cross-stratified conglom-
erate in which granules (2–10 mm) constitute >50% of the 
framework (locally ~60%). It exhibits medium-scale trough cross-

Fig. 6. Photographs and microscopy images exhibiting representative sandstone and mudstone lithofacies of the two study sections. (a) Massive heterogranular sandstone (Shm); 
(b) cross-stratified heterogranular sandstone (Shc); (c) parallel-stratified heterogranular sandstone (Shp); (d) microscopy images of heterogranular sandstone; (e) massive 
fine–medium sandstone (Sfm); (f) parallel-stratified fine–medium sandstone (Sfp); (g) microscopy images of fine–medium sandstone; (h) horizontal-laminated siltstone (Sih); (i) 
horizontal-laminated mudstone (Mh).
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stratification, featuring a distinct basal scour surface where gravel-
rich flows eroded underlying sandstone. This contact is marked by 
an abrupt grain-size transition and water-escape structures. Minor 
basal pebbles (up to 20 mm) are present. Clasts are well-rounded 
(predominantly sub-rounded), show a preferred orientation par-
allel to bedding, and are moderately sorted (Fig. 5(f)).

Interpretation: This lithofacies records sustained tractive flow. 
The trough cross-stratification, basal scour, and oriented clasts 
distinguish it from debris-flow and turbidity-current deposits in 
the system (Yan et al., 2020).

(7) Cgp

Description: The Cgp refers to parallel-stratified conglomerates 
with granule (2–10 mm) content exceeding 50%. Granules consti-
tute ~70% of clasts, with a mean diameter of 4 mm. A fining-
upward sequence is present: basal gravels average 6 mm and 
fine upward. Locally, floating pebbles (up to 15 mm) occur, some 
showing near-vertical imbrication. Clasts are moderately rounded 
(sub-rounded to sub-angular), exhibit a strong preferred orienta-
tion parallel to bedding, and are moderately sorted (Fig. 5(g)).

Interpretation: This lithofacies is interpreted as deposits of 
waning, upper-flow-regime tractive currents, possibly associated 
with flood events. Parallel stratification and grading indicate 
tractive transport and flow deceleration, while local floating clasts 
suggest episodic rapid dumping (Zavala and Pan, 2018).

4.1.2. Glutenite lithofacies
Based on sedimentary structural characteristics, the glutenite 

lithofacies is subdivided into massive glutenite (Gm) and slump-
generated glutenite (Gs) (Fig. 5(h) and (i)).

(1) Gm

Description: The Gm lithofacies is a diamictite with massive 
structure, where neither gravel nor sand exceeds 50% individually, 
but their combined content exceeds 50%. In the study sections, it 
contains ~45% gravel and ~40% sand, is predominantly clast-
supported, and has local matrix-supported zones where the mud 
content is <15%. Clasts are moderately rounded (sub-rounded to 
sub-angular), chaotically arranged, and poorly sorted (Fig. 5(h)).

Interpretation: This lithofacies is interpreted as deposits of 
cohesive debris flows with moderate matrix content. The local 
matrix-supported zones indicate sufficient cohesive strength to 
support clasts, yet the overall lower mud content (<15%) compared 
to clay-rich debris flows suggests moderate viscosity and possibly 
shorter transport distance.

(2) Gs

Description: The Gs lithofacies is a debrite characterized by 
slump structures, in which neither gravel nor sand individually 
exceeds 50%, though their combined content is >50%. It exhibits 
chaotic mixing of poly-disperse clasts, sand, a clay-grade matrix, 
and allochthonous mudstone clasts (up to 3 m long). Clasts are 
poorly sorted, sub-angular, and weakly rounded. Internal plastic 
deformation (ductile shear) is preserved within the mudstone 
clasts (Fig. 5(i)).

Interpretation: This lithofacies is interpreted as a subaqueous 
debris-flow deposit resulting from large-scale slope failure and 
sediment remobilization. The internal ductile shear within 
mudstone clasts confirms that failure and transport occurred 
while the mud was still plastic (Shanmugam, 2000).

4.1.3. Sandstone lithofacies
Sandstone lithofacies are classified by grain size into hetero-

granular sandstone and fine–medium sandstone. Based on sedi-
mentary structures, these are further subdivided into five 
subtypes: massive heterogranular sandstone (Shm), cross-
stratified heterogranular sandstone (Shc), parallel-stratified het-
erogranular sandstone (Shp), massive fine–medium sandstone 
(Sfm), and parallel-stratified fine–medium sandstone (Sfp) 
(Fig. 6(a)–(g)).

(1) Shm

Description: Shm is a massive heterogranular sandstone. It 
contains well-rounded clasts (predominantly sub-rounded) and 
exhibits variable sorting from poor to well sorted (Fig. 6(a)).

Interpretation: This lithofacies is interpreted as deposits of 
rapid, unsteady sedimentation from turbulent flows under high-
energy conditions. The massive structure indicates rapid deposi-
tion without sustained traction, which inhibited the development 
of internal stratification (Lowe, 1982).

(2) Shc

Description: The Shc lithofacies is a cross-stratified hetero-
granular sandstone characterized by small-scale planar cross-
stratification with low dip angles (8 ◦ –20 ◦ ). Clasts are moderately 
rounded (sub-rounded to sub-angular). Sandy grains show 

bedding-parallel alignment, with local floating gravels; sorting is 
moderate (Fig. 6(b)).

Interpretation: This lithofacies records deposition from sus-
tained, moderate-energy traction currents. The planar cross-
bedding indicates migration of dunes or ripples under stable 
flow. Local floating gravels point to sporadic higher-energy pulses, 
likely during flood events.

(3) Shp

Description: The Shp lithofacies is a heterogranular sandstone 
with parallel bedding. It is characterized by well-oriented sandy 
clasts and localized small gravels, forming units with fining-
upward sequences (Fig. 6(c)). Sorting is moderate to poor, as 
observed in thin section (Fig. 6(d)).

Interpretation: This lithofacies is interpreted as upper-flow-
regime sheet-flow deposits, reflecting waning flood conditions. 
Parallel bedding and clast orientation indicate high-energy plane-
bed transport, while the fining-upward sequences record pro-
gressive flow deceleration during the recession phase of flood 
events (Zavala et al., 2006).

(4) Sfm

Description: Sfm is a massive fine–medium sandstone. It is well 
sorted but contains a relatively high proportion of mud (Fig. 6(e)).

Interpretation: This lithofacies is interpreted as deposits of 
low-energy, suspension-dominated sedimentation with minor 
traction reworking.

(5) Sfp

Description: The Sfp lithofacies is a parallel-stratified 
fine–medium sandstone. It is commonly interbedded vertically 
with massive sandstone, forming packages with fining-upward 
cycles (Fig. 6(f)). Clast sorting is moderate (Fig. 6(g)).

Interpretation: This lithofacies records periodic, moderate-
energy traction currents. Each fining-upward cycle represents a
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single waning-flow event, in which the parallel-stratified interval 
marks the higher-energy phase (Zavala and Pan, 2018).

4.1.4. Siltstone lithofacies
Description: The dominant siltstone lithofacies is horizontal-

laminated siltstone (Sih). It consists mainly of silt-sized grains, is 
typically gray to gray-green, and locally exhibits ripple lamination 
in silt-rich intervals (Fig. 6(h)).

Interpretation: This lithofacies represents low-energy suspen-
sion deposits in a quiet-water setting. Horizontal lamination re-
cords steady fallout of fines from a stable water mass, and the gray 
to gray-green color indicates deposition under reducing 
conditions.

