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a b s t r a c t
When tailing spill accidents occur, the risk of contamination by antimony (Sb) tailings into adjacent rivers, sediments, aquifers and soil environments is high. The Sb concentrations in water and sediment under different
stringent control activities were investigated for 60 days in the Jialing River basin after a tailing spill accident.
Both reservoir regulation and the construction of a temporary dam with coagulation dosing remarkably reduced
the Sb levels in the river water. The increase in dissolved Sb caused by the spill was reduced from ~400 μg/L in the
inﬂow to ~200 μg/L in the outﬂow by reservoir regulation. Moreover, reservoir regulation led to a high concentration of Sb in the reservoir sediment, which was difﬁcult to remove and may cause subsequent unpredictable
long-term ecological and health risks. In contrast, the Sb-enriched deposition inside the temporary dam was convenient to remove. Notably, temperature alternations between day and night in winter resulted in a large ﬂuctuation in coagulation efﬁciency, which may cause the failure of stringent control projects. The results of this study
suggest potential improvements to stringent control activities after mine tailing accidents to mitigate environmental impacts and prevent secondary risks.
© 2019 Elsevier B.V. All rights reserved.
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Antimony (Sb) is the ninth most mined element in the world
(Courtin-Nomade et al., 2012). Human exposure to Sb leads to accumulations in vascularized organs and results in cardiovascular, liver and
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respiratory diseases (Gebel, 1997; Feng et al., 2013). Consequently, as a
global dilemma, the mobility, transport and fate of Sb are substantial
concerns worldwide (Herath et al., 2017).
Mining waste is commonly stored in tailing pools in safe places to
avoid the environmental risks of mining activities (Lacal et al., 2003).
The Sb in tailings also remains largely immobile because the mobility
of Sb is restricted by oxyhydroxide cover and the acidiﬁcation of tailing
particles, and the released portion can move only centimetres (Wilson
et al., 2004). As a result, the majority of Sb in tailings is retained in impoundments under stable circumstances and does not migrate into adjacent environments despite the high concentration of Sb in tailings
(Wilson et al., 2004; Majzlan et al., 2011). However, when spill accidents occur, the Sb in tailings may go beyond the range of mining regions due to river ﬂow transport, physical disturbances and the
relatively higher pH of water (Del Río et al., 2002), which affects the ecosystem downstream. The migration of Sb is greatly accelerated at temporal and spatial scales in situations where tailings are released into
river water that has a higher pH than that of the tailing ponds (Wilson
et al., 2004) because the bound Sb is loosened (Langmuir, 1997).
Hence, tailing spill accidents are an especially important pathway for
Sb to enter aquatic environments downstream. Sb-enriched tailing
spills cause a high degree of Sb pollution in soil (Simón et al., 2001;
Nakamaru and Martín Peinado, 2017) and sediment pollution in long
river channels (Cooke et al., 2016) and have potential effects on wild animal populations (Gil-Jiménez et al., 2017). The bio-availability of Sb
should be enhanced when pore water migrates upwards from Sbenriched sediment caused by spills (Fawcett et al., 2015).
The migration and destination of contaminants in spill accidents are
signiﬁcantly affected by urgent preventive and mitigating actions. For
example, walls constructed in the Aznalcóllar mine tailing accident in
Spain prevented toxic ﬂoods from entering a branch river (Grimalt
et al., 1999). The heavy metal concentration in plants in a remediated
area was lower than that in a non-remediated region (Madejón et al.,
2002; Liu et al., 2005). Most previous studies on Sb have focused on
the environmental and health impacts of the spills themselves (Draves
and Fox, 1998; Madejón et al., 2002; Martín Peinado et al., 2015), and
the results have suggested that remediation activities using organic
amendments should improve the bio-availability of Sb (Clemente
et al., 2010; Nakamaru and Martín Peinado, 2017). A few studies have
reported the initial assessment of Sb migration and the fate during a
spill (Cooke et al., 2016). However, there is still a research gap in the
mechanism of Sb migration and the fate of Sb in tailing spills, especially
concerning the effects of Sb transportation with stringent control
activities.
In this study, spill data as well as the effects of stringent control activities, including building temporary dams, regulating the reservoir,
and adding ferric salt coagulant in the upper reaches of the Yangtze
River were recorded in detail, and a distinct opportunity to gain knowledge about how to address Sb-enriched tailing spill accidents occurred.
The main objectives of the study were the following: (1) to investigate
the temporal and spatial variation in the Sb plume after a mine tailing
spill accident; (2) to analyse the inﬂuences of stringent control activities
on the migration and fate of Sb; and (3) to propose an optimized solution for Sb tailing spill accidents.
2. Materials and methods
2.1. Sampling
On November 23, 2015, a catastrophic spill of 25,000 m3 of Sb mine
water and tailings occurred as a consequence of catchpit failure in the
Jialing River basin, which discharges into the Yangtze River. The mining
site is exploited for stibnite mineral (Sb2S3) and tailings with high level
of Sb are deposited in the tailings pond. This sudden release of mine tailings and efﬂuent ﬂowed directly into the Taishi River, ﬂooded 46.59 ha
of farmland, and travelled approximately 400 km downstream to the

