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Long-distance oil and gas pipelines play an important role in ensuring energy

imports, but can cause riverine oil spills and threaten public health and the

environment. The emergency disposal of spilled oil is affected by a number of

factors such as the difficulty of disposal and the long recovery cycle; however,

there are deficiencies in the understanding of river oil spills. In this study, a

prediction model of the river oil spill trajectory based on the random walk

particle tracking algorithmwas constructed. The performance of themodel was

tested by simulating the Enbridge Line 6B Oil Discharge scenario occurred in

the United States in 2010. The temporal and spatial variations of the oil pollution

zone in downstream and vertical directions were studied, and the interception

effects on the arrival time of oil in key sections were obtained. Results showed

that after the spilled oil entered the surface water body, the tiny oil droplets

generated by crushing can remain underwater for a long time, making them

difficult to detect and intercept. It can further combinewith suspended particles

in the water, settle, and pollute the riverbed, which has a greater potential for

harm and risk. The model offers helpful information for the first-phase

emergency response for riverine oil spills.
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1 Introduction

Long oil and gas pipelines play an essential role in ensuring the security of imported

energy. To meet the rising energy demand driven by rapid economic growth, China is

experiencing a third wave of pipeline construction, with the lengths of crude oil and

petroleum product pipelines ranking fourth and third, respectively, in the world (Li et al.,

2021). Meanwhile, there is growing concern regarding the effects of oil spills (Zheng and

Huang, 2017). Countries such as the United States, Canada, and China have created

emergency management systems to guide responses to oil spills (Li et al., 2016).

According to National Transportation Safety Board’s (NTSB) reports (National

Transportation Safety Board (NTSB)), a total of 486 pipeline incidents occurred in

America between 2010 and 2019, of which 151 involved oil spills, accounting for 31% of
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the total pipeline incidents. Forty-four of these oil spills reached

inland water systems and caused environmental pollution,

accounting for 9% of the total pipeline incidents. These

incidents spilled more than four million gallons of oil,

including diesel, gasoline, and crude oil, damaging fresh water

resources, the soil environment, and ecosystems to varying

degrees, and causing over 270 million dollars in economic

losses. One of the most famous incident is the Enbridge Line

6B Oil Spill incident. The pipeline ruptured at approximately

6 p.m. on 25 July 2010. The crude oil (DilBit) spilled from the

ruptured segment, seeped into the ground and the nearby

wetland, and flowed to the Talmadge Creek. The emergency

response was initiated 17 h after the spill. The discharged DilBit

volume was estimated to be approximately 3,192 m3

(843,444 gallons) and drifted downstream along the Talmadge

Creek before entering the Kalamazoo River. The impacted area,

including the river, floodplains, and wetlands along the banks,

exceeded 20 km2. River channel restoration lasted until

October 2014.

There are more than 175,000 km of onshore oil and gas

pipelines in China. Many pipelines cross large rivers within their

territory, such as the Yangtze River, the Yellow River, and

transboundary rivers, such as the Lancang River. An oil spill

from such pipelines could cause serious environmental pollution

and even have an international impact (Chang et al., 2014; Beyer

et al., 2016). Modeling the fate and transport of discharged oil in

inland rivers is critical for risk assessment and oil response

(Amir-Heidari et al., 2019) and these efforts date back to the

1970s (Tsahalis, 1979). River morphology (meanders, branches,

artificial constructions etc.) and ambient environment variation

(rain, wind et al.) significantly influence river flow through

multiple aspects (Yapa et al., 1994; Rakesh and B, 2018). The

spilled oil may transform into a film, droplet, emulsion,

aggregate, or other forms within 24 h of the spill (Afenyo

et al., 2016; Brussaard et al., 2016), which brings potential

challenges to the modeling field. Compared with the

development of tools for oil spills in the ocean (Keramea

et al., 2021; Zhao et al., 2021), studies on oil transportation in

inland waterways are limited (Goeury et al., 2014; Kvočka et al.,

2021), and new attempts at model optimization and calibration

are still made by researchers around the world (Jiang et al., 2021;

Li et al., 2022).