4.1.5. Mudstone lithofacies
Description: The dominant mudstone lithofacies is horizontally 

laminated mudstone (Mh). It contains abundant clay and minor 
silt, has a homogeneous texture, and varies in color from gray-
green to gray and dark gray (Fig. 6(i)).

Interpretation: This lithofacies represents very low-energy 
suspension deposits in a quiet, stable setting. Its homogeneous, 
clay-rich composition and horizontal lamination indicate contin-
uous, slow settling from a stagnant water mass.

4.2. Architecture characteristics of outcrop sections

4.2.1. Types and characteristics of architectural elements
The study sections were deposited in the lacustrine steep-slope 

zones. The exposed mudstones are predominantly homogeneous 
and exhibit reduced coloration, characteristic of underwater 
deposition. Consequently, the preserved sedimentary record pri-
marily represents fan-delta front deposits within the lacustrine 
steep-slope zones. Three types of architectural elements are 
recognized in conglomerate and sandstone deposits, including 
distributary channels, lobes, and slump deposits. Siltstone and 
mudstone sediments are mainly lacustrine deposits and are not 
within the scope of this study.

(1) Distributary channel

Description: Distributary channels are typically characterized 
by a flat-topped, convex-based geometry in cross-section 
(Fig. 7(a)). Lithologically, they are dominated by pebble to 
granule conglomerate and heterogranular sandstone, which 
display graded bedding and cross-bedding (represented by lith-
ofacies Cpg, Cgg, Cgc, and Shc). Vertically, the deposits form fining-
upward cycles with distinct basal scour surfaces, as seen in the Cpg 
and Cgg facies (Fig. 7(b)). The Cgc, characterized by vertically 
imbricated clasts, mudstone rip-up clasts, and well-developed 
water-escape structures, grades upward into the Shc. These 
channels incise into underlying dark gray mudstone and greenish 
siltstone (lithofacies Mh and Sih).

Interpretation: All distributary channels observed in the 
outcrop sections are interpreted as subaqueous distributary 
channels, based on their association with gray-green siltstone and 
gray mudstone. Cross-bedding and fining-upward cycles record 
sustained bedload transport and periodic flood events. These cy-
cles, together with basal scour surfaces, reflect repeated episodes 
of channel erosion during flood peaks followed by deposition 
during waning flow (Zavala et al., 2006).

(2) Lobe

As key depositional elements, lobe deposits exhibit a flat base 
and a convex top in cross-section. The upper surface of the lobes is

onlapped by laterally adjacent strata, indicating progressive sedi-
ment infilling along their flanks. Lithologies range from 

conglomerate and glutenite to sandstone, and are characterized by 
massive structure, graded bedding, and parallel bedding. Field 
observations reveal two distinct morphological types: gravel-
dominated lobes, which are thicker but laterally restricted and 
predominantly massive; and sand-dominated lobes, which are 
thinner yet wider and show an increase in parallel bedding toward 
the lake center. Based on these pronounced differences in grain 
size, sedimentary structures, and geometry, we classify them as 
gravel lobes and sand lobes, respectively (Fig. 8; Table 1).

(A) Gravel lobe

Description: Gravel lobes are predominantly composed of 
conglomerate and glutenite with a wide grain-size range. They 
exhibit a massive structure and contain abundant mudstone rip-
up clasts (represented by lithofacies Gm, Cgm, Cpm, and Ccm) 
(Fig. 8(a)). The median grain size within these lobes ranges from 

3.26 mm to 20.58 mm (mean = 11.60 mm), and the clay content is 
low.

Interpretation: Gravel lobes are interpreted as progradational, 
tongue-shaped deposits formed by cohesive debris flows at a fan-
delta front. Their massive fabric, near-vertical clasts, and abundant 
rip-up clasts indicate deposition by rapid flow “freezing” (Sohn 
et al., 1999), a process that limited lateral spreading and pro-
moted distal elongation of the lobes (Van Dijk et al., 2009). The 
coarsening-upward succession from Gm to Ccm records lobe 
progradation and reflects an increase in flow energy during 
deposition (Blair and McPherson, 1998).

(B) Sand lobe

Description: Sand lobes consist predominantly of hetero-
granular sandstones and fine–medium sandstones, featuring 
graded bedding, parallel bedding and massive structure (repre-
sented by lithofacies Shm, Shp, Sfm, and Sfp). Their cross-section 
shows flat-based, convex-top geometries but occur as laterally 
extensive thin layers (Fig. 8(b)). Median grain size ranges from 

0.147 mm to 1.492 mm (average 0.695 mm) with low mud content. 
These lobes contain parallel-stratified sandstone intercalated with 
oriented gravel layers (predominantly granules), forming verti-
cally stacked coarsening-upward cycles without distinct bound-
aries (Fig. 8(b)).

Interpretation: Sand lobes are interpreted as distal or fringe 
deposits of subaqueous lobes, formed primarily by waning 
turbidity currents and traction currents. Unlike rapidly frozen 
gravel lobes, sand lobes consist of finer suspended sediments. 
Insufficient hydraulic resistance prevents rapid settling, facili-
tating lateral spreading that produces thin cross-sectional layers 
(Zhang et al., 2023). Deposition involves complex flow trans-
formations between turbidity currents and traction currents.

(3) Slump body

Description: Slump deposits are developed on the left side of 
the Y section, proximal to the provenance area (Fig. 9(a)), with an 
exposed width of about 48 m, a thickness of about 3 m, and an area 
exceeding 140 m 2 . The slump body shows abrupt lithological 
contacts with overlying, underlying, and adjacent rock layers 
within the same stratum (Fig. 9(b)). Internally, the slump deposit 
comprises a chaotic mixture of sandy clasts, muddy sediments, 
and mud gravels of varying sizes, rapidly accumulating alongside 
gravels of multiple grain sizes (granule, pebble, and cobble). High 
mud content imparts an overall gray-green to gray color to the
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Fig. 7. Depositional architectural interfaces and lithological characteristics of distributary channel deposits. (a) An outcrop overview showing the architectural interfaces and 
lithological characteristics around representative distributary channels; (b) a magnified close-up showing the internal depositional characteristics of the distributary channel.

Fig. 8. Depositional architectural interfaces and lithological characteristics of lobes. (a) Gravel lobes are characterized by thick, coarse-grained sediments and an overall 
coarsening-upward grain-size trend; (b) sand lobes are characterized by thin beds of cross-stratified and parallel stratified sandstones, and exhibit a coarsening-upward trend.
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deposit. Three boulder-scale mud gravels can be seen inside the 
slump body, which are semi-consolidated mudstone layers to be 
precise, the largest of which can reach 3 m. The specific manifes-
tations are soft sediment plastic deformation such as fracture of 
mudstone layers, overturning and nearly upright mudstone blocks, 
and obvious distortion and deformation inside mudstone blocks 
(Fig. 9(c) and (d)).

Interpretation: It is speculated that steep slopes and high-
energy flood scouring first detached semi-consolidated 
mudstone, forming large debris blocks that slid toward the cen-
ter of the lacustrine basin (Yang et al., 2021). During the contin-
uous sliding process, continuous scouring by high-density, 
sediment-laden floods combined with basal friction induced pro-
gressive twisting and deformation. The extreme slope gradient 
further transformed motion from sliding to collapse, resulting in 
layer fracturing, overturning, and block rotation.

