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ABSTRACT: Heavy metal pollution is a major issue after tailing pond failure accident. It is important
to predict pollution trends for limited data of pollution sources. A simple phase separation heavy metal
model was built for early warning simulation of heavy metal pollution accidents. Based on this, a new
simulation framework has been developed to predict the pollution trends of the downstream according
to the measured data at upstream sections. By setting the upstream monitoring date as the inflow
boundary condition, the changing processes of heavy metal manganese (Mn) with different phases in
the downstream can be accurately simulated and forecasted. Results showed that the concentration of
the suspended phase in the downstream was larger than that in the aqueous phase and sediment phase.
With this, the early warning of pollution trends after accidents could be made a few days ahead. It indi-
cates that the impact of sediment on heavy metal should not be ignored in the early warning of tailing
pond failure accidents.

KEY WORDS: heavy metal pollution, early warning, tailing pond failure accident, phase separation,

model.

0 INTRODUCTION

The tailing dam accident is the 18th serious event among
39 worldwide accidents and public damages (Criss et al., 2020).
It is reported that tailing pond failures are more than 60% of
overall tailing dam accidents (Agurto-Detzel et al., 2016). The
high speed volume slurry or flood may cause heavy metal pollu-
tion and affect water security in a wide range and long duration
(Jacobson and Faust, 2014). The early warning and evaluation
of heavy metal pollution are of great significance for accident
emergency disposal and disaster prevention (Chen et al., 2013).
Therefore, it is helpful and necessary to exploit the spatial and
temporal distribution of heavy metal after accident.

With the development of urbanization, industrialization
and transportation, the sudden water pollution accidents occur
frequently, which has attracted an enormous amount of re-
searches. In the early stage, researches focused on the mathe-
matical model studies for pollutant transport simulation in riv-
ers (Ani et al., 2012; Storey et al., 2011). Later on, the early
warning systems (EWS) coupled with GIS and water quality
models were studied and put into practice(Wang et al., 2018,
2015; Ding et al., 2017). While, most of these existing models
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or systems focus on soluble groundwater pollutants early warn-
ing, only a few studies focus on the pollution accidents of
heavy metal, which is slightly soluble in water. Generally, the
heavy metal pollution from industrial and mining wastewater
spilling, heavy metal transport vehicle accident and tailings wa-
ter leakage can be described by empirical formulas, regression
forecast, ensemble models and mechanism models (Wang et al.,
2015; Shah et al., 2013; Rafiei et al., 2012; Jahnig and Cai,
2010; Winner et al., 1980). Among which, heavy metal numeri-
cal models are widely used methods for heavy metal changing
processes quantifying. In mechanism models, the physical mi-
gration processes, including heavy metal dissolution (Bambach
et al.,, 2013; Chen et al., 2011), the adsorption-desorption on
sediment (Helios Rybicka et al., 1995), and the chemical and bi-
ology transformation processes are usually considered. These
physical, chemical and biology changing processes are compli-
cated and influenced by a lot of factors, such as pH, tempera-
ture, sediment concentration and hydrodynamic conditions (Sa-
deghi et al., 2012), which makes numerical models accurate but
need detailed data for model calibration (Djihouessi and Aina,
2018). While, as environmental accidents occur randomly in
temporal and spatial spaces, such as the occurrence of tailing
pond failure accidents in remote mountain areas, it is hard to ob-
tain enough data for accident simulation in a short period. Un-
der this emergency circumstance, numerical models are not al-
ways suitable because of requiring rich data.

For accident early warning where lack of data, it is sug-
gested that the tendency forecasting of pollutants is helpful and
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more feasible (Wang et al., 2015). The main transport process
of heavy metals can be simplified and divided into two parts.
One is heavy metal moving with water and soil, the other is
heavy metal transforming among three phases-aqueous, sus-
pended and sedimentary sediment (Wang et al., 2016). Previ-
ous research showed that utilizing phase separation phenomena
for the heavy metal simulation is capable to describe its chang-
ing process (Chen et al., 2016). The advantage of phase separa-
tion is that parameters are fewer and easy to use. Several stud-
ies have proved that the phase separation model can model the
changing trend of pollutants with limited data (Dalali and Habi-
bi, 2015). By taking these measured data as boundary condi-
tions, it is possible to make simulation and early warning for
the downstream sensitive areas (Wang et al., 2018).