The longitudinal distribution of oily pollutants is one of the

primary concerns in response to an oil spill in a river. Timely

calculation will help in the decision-making of appropriate first-

phase action to control the expansion of polluted areas and

prevent even worse consequences. River hydrodynamics provide

basic flow data for particle tracking algorithms. With the long-

term development of numerical approaches for the dynamic

model, a large number of mature software packages are

available, and many researchers have discussed the

computational performance of these models in different

scenarios and scales (Jowett and Duncan, 2012; Bürgler et al.,

2022). The contaminated area, which is significantly influenced

by the longitudinal flow velocity, is hundreds of kilometers in

length. It is verified that a one-dimensional hydraulic model can

provide accurate results with less effort and computational

requirements for large-scale modeling tasks if well calibrated

(Horritt and Bates, 2002; de Paiva et al., 2013).

In this study, a random walk particle tracking algorithm

using one-dimensional unsteady hydrodynamics was

constructed. Data of real-time flow fluctuation and variation

of atmospheric parameters can be exchanged at high speeds using

the random walk model. The performance of the model was

tested by simulating the Enbridge Line 6BOil Discharge scenario.

The consequences with and without containment measures were

compared to provide insights into the effectiveness and

challenges of emergency operations.

2 Methodology

2.1 Hydrodynamic model

The HEC-RAS software (Hydraulic Engineering Center,

developed by the United States Army Corps of Engineers),

which yields reliable results in the hydrodynamic modeling of

natural rivers, was used for one-dimensional unsteady

hydrodynamic simulations in this study. The software uses a

weighted four-point implicit finite difference method (Gary,

2020) to solve the Saint-Venant equations by discretization

and iteration:

zA

zt
+ zS

zt
+ zQ

zx
− ql � 0 (1)

zQ

zt
+ z(vQ)

zx
+ gA(zz

zx
+ Sf) � 0 (2)

where t is time, x is the longitudinal distance along the river

channel, A is the cross-sectional area of the portion of the

channel occupied by the flow, Q is river discharge, S is the

cross-sectional area of the portion of the channel without

water flow, ql is lateral incoming flow, v is flow velocity, g is

the gravitational acceleration, and Sf is friction slope.

The current study focused on the river segment impacted

by the Enbridge Line 6 B Oil Discharge, which stretches from

Talmadge Creek near Marshall to downstream Morrow Lake.

River bathymetry was created by interpolating the field data

from the United States Geological Survey (USGS) report

(Reneau et al., 2015) with the bathymetry interpolation tool

from Merwade et al. (2008). The bathymetry map was then

merged with a digital elevation model (DEM, with a resolution

of 1 m × 1 m) published by the USGS in order to produce a

corrected elevation map of the study area. The constructed

main channel model for the HEC-RAS was 64.27 km in length,

with an average slope of 0.72‰. The model contained a total

of 3893 cross sections with spacing of 1.4–30.9 m apart. Inflow
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was applied to nine cross sections, the locations of which are

illustrated in Figure 1.

Flow data from the 12th of April to the 16th of April

2013 were used to verify the model (Reneau et al., 2015). The

model was calibrated using water surface elevation and discharge

data from USGS stations 04105500, SR1485, and SR0585 by

adjusting Manning’s roughness coefficients. More details can be

found in the supplementary data.

2.2 Particle-tracking model

In the Lagrangian scheme, the displacement components of

each particle in the longitudinal (x), lateral (y), and vertical (z)

directions in Cartesian coordinates at time (t + Δt) (i.e., xt+Δt
i ,

yt+Δt
i , and zt+Δti ) were determined by its location at time t,

advective movement, and diffusive transport during the time

interval Δt (Wu et al., 2019). The Visser scheme was employed to

describe the vertical movement of particles (Visser, 1997). The

governing equations are as follows.

xt+Δt
i � xt

i + ut
iΔt + R1

−1
��������
2σ−1R Dt

xΔt
√

(3)
yt+Δt
i � yt

i + vtiΔt + R1
−1

��������
2σ−1R Dt

yΔt
√

(4)

zt+Δti � zti + wt
iΔt +Dt

z′Δt + R1
−1

���������
2σ−1R Dt

z1Δt
√

(5)

Here i is the number index of a particle, Δt is the time

step; uti and vti are streamwise and lateral flow velocity

components at location (xti , y
t
i ) (m·s−1), respectively; wt

i is

the average vertical velocity of the particle between t and t +

Δt, which is calculated using the Stokes equation (m·s−1); R1−1
is a uniform distribution between −1 and 1; σR is the standard

deviation of random number R, which is set at 1/3 (Visser,

1997) and Dt
x, D

t
y, and Dt

z denote the streamwise, lateral, and

vertical turbulent diffusivity coefficients at time t,

respectively.