Tingzikou Reservoir, which is the drinking water source for half a million people. The tailings contained high concentrations of Sb. Stringent
control activities, including building temporary dams, regulating the
reservoir, and adding ferric salt coagulant, were carried out as soon as
possible to prevent pollutant migration. The clean-up actions included
the removal of tailings, the upper layer of polluted sediment and the
soil and sludge from the settling tanks formed by the dams.
Immediately after the spill, a monitoring and emergency disposal
plan was formed that aimed to slow contaminant diffusion, alleviate environmental and socio-economic inﬂuences and prevent potential
health risks. Plume tracking was accomplished by monitoring the dissolved Sb concentration in the rivers at 2–12-hour intervals.
A more detailed investigation was carried out between 24 December
2015 and 13 January 2016. Sediment and water samples from 38 locations, including 3 reference locations (Fig. 1), were collected with a
gravitational piston core sampler. Thirty-ﬁve groundwater samples
were collected from drinking water wells two months after the spill
(between 26 and 28 January 2016). Statistical data of only 218 drinking
water samples from wells that were collected and dissolved Sb was determined one month after the spill (between 23 and 28 November
2015) were provided by the local centre for disease control.
2.2. Bulk analysis
The water samples were ﬁltered with a 0.45 μm membrane ﬁlter to
measure the dissolved concentrations and were digested after acidiﬁcation with 4%(v/v) HNO3 using a microwave digestion device (CEM3100)
to measure the total concentrations.
The bulk sediment samples were centrifuged in Teﬂon centrifugal
tubes (Corning, USA) at 8000 rpm for 10 min to isolate the pore
water. After centrifugation, the sediment samples were freeze-dried,
ground and sieved through a 0.15 mm plastic sieve. Then, total
50.0 mg sediment sample was digested with 1 mL HF, 2 mL HCl and
5 mL HNO3 by using microwave digestion device.
The Sb content was determined by hydride generation-atomic ﬂuorescence spectrometry (HG-AFS, Millennium Excalibur System, Kent,
United Kingdom). The atomic ﬂuorescence equipment was operated
using a wavelength of 217.6 nm. A 0.5 mL volume of reducing agent,
which consisted of 50% (m/v) KI and 10% (m/v) ascorbic acid (both purchased from Sinopharm Chemical Reagent Co.,Ltd) and 15 mL hydrochloric acid (12 mol/L, Beijing Chemical Works) were added to 5 mL
of ﬁltered water. The carrier solution of HCl (1.8 mol/L) and NaBH4 solution (0.8%) for HG-AFS was prepared with ultrapure hydrochloric
acid and dissolving powdered NaBH4 in 0.4% NaOH solution, respectively (both purchased from Tianjin Fuchen Chemical Reagents Factory).
Hydride generation was performed with a Millennium P.S. Analytical10.055. Standard solutions with concentrations from 0 to 20 μg/L were
prepared by diluting standard stock solutions (stored at 4 °C), which
were obtained by dissolving appropriate amounts of antimony potassium tartrate (K(SbO)C4H4O6) (Sinopharm Chemical Reagent Co.,Ltd).
Quality control included method blanks, blank spikes, matrix spikes
and blind duplicates. CRM (certiﬁed reference standard) of stream sediments (Chinese National Standard, GSD-12) were used in the determination of total Sb. The recoveries of total Sb was 97–104%. Standard
solutions of total Sb were prepared daily and calibrated with standard
curves, in which coefﬁcients of determination (r) were N0.999. Limits
of detection (LOD) of total Sb were 0.72 μg/L. Relative standard deviations (RSDs) of duplicated samples in waters and sediments were b6%.
3. Results
3.1. Sb plume tracking
After the spill, the velocity of the concentration peak in the plume
generally decreased. The average velocity of peak approach was
1.53 km/h in the AB area (from the spill location to the ﬁrst conﬂuence)
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Fig. 1. Map of study region.

