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Abstract: When turbidity currents carrying shallow heat enter stable stratified lakes or oceans, they
can trigger changes in temperature, dissolved chemicals, oxygen concentrations, and nutrient mix-
ing through the stable stratified environmental water. Although it is common for warm turbidity
currents to invade stable regions, the impact of turbidity current characteristics on environmental
entrainment and the impact of temperature changes caused by the mixing of warm turbidity currents
with the environment remains poorly understood. In this study, systematic experiments on warm
turbidity currents were conducted to understand how sediment-driven turbidity currents lead to
mixing in stable stratification using existing environmental entrainment numbers. The experimental
results show that the dimensionless numbers R; (the ratio of the change in environmental water
concentration caused by salinity to sediment load), Rt (the ratio of the change in environmental water
concentration caused by temperature difference to sediment load), and Ry (non-dimensional density
ratio) control the flow process of warm turbid plumes, and corresponding functional relationships
are summarized. The frequent occurrence of warm turbidity currents events caused by increasingly
prominent environmental problems cannot be ignored, as it directly affects the deep-water environ-
ment of lakes or coastal oceans, which may be an important contribution to heat transfer that has not
been evaluated in previous ocean events.

Keywords: turbidity current; carrying heat; temperature structure; environmental entrainment;
marine environment

1. Introduction

Turbidity currents are sediment-rich gravity currents that tend to be generated in
relatively shallow, warm shelf environments, moving down slopes and spreading into
deep-water lakes or deep oceans [1-5], as shown in Figure 1. The intrusion of external heat
that breaks the stable and persistent energy stratification of pristine lakes or oceans is often
referred to as “thermal pollution”, and the steady state of lakes and coastal oceans is greatly
affected by them. They will destabilize the stratification of heat, oxygen concentration,
nutrients, and dissolved chemicals in the ambient water column, directly affecting the
abundance and community structure of organisms in the marine environment [6-10]. In ad-
dition, the stable deep-sea environment makes deep-sea organisms highly sensitive to small
temperature changes. Nematodes are a major component of marine sediments, accounting
for more than 90% of the abundance of all benthic organisms in the deep sea [11,12]. Small
species such as nematodes, which typically reproduce between days and months [13],
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respond strongly and rapidly to changes in temperature. The relationship between the
magnitude of temperature changes and changes in species richness provides evidence that
small temperature changes of 0.1 C or less are sufficient to cause significant changes in the
biodiversity and community structure of deep-sea nematode assemblages [14]. Therefore,
whether turbidity currents from the shallower and warmer parts of the continental shelf
have a “thermal pollution” effect during their migration from the seabed to deeper waters,
thus affecting the temperature of the ambient water column, has not previously been
considered in the field of global heat transport systems.

High-density
flow

Slop
ne Submarine

canyon -
Warm turbidity

current Air-Sea

heat
exchange

Submarine

Cold water
(Deep sea)

Figure 1. A schematic of the energy and matter changes affected by turbidity current transmission into
ocean systems. (Note: Different triggers cause turbidity currents to enter the deep ocean environment
along the ocean floor and carry heat from upper source areas further from the continental shelf into
the deep ocean domain. Turbidity currents can act as a mechanism for transporting upper-layer heat,
thus producing processes that alter the energy and material of the ocean system).

For high-density rivers flowing into the ocean, turbidity currents transport most of the
sediment that is transported from the continental shelf or shallow delta environments to the
deep-sea plain [15,16]. Sediments that move during these events are typically suspended
not in cold, salty water that is characteristic of ocean basins but in fresher or warmer surface
sea water or river water that has a lower density. The fate of the suspended sediment
depends on the initial volume density of the turbidity current [17-19]. The volume density
of the turbidity current depends on the initial density of river water (caused by the initial
freshness caused by temperature) and sediment concentration (salinity that can be dissolved
in water and concentration of undissolved sediment). The potential density of the ocean
depends on the salinity, temperature, and depth of the sea water: the typical density of sea
water is about p, =~ 1031 kg/m° at a depth of 1 km and p, ~ 1040 kg/m? at a depth of 2 km [20].
Due to the stable stratification of density, energy (heat), oxygen concentration, nutrients, and
dissolved chemicals in the ocean, the warm turbidity currents generated in the continental
shelf environment entering the deep sea are likely to contain light environmental water bodies
and shallow heat, which may break the stable stratification of environmental water bodies
along the turbidity current movement path. Table 1 summarizes the mean water temperature
in the turbidity trigger areas and the ambient water temperature of the deeper seabed of
the turbidity current path under different trigger conditions, indicating that there is a clear
temperature difference between the ambient water temperature in the turbidity source areas and
the migration areas. Most lakes and oceans exhibit significant density stratification or material
stratification for most of the year, and it is important to understand the process of turbidity
currents carrying heat and how to change this stratification.
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Table 1. A comparison of ambient water temperature in the trigger source area and along the

movement of turbidity currents.