4.2.2. Dimensions
Based on the characteristics of different types of architectural 

elements, particularly their lithofacies and morphological fea-
tures, the spatial distribution of the fan-delta front in the study 
area was dissected in detail (Fig. 10). The relative development of 
architectural elements, including distributary channels, lobes 
(gravel lobes and sand lobes), slump deposits, and lacustrine 
mudstones, was quantified using the three-dimensional digital 
outcrop models derived from UAV observations of the two study 
sections. Results indicate that in the Y section, sand–gravel

deposits constitute 83% of the section, while lacustrine mudstones 
represent 17%. Within the sand–gravel deposits, lobes account for 
96%, with gravelly lobes and sandy lobes comprising 40% and 56%, 
respectively. Distributary channels and slump deposits constitute 
only 1% and 3%, respectively (Fig. 10(a)). In the D section, 
sand–gravel deposits account for 41%, and lacustrine mudstones 
for 59%. Among the sand–gravel deposits, lobes represent 94% (71% 
gravel lobes, 23% sandy lobes), while distributary channels 
constitute 6%. Slump deposits are absent (Fig. 10(b)).

The relationship between the width and thickness of the 
intact exposed single architectural elements (after projection 
correction for the angle between section strike and provenance 
direction) is shown in Fig. 11. Sand lobes exhibit the highest 
width-to-thickness ratios (range 37–146, average: 63), with 
thicknesses ranging from 0.2 m to 1.8 m and considerable lateral 
extents (width ranges from 13 m to 58 m). In contrast, gravel 
lobes show narrower width-to-thickness ratios (range 4–39; 
average 9.1). Distributary channels have width-to-thickness ra-
tios of 3.6–9.8 (average 5.5) (Fig. 11(a)). The width and thickness 
of several types of architectural elements are strongly corre-
lated, but there are differences. Distributary channels show a 
strong positive correlation (R 2 = 0.92; Fig. 11(b)). Gravel lobes 
exhibit a negative correlation (R 2 = 0.76; Fig. 11(c)), indicating 
greater thickness corresponds to smaller widths. Sand lobes 
demonstrate a positive correlation (R 2 = 0.63; Fig. 11(d)). These 
contrasts highlight significantly different sediment grain-size 
controls on lobe width–thickness relationships.

Table 1
Diagnostic characteristics for distinguishing gravel and sand lobes.

Lobe type D 50 , mm Main sedimentary structure Width, m Thickness, m Width/Thickness Stacking pattern Interpreted flow type

Gravel lobe 3.26–20.58 Massive 16–55 1–6 4–39 Lateral migration Debris flow
Sand lobe 0.147–1.492 Parallel bedding; graded bedding 13–58 0.2–1.8 37–146 Vertical stacking Turbidity current; traction current

Fig. 9. Depositional architectural interfaces and internal lithological characteristics of the slump body. (a) An outcrop overview showing the architectural interfaces of the slump 
body; (b) abrupt contact between the glutenite and the mudstone layer; (c) the overturned and crumpled mudstone layer within the slump body; (d) a nearly vertical mudstone 
layer within the slump body.
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4.2.3. Stacking patterns
The stacking patterns of sand–gravel deposits in the study 

sections are diverse, primarily occurring vertically and laterally. 
Vertical stacking styles include lobe vertical stacking, isolated 
lobes, distributary channels cutting into lobes, and isolated dis-
tributary channels. Lateral stacking patterns include lateral 
splicing of lobes and abrupt transitions from slump bodies to 
gravel lobes.

(1) Vertical stacking pattern. The vertical stacking relationships 
of lobes in the study area include multiple vertical stacking 
of gravel lobes and multiple vertical stacking of sandy lobes, 
though their stacking patterns differ significantly. Gravel 
lobes primarily exhibit migration-style vertical stacking, 
while sand lobes show thin-layered vertical stacking 
(Fig. 10(a)). Additionally, besides lobes interconnected 
through vertical stacking, isolated lobes occur in the study 
sections due to mudstone separation (Fig. 10(b)). Further-
more, the rare distributary channels are mostly developed 
above the lobes, where they shallowly cut into them. These 
distributary channels are typically small-scale; however, the 
only large-scale distributary channel is isolated and encased 
within lacustrine mudstone (Fig. 10(b)).

(2) Lateral stacking pattern. Lobes in the study area exhibit 
lateral amalgamation. Specific styles include: (i) lateral 
amalgamation between gravel lobes, (ii) lateral amalgam-
ation between sand lobes, and (iii) lateral amalgamation 
between gravel and sand lobes. Notably, the Y section also 
shows lateral juxtaposition of slump bodies and lobes, more 
accurately representing an abrupt transition from slump 
bodies to gravel lobes. These slump bodies display irregular 
lens-shaped cross-sections with internal mixtures of sand,

gravel, and mud. Their frontal zones transition abruptly into 
gravel lobes (Fig. 9(a) and 10(a)).

4.3. Determination and scaling of sedimentary dynamics 
parameters

4.3.1. Controlling factors of fan-delta development
The largest clast observed in the study area has a diameter of 

0.7 m and was found within a flow layer 1.1 m thick. Substituting 
these values into Eq. (1) yields a calculated depositional slope of 
approximately 0.09 m/m (~5 ◦ ) at the paleo-fan delta front. The 
study area is situated on the steep-slope zone of the Luanping 
Basin, adjacent to the Hongqi-Gangzi fault to the north (Fig. 1(b)). 
Although the precise slope of the source area is difficult to 
reconstruct, it was undoubtedly steeper than the depositional 
area, with significant lateral elevation changes. This steep source-
to-sink gradient, combined with the rugged intermontane topog-
raphy, provided the dynamic conditions necessary for fan-delta 
development. Furthermore, contemporaneous activity along 
normal faults created substantial accommodation space for its 
growth.

Outcrops are lobe-dominated with few distributary channels, 
so lobe grain size and thickness were used to calculate flow 

velocities. Two lobe types (gravelly and sandy) represent 
different architecture and were analyzed separately. Gravelly 
lobes average 4 m thick, with D 50 = 11.60 mm and D 10 = 44 mm. 
Eqs. (2)–(5) give an average flow velocity of 3.14 m/s (Fr = 0.502, 
Re = 1.3 × 10 7 ; subcritical, turbulent). Sandy lobes average 
0.48 m thick, with D 50 = 0.695 mm and D 10 = 2.380 mm, yielding 
a flow velocity of 0.99 m/s (Fr = 0.449, Re = 4.7 × 10 5 ; subcritical, 
turbulent). Sedimentary structures are predominantly massive, 
with poor sorting, and low mud content. The depositional

Fig. 10. 3D digital model and interpretation of architectural elements in the fan-delta front of the two study sections. (a) Y section; (b) D section.
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mechanisms are interpreted as sandy debris flows with minor 
slumps and traction currents, suggesting high sediment con-
centrations. The steep lateral slopes of the lacustrine basin 
margin promoted frequent slope failures, generating these high-
density sediments. As both lobe types share the same source and 
depositional setting, their sediment concentrations were likely 
similar. The study sections reflect an arid climate with weak to 
moderate chemical weathering and dominant physical weath-
ering (Sun et al., 2026). Prolonged aridity favored intermittent, 
large-scale, high-density floods. Thus, the coupling of arid 
climate and steep-slope structure controlled this fan-delta's 
development.

