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Abstract: The article establishes a depositional model for
lacustrine hyperpycnal flow by examining dynamics,
transport factors, and laminae formation. The results
show that several typical experimental phenomena such
as fluid front mixing, double flow division, underwater
leap, water skiing, and “new head” can be observed in
the flume experiment. Based on the experimental observa-
tion of the flow process, three modes of transport of hyper-
pycnal flow in freshwater lake basins are summarized:
bottom-bed loading, suspended loading, and uplift loading.
Further, the change of fluid properties in hyperpycnal flow
is summarized in three stages: a high-concentration stage,
a low-concentration stage, and an uplifting stage. There are
two main factors affecting the long-range transport of
hyperpycnal flow: (1) the concentration difference between
the head deposits and the ambient water body and (2)
shear force of turbulence in the upper part of hyperpycnal
flow. The simulation experiments of hyperpycnites laminae
show that the laminae change from continuous to inter-
mittent with the increase of the transportation distance. It
is clear that the mode of transport of the hyperpycnal flow
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has a controlling effect on the degree of development of the
laminae. Eventually, a depositional model of lake-facies
hyperpycnal flow under experimental conditions was
constructed.
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pycnal flow, hyperpycnites, depositional processes, deposi-
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1 Introduction

Hyperpycnal flow is a kind of sediment gravity flow
whose density is higher than that of environmental water.
Hyperpycnal flow originated in the estuary during the
flood period and flows along the bottom of the sedimen-
tary basin under the action of gravity and exists in a
quasi-steady state [1,2].

Hyperpycnal flow is a type of sedimentary fluid cap-
able of transporting a large amount of sediment over long
distances. Initially, many scholars believed that only sus-
pended load existed in hyperpycnal flow [3,4]. However, as
research deepened, it was found that they typically consist
of three parts: suspended load, bed load, and floating load
[5]; Zavala [6] studied the evolution process, sedimentary
characteristics, and identification marks of different stages
of hyperpycnal flow in detail, and according to these three
transport modes, they divided the hyperpycnites into three
lithofacies types according to its transportation mode. As
the hyperpycnal flow deposition model is increasingly
recognized by more and more people, many scholars
believe that compared with the marine hyperpycnal flow,
which has a large density difference with the water, con-
tinental lake basins with intense tectonic activity, sufficient
basin depth, and small bottom area, and developed small
rivers are more prone to forming lacustrine hyperpycnal
flow [3-5]. In recent years, scholars in Shahejie Formation
of the Dongying Depression in the Bohai Bay Basin [7,8],
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the south Ordos Basin, central China [4], and the Lower
Cretaceous Xiguayuan Formation of the Luanping Basin in
Northeast China and other places have found evidence of
hyperpycnal flow deposition in freshwater lake basin [7]
and Dput forward the sedimentary model of hyperpycnal
flow in freshwater lake basin [7]. And then, Xian et al. [9]
established a model of the analysis of channelized hyper-
pycnal systems using outcrop information. To accurately under-
stand the genesis and structure of lacustrine hyperpycnites
deposits, it is necessary to conduct in-depth research on its
dynamic mechanisms to better grasp its dominant control
factors and developmental patterns [10-12]. Lamb and
Mohrig [13] used a flume model to simulate the flow pro-
cess of hyperpycnal flow, which evolves through a recircu-
lation zone, a zone of limited depth flow, and a submersion
zone before normal river water flows into a basin and
reaches sufficient depth to form hyperpycnal flow. Jeffrey
et al.’s [14] experiments showed that hyperpycnal flow can
still form even under extremely low sediment concentra-
tions, indicating that it is not just a special geological process
but more of a common geological phenomenon. Boland’s
[15] experiment showed that the injection method, bottom
slope, and settling velocity are critical factors affecting the
hyperpycnal and hypopycnal plumes form. Although the
research on the formation conditions and basic forms of
hyperpycnal flow is relatively common, most of the studies
are mainly based on marine basins, and there are fewer
flume simulation experiments on the dynamic processes of
lacustrine hyperpycnal flow dominated by fine-grained sedi-
ments and the characteristics of lacustrine hyperpycnites.
Flume sedimentation simulation experiments are an
effective means to study the dynamics of fine-grained sedimen-
tary processes and the distribution patterns of clay and sand
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[16-18]. In this article, by conducting flume sedimentation
simulation experiments of hyperpycnal flow, we can well ana-
lyze the dynamic mechanisms of lacustrine hyperpycnal flow.
Observations of the flow morphology characteristics, concen-
tration changes, and sediment distribution patterns of hyper-
pycnal flow are made using camera monitoring and a laser
particle size analyzer, with experimental data recorded. The
dynamic processes and sediment distribution characteris-
tics of lacustrine hyperpycnal flow are discussed, and a
fine-grained sedimentary model for hyperpycnal flow
deposition is established. This study can provide new per-
spectives for the research of hyperpycnal flow.