Location of

Trigger Source

Ambient Temperature of Water

Tarbidity Current Time Trigger Mechanism Temperature Body ]z}lon.g ‘the Movement of Source
urbidity Currents
Sea area:
Storms cause Gaoping River 0-200 m: 30-15 °C
Gaoping Canyon 7-10 August 2009 hieh-densitv floods temperature: above 200-500 m: 15-8 °C [21,22]
& Y 28°C 500-1000 m: 8-5 °C
1000-4000 m: 5-3 °C
Sea area:
Storms cause Gaoping River 0-200 m: 30-15 °C
Gaoping Canyon 14-17 September 2016 hish-density floods temperature: above 200-500 m: 15-8 °C [23,24]
& Y 28°C 500-1000 m: 8-5 °C
1000-4000 m: 5-3 °C
Sea area:
. Storms, not directl ) 5 100-200 m: 10-9 °C .
Eel Bay Canyon 12 January-3 April 2000 related to river ﬂoozlls 0-100 m: 14-10 °C 200-400 m: 9—7 °C [25,26]
400-1500 m: 7-3 °C
Highly consistent Sea area:
Monterey Canyon 17-19 December 2002 with the storm 0-200 m: 14-9 °C 200-500 m: 9-5 °C [26]
activity 500-1500 m: 5-3 °C
Failure of canyon .
. head or slope due to Sea area:
Monterey Canyon Winter sediment 0-200 m: 14-9 °C 200-500 m: 9-5 °C [26,27]
. 500-1500 m: 5-3 °C
accumulation
Congo River water Sea af ea:
Congo Canyon December 2019—-March Increased flow of temperature: above 0-200 m: 30-15 °C, 200-500 m: [28,29]
2010 high-density rivers 26°C 15-8 °C !
Under 500 m: 8-3 °C
High-density flow .
17-19 December 2008 during river flooding Annual average Sea area:
Val Canyon 5_8 February 2009 and some local temperature of Val 0-510 m: 25-13 °C [30,31]
y River: 17-25 °C 510-1280 m: 13-3 °C
storms
Sea area:
Lion Bay Canyon 12 November 2003 Rivers flooded 0-100 m: 17-16 °C 100-200 m: 16-15 °C [32]

200-300 m: 15-13 °C
Under 300 m: 13-3 °C

during the storm

Note: There is a negative correlation between the ambient temperature of the water body and an increase in depth
along the turbidity current path. The temperature data are supplemented from https://argo.ucsd.edu/data/data-
visualizations Ocean data system (accessed on 2 December 2024).

Heat-carrying turbidity currents can transport shallow warm water masses to deep-
water areas, generating intense convective mixing, overturning the water column, and
releasing dissolved gases into the atmosphere. This can have devastating impacts on fish
populations and potentially lead to habitat destruction in the surrounding area, such as
degassing events in other so-called “killer lakes” such as Nyos and Monoun [33]. However,
there is currently no research on turbulent mixing processes originating from shallow warm
turbidity currents, and most previous studies on reverse buoyant flows have been driven by
the sedimentation behavior of density flows. For example, Sparks (1993) first investigated
sedimentation as the main mechanism leading to a decrease in stacking density during
turbulent mixing through experiments [34]. Cantelli (2008) studied turbidity currents
generated by underwater volcanic eruptions and investigated the deposition and lofting of
two different density and particle size sand suspensions in relatively cold environments,
indicating that the lofting process affects downstream mixing and sediment thickness [35].
Gladstone (2010) conducted a sedimentary model study of turbidity current experiments
with reverse buoyancy, and an important feature of the results is the non-uniqueness of
the deposit structure: different initial current compositions can generate deposits with
very similar bed profiles and grading characteristics, highlighting the difficulty of recon-
structing mother flow properties from field data [36]. Steel et al. (2016, 2017) conducted
field observations and laboratory experiments, indicating that the initial characteristics of
turbidity currents can change convective processes, affecting velocity, sediment thickness,
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and range [37—40]. Lu (2022) conducted an experiment on sediment-laden rivers into
stratified water bodies, dividing turbidity currents into overflows, interflows, or under-
flows, depending on density contrast, and using dimensionless parameters to describe
the velocity characteristics of turbidity convection [41]. Although it is known that the
particle size and sediment concentration of turbidity currents significantly affect convective
processes (velocity structure, concentration structure, sediment thickness, and range), there
is little theoretical research on the mechanism of temperature’s impact on turbidity current
movement characteristics, and whether shallow heat carried by turbidity currents can cause
“pollution” to the stable hydrological environment in deep-water areas. As a result, there is
little understanding of this knowledge gap. This knowledge gap reflects a lack of detailed
information on the mechanism of turbidity currents carrying shallow heat to deep-water
areas and how temperature conditions affect turbidity current convective mixing changes.

This research seeks to explore sediment and thermal transport in turbidity currents,
analyzing how the initial characteristics of warm currents affect the stable stratification
of aquatic environments and their primary role in turbidity current motion, excluding
complex elements such as wind stress and wave action. In particular, we study the effects
of dimensionless parameters R; (the ratio of changes in ambient water concentration due
to salinity to sediment load) and Rt (the ratio of changes in ambient water concentration
due to temperature difference to sediment load) on the turbulent mixing of turbidity
currents. Based on descriptions of warm turbidity current experiments, we explore how
the dynamics of turbidity currents depend on the relative contributions of temperature
gradient, sediment load, and turbidity current volume. Non-dimensional density ratios Ry
are used to investigate the relative importance of buoyancy-driven and convective motions.
By understanding the behavior of warm turbidity currents in laboratory experiments, we
use existing environmental entrainment functions E to understand how sediment-driven
turbidity currents can lead to stable mixing. A simplified application is to estimate how
much heat induced by warm turbidity currents triggered by extreme hydrological events
or earthquakes can carry to deeper layers, potentially disrupting stable stratification in
lakes or deep oceans. This encourages us to consider the role of turbidity events in thermal
transport in bottom channels, which may be an important mechanism for energy exchange
in lake and deep-sea environments.