and decreased to 1.30 km/h in segment BC before the peak arrived at the
Hulutou (HLT) reservoir; the velocity then declined to 0.78 km/h in segment DE from the HLT reservoir to the termination point (the section
where the Sb concentration was below 20 μg/L and at a safe level for
drinking water (WHO, 2011)). The magnitude of dissolved Sb in the
plume decreased along the river. The dissolved Sb in the tailing exudation ﬂuid was ~2000 μg/L and increased from the background level to
~1000 μg/L in the section before the ﬁrst conﬂuence (23 km from the
spill location). The increase of dissolved Sb level decreased to ~400
μg/L when the plume arrived at the middle of the HLT reservoir (site

20, 126 km from the spill), and it took 26 h for the plume to pass
through the reservoir (characterized by the full width at half maximum,
Fig. 2). After 210 h, the plume had travelled 284 km from the spill location, and the dissolved Sb level declined to ~23 μg/L. The location of the
termination point of the stringent control activities where the concentration never exceeded 5 μg/L was 354 km from the spill location.
The mean, 75% quartile and maximum dissolved Sb concentrations
at site 9 at night were remarkably higher than the values in daytime
at the second stage (days 12–19) when only polyferric sulfate (PFS)
was dosed as a coagulant (Fig. 3b). Moreover, the values were more
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3.2. Detailed investigation of the water and sediment one month after the
spill

sites were in the same range (between 8.07 and 8.78), except those at
the dosing sites (between 5.87 and 6.88), while the dissolved oxygen
(DO) values of all sites ranged from 9.10 to 11.77 mg/L.
Fig. 4 illustrates the changes in the total and dissolved Sb levels in
the surface water along with the distance from the spill location. The
vast majority of the Sb values in both the surface water (92.5%) and interface water (100%) did not exceed the guidelines for drinking water
(WHO, 2011). The maximal values of total and dissolved Sb in the surface water were recorded at site 5 (7 km from the spill and just before
the dosing site). Moreover, the concentrations at site 6 (directly downstream of the dosing site) showed peak valleys due to coagulation and
precipitation. However, the surface water levels at sites 7 and 8 were
above the guidelines (20 μg/L) again. The total fraction was caused by
the disturbance of tailing particles deposited on the riverbed, while
the dissolved fraction originated from the re-dissolving of ﬂocs and
leaching from tailing particles.
The majority of Sb was the dissolved fraction in this study (Table 2).
The dissolved fractions in the surface and interface waters were of the
same magnitude (b0.01–28.37 μg/L and b 0.01–14.23 μg/L, respectively). However, the dissolved Sb in the pore water was remarkably
higher (~1 to ~125 μg/L), and 52.27% of the samples were above the
guideline level. Moreover, the ﬂuctuation among sites was greater. A
total of 16.51% (36 of 218) of the groundwater samples collected one
month after the spill exceeded the guideline, and the dissolved Sb concentration in the samples exceeding guideline was 48.20 ± 55.02 μg/L.
The proportion declined to 2.86% (1 of 35) two months after the spill,
with a concentration of 28.57 μg/L.