2 Experimental equipment and
scheme

2.1 Simulation equipment and observational
methods

The experiment was completed in the Ring Flume Simulation
Laboratory of the Key Laboratory of Reservoir Development
at Petro China. The experimental flume is overall semi-cir-
cular (as shown in Figure 1), with a depth of 60 cm, a width of
40 cm, two straight sections each 10 m long, and two semi-
circular sections with a radius of 1.2 m, for a total length of
27 m. The side walls and bottom of the flume are made of
high-strength, flat, tempered glass with excellent light trans-
mission properties; the flume’s framework is connected with
a stainless steel structure, and the bottom is 1 m above the
ground. The flume has excellent sealing properties, with no
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Figure 1: Schematic diagram of a circular flume and experimental equipment.
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leakage, and is equipped with a 3 m*® waste water pool in the
middle of the ground to store and treat the water discharged
during the experiment with sedimentation. The flume is also
equipped with a 0.8 m® water storage tank for supplying
water to the flume, which is 1.6 m above the ground, and the
water storage tank has a water level control outlet and a water
supply inlet. There is a cylindrical material storage bin equipped
with a flow control valve, with a discharge rate controllable
between 0.1 and 1L/s. Using this system allows for the reproduc-
tion of the river impact process and achieves a level of controll-
ability and adjustability, providing assistance in controlling
experimental variables for subsequent experiments.

A slope adjustment plate is set up at the front 1.8 m of
the flume. A high-definition, high-speed camera system is
installed above the flume, which includes eight cameras to
continuously capture images of the experimental process.
This device enables real-time monitoring of the formation
and deposition processes of hyperpycnal flow. The deposi-
tion process is an important measurement indicator in
sediment simulation experiments. Real-time image moni-
toring of the experimental process allows for a comprehen-
sive and intuitive record of the experiment. This can lead
to the discovery of more experimental patterns through
later comparison and interpretation of the experimental
phenomena. A high-speed camera is also equipped to
monitor the flow velocity of the fluid at different transpor-
tation distances in real time. The results after deposition
are analyzed using a laser particle size analyzer to calcu-
late the particle size distribution of the samples, with a
testing range of 0.05-1,500 um. By detecting parameters
such as particle size and mass, the particle size distribution
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lake basins, including the bottom slope, the volume con-
centration range, and average flow velocity of natural
hyperpycnal flow. It excludes the impact of climate and
tectonic changes on sedimentation. The simulated river
channel is designed to be 27 m long, 40 cm wide, with a
slope set at 3° a water depth of 0.35m, a volume concen-
tration of 5-20%, and an average flow velocity of 0.15m/s
(on a small scale). In the experiment, fine-grained sediments
are selected, consisting of natural fine sand (<0.25 mm), silt
(65—4 um), and clay (<4 pm).

To explore the impact of fine-grained sediment mix-
ture ratios on the flow velocity, transportation distance,
and post-deposition outcomes of hyperpycnal flow, as
well as the depositional process and patterns of lacustrine
hyperpycnites, the experiment is divided into two groups:
run 1: sand—clay ratio comparative experiment (Table 1)
and run 2: hyperpycnites laminations simulation experi-
ment (Table 2). The sand—clay ratio comparative experiment
is a single-run experiment that compares the differences in
the sediment flow process and post-deposition outcomes
under different parameters for each experimental run,
with a total of six runs designed. After each experiment,
the flume is cleaned before proceeding to the next run;
the laminar simulation experiment is a multi-run experi-
ment, with a fixed slope of 3°, a water depth of 0.35m, a
total sediment volume of 50 L, a sediment concentration
of 10%, and an initial flow velocity of 0.15m/s. The

Table 2: Hyperpycnites laminations simulation experiment

pattern of the sediments can be obtained. Experimental run Fine sand:  Experimental run  Fine sand:
silt: clay silt: clay
. | | Run 3-1 1:2:18 Run 3-8 1:2:12
2.2 Experimental plan Run 3-2 12:18 Run 3-9 1.2:6
Run 3-3 1:2:18 Run 3-10 1:2:6
To simulate the depositional process of hyperpycnal flow Run3-4 1:2:18 Run 3-11 1:2:6
within deepwater lake basins, the experiment was con- Run3-5 1:2:12 Run 3-12 1:2:6
ducted in a static water environment. The design refer- <" 3-8 1:2:12 Run 3-13 1:2:6
. K Run 3-7 1:2:12 Run 3-14 1:2:6
ences the natural geographic environment of freshwater
Table 1: Sand-clay ratio comparative experiment
No. Slope (°) Water Total sediment Sediment Initial flow velocity Sand-clay ratio (fine sand:
depth (m) amount (L) concentration (%) (m/s) silt: clay)
Run1-1 3 0.35 25 5 0.15 1:2:6
Run 1-2 1:2:12
Run 1-3 1:2:18
Run1-4 3 0.35 25 20 0.15 1:2:6
Run 1-5 1:2:12
Run 1-6 1:2:18
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experiment uses a method of single release and multiple
superimpositions, with a total of 14 runs designed.

2.3 Experimental method

During the simulation process, the sediment that has been
evenly mixed is transported from the storage bin to the
ring-shaped glass flume through a pipeline. After entering
the flume, the sediment first passes through a 2m slope
zone and is then continuously transported forward. To
facilitate the observation and recording of the fluid’s
motion state and the laws of change during the experi-
mental process, a high-definition camera is used to record
the experiment in real time. After the experiment, the
thickness of the sediment is measured at every 1m
interval, and sediment samples are extracted using an
underwater sampling method. A laser particle size ana-
lyzer is used to perform particle size analysis on the sedi-
ment samples, providing data support for the analysis of
the distribution of hyperpycnal flow deposits. Based on the
deposition thickness of the sediment at various stages and
the results of the particle size analysis, a thorough study is
conducted on the correspondence between the process and
the results, followed by analysis. The experiment is divided
into two phases, with a total of 20 runs completed.