2. Theory

In multiphase gravity flows, the buoyancy of the flow induced by the relative den-
sity difference caused by temperature cannot be ignored. This will inevitably affect the
movement and mixing of reverse buoyancy turbidity currents. We introduce the density
ratio theory proposed by Lu et al. (2022) and consider the contribution of temperature
gradients to turbulent mixing and convective processes [40]. Establishing a simplified sys-
tem helps to understand the dynamic process of rivers entering the receiving environment
with sediment and heat, and this model ignores waves’ influence on bottom currents’ heat
transport. The initial density of the turbidity current is pps, the density of ambient water
within the turbidity current is pg, and the density of ambient water in the ocean or lake is
pe- In addition, the relative contributions of temperature, sediment, and salinity in each
layer can be specified according to the following formula:

oM = pPo + APC (1)
PE = Po + Dps + Apr

Generally, py is the initial density of the river, Ap. is the increase in sediment density
difference, and Apt can increase or decrease the density, such as in the case of a river with
high temperature or a glacier river. It should be noted that Apr is the density difference
caused by the temperature difference between the river and the ambient water. Therefore,
if the river is hotter than the ambient water pg, Apr is positive. The negative sign in
the equation remains unchanged. Equation (1) ensures that the temperature contribution
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changes ppr. Apc is the density difference caused by sediment, which is always positive,
and Aps is the density difference caused by salinity, which is also always positive.

From Equation (1), two dimensionless variables can be derived: the first ratio compares
the magnitude of temperature differences with the incoming sediment load, defined as:

Rt = Apr/Apc )

The second ratio compares the difference in “freshness” between the environmental
water and the river with the incoming sediment load, defined as:

Rs = Aps/Dpe ®3)

These two dimensionless parameters can now be used to describe the formation of
overflows, interflows, and underflows, as shown in Figure 2. Overflows occur when
om < pg and 1 — Ry < Rg; interflows occur when py; = pg and 1 — Rt = Rg, respectively.
If the incoming density is pp > pg, underflows occur when 1 — Rt > Rg.

Figure 2. Schematic diagram of three forms of motion of warm turbidity currents entering lakes or
oceans. (a) Overflow (b) Interflow (c) Underflow (d) Initial state (revised based on research by [40]).

In summary, the new information is first used to estimate when convection may be
important in various river plumes. Equations (2) and (3) can be combined to define the
following mechanisms:

Owver flows : Rt + Rg > 1;
Interflows : Rt +Rg = 1; 4)
under flows : Rt + Rg < 1

Specifically, the convective lofting and environmental mixing activity of turbidity
currents are driven by density anomalies generated by sediment load Ap. and environ-
mental water density (salinity) Aps as well as water freshness (temperature) Apr. When
the sediment load disappears, the density of the remaining underflow is now py = po.
Therefore, when pj is less than the density of the lower fluid, i.e., pg < po + ps + o1, the
rise and mixing of “low-density” substances in the turbid bottom flow and interflow may
occur under the following conditions: 0 < Rs + Rt, which indicates the lower limit of
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turbulent mixing rise phenomenon. The interval between the turbidity current bottom
current and the interflow during the most severe convective mixing is 0 < Rs + Rt < 1. So,
letting Ry = Rs 4+ Rt, by designing experiments with different R values, the fluid dynamic
characteristics of turbidity currents can be studied.

Turbulent mixing at the interface of turbidity currents causes ambient water to be
entrained into the turbidity current, thereby diluting the flow. Dilution increases the flow
thickness, reduces the flow velocity, promotes sediment settling, changes the distribution
of heat and sediment concentration within the turbidity current, and causes changes in the
stability of environmental water stratification. Therefore, environmental entrainment (E)
directly affects the propagation of turbidity currents by changing the density excess, which
can quantify the convective activity in laboratory experiments and is an important dimen-
sional parameter for understanding the convective intensity and heat mixing processes
of turbidity currents. Morton et al.’s early work provided a well-known theory that the
entrainment rate at any given point in a fluid is proportional to the characteristic velocity
at that point [42].

We
T ®)

For turbidity currents, entrainment is usually quantified as a dimensionless parameter
E, which is expressed as the ratio between the ambient entrainment velocity w, and the
characteristic velocity U of turbidity currents. Jacobson (2014) defined w, for sediment-
laden water flow based on the rate of change A of the cross-sectional area of the water
flow [43].

E =

UdA

We = deXf (6)

where E is the environmental entrainment coefficient; w, is the environmental entrainment
velocity; U is the velocity of the turbidity current; x is the distance of turbidity current
migration; and dA is the vertical influence area of turbidity flow. In this study, dA is taken
as the envelope area where the temperature exceeds 0.1 °C during the turbidity movement
process per unit time.

3. Experimental Design

To simulate the process of turbidity current events carrying shallow heat to the deep
sea, indoor experiments were designed to study heat transfer characteristics during warm
turbidity current movement, as well as the relationship between initial characteristics
(temperature, concentration, volume) and convective motion. A series of lock-release
experiments were carried out using a similar apparatus as He (2017) and Han (2022) [44,45],
as shown in Figure 3. The system included an acrylic rectangular flume, and a control
system for the lock-release inflow. The rectangular flume had a length of 12 m, a width
of 0.5 m, and a height of 0.7 m. A slope with a height of 0.25 m and an angle of 4 degrees
(refer to the average slope of the continental slope) was placed on the right side of the
experimental device. The slope material was made of acrylic board. The lock gate divided
the rectangular flume into two parts: the right (upstream) part contained the warm heavy
current (sediment-water mixture), and the left (downstream) part filled with homogeneous
ambient fluid was composed of pure water at room temperature. In turbidity current
preparation, the sum of the volume fractions of the two phases is 1, i.e, V = [ ¢;dV,

14

where ¢ = Vs—‘ﬁVw , so the turbidity concentration (p,;) can be expressed as

_ ms

- Ps(Vs+Vw)
om = (1 —¢)pw + ¢ps, where ¢ is the particle volume fraction; V is the volume of turbidity
current; V5 is the volume of sediment; V, is the volume of water; m; is the sediment mass;

and p; is the sediment density.
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Figure 3. Schematic of experimental device.