3.2.1. Water quality
Surface water, interface water, sediment and pore water in the sediments were collected one month after the spill to assess long-term inﬂuences. The water samples were analysed to determine the water
quality and potential risk to human health. The pH values of the river

3.2.2. Impacts on sediment
Table 3 shows the mean, standard deviation, and minimum and
maximum Sb concentrations in the sediments of the three channel segments and the tailings. The levels decreased considerably from upstream to downstream. The level declined from 180.33 ±

Fig. 2. Dissolved antimony concentration within rivers since the spill on 24th December
2015. Determination on 2 h to 12 h intervals.

discrete at night. Nevertheless, the data from the ﬁrst stage (days 4–11),
when no coagulant was dosed, did not show the day/night alternation
pattern (Fig. 3a).

Fig. 3. Antimony concentration at different time of day of three coagulation situations: (a) no coagulation used; (b) polymeric ferric sulfate (PFS) used as coagulant only; and (c) PFS used
with Na2S.
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Fig. 4. Spatial changes of total and dissolved antimony concentrations in surface water and vertical distribution of antimony levels in sediment.

206.13 mg/kg in the secondary tributary to 30.72 ± 51.29 mg/kg in the
primary tributary and dropped further to 2.33 ± 1.89 mg/kg in the
mainstream of the Jialing River.
The Sb content in the sediment showed high spatial variability.
Emergency disposal activities were one of the most important factors.
The ﬁrst emergency disposal activities, including coagulant dosing,
channel precipitation and precipitate removal, were carried out in the
secondary tributary before the ﬁrst conﬂuence. As a result of the removal activities, only one layer of sediment was collected at most sites
in the secondary tributary. The mean Sb content was 10.0 times higher
than that at the reference site.
The ﬁrst type of removal activity was applied in the primary tributary in the section before the second conﬂuence. Meanwhile, the second
type of emergency disposal activity utilized in the segment was reservoir regulation. Compared to the reference site that was not affected
by the spill, the levels in the secondary tributary were 5.6-fold, 6.8fold and 1.5-fold higher in the 0–1 cm, 1–2 cm and 2–3 cm layers, respectively, suggesting that the 2–3 cm layer could adequately describe
the situation before the spill. The 1–2 cm layer could record the impacts
of the plume, while the 0–1 cm layer could indicate the continued consequences of the spill and the disposal activities.

gentle river segment; and (3) turbulent ﬂow and complicated riverbed
composition stretching the plume (Cooke et al., 2016).
However, in this study, the HL reservoir (segment CD) was the segment where the plume passed with the lowest velocity (0.31 km/h, see
Table 1). Furthermore, the dissolved Sb level was reduced from ~400
μg/L to ~200 μg/L directly after leaving the HL reservoir. The passage
time of dissolved Sb peak (characterized by the full width at half maximum, Fig. 2) rose from 26 h to 104 h. This result is consistent with the
release optimization of Tono Dam after a small ﬂood event, which effectively reduced the total suspended solids in the lake through the operating policy (Castelletti et al., 2013). Outﬂow control was also
implemented in this study. The sluice gate was closed for 10 h when
the plume reached the HL reservoir to slow down the plume and
allow time for stringent control activities downstream. Small ﬂows
were then drawn off intermittently for project safety and contaminant
peak control considerations. The delay, decline and broadening of the
pollution peaks were due to reservoir regulation activities.
Hydraulic regulation is one of the most important in-lake techniques
to improve the water quality of reservoirs (Chang et al., 1996; Chaves
and Kojiri, 2007). The optimal operation of reservoir outﬂows, such as
optimizing outﬂow rates and timing controls, has been indicated to be

4. Discussion
4.1. Impacts of reservoir regulation on the migration and fate of Sb
The migration velocity and magnitude of Sb elevation caused by the
tailing spill generally declined as the plume was transferred downstream, which was in accordance with the characteristics of another
spill in Canada (Cooke et al., 2016) into a river in a similar watershed
that transitioned from a mountainous to a lowland area in winter. The
observed decline in dissolved Sb with the passage of time may be due
to three main causes: (1) dilution effects resulting from conﬂuences;
(2) the sorption of Sb by sedimentary particles and settlement in the