4.3.2. Matching the experimental set-up to field observations
The flume-tank experiments included a prototype series, 

designed to replicate the outcrop conditions, and an extended 
series with grain size as the sole variable. The prototype experi-
ments comprised two runs, simulating the gravel-lobe and sand-
lobe fan-delta types, respectively. All parameters were set ac-
cording to actual depositional conditions, with hydrodynamic 
parameters scaled proportionally using similarity theory and 
standard formulas to ensure consistent sediment-transport char-
acteristics. The most critical aspect of scaling is to ensure that key 
dimensionless numbers governing sediment dynamics, such as Fr, 
Re, τ * , τ * c , and T, are matched between the experiment and the 
field.

(1) Depositional slope

The depositional slope in the outcrop area is approximately 
0.09 m/m. A global compilation of fan-delta slopes indicates a 
range of 0.005–0.09 m/m. The slope of the modern Wuma fan delta 
in Lugu Lake, China (0.086 m/m) is very close to that of the study 
area. To preserve the characteristics of the source-to-sink steep-
slope zones and to ensure the reliability of scaled hydrodynamic 
parameters, the depositional slope was not scaled. Since both 
types of lobes in the outcrop area correspond to source-to-sink 
steep-slope zones, the gradient for all three experiments was set 
to 0.09 m/m.

(2) Sediment concentration

Determining precise sediment concentrations from outcrops is 
challenging. Field investigations, however, indicate the presence of 
multiple transport mechanisms in the study area, including debris 
flows, high-density turbidity currents, and traction currents. This 
study employs the fluid-type classification scheme established by 
Shanmugam (2000) to define experimental sediment concentra-
tions. In this framework, sandy debris flows typically have con-
centrations exceeding 25%, high-density turbidity currents range 
from 6% to 44%, and low-density turbidity currents range from 1% 
to 23%. As the dominant sediments in the study area are sub-
aqueous debris flows, the corresponding terrestrial flow

Fig. 11. Dimensions of three architectural element types measured from 3D digital models. (a) Box plot of width-to-thickness ratios; (b) scatter plot of width versus thickness for 
distributary channels; (c) scatter plot of width versus thickness for gravel lobes; (d) scatter plot of width versus thickness for sand lobes.
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concentration should theoretically be greater than 25%, with even 
higher concentrations expected in the source area. However, ex-
periments have shown that a volumetric concentration of 53% 
yields deposits consisting solely of debris flows (de Haas et al., 
2016). Therefore, the theoretical concentration for our experi-
ments needed to be set below 53%. To accurately reflect the 
characteristics of the steep-slope zone and to reproduce sedi-
mentary processes such as subaqueous debris flows and turbidity 
currents, a series of preliminary tests were conducted at different 
concentrations. Based on these results, a final initial volumetric 
concentration of 35% was selected. This concentration ensures that 
surface sediments deposited in the subaqueous fan delta maintain 
a concentration above 25% (consistent with debris flows) while 
retaining the potential to be diluted and evolve into turbidity 
currents.

(3) Flow velocity

After obtaining hydrodynamic parameters such as the outcrop 
flow velocity, these parameters were scaled proportionally ac-
cording to similarity theory to maintain consistency in the fluid 
flow regime and characteristics. Given the limitations of flow ve-
locity in the laboratory and the relatively small difference in Fr and 
Re between the two lobe types, the flow velocity in this study was 
set to 0.32 m/s. This corresponds to Fr = 0.477, which is very close 
to that of the outcrop area, and Re = 1.4 × 10 4 , indicating turbulent 
flow (Re > 4000) (Table 2). Therefore, the hydrodynamic condi-
tions in the experimental and outcrop areas can be considered 
consistent, and the flow velocity setting is sufficient for this 
experimental study.

(4) Grain size

Similar to the flow velocity, grain size was proportionally 
converted to ensure similarity in sediment transport characteris-
tics between the experiments and the outcrop. The primary
dimensionless numbers considered in the scaling are τ * , τ * c and T. 
Grain-size analysis shows that the D 50 is 11.6 mm for gravel lobes 
and 0.695 mm for sand lobes. The average thicknesses of gravel
and sand lobes in the outcrop area were 4.0 m and 0.48 m, 
respectively, with a sediment density of 2.7 g/cm 3 . Substituting
these values into Eqs. (6)–(11), the calculated τ * , τ * c , and T for gravel 
lobes were 18.1, 0.06, and 301, respectively; while for sand lobes, 
the values were 36.2, 0.016, and 2237, respectively (Table 2).

To meet experimental requirements, three sediment grain sizes 
were prepared by mixing sand and clay of different sizes, with D 50 
values of 0.25 mm, 0.44 mm, and 0.78 mm, respectively (Fig. 12).
Among these, sediment with D 50 = 0.44 mm has τ * = 5.6, τ*c
= 0.017, and T = 338, which is close to the T value of gravel lobes in 
the outcrop area and was used as the scaled-down grain size for 
gravel lobes. Sediment with D 50 = 0.25 mm has τ * = 9.8,
τ * c = 0.022, and T = 447. Although this T value is smaller than that 
of sand lobes in the outcrop area due to flume-tank size and sand

grain size limitations, it is larger than that of the D 50 = 0.44 mm 

sediment and exhibits stronger transport intensity (Table 2). This 
difference is significant at the flume-tank scale. Therefore, sedi-
ment with D 50 = 0.25 mm was selected to represent sand lobes in 
this experiment. Additionally, sediment with D 50 = 0.78 mm was 
prepared for extended experiments to clarify the control mecha-
nism of grain size on architecture. Compared to the grain size used 
in the prototype experiment, the τ * , τ * c , and T values for the 
0.78 mm sediment were 3.1, 0.016, and 191, respectively, repre-
senting lower transport intensity in a coarse-grained background. 
In addition, it should be stated that all experimental parameters 
have been pre-tested to ensure the similarity between the exper-
imental results and the field results.

4.4. Architecture characteristics observed in flume-tank 
experiments

4.4.1. Morphological features
This study conducted flume-tank simulations under lacustrine 

steep source-to-sink settings, testing three sediment grain-size 
groups as the primary variable (Table 2). The results reveal a 
strong grain-size control on fan-delta morphology. Both the 
overall depositional complex and individual lobe geometry vary 
significantly across experiments (Fig. 13). In the experiment R1, the 
fan-delta complex has a broad, fan-shaped planform (length 
61.8 cm, width 94.0 cm; aspect ratio 0.66) with a smooth margin. 
Lobes are few and distinctly lobate, with a low planform aspect 
ratio (mean 1.6; range 1.3–2.0). Channels are extremely shallow 

(Fig. 13(a)). In the experiment R2, both the complex and individual 
lobes exhibit a tongue-shaped geometry (complex length 77.9 cm, 
width 81.5 cm; ratio 0.96). Individual lobes have a higher planform 

aspect ratio (mean 4.7; range 3.1–6.3). High lobe density creates 
pronounced margin irregularity, and channels are deeper than in 
R1 (Fig. 13(b)). In the experiment R3, the complex develops finger-

Table 2
Initial and boundary conditions of field and flume-tank experiments. S: slope of depositional area, m/m; C v : volumetric sediment concentration, %; U: flow velocity, m/s; D 50 : 
median grain size of sediment, mm; Fr: Froude number, dimensionless; Re: bulk Reynolds number, dimensionless; τ * : Shields number; τ * c : critical Shields number; T: 
transportation intensity.