Real-time water temperature was collected using temperature sensors (model: PT100)
with a frequency of 50 Hz and an accuracy of 0.5%. To monitor the temperature changes
caused by convective mixing and lofting during the movement of turbidity currents and
their impact on the vertical temperature of ambient water bodies, 10 flow direction sensor
groups were established, each consisting of 5 temperature sensors distributed at different
positions in the turbulent flow height range (Figure 4a). Previous studies have shown that
turbidity flow is mainly composed of silt and clay [15,16,46,47]. Therefore, sedimentary
soil from the Yellow River Delta was selected for the experiment, with a median particle
size of 0.026 mm and a grading curve shown in Figure 4b.
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Figure 4. A vertical layout of the sensors and particle grading curve of the experimental soil.

Based on Equation (1), turbidity currents with varying temperatures and volumes
were designed and tested, as detailed in Table 2. The purpose of this study is to investigate
the factors contributing to the intensity of turbidity currents, including freshwater density,
temperature gradient, sediment load, and turbidity current volume. To prepare the warm
turbidity current, pure water was uniformly heated to the desired temperature using a
heater, which caused a change in Apt [48]. The soil sample was then heated to the same
temperature using a constant-temperature electric heating box before being mixed to create
the turbidity current. The experiment was conducted in a straight fixed channel, and the
channel-slope profile was designed to replicate the actual shape observed in the field. A
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comprehensive set of temperature and velocity data was collected from turbidity current
experiments to analyze the flow dynamics, entrainment characteristics, and flow evolution
of the partially constrained flow.

Table 2. Parameters for experiment conditions.

Freshness of

Sediment 3 Turbidity Water . Ambient Water 3 Ap./
Ro Concentration/a  2P</k8/m ViL Tempera}t’ure/"C ];l“ url.nd Wateg Temperature/°C elkg/m” AT kg/m®
odies /kg/m

0.500 0.006 10.00 20 40.80 992.20 25.80 997.20 15.0 5.0
0.100 0.030 50.00 20 40.80 992.20 25.80 997.20 15.0 5.0
0.050 0.062 100.00 20 40.80 992.20 25.80 997.20 15.0 5.0
0.025 0.124 200.00 20 40.80 992.20 25.80 997.20 15.0 5.0
0.017 0.186 300.00 20 40.80 992.20 25.80 997.20 15.0 5.0
0.013 0.186 300.00 20 37.80 993.20 25.80 997.20 12.0 4.0
0.010 0.186 300.00 20 34.80 994.20 25.80 997.20 9.0 3.0
0.007 0.186 300.00 20 31.80 995.20 25.80 997.20 6.0 2.0
0.003 0.186 300.00 20 28.80 996.20 25.80 997.20 3.0 1.0
0.010 0.186 300.00 40 34.80 994.20 25.80 997.20 9.0 3.0
0.010 0.186 300.00 60 34.80 994.20 25.80 997.20 9.0 3.0
0.010 0.186 300.00 80 34.80 994.20 25.80 997.20 9.0 3.0
0.010 0.186 300.00 100 34.80 994.20 25.80 997.20 9.0 3.0

4. Experimental Results
4.1. Temperature Monitoring of Vertical Structural Changes

Upon loosening the lockbox door, the mud instantly collapsed, generating a turbidity
current that advanced along the bed. As the turbidity current flowed, it presented a distinct
interface with the surrounding water. Turbulent mixing occurred, resulting in curling
and expansion backwards. The interface ceased to be distinct, and smaller soil particles
remained suspended in the surrounding water. The process is a typical turbidity current,
as shown in Figure 5.

Figure 5. Transport process during the turbidity heat transfer experiment. (a—d) show the heights of
turbidity current flowing through a slope at different times.

The dynamic distribution of the maximum thermal shock temperature through each
group of temperature sensors as the turbidity current passes through them is illustrated
in Figures 6 and 7. As the turbidity current moved, the temperature value exponentially
decreased with height, and the vertical temperature distribution was a nearly empirical
power relation, H = A + B * ATC, eventually reaching ambient water temperature. The
vertical distribution is like the vertical stratification of sediment concentration in turbidity
currents [49]. Some experimental results have been listed, and the remaining experimental
groups are presented in Appendix A.
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Figure 6. Maximum thermal shock temperature when passing through each group of sensors during
turbidity migration (0-2.37 m) under experimental condition AT =9 °C, Ap. = 300 kg/ m?. (Note:
The maximum thermal shock temperature when the turbidity current passes through each group of
sensors in the migration process of 2.37-5.57 m is shown in the Appendix A. The red dashed line
represents the temperature distribution curve when the turbidity current is transmitted).
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Figure 7. Maximum thermal shock temperature when passing through each group of sensors during
turbidity migration (0-2.37 m) under experimental condition AT = 15 °C, Ap. = 200 kg/ mS. (Note:
Similar experimental groups are concealed, and the remaining figure is in Appendix A).