3 Simulation of experimental
process and observations of
hyperpycnal flow

3.1 Single-phase experimental process

When the entire bin of sediment is suddenly released into
the flume, the fluid as a whole exhibits a turbulent state,
with a relatively uniform concentration and a height
between 8 and 20 cm. At the initial stage of flow, the bottom
layer flow of the hyperpycnal flow is initially entirely tur-
bulent, and when the fluid flow becomes stable, it is com-
posed of two parts: a rapidly moving laminar flow and a
slowly moving turbulent flow, which transports sediment
through rapid inertial flow [18]. During the transportation
process, the fluid mixes with the ambient water, and when
the head of the fluid gradually decreases in concentration
to a critical point, a skimming flow action occurs [19-21].
The distance between the fluid head and the bed slowly
increases, a skimming layer appears, and as the fluid is
continuously diluted and thins by the surrounding water
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body, the head concentration gradually decreases. The
fluid head changes from a tongue-like shape to a cloud-
like shape, detaching from the bottom of the flume, lifting
upward, and continuing to be rapidly transported for-
ward [22-25].

When the fluid concentration gradually decreases to
the critical point, the distance between the fluid head and
the bed slowly increases, and a skimming layer emerges.
As the fluid is continuously diluted and thins by the sur-
rounding water body, the concentration of the fluid head
gradually decreases and it lifts upward. The fluid head
gradually separates from the main body, and a “new
head” slowly forms at the front end of the main body.
The new head also has the characteristic of lifting upward,
overlaying on the thin layer, and moving forward slowly.

3.2 Typical experimental phenomena
3.2.1 Dual flow separation

When the transportation distance of the hyperpycnal flow
is between 1 and 1.8 m, the fluid undergoes a change in
flow state, transitioning from a vigorous turbulent state
to a gradually stable high-concentration hyperpycnal
flow. It is composed of two layers of fluid in the vertical
direction (Figure 2), with the upper layer having a lower
content of sediment particles, mainly supported by the
turbulence of the fluid, while the lower layer has a higher
content of particles in the sediment, where the internal
turbulence of the fluid is suppressed, and the sediment is
mainly supported by the matrix strength, dispersive pres-
sure, and buoyancy [26-29]. At this point, due to the highest
concentration at the head of the hyperpycnal flow, the
fluid relies on the concentration difference between the
head and the ambient water body to gain the driving force
to keep moving forward, resulting in the characteristic of a
thicker head and a thinner body of the fluid [19].

3.2.2 Mixing action of fluid front

During the experimental process, the complex mixing
action between the fluid front and the ambient fluid can
be observed. The mixing action is divided into two forms:
(D) billows and (2) clefts and lobes [10] (Figure 3a and b). (1)
Billows: located in the upper part of the heavier fluid front,
it is a shear flow where the fluid moves upward in a rolling
motion (Figure 4) and (2) clefts and lobes: below the fluid
nose, influenced by the shear force of the bottom shape, a
complex mobile pattern is formed.
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Figure 2: Dual flow bifurcation phenomenon in the hyperpycnal flow during the experimental process [24].

billow

Figure 3: Fluid front mixing action. Notes: (a) mixing patterns of two gravity flow fronts [11]; (b) diagram of the mixing pattern experimental process;
and (c) schematic diagram of the fluid front gravity flow state [10].

Figure 4: Wave action process during the experimental procedure. (a) The billow action just happened; (b) The billow rolls up; (c) The billow rolls
backwards; and (d) The billow action happens consecutively.
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Simpson [16] suggests that the mixing action beneath
the fluid nose (clefts and lobes) is caused by gravitational
instability due to the lighter fluid underlying the fluid nose.
Under no-slip conditions, the bottom of the fluid front is
affected by the frictional force with the ground, and its
lowest streamlines extend towards the rear of the fluid,
causing the stagnation point O to be lifted a certain dis-
tance. As a result, a small circulation of ambient fluid is
created beneath the nose of the fluid front (in terms of
height) (Figure 3c). The environmental fluid entering this
area has a lower density than the fluid front above it, thus
causing gravitational instability. As this part of the fluid
rises and moves forward, it forms a structure of clefts and
lobes.

Based on experimental observations, during the motion
of the fluid, clefts absorb each other, and lobes rapidly
expand or contract. When the lobes reach their maximum
size, new clefts are formed. Experimental observations
indicate that during a period of stable fluid flow, although
the appearance and disappearance of clefts and lobes are
very rapid, the total number of them generally remains
constant over the corresponding transportation distance,
representing the magnitude of the fluid’s energy. There are
more clefts and lobes in the proximal area of the hyper-
pycnal flow, and as the energy of the fluid flow decreases,
the number of clefts and lobes correspondingly decreases
until they disappear [16].