In the present study, the transverse flow velocity (vti) was

ignored because the longitudinal drifting of the oil particles was

more valuable for a fast emergency response. The longitudinal

velocity (uti) is assumed to obey the law of the wall (Jones and

Garcia, 2018), which is written as:

ut
i

u*
� 1
κ
ln(u*zti

]
) + 5.5 (6)

where u* denotes the shear velocity of the flow (m·s−1); ] denotes
the dynamic viscosity of water (m2·s−1); and κ denotes the von

Karman constant (0.41).

The streamwise and lateral diffusions, Dt
x and Dt

y, are given

by (Garcia, 2008):

Dt
x � Dt

y � 0.6Hu* (7)

For Dt
z, the parabolic-constant profile (Rijn, 1984) was

employed and expressed as:

Dt
z �

⎧⎪⎨⎪⎩
0.25κu*H

z

H
≥ 0.5

z1(1 − z1
H
)κu* z

H
< 0.5

(8)

where H is the water depth (m). In the lower half of the depth,

Dt
z is estimated for location z1, which is given by z1 � zti +

Dt
z′Δt/2.
A reflective boundary condition was used when the oil

particles exceeded the left, right, and bottom boundaries of

the channel. When the particles surfaced, they were assumed

to be absorbed into the oil slick. The resuspension probability, p,

FIGURE 1
Study area.
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was calculated to determine whether the particles would reenter

the water column (Nordam et al., 2019). p is given by

p � 1 − e−Δt·λ (9)

where λ is the lifetime of the oil at the surface (Nordam et al.,

2019).

In particular, a random depth is assigned if the particle is

resuspended; otherwise, the mass loss of the oil droplet due to

evaporation should be calculated during the surfaced duration.

2.3 Spill scenarios

Based on a series of documents released by the National

Transportation Safety Board, in the present model, the leakage

entered the upstream of Talmadge Creek at the cross section

located approximately 2.5 km away from the confluence of

Talmadge Creek and the Kalamazoo River, and the start time

was 18:00 on 25 July 2010. Oil particles were released at a rate of

720 per hour in the calculation domain for 10 h. Based on the oil

droplet size distribution, which was reported in the literature

based on the breakup of oil in water (Li et al., 2009; Johansen

et al., 2015; Zeinstra-Helfrich et al., 2016), nine oil droplet sizes,

that is, diameters of 0.5 mm, 2 mm, 4 mm, 6 mm, 8 mm, 10 mm,

12 mm, 16 mm, and 20 mm, were considered. The density of oil

at different temperatures is given by (Berry et al., 2012):

ρoil � ρref[1.0 − 8.0 × 10−4(T − Tref)] (10)

The density of oil after evaporation was expressed by (Berry

et al., 2012),

ρoil � ρref(1.0 + 0.018Fev) (11)

where ρoil is the density of the spilled oil (kg·m−3); ρref is the

reference density at a reference temperature Tref, which is

approximately 920 kg m−3 at 20°C; T is the temperature (°C),

equal to 23°C; Fev is the mass loss in percentage terms (%); and t is

the duration of evaporation (min).

Based on the measured data obtained by Waterman

(Waterman, 2015), a fitting function in logarithmic form

(R2 = 0.985) that describes the mass loss due to evaporation

was introduced as follows:

Fev � 1.961 ln(t) (12)

The hydraulic data were calculated using the HEC-RAS

software using the flow data between July 25th and 31st, 2010

(Reneau et al., 2015). The particle-tracing algorithm was

performed using MATLAB software. The computational time

step is 2 s.

Two scenarios, one with containment booms and the other

with no measures, were conducted. The containment booms

were positioned similarly to those in actual situations and

extended 0.05 m deep underwater. Figure 2.