4.2. Monitoring the Impact of Temperature on Turbidity Current Motion

To monitor temperature changes during turbidity current movement, an array of
temperature sensors was used. The central difference method processed sensor data
during the turbulent flow to map turbidity current development. We selected the time
(t = 24 s) when the turbidity current (Ap, = 300 kg/ m?,V = 20 L) head reached the
sensor array 18 (5.57 m) to monitor the turbidity current impact range A and calculated
the number of environmental entrainments E for consistent calculation. Figures 8-10 show
the temperature distribution and influence curve along the centerline of the water tank; the
horizontal axis is the distance x in the turbulent flow direction, and the vertical axis is the
height H of the turbidity current.
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Figure 8. Distribution of temperature profiles and range of influence of turbidity currents of different concentrations 24 s after baffle removal.
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Figure 9. Distribution and influence range of temperature profiles during turbidity flow motion under different temperature differences.
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5. Discussion
5.1. Vertical Temperature Distribution in Turbidity Current

Temperature distribution was assessed during all experiments. We selected the temper-
ature variation of the fourth group of sensor arrays (T4) in the middle of the flow direction
to analyze the vertical structure of temperature during the turbidity current movement
process, in order to achieve dimensionless feature calculation of the vertical structure.
Normalizing temperature and elevation with depth-averaged temperature and turbidity
current thickness, respectively, achieved optimal similarity structure. Mean temperature
and mean depth concepts were introduced, and dimensionless experimental data were cal-
culated by normalizing temperature with mean depth using Equation (7). Although there
is some variability, the similarity profile represents a good vertical temperature distribution.
Figure 8 shows a dimensionless temperature distribution.

h
J ATdz

ATmzoi

= )

where AT, is depth-averaged temperature, AT is the vertical temperature curve, and H
is turbidity current height obtained by experimentally fitting the temperature curve, as
shown in Figure 11.
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Figure 11. Dimensionless temperature distribution curve during turbidity movement.

To accurately analyze the dynamic heat transfer process of turbidity flows, it is cru-
cial to understand the vertical temperature distribution within them. This study has
employed dimensional analysis fitting to determine an empirical power relationship:

% = (1.888 — 1.6 % %)198, as shown in Figure 11, which allows us to observe that tem-
perature values decrease exponentially with an increase in height until they equilibrate
with their surrounding water bodies. This vertical temperature distribution is like the
vertical stratification observed in turbidity currents” sediment concentration [49-51]. Using
principles of fluid dynamics and heat transfer, it was possible to determine that vertical
dispersion of sediment concentration in a turbidity current was primarily influenced by
turbulent mixing and suspension sedimentation, useful insights into entrainment, and
effects on the wider oceans. The efficacy of these processes was largely dependent on factors
such as the concentration and density distribution of suspended sediments, as well as their
particle size. Heat was associated with the sediments and water body of the turbidity sys-
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tem, and the movement of the turbidity current was characterized by the following trend:
the sediment concentration was high close to the bed bottom in the vertical direction, and
the high concentration hindered sedimentation and inhibited turbulence [3], causing the
lower half of the turbidity flow to be relatively stable due to lower amounts of convective
heat transfer, resulting in the formation of laminar or weakly turbulent high-concentration
near-bed layers containing high heat contents [52,53]. In contrast, the particle size and
concentration of the sediments in the upper part of the flow profile were small, which
allowed for greater degrees of turbulent mixing and convective heat transfer, which also
determined the vertical distribution characteristics for heat (Figure 12).

Turbidity
temperature and
concentration
and velocity

<
«

Figure 12. Schematic diagram of heat transport mode and internal temperature distribution of
turbidity current in seabed.

A typical heat distribution structure in turbid flow has been summarized, and by
performing dimensionless processing through % = (1.888 — 1.6 % %)1'98, it was found
that when the turbidity current flowed through each position, the proportion of the heat in
the lower half and the total heat flow in that region were always more than 70%, indicating
that the heat content of the turbidity current was mainly concentrated in the lower half
during the migration process, effectively preserving heat, and areas closer to the bottom bed
experienced more heat transfer and greater impact. It can also be theoretically proven that
warmed turbidity currents will lead to elevating seafloor temperatures and may trigger the
massive release of methane from gas hydrates buried on margins [54,55]. Our experimental
results confirmed that the influence of the turbidity current on the bottom bed temperature
and heat distribution cannot be ignored.

5.2. The Relationship Between E and Ri

The Richardson gradient number (Ri) is a measure of flow stability that controls the
mixing rate between turbulent and ambient fluids. It is determined by the ratio of buoyancy
gradient to shear and can be used to predict potential convective behavior and mixing
velocity of sediment in a river [18,19]. The Ri formula is given by:

g'h

Ri=1r

®)

Pturbidity —Pambient
Pambient

direction, and £ is turbidity current height.

However, previous studies have not considered the relationship between initial turbid-
ity current temperature, turbidity current interstitial fluid concentration, sediment content,
and ambient fluid density with Ri number [18,49,56]. Based on current indoor experiments,
a study was conducted on the relationship between turbidity current stability indicators
and environmental entrainment coefficients, considering initial turbidity current tempera-

where ¢’ is reduced gravity, ¢’ = g U is the average velocity of the flow
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ture, turbidity current interstitial fluid concentration, and sediment content. The calculation
results are shown in Table 3.

Table 3. Calculation of Ri and environmental entrainment in each group of experiments.