Table 1
Plume travelling velocity of each river segment (A, B, C, D, and E are shown in Fig. 1). A is
the spill spot. B is the spot of ﬁrst conﬂuence. C is the spot before Hulutou (HLT) Reservoir.
D is the section after HLT Reservoir. E is the termination point.
River segment

Travelling
Time/h Average
distance/km
velocity/km/h

Secondary tributary (AB)
Primary tributary before HLT Reservoir
(BC)
HLT Reservoir (CD)
Main stream (DE)

23
94

15
72.5

1.53
1.30

15
212

48
272

0.31
0.78
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Table 2
Summary statistics of the Sb concentrations (μg/L, DL = 0.01 μg/L) in surface water, interface water and pore water samples.
Surface water

Ntotala
Nndb
Mean
S.D.
Median
Range
a
b
c

Interface water

Pore water

Total Sb

Dissolved Sb

Total Sb

Dissolved Sb

0–1 cm

1–2 cm

2–3 cm

38
1
11.20
7.06
11.00
n.d.c −33.72

38
1
7.89
6.95
6.19
n.d.c −28.37

22
1
10.16
4.93
10.22
n.d.c −19.34

22
3
6.41
4.49
6.55
n.d.c −14.23

20
0
52.16
45.03
38.62
1.46–125.91

14
0
45.87
53.20
15.02
0.72–125.53

10
0
35.33
39.91
19.88
3.51–125.24

Ntotal is the total number of samples.
Nnd indicates the number of samples with non-detected values.
n.d. indicates non-detected values.

effective for optimizing the water quality of reservoirs and downstream
areas (Castelletti et al., 2013; Giuliani et al., 2014; Weber et al., 2017).
However, the fractional contaminants that are removed from water
are deposited into sediments. The 1–2 cm layer recorded the impacts
of the plume (See 3.4). The values of the 1–2 cm layer (Fig. 4) in the
middle section of the HLT reservoir (135.40 ± 24.49 mg/kg) were considerably higher than those in the sections upstream (22.04 ±
31.91 mg/kg) and downstream (28.31 ± 27.59 mg/kg) of the primary
tributary. Moreover, the pore water in the 0–1 cm and 1–2 cm layer sediments of the same section contained high levels of dissolved Sb (Fig. 5).
The high concentration of Sb in the reservoir sediment was due to a decreasing plume velocity and an increasing sediment residence time.
High levels of heavy metals were also detected in the sediments of another reservoir that was affected by mining activities, while the water
quality did not exceed the WHO standard (except for Cr) (Kapia et al.,
2016). Thus, outﬂow regulation activities will likely lead to high concentrations of contaminants being deposited in mining-affected reservoirs
while promoting water quality to provide sufﬁcient hydraulic detention
time for the sedimentation of contaminants. Physical disturbances and
DO increases at the sediment-water interface caused by convection
with season alternation as well as human disturbances such as dredging
(van den Berg et al., 2001) may lead to heavy metal releases from sediments. Therefore, hydraulic regulation should be cautiously assessed
when taking sediment safety into account when the process is used in
reservoirs affected by mining activities.
4.2. Impacts of temporary dam building with coagulation dosing
4.2.1. Impacts of temporary dams
The Sb levels of the surface water after dosing the sites were low
(Fig. 4), and the surface sediments in front of the temporary dam
(i.e., site 9 and site 28) contained extremely high concentrations of Sb
(Fig. 4). The low values detected in the surface sediment, such as