3.2.3 Underwater hydraulic jump

A hydraulic jump is the sudden transition of a fluid from
supercritical to subcritical flow, characterized by a disconti-
nuity or abrupt rise on the surface of the fluid. Its features
include a sudden increase in fluid thickness, a sudden
decrease in velocity, energy loss of the fluid, and a signifi-
cant decrease in fluid density and sediment concentration
[12-15]. Due to the significant reduction in fluid energy,
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intense sediment deposition occurs at the hydraulic
jump and immediately downstream of it. The difference
in fluid thickness before and after the occurrence of the
hydraulic jump is referred to as the “jump height” [13]
(Figure 5).

During the experimental process, the phenomenon of
hydraulic jump frequently occurs in the near-source area.
The essence of the hydraulic jump is the transformation of
the form of fluid energy [17]. Before the jump, the energy is
mainly kinetic, and after the jump, it is primarily potential.
The hydraulic jump results in a significant loss of fluid
energy. The hyperpycnal flow is strongly disturbed at the
location of the hydraulic jump. In addition to the main flow
continuing to move forward along the bottom, a series of
rolls appear on the surface of the fluid, drawing a large
amount of ambient water into the interior of the fluid,
marking a strong phase of energy dissipation for the fluid.

3.2.4 skimming flow effect leads to head elevation

Under experimental conditions, when the permeability of
the debris flow is relatively poor, it can effectively resist
the dilution of the fluid by the ambient water body. If the
dynamic pressure of the debris flow exceeds the compo-
nent of its own gravity along the slope downward, the head
and the base contact area of the debris flow will invade a
layer of liquid, causing the head of the debris flow to sepa-
rate from the base. This reduces the shear drag on the head
fluid and the base, allowing the debris flow to undergo
rapid transportation. This phenomenon is known as the
“skimming flow action” of the debris flow [14]. Previous
studies have shown that although the skimming flow
action is a possible explanation for the long-distance trans-
portation of debris flows [23,24], experimental observa-
tions by David et al. [28] indicate that since the skimming
flow action only occurs at the front of the debris flow and
the range is only a few tens of centimeters, it can only act

»

Figure 5: Underwater hydraulic jump phenomenon.
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Figure 6: Skimming flow action phenomenon.

as a lubricating effect on the transportation of the head of
the debris flow [24,25]. It does not ensure the long-distance
transportation of the entire debris flow.

However, in this experiment of hyperpycnal flow,
a long-distance skimming flow action was observed, with
the skimming section being up to 1-1.5 m in length (Figure 6).
Under the skimming flow action, as the fluid concentration
gradually decreases to the critical point, the distance
between the fluid head and the bed slowly increases,
forming a layer of water film between the bottom of the
fluid and the underlying water body, effectively reducing
the bed frictional resistance. The fluid then accelerates
over this layer of water film due to the force of gravity.
As the fluid is continuously diluted and thinned by the
surrounding water body, the concentration at the head of
the fluid gradually decreases, changing from a tongue-like
shape to a cloud-like shape, detaching from the bottom of
the flume, lifting upward, and continuing to be rapidly
transported forward (Figure 7).

3.2.5 New head uplifted phenomenon

During the sediment transport process, hyperpycnal flow is
prone to skimming flow action. Under its influence, the
fluid head is elevated, effectively reducing the frictional
resistance of the bed. The fluid then accelerates over this
layer of water film due to the force of gravity, resulting in
the highest velocity at the fluid head. Consequently, the
fluid head of the hyperpycnal flow tends to separate
from the tail of the fluid, leading to the disintegration of
the fluid. The separated head continues to be transported
for a distance before depositing, a new fluid head con-
tinues to form, and the disintegration occurs continuously
(Figure 8a—c). After deposition, scattered and isolated small
sand bodies are formed around the lobes (Figure 8d).

In this experimental process, under the “skimming”
action, the fluid head is elevated, and as the head lifts,
it gradually separates from the main body. At this time,
the head’s velocity will briefly accelerate, causing it to

Figure 7: Head uplift diagram (a-d represent the morphological changes during the fluid head uplift process).
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Figure 8: Schematic diagram of the “new head.” Notes: (a)-(c) Schematic diagrams of the new head formation process and (d) schematic diagram of

the “dispersive-type” sand body [30].

gradually pull away from the main body. A “new head” will
slowly form at the front end of the main body. Compared to
the first head, the new head has a smaller volume, a tongue-
like shape, and a reduced concentration, but it shares the
characteristic of upward lifting with the original head, over-
laying on a thin layer and moving forward slowly (Figure 9).
After the hyperpycnal flow undergoes “skimming,” accelera-
tion, and the head is lifted and moves for a period, new fluid
heads continue to form, ultimately resulting in the forma-
tion of a “dispersive type” sand body [30].

4 Experimental results and
discussion

During the simulation process, to facilitate the observation
and recording of the motion state and the laws of change of
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Figure 9: Two heads are connected through a thin layer.

the hyperpycnal flow during the experimental process, a
high-definition camera is used to record the experiment in
real-time throughout the process. After the experiment,
the thickness of the sediment is measured at every 1m
interval, and sediment samples are extracted using an
underwater sampling method. A laser particle size ana-
lyzer is used to perform particle size analysis on the sedi-
ment samples, providing data support for the analysis of
the distribution of hyperpycnites [31,32]. Based on the
deposition thickness of the sediment at various stages
and the results of the particle size analysis, a thorough
study is conducted on the correspondence between the
process and the results, followed by analysis. The experi-
ment is divided into two phases, with a total of 23 runs
completed, accumulating approximately 500 h.