. . Turbidi Turbidit
AT/°C Mlgratlon . Velocity/m/s Concentratt}ilon Red}lced , Currenty Ri E
Distance/m Time/s /kg/m® Gravity /g Height/m
3.0 5.52 24.0 0.23 1297.00 2.996 56.421 4.231 0.004
6.0 5.52 24.0 0.23 1296.00 2.986 56.233 4.217 0.013
9.0 5.52 24.0 0.23 1295.00 2.976 56.044 4.203 0.017
12.0 5.52 24.0 0.23 1294.00 2.966 55.855 4.189 0.019
15.0 5.52 24.0 0.23 1293.00 2.956 55.667 4.175 0.021
15.0 4.80 24.0 0.20 1193.00 1.954 49.275 3.695 0.025
15.0 3.36 24.0 0.14 1093.00 0.952 45.961 3.447 0.036
15.0 2.40 24.0 0.10 1043.00 0.451 44.701 3.352 0.055
15.0 1.44 24.0 0.06 1003.00 0.050 15.682 1.176 0.104
9.0 6.72 24.0 0.28 1295.00 2.976 0.0750 4.203 0.018
9.0 7.68 24.0 0.32 1295.00 2.976 0.0753 4.203 0.017
9.0 8.40 24.0 0.35 1295.00 2.976 0.0751 4.203 0.016
9.0 8.88 24.0 0.37 1295.00 2.976 0.0756 4.203 0.015

The environmental entrainment rate is a key factor in the spatial and temporal development
of fluids, which can help explain why turbidity currents can travel thousands of kilometers [57].
We consider temperature conditions within the range of fluid motion stability and analyze
whether temperature (carrying shallow heat in turbidity currents) affects the convective intensity
of turbidity currents (environmental entrainment coefficient E). Figure 13 shows the relationship
between the environmental entrainment coefficient E and Ri considering temperature effects, as
shownin E = %’é’ﬁ{fm. The turbidity current flow considering the influence of temperature
conforms to the traditional Turner (1986) form [58], but the values are different, showing that
turbidity currents carrying shallow heat (relatively high temperature) can affect convective
flow and environmental mixing during motion. We consider the influence of temperature on
the buoyancy reversal points of turbidity currents after a certain distance of movement and
the convective mixing characteristics of turbidity currents and explain that the similarity of
bed characteristics with “classical” turbidity currents have positive significance. Therefore, in
turbidity current events carrying shallow heat to the deep sea, temperature conditions cannot
be ignored in the study of fluid dynamics of turbidity currents. Unfortunately, the Ri number
cannot demonstrate the role and importance of temperature conditions.

0.12

m  Experimental result
Fit curve

0.10

0.08

0.06
=

0.04

0.129-0.028* Ri
1-0.07*Ri
R*=0.96

0.02

0.00 |

1.0 15 20 25 3.0 35 40 45
Ri

Figure 13. The relationship between environmental entrainment coefficient and Richardson number.
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5.3. The Relationship Between E and Ry

The relationship between E and R; mentioned above cannot characterize the potential
convective behavior and convective intensity (entrainment coefficient) of turbidity currents,
nor can it reflect the influence of temperature conditions on the characteristics of turbidity
current motion. Therefore, using the dimensionless density function R established earlier,
the functional relationship between the dimensionless density function Ry and the environ-
mental entrainment coefficient E is analyzed to intuitively express the role of temperature
conditions in turbidity current convective behavior and quantitatively analyze the intrinsic
relationship between temperature conditions and convective intensity during turbidity
current motion.

When considering the effect of temperature on convective mixing of turbidity currents,
as expected, turbidity currents with lower initial temperatures are more conservative in terms
of environmental entrainment and convective mixing from the source compared to high-
temperature turbidity currents (Table 4). This is because the smaller temperature difference
results in a smaller density difference between the interstitial fluid in the initial turbidity current
and the surrounding water body, leading to more stable environmental entrainment during the
progressive settling process of particles and less likelihood of generating large environmental
convective mixing entrainment. Therefore, the relatively stable turbulent motion of the turbidity
current is maintained for a longer period of time. Similarly, turbid flow environments with
larger temperature differences and lighter interstitial fluids have higher entrainment coefficients
(Figure 14) and are closer to the “source” for mixing and diffusion than flows where temperature
differences have less impact on interstitial fluid concentration. These results are consistent with
previous research on turbidity currents [34,53].

Table 4. Calculation of Ry and environmental entrainment in each group of experiments.

Ry xg dA U We E
0.0033 5.3000 4.8463 0.2304 0.0010 0.0044
0.0067 5.3000 4.8463 0.2304 0.0030 0.0131
0.0100 5.3000 4.8463 0.2304 0.0039 0.0171
0.0134 5.3000 4.8463 0.2304 0.0045 0.0195
0.0167 5.3000 4.8463 0.2304 0.0049 0.0213
0.0250 4.5700 0.5254 0.1987 0.0050 0.0250
0.0500 3.3100 0.3935 0.1439 0.0052 0.0359
0.1000 2.3100 0.2915 0.1004 0.0055 0.0546
0.5000 1.3000 0.1753 0.057 0.0059 0.1037

0.12

= Experimental result
0.10 Fit curve
0.08 |
0.06

=
0.04
E=0.125+0.034*In(R, +0.031)

0.02+ R*=0.99
000} "
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Figure 14. The relationship between environmental entrainment coefficient and Ry.
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Two simple dimensionless parameters, Rs; and R, can fully explain the flow behavior
of various turbidity currents and effectively describe the dimensionless functional relation-
ship between turbidity current convection intensity and R in different states. Figure 14
shows that the relative intensity of mixed diffusion and turbulent mixing of turbidity cur-
rents depends on Ry, which is the influence of the “temperature and salinity” of turbidity
currents, sediment content, and surrounding water density on environmental entrainment.
The positive correlation trend between Ry and convective intensity E is analyzed, and the
functional relationship is E = 0.125 + 0.034In(R( + 0.031). Therefore, the equations of
these two key dimensionless parameters can not only quantify the influence of temperature
or salinity on the convective layout and turbulent mixing of the source turbidity current
but also reflect that the heat carried by the turbidity current will migrate to deeper water
areas, changing the stable thermal stratification of the surrounding water.