China is a country with a high-frequency of tailings dam
accidents. From 2001 to 2014, over 100 tailing dam accidents
happened (Yu et al., 2014). In this paper, a heavy metal simula-
tion tool for the early warning of tailing pond failure accident
was developed. With this tool, the influence and early warning
of a manganese (Mn) tailing pond failure accident occurred in
the upstream of Fujiang River induced by rainstorm has been
simulated.

1 METHODS
1.1 Framework of the Heavy Metal Pollution Accident
Early Warning

Numerical models are widely used methods for pollutant
transport simulation. According to the universal flow chart of
early warning, the implementing framework of heavy metal
pollution early warning after tailing pond failure accident is de-
veloped, as shown in Fig. 1.

(1) Models developing

A coupled model including sediment model and phase
separation model has been developed for heavy metal transport
simulation, which will be described in Section 2.2.

(2) Input conditions setting

For early warning, the prediction of spatial and temporal
distribution in the future three days for heavy metal concentra-
tions is helpful and indispensable (Huan et al., 2020). Input da-

N

Tailing pond failure
aceident

Reach in downstream area
as simulation starling

Yonggui Wang, Yinqun Yang, Qiang Li, Yaxin Zhang and Xiaolong Chen

ta contain initial conditions, boundary conditions and parame-
ters. The initial conditions are determined based on measured
data at the beginning of simulation time. Boundary conditions
include inflow condition and lateral condition. The start reach-
es where measured data collected in the upstream is set as in-
flow headwater. The lateral condition will be ignored in the ear-
ly warning simulation. Two methods have been used for input
data extension in the future three days. For steady flow, input
conditions in the next three days can be set the same as the cur-
rent day. For unsteady flow, a linear regression equation is ap-
plied according to the flow or water elevation at the previous
three time points. Additionally, other time series boundary con-
ditions, including the water level of the outflow and the value
of parameters can be set according to the measured data.

(3) Model parameters correction

Parameters should be calibrated and corrected by mea-
sured data and simulation results. After getting the simulation
results, the deterministic coefficient (R*) and the relative error
(re) will be used for model parameters calibration. If the R’ and
re reach their goals, current parameters will be treated as deter-
minate parameters for the next simulation. Otherwise, it is nec-
essary to revise parameters and restart models until the R* and
re reach their goals.

1.2 Coupled Model for Heavy Metal Transport Simulation

Unlike the soluble substance, the transport process of
heavy metals is greatly influenced by sediments. Heavy metal
in water can be simplified into transportation and transforma-
tion processes, as showed in Fig. 2.

(1) After entering into the water, the heavy metal together
with sediment is transferred by water flow. A one-dimensional
hydrodynamic and sediment model was first developed to de-
scribe the dynamic process of water and sediment. Then a phase
separation model of heavy metal was built for heavy metal mi-
gration and transformation simulation. The one-dimensional riv-
er hydrodynamics model is based on Saint-Venant Equation
(Sharafutdinov, 1983). Suspended sediment is the main carrier
of heavy metals in water (Lychagin et al., 2017). According to
the mass conservation and Newton’s Second Law, the continu-
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Figure 1. The implementing framework of the heavy metal accident early warning with coupled numeric models. Where, s1, s2, s3 and s4 are simulation sec-

tions; t0, t1 and t2 are different time.
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Figure 2. The transportation and transformation processes of heavy metal in water and sediment.

ous equation of sediment movement and the river bed deforma-
tion equations have been established.
Suspended sediment transport equation.
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River bed distortion equation

veloped to describe the process (Capone et al., 2004). The
phase separation model was developed based on the following
assumptions: (1) pH and water temperature are constant, (2)
the adsorption process of heavy metal is only related to the sed-
iment conditions, and (3) ignoring the adsorption-desorption
process of riverside to heavy metal.