The experiment is a continuous hyperpycnal flow
simulation. The first phase of the experiment is a sand-
clay ratio comparative simulation experiment, consisting
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of 6 runs, with a focus on observing the dynamic process of
hyperpycnal flow during the experimental process and
exploring the controlling effects of sediment concentration
and sediment grain size variation on the distribution of
sediments. The second phase of the experiment is a lami-
nation simulation experiment, totaling 14 runs, where the
stratification characteristics of the sediments after deposi-
tion are observed through multiple releases and superim-
positions of the fluid, and the main controlling factors
in the formation of hyperpycnal flow laminations are
analyzed.

4.1 Transportation modes of lacustrine
hyperpycnal flow

The transportation modes of hyperpycnal flow include
three parts: suspended load, bed load, and floating load
[28] (Figure 10). Based on the proportion of the three types
of loads, hyperpycnal flow can be further categorized into
those dominated by suspended load, those dominated by
bed load, and those dominated by floating load. Generally,
the floating part of the sediment in hyperpycnal flow is
often found in the ocean, and there has been less attention
paid to this by previous researchers. However, in this
experiment, it was observed that the floating part of the
sediment also exists in freshwater hyperpycnal flow.

4.2 Deposition dynamic process of
hyperpycnal flow

Based on the transportation modes of hyperpycnal flow
and combining the typical phenomena of this experiment,
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the changes in the fluid properties of hyperpycnal flow are
divided into three stages: the high-concentration segment
(strong dynamic stage) from 0 to 9 m; the low-concentra-
tion segment (stable flow stage) from 9 to 13 m; and the
floating segment (head lifting — new head stage) from 13 m
until the end of transportation.

(1) High-concentration segment (strong dynamic stage)

from 0 to 9m

In this stage, the hyperpycnal flow transportation
mode is mainly dominated by the bed load component.
As the transportation distance increases, coarse-grained
sediments are gradually unloaded, resulting in a relatively
large deposition thickness, with the sediment grain size
gradually becoming finer from near to far.

When the fluid is released from the outlet, it is in a
turbulent flow state without a specific form, and the con-
centration is relatively uniform at this time. In this stage,
the relationship between the thickness of the sediment and
the sand—clay ratio is the closest. At this point, a large
amount of coarse particles such as clay pebbles in the
sediment cannot be carried by the turbulence due to insuf-
ficient dynamics and are directly unloaded. Therefore, the
sediment thickness is greatest in run 1-1 and run 1-4,
which have the highest sand content (Figure 11).

After 2m, the fluid gradually transitions from a high-
speed turbulent state to a stable flow state. At this point,
the fluid exhibits the same typical characteristics as
the continuous high-density turbidity current — the
coarse-grained sediments in the lower part are trans-
ported forward in the form of a laminar flow, while
the fine-grained suspended sediments in the upper part
of the fluid are characterized by being supported by
turbulence.

During the 23 experimental runs, the underwater
hydraulic jump phenomenon was highly developed, occur-
ring in the 2-7 m section, and was more active closer to the

! S Suspended Load L Lofting
\
B BedLoad
: | E T
E A ;K_/\’ AL A ~A E
) - S — — ——
E *—:Lf e —
High concentration segment ; Low concentrationsegment | Floating segment

Figure 10: Transportation modes of lacustrine hyperpycnal flow (modified according to Reference [20]).
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Figure 11: Comparison of sediment thickness in sand-clay ratio comparative experiments. Notes: (a) Line chart of sediment thickness in 5%
concentration experiment and (b) line chart of sediment thickness in 20% concentration experiment.

sediment source area. It is characterized by discontinuity
or an abrupt rise on the surface of the fluid, a sudden
increase in fluid thickness, and a significant reduction in
flow velocity. In the sand—clay ratio comparative experi-
ments, the intensity of the hydraulic jump was greater in
runs 1-4, 5, and 6 than in runs 1-1, 2, and 3. Since the
essence of the hydraulic jump is the transformation of
the form of fluid energy, it results in a substantial loss of
fluid energy. Therefore, the rate of decrease in fluid velo-
city at this stage is relatively large (Figure 12), and the
corresponding sediment deposition downstream of the
hydraulic jump is more intense, leading to greater fluctua-
tions in the thickness of the sediments deposited at this
stage (Figure 11).

(2) Low-concentration segment (stable flow stage) from 9

to 13m

—— Runl-4

0.07

0.06

velocity[m/s]

Figure 12:

the motion distance[m]

The transition from the high-concentration segment to
the low-concentration segment often occurs at the 9m
mark. After 9m, as the transportation distance increases,
the average velocity of the hyperpycnal flow shows a gra-
dual decline due to the effect of the frictional force of the
bed on the bottom boundary layer (Figure 12). At this stage,
although the transportation speed of the hyperpycnal flow
has slowed down, the overall shape remains clear and
intact. As the coarse-grained material gradually deposits,
the head’s height decreases and the concentration is reduced
[33,34]. Due to the weaker hydrodynamic force in this stage,
the sediment particle size is relatively finer and is typically
supported by turbulence, being transported in a suspended
manner (Figure 13).