5.4. Implications and Hypotheses of Turbidity Currents in Marine Environments

To describe the ability of turbidity currents to carry their own heat with different
temperature differences and volumes, nine sets of experiments were analyzed. After the
turbidity currents flowed over a slope of 5570 mm, the heat carried by the turbidity currents
and the initial heat of the turbidity currents were treated as dimensionless. To simplify
the calculation, the measurement values of the eighth group of sensors were taken as
the average temperature value of each layer in the plane section, and the density of the
turbidity current was estimated to be 1000 kg/m?. The calculation results are shown in
Table 5.

5 t
ZIPZUUTthTCCwATdT
— & 10

Qo PoVecoATo
where ¢; is the percentage heat content in each layer relative to the total heat content when
the turbidity current flows through an interface; Q; is heat; p is fluid density; c is the specific
heat of fluid, ¢y = c¢sa — (1 — a)cy; and V is fluid volume. When the turbid current flows
through each layer of an interface, the density and velocity adopt the average value in
the vertical direction, where v is the fluid velocity; AT is the instantaneous temperature
difference between the layer of the turbidity current and the surrounding water body; d
is the interface width; and ¢ is the time taken for the turbidity current to pass through the
interface.

©)

b

Table 5. Calculation of heat transfer efficiency of turbidity current.

Turbidity Turbidity g Heat Flux Heat
Volume/ L Concentr%tlon AT cwl)/(kg-K) cs/J/(kg-K) Initial Heat/k] at 5.57 m/kJ Transport
/kg/m Efficiency/ ¢

20 1295 3 4182 1182 286.791 38.717 0.135
20 1295 6 4182 1182 573.581 115.8637 0.202
20 1295 9 4182 1182 860.372 212.512 0.247
20 1295 12 4182 1182 1147.163 308.587 0.269
20 1295 15 4182 1182 1433.953 559.242 0.39
40 1295 9 4182 1182 1720.744 578.170 0.336
60 1295 9 4182 1182 2581.116 1022.122 0.396
80 1295 9 4182 1182 3441.488 1369.712 0.398
100 1295 9 4182 1182 4301.860 1772.366 0.412

Indoor experiments allow the visualization of natural turbidity events flowing into
lakes or oceans by initiating and developing turbidity currents with similar behavior. In
fluid dynamics, flow similarity generally requires geometric similarity, motion similarity
(Reynolds number criterion), and dynamic similarity (Froude criterion), but it is difficult
to achieve both flow similarity and motion similarity simultaneously due to turbidity
currents being gravity-driven flows where gravity acts on suspended sediment particles.
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Therefore, the dynamic similarity of turbidity currents is mainly conserved by the Froude
similarity [59]. Meanwhile, the Froude (Fr) similarity has a long history in designing
laboratory-scale hydrodynamic models, such as rivers, spillways, debris flows, and turbid-
ity currents [60,61].

Fr= Lg’/h (10)

Ly gh Uy
= AL = Ay, = = AL Ay 11
L2 Lglz 8 UZ L7 ( )

Turbidity current events triggered by high-density river floods or earthquakes usually
flow along the riverbed, so the influence of waves, wind speed, etc., is not considered. The
Froude similarity criterion is used to estimate how much heat turbidity currents can carry
into deeper areas, to evaluate the impact of actual turbidity current events on environmental
water bodies. In this study, turbidity currents are approximated as conservative flows
(e.g., density flows of high-speed turbulence or saltwater flows), and the sediment setting
velocity can be set to zero. On the premise of maintaining geometric similarity and dynamic
similarity, a turbidity current with a volume of 1.6 x 10 m3, an initial height of 50 m, an
initial sediment concentration of 80 kg/m?, and a velocity of 5 m/s can still carry its
own 10% heat into deeper waters after moving 2120 m on a 4° slope with a temperature
difference of 3 °C from the ambient water (the scaling ratio is A, = 400,Ay = 1.23).

Meanwhile, a turbidity current with a volume of 8 x 10 m? and the same flow conditions
can carry more than 42% of its own heat into the deep sea with a temperature difference
of 9 °C from the ambient water. The scaling of operating conditions based on laboratory
conditions belongs to the ideal state, but this reflects that turbidity currents have good
heat-carrying efficiency, which is in the same order of magnitude as the heat-carrying
efficiency of real turbidity current events calculated by Tian’s numerical calculation [9].
These results lead to some predictions and hypotheses about temperature changes and
the original energy distribution of the deep-sea system, encouraging us to consider the
role of turbidity current events in heat transport in the seabed channel, which may be a
mechanism for temperature changes in the deep-sea environment.

It should be noted that the influence of wave action on the heat-carrying characteristics
of turbidity currents was ignored in this study. Although changes in wave amplitude have
no significant effect on the propulsion of turbidity currents and do not change their velocity,
wave motion causes a “piston-like” oscillation in the vertical concentration distribution of
turbidity currents [62-64]. Perhaps waves play an indispensable role in the transport of
heat carried by turbidity currents in shallow waters [65,66], and future research will take
wave factors into account to further study the impact of wave action on environmental
entrainment during turbidity current heat transport.