those at site 4 (spill location), were due to remediation actions, such
as the removals of precipitate and the original contaminated sediment
after coagulating sedimentation. This ﬁnding suggests that coagulant
dosing combined with the construction of temporary dams effectively
removed Sb from the surface waters of the river. However, the Sb levels
in the surface water rose again a few kilometres downstream (i.e., site 7
and site 10). This ﬁnding may be due to two mechanisms: a) some ﬂocs
were dissolved again in the turbulent ﬂow with a relatively higher pH;
and b) water travelled into and through the hyporheic zone (Hancock,
2002) and then inﬂuxed back to the surface water at a location downstream. This result coincides with the effect of subsurface processes
that were observed a few kilometres downstream in Sycamore Creek
(Dent et al., 2001).
Moreover, temporary dams also affected the quality of the groundwater. No values exceeding the drinking water standard were recorded
in the well water before the spill, while the level rose to 16.51% one
month after the spill and dropped to 2.86% two months after the spill.
Bedrock ﬁssure water is the main groundwater type in this study region.
The primary groundwater recharge pattern is meteoric water inﬁltration. After being recharged, the groundwater inﬂuxes to the river channel from high to low areas with the terrain. Consequently, channel
water level rises caused by temporary dam building lead to lateral
groundwater recharge from river water. Under these circumstances,
the exploitation of wells along the river will accelerate the penetration
of polluted river water through the hyporheic zone, resulting in a
steep rise in pollutant concentrations in well water (Mauclaire and
Gibert, 1998). In conclusion, temporary dam building is a valid approach
to contain and remove contaminants in tailing spill accidents. However,
this remediation action will increase the risk of groundwater pollution.
Therefore, well water exploitation should be controlled accordingly to
restrict the negative effects.
Temporary dam building and reservoir regulation were carried out
under signiﬁcantly different geographical and hydrological conditions.

Table 3
Summary statistics for the sediment samples and tailing samples. Values below the DL were changed to the DL for the calculation of the summary statistics. DL = 0.005 mg/kg.

River TS
0–1 cm
1–2 cm
2–3 cm
River XHS
0–1 cm
1–2 cm
2–3 cm
River JLJ
0–1 cm
1–2 cm
2–3 cm
Tailing
a
b

Ntotala

Nndb

Mean

SD

Minimum

Median

Maximum

Reference sites

6
1
1

0
0
0

180.33
43.08
51.78

206.13
–
–

4.48
43.08
51.78

110.59
43.08
51.78

496.84
43.08
51.78

18.07
14.58
15.49

19
18
18

1
0
1

30.72
34.71
11.27

51.29
45.58
10.78

b0.005
0.29
b0.005

16.26
15.15
8.46

231.02
152.72
41.51

5.42
5.00
7.16

10
9
7

0
4
1

2.33
1.37
2.61

1.89
1.86
1.97

0.22
b0.005
b0.005

2.17
0.45
2.54

5.51
5.32
4.99

0.47
b0.005
b0.005

3

0

2493.33

381.36

2070.00

2600.00

2810.00

Ntotal is the total number of samples.
Nnd indicates the number of samples with non-detected values.
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Fig. 5. Spatial changes of total and dissolved antimony concentrations of antimony levels in pore water samples.