3 Results

3.1 Drift and distribution in scenario with
no containment measure

When no containment measure was taken, particles with

different sizes exhibited similar drifting trajectories in the

simulated domain. Figure 3 illustrates the maps of the

particle positions when the particle diameter equals 1 mm.

The black arrows in the figure indicate the leading edges of

the particle swarm at 1 h, 6 h, 12 h, 24 h, 72 h, and 120 h. The

particles arrived at Battle Creek at approximately 19.5 h,

which roughly matched the time when a resident reported

the appearance of an oil slick near Battle Creek, according to

documents released by the National Transportation Safety

Board.

Figure 4 shows the statistics for the 10th, 25th, 50th, 75th,

and 90th percentiles of the distance drifted downstream of

the particle swarm, as well as the temporal variation in the

average distance. Overall, the polluted zone continued to

expand. The 90th and 10th percentiles represent the

positions of the front and rear edges of the polluted zone,

respectively. The length of the polluted zone in the

downstream direction can then be calculated as the

difference between the 90th and 10th percentiles. This was

calculated as 12.06 km, 22.81 km, 29.61 km, and 34.96 km, at

FIGURE 2
Comparison between simulation and survey results.
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12 h, 24 h, 36 h, and 48 h, respectively, after the oil entered

the water. The length of the polluted zone decreased after

48 h, because the front edge arrived at the downstream

boundary of the simulated area.

Plotting the means of the particle swarm’s longitudinal

position (X) and vertical position (Z) at different times

provides insight into how the center of the particle swarm

varies spatially and temporally. As shown in Figure 5, the

dimensionless height Z/H was used as well as Z/H = 1.0, which

represents the water surface. In general, as the particle size

increased from 0.5 mm to 10 mm, the vertical velocity, which

is influenced by the buoyancy force, increased. Advective

movement driven by buoyancy dominated the vertical

position of the particles; thus, more particles (larger than

4 mm) appeared close to the water surface. Small particles

were gradually dispersed in water and forced by diffusive

movement. After a trip of 10 km downstream, the center of

the 0.5 mm particle cloud stabilized at approximately

Z/H = 0.6.

3.2 Impact of containment measure

After the containment booms were added in the same

positions as the actual containment booms that were installed

in real response operations, particles with different diameters

changed their movement paths. The monitoring sections were set

in the model at downstream distances of 10 km, 30 km, and

50 km, as shown in Figure 3. As shown in Figure 6A, the number

of particles passing through each section was determined. The

FIGURE 3
Particle position vs. time (particle diameter 0.5 mm).

FIGURE 4
Statistics on distance drifted downstream by particles
(particle diameter 0.5 mm).

FIGURE 5
Variation in the center of mass of particle swarm (Z/H =
1.0 represents the water surface).
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containment booms implanted before the monitoring section at a

distance of 10 km exhibited a slight interception effect on

particles smaller than 10 mm. Approximately 26.12% of the

16 mm particles and 65.93% of the 20 mm particles were

contained in the upstream booms. At a distance of 30 km, the

containment rates for the 8 mm, 10 mm, and 20 mm particles

increased to 7.57%, 19.72%, and 91.23%, respectively. At a

distance of 50 km, the corresponding containment rates

further increased to 27.54%, 52.55%, and 95.11%, respectively.

Unlike large oil droplets, which migrated in the upper part of the

water column, small oil droplets were hardly blocked by the

implanted booms as these particles were suspended over depth,

as revealed in the previous section. The containment

effectiveness was enhanced by increasing the number of

containment booms. However, their relationship is complex

because it is also affected by the actual particle properties and

hydraulic conditions.

Statistical analysis was performed for the time when the

particles arrived at each monitoring cross section. In the model

with no containment measure implanted, the mean time for

particles to reach the sections 10 km, 30 km, and 50 km

downstream was 11.80 ± 0.41, 35.15 ± 1.34, and 55.01 ±

1.84 h, respectively. The average arrival times in the presence

of containment booms are plotted in Figure 6B. We found that

the diffusion of oil droplets greater than 6 mm was slowed by the

containment booms.

4 Discussion

This study simulated the drifting trajectory of oil droplets in

the Kalamazoo River with and without containment measures.