(3) The floating segment from 13 m until the end of trans-
portation (head lifting — new head formation stage)

Runi-1 — Runl-2

Runl-5

Runl-3
Runl-6

Line chart of fluid velocity in sand-clay ratio comparative experiment.
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Figure 13: Phenomenon of hyperpycnal flow at 11 m.

At the 13m mark, due to the continuous dilution
by the environmental water, the concentration of the
hyperpycnal flow continuously decreases until it reaches
a critical point. At this point, the hyperpycnal flow often
exhibits a phenomenon of head lifting under the action of
skimming flow. After the head of the hyperpycnal flow is
lifted, the viscous force between the head and the bed
disappears, leading to a brief acceleration of the fluid velocity
(Figure 11). Subsequently, as the head and the main body
gradually separate and a “new head” continuously forms,
the stage from the head lifting until the end of the single
hyperpycnal flow is referred to as the floating segment.

4.3 Dominant control factors for the
development of hyperpycnal flow

Based on the description of the aforementioned phenomena
and the analysis of the experimental results, it is concluded
that the main factors controlling the long-distance transpor-
tation of hyperpycnal flow are twofold: (1) the concentration
difference between the head of the hyperpycnal flow and
the ambient water body and (2) the shear force of the upper
turbulence within the hyperpycnal flow.
(1) Concentration difference between the head of hyper-
pycnal flow and the ambient water body
Since the maximum concentration of hyperpycnal
flow is mainly concentrated at the head, it relies pri-
marily on the concentration difference with the sur-
rounding water body to obtain the driving force for
continuous advancement. When the sediment concen-
tration is higher, the greater the concentration differ-
ence with the environmental water, the stronger the
driving force obtained, and the farther the maximum
distance of sediment transportation. During the experi-
mental process, it can be observed by comparing the
results of sand-clay ratio experiments with different

concentrations: the greater the concentration of the

hyperpycnal flow when released for the same amount

of time, the farther the distance they are transported

(Figure 12).

(2) Shear force of the upper turbulence in hyperpycnal flow

Comparison of transportation distances in sand-clay
ratio comparative experiments among various groups: run
1-3>run 1-2 > run 1-1; run 1-6 > run 1-5 > run 1-4 (Figure
14). From these data, it can be inferred that the higher the
content of clay, the farther the hyperpycnal flow are
transported.

The results of the sand—clay ratio comparative experi-
ment show that: since the bed load component (coarse
particles) of the hyperpycnal flow mainly relies on the
shearing force of the turbulence at the upper part of the
hyperpycnal flow for transportation, and both the low-con-
centration segment and the floating segment are trans-
ported in a turbulent state, the upper turbulent part is
mainly composed of fine-grained sediments such as clay.
Therefore, the higher the content of clay, the longer the
turbulent characteristics can be maintained [30,31]. The
clay material acts like a “skeleton” of the hyperpycnal
flow, carrying coarser particles to a greater distance by
wrapping and transporting them, thus allowing the sedi-
ments to be carried further away. Hence, the content of
clay determines the magnitude of the shearing force of the
upper turbulence of the hyperpycnal flow. The higher the
clay content, the stronger the dragging effect of the turbu-
lence, and the further the sediments are transported.

4.4 Hyperpycnites lamination distribution
characteristics and dominant control
factors

After the lamination experiment is concluded and the sedi-
ments have fully settled, the environmental water is
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Figure 14: Percentage of clay content.

drained from above using the principle of siphoning (to
prevent the sediment from floating, which would affect
the experimental results). After the sediments have dried,
samples are taken at fixed points every 1 m. The obtained
slab samples are then analyzed using a stereomicroscope
for side-section examination. To study their grain sequence
and composition, the samples are impregnated with resin,
ground into thin sections, and photographed using an
optical microscope.

4.4.1 Sediment thickness distribution characteristics

Analysis of the thin-section results shows that the sedi-
ments near the water outlet (0-1.5m) are quite mixed,
with a coarser overall grain size, predominantly fine
sand and coarse silt. After 1.5 m, the samples show uniform
sediment deposition with the development of parallel lami-
nation, presenting a clear interbedded sand—clay structure.
Using a micrometer to measure the overall thickness of the
sample and the thickness of the multiple small layers

w

lamina thickness[mm)]
o o

developed, the thickness variation pattern is ultimately
determined: There are a total of 17 runs in the experiment,
with measurement ranges between 0 and 19 m. According
to the statistical results, the total thickness of the lamina-
tions decreases with increasing transportation distance
(Figure 15).

4.4.2 Hyperpycnal flow’s transportation methods’
control on the development degree of lamination

As hyperpycnal flow moves from the near source to the far
source, there is a loss of energy and a decrease in flow
velocity, with the bed load, suspended load, and floating
load being successively discharged, depositing in sequence
to form a unique sedimentary sequence in the high-concen-
tration segment, low-concentration segment, and floating
segment. By comparing the thickness of laminations, sand—
clay ratio (Figure 16), the thickness and number of sub-
layers, and combining with the thin-section photomicro-
graphs of the lamination samples, the controlling effect of

01 2 3 4 5 6 7 8 9.