Temporary dams were built in a ﬂat and open area that was connected
to roads, which was convenient for engineering vehicle operation. Consequently, the contaminants gathered by coagulation in front of the
dams could be removed and harmlessly treated expediently. However,
the reservoir was in a canyon and was positioned between mountains,
and the water depth and sediment thickness made it extremely difﬁcult
to remove the polluted surface sediments. If the release of Sb from the
sediment caused by the disturbance occurred after the emergency disposal plan ended, the water quality may not be detected in a timely
manner. Notably, this risk would be more unpredictable and harder to
control.
4.2.2. Inﬂuence of low temperature on PFS coagulation
The day and night alternation patterns at site 9 (Fig. 3b) indicated
that the Sb removal function through PFS coagulation was more effective and stable in the daytime, while the function was restricted at
night. One possible cause is that the workers in charge of the dosing
treatment were insufﬁciently performing their duties at night and
avoided inspection. However, temperature differences are the most
likely explanation, as the patterns of day and night alternations were
consistent with differences in the Sb values.
The water temperature of rivers can notably inﬂuence the rate and
extent of the hydrolysis of Fe(III) coagulants and adsorption rates
(Kang and Cleasby, 1995). The PFS used in this study could be considered the half-completed status of the slow formation stage of large polymers (Dousma and Bruyn, 1976) in the ferric hydrolysis process, with
massive polymers in the solution while pH values were dropped to 2.0
and 3.0. The slow formation of large polymers continued after being
injected into the river (pH = 6.0). Lower water temperatures at night
signiﬁcantly increase the oxolation and growth time of large polymers
(Dousma and Bruyn, 1976), leading to a lower adsorption capacity of
SbO3− and resulting in higher Sb levels in river water. The physical effects of water temperature on ﬂocculation are also distinct (Kang and
Cleasby, 1995). Poor rapid-mixing conditions (Francois and Bekaert,
1986) and the inhomogeneous distribution of Fe(III) species (Kang
and Cleasby, 1995) caused by low temperatures will result in a low aggregation rate (Xiao et al., 2009), which is disadvantageous for Sb removal through coagulation. Moreover, the ﬂoc of ferric sulfate
coagulant was much weaker at 5 °C than at 20 °C (Hanson and
Cleasby, 1990; Xiao et al., 2009), meaning that ﬂoc tended to break up
and Sb was released back into river water at low temperatures.
The water temperature was extremely low (frequently below 2 °C)
at night, while it was approximately 11 °C in the daytime in this
study. As a result, the plummeting of water temperature during the
night time was the major limiting factor on ﬂocculation. In contrast,
the ﬂocculation efﬁciency was high enough to accomplish Sb removal
in the daytime with a relatively higher water temperature. Hence, the
effect of temperature on the coagulation efﬁciency was hidden in the
noise of other variables, such as the Sb concentrations upstream,

hydraulic parameters, etc. Therefore, the Sb levels after coagulation
were remarkably higher at night than during the daytime (Fig. 3). In
the third stage (from day 20 to day 29), Na2S was added as a ﬂocculation
aid, and the pattern of day and night alternation in the mean, maximum
and discreteness values was no longer observed. Addition of Na2S will
provide S2− lead to the reduction of Sb(V) to Sb(III) with oxidation of
S2− to S or SO2−
4 , and removal capacities of Sb(III) by PFS is remarkably
more than Sb(V) (Wu et al., 2010; Guo et al., 2018). Internal and surface
adsorption on hydrous ferric oxide was the major mechanism of Sb
(V) removal by ferric coagulation, while Sb(III) could incorporate into
nanocrystalline hydrous ferric oxide and be removed by coprecipitation
(Wu et al., 2010). Moreover, solid (Sb2S3) produced due to addition of
Na2S will be removed through sweeping by precipitate enmenshment
(Gannon and Wilson, 1986; Jiang, 2001). This ﬁnding suggests that
the limitation of temperature on the Sb removal function was lifted.
Therefore, ﬂocculation aids should be used based on water temperature
alternations to optimize the treatment effect of temporary dams with
coagulation and minimize the secondary pollution caused by chemical
dosing.
5. Conclusions
In summary, the comprehensive disposal of tailings from a spill that
occurred in the low ﬂow season provided a unique opportunity to study
the migration and fate of Sb after dam failures, which have serious effects on ecosystem and human health worldwide. Signiﬁcant inﬂuences
on the migration and fate of Sb due to control activities were observed
and analysed in this research. Temporary dam building combined
with coagulant dosing was an effective solution for treating mine tailing
spills into rivers in a low ﬂow period. Nevertheless, raising the river
water level promotes the migration of pollution to the groundwater.
The drinking of water from wells near the dam should be ceased or limited accordingly. Although PFS works well in cold river water, the
method is ineffective when the water temperatures are lower than a
threshold (2 °C in this case). Coagulation aids should be added in this
situation, and special attention should be paid to day and night alternations in winter. Reservoir regulation can buffer the peak of spills and
beneﬁt the protection of watersheds and waterworks downstream.
However, reservoir sediments store high levels of contaminants,
which may cause potential unpredictable risks. This type of activity
should be evaluated cautiously before implementation. This research
enhances the understanding of Sb environmental behaviours in spill accidents and our ability to optimize disposal activities and minimize environmental impacts.
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