Field/Experiment S, ‰ C v , % U, m/s D 50 , mm Fr Re τ * τ * c T

Sand lobe 90 / 0.99 0.695 0.449 4.7 × 10 5 36.2 0.016 2237
Gravel lobe 90 / 3.14 11.6 0.502 1.3 × 10 7 18.1 0.06 301
R1 90 35 0.32 0.25 0.477 1.4 × 10 4 9.8 0.022 447
R2 90 35 0.32 0.44 0.477 1.4 × 10 4 5.6 0.017 338
R3 90 35 0.32 0.78 0.477 1.4 × 10 4 3.1 0.016 191

Fig. 12. Cumulative probability curves of grain size distribution of the three groups of 
sediments used in the flume-tank experiments.
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like projections (length 76.8 cm, width 71.2 cm; ratio 1.08), 
dominated by numerous elongate, tongue-shaped lobes with the 
highest aspect ratio (mean 5.9; range 4.1–8.2). This results in the 
greatest margin irregularity and deepest channels, albeit with a 
reduced overall width (Fig. 13(c)). Integration with 3D laser-
scanning-derived isopach maps further demonstrates that fine-
grained systems produce deposits with greater lateral extent 
(divergent morphology), thinner profiles, distal spreading, and 
more extensive lobe termini. In contrast, coarse-grained systems 
form narrower (convergent morphology), thicker accumulations 
dominated by proximal aggradation and with reduced lobe di-
mensions (Fig. 13(d)–(f)).

In addition to analyzing high-definition images and 3D laser 
scanning models of the plain view, the experimental sections were 
observed, photographed, and dissected after the simulation was 
completed and the sediment was dried (Fig. 14). Analysis of cross-
and longitudinal-sectional morphology shows that sediment grain 
size controls the morphology of both the fan-delta complex and its 
individual lobes/channels. For example, examining sections from 

the three experimental groups, taken perpendicular to the source 
direction at 40 cm from the flume-tank outlet, reveals distinct 
patterns. Sediments with a median grain size of 0.25 mm corre-
spond to wider and thinner individual lobes and channels. 
Consequently, the resulting fan-delta complex exhibits a larger 
width-to-thickness ratio (width of 94.0 cm, thickness of 4.3 cm, 
ratio of 21.9; Fig. 14(a)). In contrast, sediments with a median grain 
size of 0.44 mm display a narrower and thicker cross-sectional 
morphology. The fan-delta complex has a slightly smaller width-
to-thickness ratio (width of 81.5 cm, thickness of 4.8 cm, ratio of 
17.0); individual lobes have a smaller width-to-thickness ratio, and 
channel incision depth increases (Fig. 14(b)). The coarsest sedi-
ments (median grain size of 0.78 mm) exhibit a consistent trend 
towards thicker sections, narrower widths, and enhanced channel 
incision capability, evident in both the fan-delta complex and in-
dividual lobes and channels. This results in the fan-delta complex 
having the smallest width-to-thickness ratio (width of 71.2 cm, 
thickness of 5.3 cm, ratio of 13.4; Fig. 14(c)).

4.4.2. Dimensions
Combined with the results of the cross-sectional architectural 

interpretations from the flume-tank experiments, we quantita-
tively assessed the relative development of the two types of 
architectural elements. The results show that in all experiments, 
lobes are the main component, while channels are extremely un-
derdeveloped. Specifically, lobes and channels account for 98% and 
2% respectively in the R1 experiment, 95% and 5% in the R2 
experiment, and 96% and 4% in the R3 experiment (Fig. 14).

The relationship between the width and thickness for the two 
types of single architectural elements (lobes and channels) in 
the three flume-tank experiments is shown in Fig. 15. Among the 
experiments, the highest width-to-thickness ratios occurred in 
the R1 experiment. The sole channel had a ratio of 31.0, while 
lobes ranged from 16.5 to 29.1 (average 22.4). R2 exhibited lower 
ratios. Channels had ratios of 14.8–22.3 (average 18.6), and lobes 
11.5–24.1 (average 17.5). R3 had the lowest ratios. Channels 
measured 6.9–14.7 (average 10.0), and lobes 2.4–15.3 (average 
6.4) (Fig. 15(a)). While width and thickness were strongly 
correlated for single lobes across experiments, significant dif-
ferences emerged by grain size. Fine-grained sediments show a 
strong positive correlation (R 2 = 0.94; Fig. 15(b)). Medium-
grained sediments exhibit a weaker correlation (R 2 = 0.52; 
Fig. 15(c)). Coarse-grained sediments display a clear negative 
correlation (R 2 = 0.41; Fig. 15(d)). This trend closely resembles 
the width–thickness relationship observed in gravel lobes from 

the field outcrop sections (Fig. 12(c)), demonstrating that an 
increase in sediment thickness corresponds to a decrease in lobe 
width under coarse-grained sediment conditions, while an in-
crease in sediment thickness corresponds to an increase in the 
lobe width under fine-grained sediment conditions.

4.4.3. Stacking patterns
The three flume-tank experiments revealed four main stacking 

patterns: shallow channel downcutting of lobes, deep channel 
downcutting of lobes, vertical stacking of lobes, and lateral 
migration of lobes.

Fig. 13. Images (a)–(c) and thickness contour maps (d)–(f) of fan-delta depositional results from three experiment runs with varying grain sizes. Experiments R1 and R3 used blue 
sand as the substrate layer, while R2 used white sand. All substrates were 1 cm thick with identical median grain sizes.
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Fig. 14. Fan-delta section images and architectural interpretations from three flume-tank experiment runs with varying grain sizes. The locations of the sections are shown in 
Fig. 13(a)–(c).

L. Sun, S.-H. Wu, D.-L. Yue et al. Petroleum Science 23 (2026) 3136–3159

3152



In the flume-tank simulation of fine-grained sediments, chan-
nels displayed weak downcutting erosional capacity. This pri-
marily produced shallow channel downcutting of lobes (Fig. 14(a)). 
Conversely, coarser-grained sediments featured channels with 
strong erosional intensity, predominantly generating deep channel 
downcutting of lobes (Fig. 14(b) and (c)). During initial deposition 
stages with underdeveloped channels, different stacking patterns 
occurred among lobes. Sediment grain size diversity also governed 
the dominant stacking pattern. For example, the fine-grained R1 
experiment frequently exhibited vertical stacking between lobes, 
while lateral migration occurred rarely and was restricted to the 
fan-delta margins (Fig. 13(a) and 14(a)). By contrast, the coarser-
grained R2 and R3 experiments demonstrated more prevalent 
lateral lobe migration. Concurrently, vertical stacking frequency 
decreased, individual lobe numbers increased, and fan-delta 
complex edges developed greater irregularity (Fig. 13(b) and (c) 
and 14(b)–(c)).

5. Discussion

5.1. Comparison and evaluation of flume-tank experiments with 
field outcrops

Compared to previous works (Zhang et al., 2021, 2023), this 
study provides two new insights: (1) the relationship between 
source-to-sink slope and the development of architectural ele-
ments, and (2) the control mechanism of grain size on lobe

architectural differentiation. Architectural analysis of outcrops 
reveals that the fan-delta system in the source-to-sink steep-slope 
zones are predominantly composed of lobes, with poorly devel-
oped distributary channels. These lobes are further categorized 
into gravel and sand lobes, each exhibiting distinct morphological 
characteristics, dimensions, and stacking patterns. Gravel lobes, 
characterized by a smaller width-to-thickness ratio, primarily 
undergo lateral migration of individual lobes. In contrast, sand 
lobes display a larger width-to-thickness ratio and typically form 

thin, vertically stacked layers. Moreover, the lobe morphologies 
produced in the experiments with varying grain sizes are highly 
consistent with those observed in the outcrop. Overall, grain size is 
negatively correlated with the width-to-thickness ratio of lobes: 
coarse-grained lobes tend to migrate laterally, while fine-grained 
lobes exhibit a vertical stacking pattern.