10 11

12

the motion distance[m)]

Figure 15: Statistical results of total thickness of hyperpycnites laminates.
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Figure 16: Comparison of clay and sand content in sediments.

the transportation modes of hyperpycnal flow on the devel-
opment of laminations in the three stages of high-concentra-
tion, low-concentration, and floating segments is summar-
ized (Figure 17).

(1) High-concentration segment (0-9 m)

In the 0-9 m segment, the average sand—clay ratio
is 2:1. At this point, the sediment concentration is high,
and the transportation mode is mainly bed load, which
is the main unloading stage for coarse-grained sedi-
ments. At this time, the sand grain laminations and
clay laminations are clearly interbedded (Figures 16
and 18a).

At the 9 m mark, the sand—clay ratio is 1:1, which is
the critical point where the hyperpycnal flow transi-
tion from being dominated by bed load to being domi-
nated by suspended load, with the content of sand and
clay being essentially equal (Figures 16 and 18b).
Low-concentration segment (9-13 m)

In the 9-13 m segment, the average sand—clay ratio is
1:2. At this point, the sediment concentration is low, and
the transportation mode is mainly suspended load. There
are fewer laminations, with some discontinuous lamina-
tions present, and a large amount of clay mixed with a
small amount of silt is deposited (Figures 16 and 18c).
(3) Floating segment (13m to the end of transportation)

From 13m to the end of transportation, the average
sand—clay ratio is 1:8. At this point, the sediment concentration

@

relative thickness

9m

is extremely low, and the main transportation mode is floating
load. There are very few and discontinuous laminations, and
the deposit is essentially pure clay (Figures 16 and 18d).

4.4.3 Distribution characteristics of hyperpycnites
laminations

Near the discharge end, the sediments are quite mixed,
with a coarser overall grain size, predominantly fine
sand and coarse silt, including some clay materials. The
cross-section shows continuous, superimposed lens-shaped
channels (Figure 19a). When the sediments are transported
to a distance of 2.5m, they have not been excessively
sorted, with a wide range of grain sizes and a dominance
of coarse sediments. The laminar morphology of the hyper-
pycnal flow is continuous and the bedding is clear. Since
the duration of a single release of hyperpycnal flow in the
experiment is 6-8 min, the flood peak lasts long enough
and the hydrodynamic force is strong enough to erode
all the deposits before the flood peak, leaving only nor-
mally graded sedimentary units (Figure 19b). Starting
from 5m, a typical vertical sequence of hyperpycnal flow
can be observed: upward-coarsening reverse grading units
and upward-fining normal grading units appear in pairs,
representing the strengthening and weakening stages of
hyperpycnal flow, with the greatest grain size at the

............. » the particle size becomes fine

------------- ¥ the thickness becomes thinner

»
>

13m distance
B 0 ] I (-]
fine sand very finesand  silt clay boundary trendline

Figure 17: Schematic diagram of sediment distribution.
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Figure 18: Hyperpycnites laminar thin section. (The red arrow is the sand layer; the yellow arrow is the clay layer.) Notes: (a) Laminations at 3 m, thin
section (+); (b) laminations at 9 m, thin section (+); (c) laminations at 12 m, thin section (+); and (d) laminations at 17 m, thin section (+).

interlayer erosional contact surfaces (Figure 19c). At the
farthest distance from the sediment source, the sediments
are mainly clay with less sand content and weaker hydro-
dynamic force. At this point, the sediments are predomi-
nantly clay with rare discontinuous parallel lamination
(Figure 19d). Therefore, the hyperpycnites laminations
transition from a continuous to a discontinuous state
with increasing transportation distance.

!
A
A
A
4

lmm

4.5 Deposition patterns of hyperpycnal flow

Fluids with a concentration greater than that of the basin
water, capable of carrying a large and mixed load of sedi-
ment particles, which directly submerge into the low-con-
centration water body in the form of a flood and transport
along the basin bottom over long distances, are known as
hyperpycnal flow. Generally, the formation process

VOV POO

Figure 19: Vertical sequence of sediments at different transportation distances. Notes: (a) Longitudinal section of sediments at 1 m; (b) laminations at

3 m; (c) laminations at 9 m; and (d) laminations at 16 m.
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(supply-transportation—deposition) of hyperpycnal flow in
a basin is extremely complex and is controlled by a variety
of environmental factors. Different geological backgrounds
and environmental conditions correspond to hyperpycnal
flow deposits with different characteristics. Based on the
results and understanding from this flume experiment,
and integrating the research findings of predecessors, the
flow and depositional patterns of hyperpycnal flow under
ideal conditions have been established (Figure 20).