Although the sizes of the droplets are artificial to some extent,

they provide insight into the difficulty of the cleanup after the

spill. Containment measures have an apparent effect on floating

slicks. However, as the statistics revealed, small droplets (less

than 6 mm in diameter in our simulation) that stayed below the

water surface for a long period were hardly stopped by the

containment booms. In contrast to their low proportion of

leakage volume, these particles, in all probability, potentially

pose tremendous hazards, as they would further break into

micro-sized particles and coagulate with the suspended solid

particles in the water column to form dense aggregates, known

as oil–particle aggregates (OPAs). The formed OPAs tend to

reach lower waters, deposit on the riverbed, and are

resuspended when the water is agitated. With regards to the

Enbridge Line 6 B Oil Spill, it took more than 4 years, with costs

of up to 1.21 billion dollars, to clean the residual oil from the

56.5-km-long river segment where OPAs were detected. The

deposition of OPAs on the downstream riverbed varied with the

properties of the oil, sand, and natural environment. Interested

readers may refer to our previous study for more information

on the formation and transport of OPAs (Wang et al., 2020b; Li

et al., 2022).

To obtain a rapid view of the oil fate along the river for a

timely emergency response after a spill, a one-dimensional

hydrodynamic model by HEC-RAS was employed to provide

the depth-averaged streamwise velocities, which were considered

as the major factor contributing to the longitudinal transport of

particles. The setting enabled fast exchange of data between the

real-time flow fluctuations and subsequent particle tracing

programs for large-scale river basins. However, it cannot

precisely describe the lateral distribution of oil, especially

when one is interested in the fate of oil in a lake, reservoir,

oxbow, etc. Under these circumstances, two-dimensional or

coupled 1D/2D hydrodynamics are required as opposed to a

one-dimensional model. In addition, the range of oiled

riverbanks cannot be detailed. Using two- or three-

dimensional hydrodynamics with a sufficiently fine meshed

domain may be used to identify the location where the

FIGURE 6
Statistics on oil particles at cross-sections located at downstream distance X = 10 km, 20 km, and 30 km respectively: (A) Percentage of
particles passing through each section; (B) Arrival time of particles with different sizes.
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particle landed on the bank. Predicting the amount of retained oil

along the bank is relatively difficult, as our previous study showed

that it is related to multiple factors such as the roughness of the

substrate, slope of the bank, hydraulic scouring force, and plant

types along the bank (Wang et al., 2020a). Further studies are

underway to understand the quantitative relationship between oil

retention and the related factors.

The absorption and re-entrainment of oil droplets at the

water surface remains unclear. In the present study, a probability

function is introduced to describe the resuspension probability of

a particle. Although the simplification is not sensitive to the big

picture of particle distribution in such a large-scale river basin,

further refinement, calibration, and validation of the approach

are necessary in the future.

5 Conclusion

Oil spills in inland rivers have serious consequences and

cause considerable losses. Modeling the fate and transport of

discharged oil in inland rivers, especially the longitudinal

distribution, is critical for risk assessment and oil response. In

the present work, a random walk particle tracking algorithm was

constructed to provide a quick view of oil transport along the

river for a timely emergency response after a spill. The main

conclusions are as follows.

(1) The model uses one-dimensional hydrodynamics to drive

particles. A velocity profile was employed in the vertical

direction to correct the streamwise velocity at different

positions. A Visser scheme was employed to describe the

vertical movement of particles. A probability function was

applied to describe the re-entrainment of particles at the

water surface.

(2) When no containment measure was taken, particles with

different sizes exhibited similar drifting trajectories in the

longitudinal direction. Vertical statics revealed that large

particles appeared close to the water surface due to

advective movement driven by buoyancy, while small

particles dispersed in water gradually due to diffusive

movement.

(3) Containment measures had an apparent effect on floating

slicks. However, small droplets (less than 6 mm in diameter

in our simulation) that stayed below the water surface for

longer period of time were hardly stopped by containment

booms. Although small droplets comprise a low proportion

of the leakage volume, these particles potentially pose

tremendous hazards.

(4) The model is a tool for calculating the temporal and spatial

variations of the impacted zone and the arrival time at key

cross-sections after the oil spill and offers helpful

information for the first-phase emergency response.

Further refinement and calibration of the simplifications

employed in the model will be necessary in the future.
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