Compared with field observations, the flume-tank experiments 
more clearly reproduce certain depositional processes and plan-
view distribution patterns (Wang et al., 2015). By isolating grain 
size as the sole variable, the experiments help identify underlying 
trends and reduce the randomness and interpretational ambiguity 
inherent in field studies. However, it is important to acknowledge 
the inherent simplifications of the experimental approach (de 
Haas et al., 2016). Due to scale and material constraints, several 
natural processes and architectural details are inevitably under-
represented in the flume-tank experiments: (1) the full grain-size 
distribution and compositional heterogeneity of natural sedi-
ments; (2) the role of cohesive clay in modifying flow rheology and

Fig. 15. Dimensions of the two architectural element types measured from 3D laser-scanning models across the three experiment runs. (a) Box plot of width-to-thickness ratios;
(b) scatter plot of width versus thickness for lobes in experiment R1; (c) scatter plot of width versus thickness for lobes in experiment R2; (d) scatter plot of width versus thickness 
for lobes in experiment R3.
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deposit geometry; (3) the effect of prolonged, intermittent sedi-
ment supply and associated temporal evolution of lobe complexes; 
and (4) secondary post-depositional modification (e.g., bio-
turbation and syn-depositional deformation).

Regarding the replication of depositional processes inferred 
from the field, the experiments successfully captured the first-
order behavioural difference between high-density, poorly mo-
bile flows (represented by the coarse-grained runs) and more fluid, 
distributive flows (fine-grained runs). The debris-flow processes 
inferred for gravel lobes were approximated by the rapid 
“freezing” of the coarse sediment, producing compensational 
stacking. The turbidity-current and tractive processes inferred for 
sand lobes were replicated by the sustained, distributive flows that 
formed sheet-like, vertically stacked deposits. Nevertheless, the 
flume flows represent end-member simplifications; natural events 
likely involved more complex transitions between debris-flow, 
turbulent flow and traction flow regimes, which are challenging 
to scale precisely in a flume tank.

Moving forward, fully leveraging physical experiments will 
remain a major trend in sedimentary simulation. Concurrently, 
ultra-high-resolution field technologies (e.g., UAV-based photo-
grammetry) must continue to advance. Therefore, future sedi-
mentological research should integrate multiple lines of evidence, 
including field outcrops, modern sediments, subsurface well-log 
and seismic data, and physical/numerical simulations, to enable 
collaborative, multi-dimensional investigations of sedimentary 
systems.

5.2. Relationship between source-to-sink slope and fan-delta 
architectural elements

This study primarily focuses on the depositional architecture of 
the fan-delta front in source-to-sink steep-slope zones. Both field 
outcrop surveys and flume-tank experiments reveal that the main 
architectural elements of the fan-delta front in these steep-slope 
zones are lobes, with the proportion of channel elements being 
very low (not exceeding 6%). Considerable controversy exists 
regarding the architectural elements of fan-delta fronts and their 
degree of development. Previous studies suggest that fan-delta 
front elements are mainly composed of distributary-channel 
sand bodies, while lobes are undeveloped or small in scale (Chen 
et al., 2024; Jia et al., 2000; Zhang et al., 2020). Other scholars 
argue that distributary channels and lobes of the fan-delta front 
develop simultaneously, or that the fan-delta front is even 
composed primarily of lobes (Billi et al., 1991; Van Dijk et al., 2009; 
Wang et al., 2015).

As research deepens, the role of slope in controlling fan-delta 
systems has received increasing attention, mainly manifested in 
three aspects: (1) slope affects fan-delta morphology by control-
ling fluid flow velocity. A sufficiently steep slope maintains fluid 
shear stress far above the critical value, causing flow velocity to 
exert a greater influence on fan morphology than grain size 
(Harvey et al., 2005; Parker et al., 1998); (2) slope provides the 
primary driving force for sediment migration, governing the bal-
ance between driving force and resistance (Gao et al., 2020; 
Hussain et al., 2020); (3) slope influences fluid flow trans-
formation processes and the stacking patterns of lobes in fan 
deltas (Sun et al., 2025). Nevertheless, the relationship between 
slope and architectural elements has not been systematically 
studied or summarized. Note that the slope discussed here refers 
not solely to the gradient of substrate layer but to the coupled 
slope of the source-to-sink system. Based on analyses of numerous 
Google Earth images of fan-delta source-to-sink systems, we 
observe that steeper depositional slopes correlate with steeper 
source-area gradients. Examples include: (1) the Wuma fan delta

in Lugu Lake (southwestern China); (2) the Yangxi fan delta in 
Erhai Lake; (3) the Heimahe fan delta in the southern mountain of 
Qinghai Lake. Thus, this paper introduces the term “steep-slope 
zone” to describe source-to-sink geomorphology characterized by 
steep gradients in both the source area and depositional area.

Previous studies have analyzed the depositional architecture of 
the Sangyuan section in the gentle-slope zones of the Luanping 
Basin, concluding that distributary channels and lobes are the 
main architectural elements of the fan-delta front, accounting for 
53.42% and 36.88% of the sand-gravel deposits, respectively (Zhang 
et al., 2023). Additionally, numerous flume experiments have 
focused on fan deltas in gentle-slope zones (Wang et al., 2015; 
Zhang et al., 2021, 2022). The prevailing view across these 
studies is that the channels are consistently well developed. The 
most representative study by Zhang et al. (2021) suggests that 
distributary channels and lobes are relatively well-developed in 
gentle-slope fan deltas. According to this work, lobes form through 
rapid sediment unloading after rivers enter standing water. In 
cross-section, distributary channels overlie lobes and deeply incise 
them (Fig. 16(a)). Although some experiments have simulated 
steep-slope fan deltas by adjusting the slope of the depositional 
area, the source conditions in these simulations often remain 
characteristic of gentle-slope catchments (Zhang et al., 2021, 
2022). In contrast, the field sections and flume-tank simulations 
in this study involve source-to-sink steep-slope zones and their 
corresponding supply conditions. Both outcrops and experiments 
show well-developed lobes and relatively rare channels, with 
channels only shallowly incising lobes (Fig. 16(b)). Furthermore, 
recent studies of fan deltas in steep-slope zones indicate that their 
architecture is predominantly lobe-based, encompassing mouth 
bars, braided bars, sheet-flood bars, and sheet sands (Sun et al., 
2025; Yang et al., 2021).

From a sequence stratigraphic perspective, the study sections 
and the Sangyuan section lie within the same third-order 
sequence and are spatially proximate. Thus, their depositional 
climates and parent rock conditions were similar. The key differ-
ence lies in the slope gradients across source-to-sink systems. The 
sections in this study are located in the steep short-axis slope zone 
of the Luanping Basin, adjacent to the northern provenance. Steep 
source-area mountains provided abundant sediment and sus-
tained hyper-concentrated debris flows. Furthermore, steep slopes 
in both the source and depositional areas promoted high flow 

velocities. Consequently, the steep source-to-sink system exhibits 
high sediment concentrations and high discharge, inhibiting 
channel formation at mountain outlets but favoring debris-flow 

lobes. Upon entering standing water, these hyper-concentrated, 
high-discharge lobes continue advancing until fluid shear stress 
exceeds the combined basal friction and hydraulic resistance. 
Deposition occurs only when driving forces decay below a critical 
threshold. Conversely, gentler source-area slopes correspond to 
subdued mountains. Under equivalent weathering intensity, these 
yield less sediment, resulting in lower concentrations. The lower 
gradients in gentle source-to-sink systems inhibit flow accelera-
tion. This combination of lower concentration and reduced 
discharge enables sediment to erode prior deposits and form 

channels.