Equations about migration and transformation of heavy
metal in the aqueous phase (4), suspended phase (5) and sedi-

0z,
Pla*t' = 0,0,(8; - 5+) 2) ment phase (6) are as following.
Sediment carrying capacity Ohe  dhuc _ i(hswg) -k, zh(khskc i Ci) +
R ot 0x ox ox “ (4)
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where, # is time, x is the distance to the start section, u is flow ve- ohc,,  dhuc, 9 dc,, i
C . C o + =% he, -k > h(kysie - ¢) +

locity, & is the water depth, z is water elevation, 7 is the group ot Ox Ox Y Ox ] i
number of grain diameter, p! is the density of suspended sedi- . 5)
ment, S., is the sediment carrying capacity of water, e, is sediment Z w0, (S;C,-S,C)
diffusion coefficient, 4, is the saturation coefficient of suspended e
sediment, m is the transport coefficient of suspended sediment. gne, _ ki (c-¢)-ki(f - De-

(2) At the same time, sediment particles affect the storage at ! ! A ©

and transfer status of the heavy metal in water by adsorbing
and releasing heavy metals. The chemical properties of heavy
metals are stable and not decomposed easily by natural mi-
crobes (Ma et al., 2016). After heavy metal pollutants entering
into the water, most of the heavy metal will migrate to suspend-
ed solids from the water phase due to the adsorption of sus-
pended solids (Herngren et al., 2005). After the load exceeds
the carrying capacity of suspension, it will settle down gradual-
ly and lead to heavy metal accumulation in the sediment. In
some conditions with special temperature and pH, heavy met-
als can also be decomposed from suspension and sediment and
re-enter into the water. The main process of heavy metals’
transformation in water is physical changes, including convec-
tion and diffusion with water, adsorption and desorption, set-
tling and resuspension with sediments. The transfer of heavy
metals in water is greatly depended on their motion among
three phases (Yu and Lu, 2016), which is a process of heavy
metal transforming among different phases. The phase separa-
tion model of the heavy metal, including the aqueous phase,
the suspended phase and the sedimentary phase, has been de-

S0 (SiC,- 5.0)
where, ¢, ¢, and ¢, are heavy metal concentration in aqueous,
suspended and sedimentary sediment phase, respectively; # is
the thickness of bottom sediment; ¢ is turbulent diffusion coef-
ficient; k, is the adsorption coefficient; s is the concentration of
suspended objects; £, is the distribution coefficient of suspend-
ed material and water; ¢, is solution concentration of boundary
adsorption; k, is desorption coefficient; £, is distribution coeffi-
cient of sediment phase and water phase; #, is the total number
of groups with different sediment grain diameter; w, is total set-
tlement velocity of sediment group number k; S, is sediment
carrying capacity of water to sediment group number k; w is
the average settlement velocity of suspended sediment; « is re-
stored saturation coefficient of suspended sediment.

2 CASE STUDIES
2.1 Information about the Tailing Pond Failure Accident
As the rainstorm in the upstream of Fujiang River, an elec-
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Figure 3. The location of the tailing pond failure accident and the measured data sections in the downstream.
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Figure 4. The time series of Mn concentration at Section #1.

trolytic Mn plant tailings pond failure accident happened on Ju-
ly 27, 2011. The accident threatened the safety of drinking wa-
ter intakes directly in Chongqing City. After the accident, the
environmental protection department of Chongqing set 8 sec-
tions from the Mixin Section (#1), where Fujiang River enters
into Chongqing City from Sichuan Province, to the intersection
between Fujiang River and Jialing River.

As show in Fig. 3, sections #3 and #7 are located in drink-
ing water intake areas, which are sensitive and concerned by
the government and the masses. This accident was chosen as
an example for a case study.

2.2 Model Setup
2.2.1 Simulation area and period

The river reaches from Section #1 to Section #8 (with 108
km length) was treated as simulation area, Section #1 was set
as inflow headwater. The river reach was divided into 135 one-
dimensional computing units with a trapezoid profile. The gra-
dient is set to 0.000 5 according to the DEM of this area. Based
on the measured concentration changing process of #1 in Fig.
4, there is a period that the pollution concentration is over stan-
dard (0.1 mg/L for drinking water). A simulation was made to

answer how pollutants transport in the next three days, from Ju-
ly 29 to July 31, 2011.

2.2.2 Initial boundary conditions

Daily hydrological monitoring values (flux at Section #1
and water level at Section #8) from July 29 to July 31 were
treated as boundary conditions. A constant inflow of 500 m*/s
and concentration changing process of Section #1 were set for
headwater boundary conditions. The water level was set as 322
m for a downstream boundary. For the sediment model, the av-
erage sediment concentration was set as 0.03 kg/m’.