A single turbidity current event (submarine sediment density flow) can transport over
100 km? of sediment [67—69], ten times the annual sediment flux from all of the world’s rivers [3,70].
These flows are the longest sediment density flows recognized on Earth and can achieve prodigious
run-out distances of more than 1500 km, also inputting large amounts of heat and mass to marine
environments over long periods of time via long-distance migration. From limited field data
on deep-sea turbidity currents, the temperature of deep-sea environment water rises during
turbidity current events, indicating that a large amount of high-temperature heat in the source
area moves with the turbidity flow towards the deep-sea environment. The published data show
that turbidity currents reaching 1020-1445 m water depth increase the ambient temperature by
2-3 °C [26], even 1-2 °C at 3000 m water depth [71], which changes the original heat distribution
of submarine channels, deep-sea canyons and deep-sea plains, significantly affecting changes in
the temperature and original heat distribution of marine environments, as shown in Figure 1.
Therefore, the increase in the frequency and intensity of turbidity currents driven by future climate
change may have a significant impact on the organic matter supply of deep-sea ecosystems and
the heat stored in continental margins and ocean basins. As an indispensable part of the marine
environmental system, turbidity currents carrying heat into the sea need to be further studied in
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future research on marine sedimentary geology, marine environmental pollution, and ocean heat
distribution.

6. Conclusions

1.  We quantitatively describe the convection and environmental mixing dynamics of
shallow high-temperature turbidity currents at different sediment concentrations
using the environmental entrainment coefficient E and summarize the relationship
between the environmental entrainment function E and Ri considering temperature
effects: E = %%%?m. Two simple dimensionless parameters Rs, Rt effectively
describe flow factors and flow patterns during turbidity current motion. These two
parameters quantify the ratio of temperature, salinity, and sediment content, summa-
rize the relationship between the dimensionless density ratio R reflecting turbidity
current convection and environmental mixing and the environmental entrainment
number E: E = 0.125 4 0.034In(R + 0.031) and describe the impact of upper warm
turbidity currents on the stable stratification of lake or coastal marine environments.

2. During the heat transport process of turbidity currents, the temperature distribution

in the vertical direction is exponential: AT /AT,, = (1.89 — 1.6 x z/H )1'98, and 70% of
the heat is concentrated in the lower half of the turbidity current for rapid transport,
making the turbidity current efficiently store transported heat, reducing the vertical
convective heat transfer loss, and facilitating the long-range transport of heat carried
by turbidity. The continuous input of the turbidity current will be accompanied by a
large amount of energy transfer, which will affect the temperature distribution in the
regional marine environment.

3.  Heat transfer at the sea—air interface has difficulty changing the energy distribution
in the deep sea, and the effect of turbidity currents is opposite to the effect of river-
to-ocean heat transfer or ocean surface-to-bottom heat transfer, directly affecting
the thermal distribution of the internal or underpart of the ocean environment. The
introduction of upper-layer heat into the deep sea by turbidity currents is an important
component of the global heat transfer system that cannot be ignored, and it is also a
complement to the heat transfer process of the global heat transfer system.
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Figure A1. Maximum thermal shock temperature when passing through each group of sensors during
turbidity migration (2.37-5.57 m) under experimental condition AT = 15 °C, Ap, = 300 kg/m?>.
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Figure A2. Maximum thermal shock temperature when passing through each group of sensors
during turbidity migration (0-2.37 m) under experimental condition AT = 15 °C, Ap, = 300 kg/ m®.
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Figure A3. Maximum thermal shock temperature when passing through each group of sensors
during turbidity migration (0-2.37 m) under experimental condition AT = 12 °C, Ap. = 300 kg/m°.
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Figure A4. Maximum thermal shock temperature when passing through each group of sensors during
turbidity migration (2.37-5.57 m) under experimental condition AT = 12 °C, Ap, = 300 kg/m?>.
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Figure A5. Maximum thermal shock temperature when passing through each group of sensors

during turbidity migration (0-2.37 m) under experimental condition AT = 9 °C, Ap, = 300 kg/m>.
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Figure A6. Maximum thermal shock temperature when passing through each group of sensors during

turbidity migration (2.37-5.57 m) under experimental condition AT = 9 °C, Ap. = 300 kg/m>.
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Figure A7. Maximum thermal shock temperature when passing through each group of sensors
during turbidity migration (0-2.37 m) under experimental condition AT = 6 °C, Ap. = 300 kg/m°.
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Figure A8. Maximum thermal shock temperature when passing through each group of sensors during
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Figure A9. Maximum thermal shock temperature when passing through each group of sensors
during turbidity migration (0-2.37 m) under experimental condition AT = 3 °C, Ap. = 300 kg/m°.
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Figure A10. Maximum thermal shock temperature when passing through each group of sensors
during turbidity migration (0-2.37 m) under experimental condition AT = 15 °C, Ap, = 200 kg/m®.
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Figure A11. Maximum thermal shock temperature when passing through each group of sensors dur-
ing turbidity migration (2.37-5.57 m) under experimental condition AT = 15 °C, Ap. = 200 kg/m°.
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Figure A12. Maximum thermal shock temperature when passing through each group of sensors
during turbidity migration (0-2.37 m) under experimental condition AT = 15 °C, Ap, = 100 kg/ m®.
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Figure A13. Maximum thermal shock temperature when passing through each group of sensors dur-
ing turbidity migration (2.37-5.57 m) under experimental condition AT = 15 °C, Ap, = 100 kg/ m°.
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Figure A14. Maximum thermal shock temperature when passing through each group of sensors
during turbidity migration (0-2.37 m) under experimental condition AT = 15 °C, Ap. = 50 kg/m®.
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Figure A15. Maximum thermal shock temperature when passing through each group of sensors
during turbidity migration (0-2.37 m) under experimental condition AT = 15 °C, Ap, = 10 kg/m>.
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