5.3. Mechanisms of grain-size control on fan-delta architecture

This study conducted field section architectural dissection and 
flume-tank experiments on the fan deltas in the steep-slope zones 
of the lacustrine basin. The results indicate that different sediment 
grain sizes correspond to different morphologies, dimensions, and 
stacking patterns of the architectural elements of the fan-delta 
front. Previous studies have shown that the morphological
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characteristics of the river-dominated delta is lobate or digitate 
due to the difference in the dominant grain size (Burpee et al., 
2015; Caldwell and Edmonds, 2014; Xu et al., 2025). There are 
also many studies that have used physical experiments to illustrate 
the sedimentary evolution process and vertical grain-size rhythms 
of gentle-slope shallow-water fan deltas under different grain size 
conditions (Wang et al., 2015; Zhang et al., 2021, 2022). However, 
how grain size controls fan-delta architecture in lacustrine steep-
slope zones remains unclear and requires analysis based on sedi-
mentary hydrodynamic principles.

5.3.1. Mechanisms of grain-size control on the morphology and 
dimensions

The dimension of architectural elements is a quantitative 
parameter expression of morphology. From the perspective of 
plane morphology, a tongue-shaped plane typically exhibits a 
relatively long length and narrow width, while a fan-shaped plane 
shows a relatively short length and wide width. The width-to-
thickness ratio of architectural elements also effectively charac-
terizes cross-sectional morphological features. Previous studies 
demonstrate the influence of slope on lobe morphology, indicating 
that steeper depositional slopes increase gravitational forces on 
sediment. This causes lobes to advance farther, resulting in an 
elongated, tongue-like shape. Conversely, gentler slopes produce 
shorter lobes (Liu et al., 2025). Thus, the morphology of architec-
tural elements is primarily controlled by the strength and direc-
tion of forces acting on sediments.

(1) Sediment mobility

The mobility of sediment grains is commonly quantified us-
ing the Shields number. According to Eqs. (7)–(9), the Shields 
number exhibits a positive correlation with the flow depth and 
the slope of substrate layer, and a negative correlation with the

sediment density and the median grain size. Under constant 
conditions of flow depth, slope of substrate layer and sediment 
density, that is, when the average shear stress of the fluid is 
equal, the Shields number is negatively correlated with the 
sediment grain size. Consequently, coarser sediment grains 
correspond to a smaller Shields number, indicating reduced 
sediment mobility. Conversely, finer sediment grains result in 
greater mobility. This relationship is evident in our three 
experimental groups (R1, R2, R3), where τ * R1 > τ * R2 > τ *R3 ,
demonstrating a sharp decrease in mobility with increasing 
sediment grain size (Fig. 17).

(2) Sediment transport stability

In addition to sediment mobility, sediment transport stability is 
often characterized using the particle Reynolds number. According 
to Eq. (10), the critical Shields number depends on the particle 
Reynolds number. A large particle Reynolds number corresponds 
to a larger critical Shields number (τ * cR1 < τ * cR2 < τ * cR3 ), indicating 
that a larger critical starting stress is required for coarse-grained 
sediments to start moving. Furthermore, previous studies 
demonstrate distinct flow regimes based on Re p . When Re p <5, the 
movement of particles is dominated by viscous forces. Flow 

around particles is hydraulically smooth, particle-fluid interaction 
is minimal, and sediment transport stability is high. As Re p grad-
ually increases, the flow transitions to a transitionally rough 
regime. Turbulence and vortex formation develop, reducing par-
ticle movement stability. Until Re p >70, the flow becomes fully 
rough. Particle motion is highly irregular and dominated by iner-
tial forces (de Leeuw et al., 2016; Garcia, 2008). Eq. (11) shows that 
for constant sediment density, the particle Reynolds number is 
positively correlated with grain size. In our experiments, coarser 
sediment corresponded to larger particle Reynolds numbers. This 
indicates reduced stability of sediment transport within the fluid,

Fig. 16. Relative development patterns of architectural elements in fan delta under different slope conditions. (a) Gentle-slope zone; (b) steep-slope zone.
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making particles more susceptible to external disturbances and 
changes in motion state (Fig. 17).

(3) Settling velocity

As with the transport conditions of sediment, the settling 
conditions of sediment particles are equally important for the 
morphology and dimensions of the sediment body. The settling 
velocity (U s ) is used to characterize the critical velocity at which 
particles begin to settle after ceasing suspension, and can be 
calculated as follows (Bagnold, 1966; Ferguson and Church, 2004):

U s= 
RgD2

50

C 1 μ +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 

0:75C 2 RgD3
50

√ (12) 

where R is the submerged specific gravity of the sediment in water, 
dimensionless; g is the gravitational acceleration, m/s 2 ; D 50 is the 
median sediment grain size, m; C 1 = 18; C 2 = 1 (for natural 
sediment).

Obviously, sediments of different grain sizes exhibit distinct 
settling velocities. When the average flow velocity exceeds the 
settling velocity, the fluid has a stronger ability to transport sedi-
ments; and when the average flow velocity is equal to the settling 
velocity, the sediments gradually cease suspension and begin to 
settle. Therefore, the settling velocity ratio (M) is used to charac-
terize the settling state of the sediment, as defined by the 
following equation (Parker et al., 2003):

M =
U
U s

(13) 

where U is the average flow velocity, m/s; U s is the settling velocity,
m/s. When M > 1, sediment remains in a suspended state, and
when M = 1, sediment exits suspension and initiates settling.

In this study, the grain size in experiment R1 was the smallest,
corresponding to the smallest sediment settling velocity, while the
R3 experiment corresponded to the largest settling velocity. Under
the experimental conditions with the same initial average flow
velocity, coarser sediments will reach their settling velocity first,

cease being suspended, and settle. Conversely, finer sediments will 
remain suspended and transported for a longer time before 
settling (Fig. 17).

Under identical initial flow velocities, coarse-grained sedi-
ments reach their settling velocity more rapidly due to greater 
hydraulic resistance. These particles also more readily attain the 
critical Shields number, triggering rapid proximal deposition. 
Moreover, coarse sediments exhibit a lower Shields number, 
indicating poorer fluidity. This limited mobility inhibits lateral 
spreading and promotes rapid deposition near the source, forming 
narrow, tongue-shaped lobes with low width-to-thickness ratios. 
In contrast, fine-grained sediments have higher mobility (lower
τ * c ) and a lower settling velocity. These properties allow them to 
remain in suspension longer, be transported farther, and disperse 
more widely before deposition. Consequently, they form broad, 
lobate deposits with high width-to-thickness ratios.