The migration and evolution of hyperpycnal flow
result in significant differences in sediment grain size
among different depositional areas. The area near the
water outlet, which is close to the sediment source, has

Fine particles are suspended
and dispersed in water

Constantly producing new heads

4

; H

a b c d
a | j—§ A A Hb
b I _— S A Hb

= A v

fine sand very fine sand silt clay normal grading  inverse grading

Figure 20: Deposition pattern diagram of lacustrine hyperpycnal flow. (a)
Proximal end of the sediment source; (b) Middle to frontal proximal area
of the sediment source; (c) Middle to rear proximal area of the sediment
source; and (d) Distal end of the sediment source.
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strong hydrodynamic forces, dominated by erosional and
filling deposition, resulting in coarser sediment grain sizes.
In contrast, the far end has weaker hydrodynamic forces,
predominantly clay sediments, and the middle area repre-
sents a transitional deposition of relatively coarse and fine
sediments.
(@) Proximal end of the sediment source
At the proximal end of the sediment source, a high-
concentration flood carries a large amount of sediment
into the lake water. At this point, the hyperpycnal
flow has just formed and possesses significant energy,
being in the high-concentration segment of the hyper-
pycnal flow fluid. The sediment is predominantly
coarse, mainly consisting of fine sand and clay peb-
bles, with a strong erosive effect on the underlying
sediments, forming erosion channels. These channels can
be filled with subsequent sediments, typically resulting in
a normal grading sequence.
(b) Middle to frontal proximal area of the sediment source
In the middle to the frontal proximal area of the
sediment source, which is the transitional zone from
the continental slope to the basin center, the hyper-
pycnal flow deposits develop parallel lamination with
clear and continuous forms. The topographic gra-
dient changes from steep to gentle, and the deposi-
tional action of the hyperpycnal flow is intense.
There is a significant unloading of coarse sediments,
mainly fine sand, followed by silt, with a small amount
of clay. Due to a stable supply of materials and a longer
duration, coupled with strong hydrodynamic forces, all
the deposits from before the flood peak are completely
eroded, leaving only normally graded sedimentary
units.
(c) Middle to rear proximal area of the sediment source
In the middle to rear proximal area of the sediment
source, the energy of the hyperpycnal flow diminishes
compared to the proximal end. The sediments gradually
become finer and thinner towards the center of the
basin, with silt and clay materials being predominant.
The sediments are characterized by the development
of typical reverse-to-normal grading sequences and
intralayer micro-erosional surfaces. At this point, the
lateral distribution range of the hyperpycnal flow gradu-
ally widens, and parallel lamination is more common but
discontinuous.
(d) Distal end of the sediment source
At the distal end of the sediment source, which is the
gentle central basin area, the flow velocity of the hyper-
pycnal flow is slow, and skimming flow action occurs. The
deposition is primarily dominated by the continuously
formed “new head.” The erosive action is weak, and lobate
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deposits are formed at the terminus, with discontinuous
small sand bodies distributed outside the lobes. The sedi-
ment grain size is finer, mainly clay, with a small amount
of silt. Parallel lamination is rare and discontinuous, and
the reverse-to-normal grading sequence is less pronounced
than in the middle to rear proximal area.

5 Conclusion

(1) In the flume experiment process reproducing of hyper-
pycnal flow, many typical experimental phenomena can
be observed. Combining the results of previous flume
experiments, typical experimental phenomena such as
bifurcation of dual flows, mixing action of the fluid
front, underwater hydraulic jump, head lifting, and
the “new head” uplifted phenomenon have been sum-
marized. In-depth discussions have been conducted on
the mechanisms of these phenomena.

(2) Through observation of the process of hyperpycnal
flow, three transportation modes of hyperpycnal flow
in freshwater basins have been summarized: bed load,
suspended load, and floating load. Based on the trans-
portation modes of hyperpycnal flow and combined
with the typical phenomena of this experiment, the
changes in the fluid properties of hyperpycnal flow
are divided into three stages: the strong dynamic high-
concentrated segment from 0 to 9 m; stable flow low-
concentrated segment from 9 to 13m; and the floating
segment (head lifting — new head uplifted stage) from
13 m until the end of the transportation.

(3) Sand-clay ratio comparative experiments indicate that
the main factors controlling the long-distance transpor-
tation of hyperpycnal flow are twofold: (1) The concen-
tration difference between the head of the hyperpycnal
flow and the ambient water body exerts a controlling
effect on the transportation distance of the hyper-
pycnal flow; when the release time of the hyperpycnal
flow is the same, the greater the concentration, the
farther the transportation distance. (2) The shearing
force of the turbulence at the upper part of the hyper-
pycnal flow also controls the transportation distance;
the more clay content there is in the hyperpycnal flow,
the farther they are transported.

(4) Results from the hyperpycnal flow laminar simulation
experiments indicate that, in terms of laminar mor-
phology, as the transportation distance increases, the
hyperpycnites laminae transition from a continuous to
a discontinuous state. During the process from the
near-source to the far-source, there is a loss of energy
and a decrease in flow velocity. The bed load, suspended

DE GRUYTER

load, and floating load are successively unloaded, and
the high-concentration segment, low-concentration seg-
ment, and floating segment successively deposit to form
a unique sedimentary sequence. Therefore, it is shown
that the transportation mode of hyperpycnal flow has a
controlling effect on the degree of laminar development.

(5) Based on the results of sand-clay ratio comparative
experiments and the results of hyperpycnal flow
laminar simulation experiments, combined with pre-
vious research on the depositional process of hyper-
pycnal flow, a unique depositional model for lacustrine
hyperpycnal flow in the flume experiment mode has
been established. The hyperpycnal flow exhibits a trend
of gradually finer grain size and decreasing thickness from
the near end to the mid-front end, mid-rear end, to the far
end, and is capable of long-distance transportation.
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