2.3 Model Verifications and Calibration

Measured data from Section #2 and Section #4 were se-
lected for calibration. Data in Section #6 and Section #8 were
used for verification. Parameters in different computing ele-
ments were set differently. With calibration, values of sensitive
parameters were set as shown in Table 1. The comparison be-
tween simulation results and measured data is shown in Fig. 5.

The comparison between model results and measured data
shows that the pollutants moving trends were successfully sim-
ulated. There exists a visible difference between measured and
simulated values at #8. At 18:00 July 31, the measured concen-
tration is over 0.125, but the simulated concentration is below
0.045, which caused the average R’ up to 0.54 (as shown in
Fig. 6a). According to the pollutant degradation rule, a monitor-
ing error may be happening.

Considering the abnormal value, the R* is not high enough
to prove that the model could accurately predict the migration
of Mn. It is also indicated that the model and parameters used
in this paper were available for being adopted to simulate the
pollutant changing trends after the accident. For a lot of heavy
metal models, the R* ranges from 0.5 to 0.8 (Bhuiyan et al.,
2016; Kang et al., 2010). With ignoring the abnormal measured
value of Section #8, the R* could be 0.81 (Fig. 6b). It indicates
that the model has good performance for water quality simula-
tion. Due to the lack of measured data of heavy metal in each
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phase state, the simulation results of heavy metal in each phase
state cannot be verified.

2.4 Results and Discussion
2.4.1 Changing trends of total concentration in the down-
stream after the accident

The total concentration of Mn in sections #2 to #8 from
July 29 to July 31 is shown in Fig. 7. The peak concentration
value decreased with the increase of distance to #1. The maxi-
mum concentration was gradually dropping from 0.156 mg/L
at #2 (53 km away from Section #1) to 0.14 mg/L at #3 (71 km
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away from Section 1). Lastly, it dropped to 0.038 mg/L at 108
km away from Section #1 at #8.

The relationship between the decreasing trend of the maxi-
mum concentration of pollutants and distance to #1 is shown in
Fig. 8.

In Fig. 8, it can be seen that the reduction rate of pollutant
concentration from #1 to #2 is smaller than which from #2 to
#6. The rate of peak pollutant reduction decreases from #2 to #
8. In particular, from #6 to #8, there is no obvious change on
the peak pollutant concentration. At this time, the pollutant con-
centration is below 0.05 mg/L, indicating that the degradation

Table 1 Calibrated parameters of the model

Name Symbol Values range
Adsorption coefficient k1 (2.6-12.0) x 102
Desorption coefficient k4 (1.6-14.0) x 10
Sediment diffusion coefficient o, (1.1-9.0) x 10
Transport coefficient of suspended sediment m (3.5-9.0) x 10°
The distribution coefficient of sediment phase and water phase il 0.01-0.04
The distribution coefficient of suspended material and water phase k, 0.3-0.6
() —Simulated #2  » Measured #2 (b) —Simulated #4 e Measured #4
0.145 1 0.1454
2 =
S 0.1254 \g) 0.125+
£ o0.10s £ 0105
2 0.085 2 0.0851
£ 0.065 2 0.065
£ 0.0451 £ 0.0451
“ 0.025 © 0025
0.005 T T T 0.005 T T T
7-30 14:12 7-3023:48 7-319:24 7-31 19:00 7-30 14:12 7-3023:48 7-319:24 7-31 19:00
Time Time
() —Simulated #6  * Measured #6 (d) —Simulated #8 * Measured #8
0.145 0.145
=2 =
\";Eh 0.125 ED 0.125 o
= 0.105 — 0.1054
£ 0.085 £ 0.085
g 5]
E 0.0654 - E 0.0654
2 0.045- . . £ 0.0454 —
“ 0.025 v 2 “ 0.025 e =
0.005 * ‘ : 0.005 ‘ - -
7-30 14:12 7-3023:48 7-319:24 7-3119:00 7-30 14:12 7-30 23:48 7-319:24 7-31 19:00
Time Time
Figure 5. Simulation and measured results of different sections.
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Figure 6. The R* between simulated results and measured data. Part (a) contains all measured data, abnormal measured data are deleted in part (b).
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Figure 7. The changing trends of the total concentration of Mn in different time.
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and adsorption of pollutants are less frequent within this con-
centration range. In the area from Section #1 to Section #2, the
pollutant concentration is relatively high, and the water flow
has a greater effect on the transport and diffusion of heavy met-
als, while the adsorption and desorption effect is relatively
small. Due to the action of water flow, the pollutant has a large
diffusion, but the concentration reduction rate is relatively low.
At Section #2, the pollutant concentration drops to 0.15 mg/L.
In this situation, with concentration decreasing and flow veloci-
ty slowing down, the effect of water flow on heavy metal trans-
port and diffusion becomes smaller, and the effect of adsorp-
tion and desorption increases relatively (Qian et al., 2014; Und-
abeytia et al., 2005). It indicates that, when the pollutant con-
centration is high, the diffusion effect has a great influence on
the concentration change of heavy metals (Huang et al., 2015).
When the concentration is reduced to a certain extent, adsorp-
tion and desorption play a major role in the pollutant concentra-
tion changing (Shi et al., 2013). With a further decrease of the
concentration, the adsorption, desorption and diffusion are rela-
tively weakened, and the concentration remains stable at some
extent. In this accident, when the concentration of Mn is
around 0.05, the diffusion, adsorption and desorption maintain
a slow speed.