Thus, in both the analyzed outcrop sections and the flume-tank 
experiments, coarse-grained sediments predominantly form 

tongue-shaped lobes with low width-to-thickness ratios, whereas 
fine-grained sediments produce lobate lobes with high width-to-
thickness ratios (Figs. 11, 13 and 14). Furthermore, the 
morphology and dimensions of the fan-delta complex are gov-
erned by the geometry and scale of the individual lobes. Specif-
ically, coarse-grained sediments yield fan-delta complexes with 
irregular margins and low width-to-thickness ratios, while fine-
grained sediments form complexes with smoother margins and 
higher width-to-thickness ratios (Figs. 11, 13 and 14).

5.3.2. Mechanisms of grain-size control on stacking patterns 
Previous studies have established that the deposition processes 

and stacking patterns of architectural elements are primarily 
controlled by the development of effective accommodation space 
(Ainsworth et al., 2018; Shen et al., 2024). Effective accommoda-
tion space is defined as the space actually filled and effectively 
preserved by sediments at a given depositional time-step, distinct 
from theoretical accommodation space generated solely by tec-
tonic subsidence and base-level changes (Jervey, 1988; Pomar and 
Haq, 2016). Once effective accommodation space is filled and

Fig. 17. Regime diagram for sediment transport showing the three experiment runs with varying grain sizes (regime boundaries based on Bagnold, 1966; de Leeuw et al., 2016;
Garcia, 2008; Ni ~No et al., 2003; Shields, 1936; van Rijn, 1984). M: settling velocity ratio.
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rapidly occupied by sediments, subsequent sediment dispersal is 
characterized by migration, flow diversion, and compensational 
stacking.

In this study, sediment grain size served as the sole experi-
mental variable. It controls the rate at which accommodation 
space is filled, primarily through its influence on settling velocity. 
When coarse-grained sediments enter standing water, their higher 
settling velocity leads to rapid proximal deposition, which quickly 
reduces the available accommodation. Furthermore, the lower 
sediment mobility reflected in a low Shields number hinders the 
lateral diffusion of coarse grains and promotes the formation of 
narrow, tongue-shaped deposits. Continued sediment supply then 
forces newly formed lobes to migrate laterally into adjacent low-
lying areas, generating a compensational stacking pattern.

In contrast, fine-grained sediments exhibit a lower settling 
velocity. This promotes longer transport distances and more 
gradual deposition, resulting in a slower accommodation-filling 
rate that favors vertical aggradation. Additionally, their higher 
mobility, which is associated with a larger Shields number, enables 
wider dispersal. This leads to broad, lobate morphologies with 
limited lateral migration, thereby creating space for vertical 
stacking. Consequently, both outcrop profiles and flume-tank ex-
periments demonstrate that coarse-grained sediments exhibit 
multiphase compensational stacking, whereas fine-grained sedi-
ments are dominated by vertical stacking patterns.

5.4. Architectural patterns of fan deltas in steep-slope zones with 
different grain sizes

The topography, especially the slope along the source, has a 
significant impact on sediment flow transformation and the 
depositional architecture (Baas et al., 2009; Sun et al., 2025). It 
should be noted that the slope in this study refers not only to the 
bottom slope of the sedimentary basin, but also emphasizes the 
critical role of the slope within the intermountain supply system in 
the source area. Despite this, previous studies have insufficiently 
addressed the slope of the source system, instead emphasizing the

control of the slope in the sedimentary basin on depositional ar-
chitecture, and this influence primarily affects the morphological 
characteristics of the architectural elements (Harvey et al., 2005; 
Liu et al., 2025; Sun et al., 2025). However, the importance of the 
slope in the supply system to the depositional architecture cannot 
be overlooked, and the slopes of both the provenance area and the 
depositional area need to be systematically considered.

Previous studies have extensively investigated the sedimentary 
evolution, architecture, and control mechanism of shallow gentle-
slope fan deltas through field outcrops and physical simulations 
(Zhang et al., 2021, 2022). Their architectural elements are domi-
nated by distributary channels, where sediments rapidly unload 
upon entering stable water bodies to form lobes (Fig. 16(a)). Our 
study reveals that the fan deltas in lacustrine steep-slope zones are 
primarily characterized by lobes with minimal channel develop-
ment. This architectural difference stems from steep-slope sedi-
ment supply conditions. Under identical weathering intensity, 
high-relief terrain promotes debris flow sedimentation with 
higher sediment concentrations. Conversely, sediment concen-
tration and flow velocity in the gentle-slope zones are limited by 
source-area topography, favoring erosional channels under low-
concentration conditions. Thus, the architectural elements of fan 
deltas in lacustrine steep-slope zones are predominantly lobes, 
with channels being rare and forming only as shallow gullies on 
lobe surfaces after flood peaks (Fig. 18).

In addition to the influence of slope on the development of 
architectural elements, sediment grain size is also crucial to the 
control of fan-delta architecture. Previous numerical simulations 
have indicated that sediment grain size has an impact on the 
morphology of fan-delta complexes, with fine-grained complexes 
exhibiting fan-shaped geometries and higher width-to-thickness 
ratios (Zhang et al., 2021). Integrating field outcrop and flume-
tank experiment evidence, this study demonstrates that grain 
size has an impact on the morphology, dimensions, and stacking 
patterns of both fan-delta complexes and single architectural el-
ements in steep-slope settings. Under identical source-basin 
conditions, coarse sediments have lower Shields numbers,

Fig. 18. Architectural patterns of fan deltas in steep-slope zones with different grain sizes. The upper part represents a coarse-grained fan delta, and the lower part represents a 
fine-grained fan delta.
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yielding poor mobility and low stability, high sedimentation rates, 
and proximal accumulation. This forms tongue-shaped lobes with 
low width-to-thickness ratios. Rapid accumulation reduces ac-
commodation space, causing subsequent lobes to migrate and 
stack preferentially in topographic lows (Fig. 18). On the contrary, 
fine sediments exhibit higher Shields numbers, greater mobility 
and high stability, and lower sedimentation rates, enabling wide-
spread dispersal. This produces sheet-like lobes with high width-
to-thickness ratios, where slow vertical settling favors thin, 
vertically stacked lobe successions (Fig. 18).

6. Conclusions

Our findings reveal that lacustrine fan-delta architecture is 
fundamentally shaped by source-to-sink slope, which sets a lobe-
dominated framework, and by grain size, which dictates lobe 
morphology and stacking style.

(1) Lacustrine fan-deltas in source-to-sink steep-slope zones 
feature lobe-dominated architectures. These lobes consist of 
laterally extensive, high width-to-thickness ratio sand lobes 
and narrower, lower ratio gravel lobes. Stacking occurs via 
vertical aggradation and lateral migration.

(2) Under the same source-to-sink steep-slope setting, flume-
tank experiments reveal that internal architecture is gov-
erned by grain size. Coarse-grained systems develop narrow, 
thick, finger-like lobes accompanied by deep channels and 
lateral migration. In contrast, fine-grained systems generate 
wide, thin, sheet-like lobes with shallow channels and 
predominantly vertical stacking.

(3) Sediment-transport regimes and architectural elements are 
primarily controlled by the source-area slope. Steep slopes 
generate high-concentration, high-velocity flows conducive 
to lobate spreading and inhibitory to channels. Conversely, 
gentle slopes promote the development of stable, erosive 
channels.

(4) Lacustrine fan-delta architecture in source-to-sink steep-
slope zones operates through a dual control: slope dictates 
the overall lobe-dominated, channel-poor framework, 
whereas grain size modulates lobe morphology, stacking 
style, and channel development. This results in a continuum 

from coarse-grained (finger-like, laterally migrating) to fine-
grained (sheet-like, vertically stacked) architectures.
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