2.4.2 Duration time and areas of concentration over stan-
dard

For the regional Section #1 to Section #8, the duration
time of pollutant concentration over standard is shown in Fig. 9.

-Average flow velocity
-=-Duration time of concentration over standard

= e
wn N 1 e O

0.4

L]
\ 0.3

\ 0.2

\ 012
Mo,

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Distance to #1 (km)

Duration time (h)
D = N W A Y ] 0D

erage flow velocity (m/s)

Figure 9. Duration time of concentration over standard and average flow

velocity at different sections with the distance to #1 increasing.

Combined with Fig. 7 and Fig. 9, it can be noticed that the
tailing pond failure accident caused the pollutant concentration
exceeding the standard in the river to reach 62 km distance
away from #1. The duration time of concentration over standard
showed an upward trend from #1 to 53 km downstream. This
sudden accident caused the pollutant concentration to exceed
the standard in Section #2 and Section #3. The pollutant concen-
tration in Section #2 began to rise at 17:00 on July 30. At 19:30,
it was close to exceed the standard and continued to rise until
23:00, when the concentration reached the maximum value of
0.156. After that, the pollutant concentration decreased and then
dropped to the standard value at about 3:50 on July 31. It was
indicated that the pollutant concentration in Section #2 exceed-
ed the standard causing by the accident, lasting for 8 h and 20
min. The same trend also happened in the section #2 and #3.
The over standard time started from 21:00 on July 30 and ended
until 4:20 on July 31 at #3, lasting for 7 h and 20 min. As there
is a drinking water source area at Section #3, it is indispensable
to make early warning and alert to ensure the drinking water
safety. Section #7 is also the source of drinking water, but the
maximum concentration of pollutants at this location is 0.05
mg/L, which is below the standard value. Thus, the water can
be taken normally as usual in Section #7. The reaches where
manganese concentration over standard was shown in Fig. 10.

As shown in Fig. 10, due to the flow velocity decreases,
the diffusion of pollutants slows down. The length of reaches
over standard in the upstream of Section #2 is longer than the
downstream of #2. For example, at 20:00 on July 30, the length
of over standard reaches is 16.3 km, which is double than the
length of over standard reaches at 5:00 on July 31. From the
morphology view of polluted reaches, the area of manganese
concentration over standard reaches expands in the higher con-
centration and then contracts in the smaller concentration. The
variation process of the duration time for the heavy metal pollu-
tion concentration is related to pollutant concentration and
flow velocity (Thakur et al., 2019). The water flow movement
increases the pollutant diffusion and polluted area, but decreas-
es pollutant degradation (Kaserzon et al., 2014), which leads to
a longer duration time of pollutant concentration over standard.

2.4.3 Pollutants concentration distribution of different
phrases
For water quality accident early warning, the previous
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Figure 11. Manganese concentration of different phases at Section #2 and Section #7.

studies focus on soluble substance, most of them only point out
the total concentration of pollutants (Wang et al., 2015). For
many pollutions, sediment adsorption has a great influence on
the contamination situation. A large number of studies have
shown that heavy metals are not easily decomposed by micro-
organisms and are difficult to produce biochemical and chemi-
cal reactions. Most of the heavy metal are adsorbed into the
sediments and some of them sink into the river bottom mud
(Bhatnagar et al., 2011). However, these adsorption and desorp-
tion processes have been ignored by the previous studies for
water quality accident early warning (Huan et al., 2020; Wang
et al., 2018). In contrast, with the sediment model and phase

model, the impact of sediments has been considered and the
concentration of different phases in this study has been ob-
tained, as shown in Fig. 11.

From July 20 14:00 to July 31 11:48, the concentration of
heavy metal in the bottom sediment phase increases continu-
ously at Section #2. The Manganese concentration of the aque-
ous phase is higher than which of the suspended phase before
July 31 1:00 at Section #2. But after that, the concentration of
the suspended phase becomes higher. There are similar chang-
ing trends of bottom sediment phase at Section #7. It is indicat-
ed that the adsorption function is greater than the desorption
function as time goes on. By comparing the concentration of
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different phases at Section #2 and Section #7 together with
flow velocity variation trend, it is demonstrated that the sedi-
mentation and resuspension of sediment are enhanced with the
decrease of water velocity from the upstream to the down-
stream of the river (Kaserzon et al., 2014). After July 31 1:00
at Section #2 and 4:30 at Section #7, the Mn is gradually ad-
sorbed by suspended sediments and deposited, which leads to
the increase of heavy metal concentration in the suspended and
sediment phase. Meanwhile, the adsorption rate and adsorption
amount of sediment are inversely proportional to their particle
size (Buyang et al., 2019). As the particle size of the bed sedi-
ment mass is larger than that of the suspended mass, the ad-
sorption rate of the suspended mass of the aqueous phase,
heavy metal is greater than that of the bed sediment mass. This
leads to the phenomenon that the Mn concentration of the sus-
pended phase is always larger than the Mn concentration of the
sediment phase in two sections.

Overall, the water flow slows down due to the widening of
the water surface area in Section #2. According to the theory of
sediment kinematics, there is an inversely proportional relation-
ship between the sedimentation velocity of sediment and flow
velocity (Kozerski, 2002). Along with the flow rate slowing
down, the adsorption rate of pollutants increases. It causes a
large number of the heavy metal sink to the bottom of the water.
As a result, the concentration of pollutants decreases at a higher
rate, and the duration time of pollutants over standard could be
reduced. With further pollutant adsorption and sedimentation,
the duration time of pollutants exceeding the standard was
dropped down to 0 at 63 km. It is indicated that most of the
heavy metal in the water was absorbed by sediment mass.

3 CONCLUSION

Based on the transfer and transformation mechanism of
heavy metal, a phase model of heavy metal migration and
transformation was established by considering the influence of
sediment on the heavy metal. It has been applied to simulate
the impact of sudden accidents on the downstream of tailings
ponds. The verification results showed that the model exhibited
good performance in rapidly simulating the variation trend of
the heavy metal Mn. By setting the measured data in the up-
stream as conditions, the pollutant concentration in the down-
stream and early warning have been simulated after a tailing
pond failure accident. Results showed that the accident would
lead to a concentration of 63 km reaches in Fujiang River ex-
ceeding the standard in Chongqing City. A drinking water
source near Section #3 will be polluted and last for 7 h. Addi-
tionally, the results also indicate that the migration of heavy
metal pollutants is mainly affected by water transport. But the
decrease of heavy metal concentration is mainly affected by
sediment adsorption. There is a negative correlation between
the pollutant concentration reduction rate and Mn concentra-
tion and flow velocity. The adsorption and settlement rate will
increase if the flow velocity decreases and the Mn concentra-
tion is less than 0.15 mg/L, which is conducive to the reduction
of Mn concentration. Heavy metal pollution after tailing pond
failure accident was better simulated in this paper, which is an
application extension in the field of water quality accident ear-
ly warning. It can provide support for accident disposal and

early warning through simulating water quality concentration
change processes in the downstream based on the measurement
data of the upstream.
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