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Abstract: In order to assess the mercury ( Hg) pollution in
urban stormwater runoff in Nanjing, 11 rainfall events in the
Maqun region of Nanjing circle expressway were monitored,
and the events mean concentrations (EMC) of Hg and the
impact of rainfall characteristics on Hg pollution in runoff
were analyzed. Results show that the pollution of different
Hg species is serious, and total Hg ( THg), dissolved Hg
(HgD) and particulate Hg (HgP) are found to be in the range
of 0.173 to 3. 347, 0.069 to 0. 862, and 0. 104 to 2. 485
pg/L, respectively. The average EMC value of THg exceeds
the V class limitation value of “Quality standards of surface
water environment ( GB 3838—2002)” of China. Hg in
runoff mainly form, and the
concentrations of Hg" (0. 250 to 2. 821 ug/L) are far more
than those of Hg’(0.023 to 0.215 pg/L) and Hg** (0. 026
to 0.359 pg/L).
impacting on Hg pollution in runoff is dry periods > runoff
time > duration of rainfall > storm intensity > rainfall.
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long with the rapid development of urbanization and
Amodernization, polluted runoff has become one of
the major causes of water quality impairment in urban
area. In recent decades, some countries or regions have
conducted related investigations of contaminants in road
runoff "', However, most of the previous studies main-
ly focused on suspended solid, nutrients '+
metals such as Cu, Zn, Pb and Cr'”', and the ignorance
of Mercury (Hg) leads to very few surveys about its pol-
lution in urban runoff'® . Hg contamination of the aquatic
environment has aroused more and more researchers’ con-
cern, due to its strong toxicity at very low concentra-
tions, wide distribution and diversity of sources'”. Some
studies have found that rivers flowing through urban areas
have higher Hg concentrations compared with rural are-
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as'™™, probably caused by pollution of urban runoff. Hg

in urban runoff mainly comes from atmospheric deposi-
tion, vehicle sources, and the road surface wear, which
might accumulate in aquatic organisms, and affect human
health through the food chain. Hg in the environment ex-
ists in different forms (particulate Hg and dissolved Hg)
(6191 which might be
determined by various factors such as materials in road
construction, land using types, transport and human ac-
tivities. The hazards of various Hg species are different,
and therefore, the revealing of different Hg species in
road runoff is significant to assess the pollution level of
runoff and to determine the treatment process of Hg pollu-

as well as in different valence states

tion.

The road runoff from the Maqun region of Nanjing cir-
cle expressway was selected as object and 11 rainfall e-
vents were monitored from April to September in 2012.
Events mean concentrations (EMC) of different Hg spe-
cies were detected and the impact factors of Hg pollution
in the runoff of expressway were analyzed. The objective
of this study is to assess Hg pollution levels in road runoff
in urban area, and also, to provide basic data and theoret-
ical support for the treatment of Hg pollution and the re-
use of stormwater.

1 Methods
1.1 Site description

Nanjing is located in the middle and lower reaches of
the Yangtze River region in eastern of China (see Fig.
1), with the average temperature of 15.3 C. The annual
average rainfall in Nanjing is 1 106.05 mm, with most of
the rainfalls occurring in summer time. The Maqun re-
gion of Nanjing circle expressway is one of the main ways
of entering the city center, situated at the east of Nanjing
(see Fig. 1). The road runoffs from the Maqun region are
collected via PVC pipe for Hg monitoring. The area of
catchment is 1 100 m®, with road material of pitch. The
vehicle flow rate is 38 400 veh/d and the nearby land use
types include residency, transport, and industry.

1.2 Rainfall properties and sample collection

Eleven effective rainfall events were monitored from
April to September in 2012, and the properties of these
rainfalls are given in Tab. 1.



Characteristics of Hg pollution in urban stormwater runoff in Nanjing city, China

159
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(a)

Fig.1 Sampling site. (a) Location of the Maqun region; (b) Dia-
gram of investigation site

To reveal the pollution levels of Hg comprehensively,
every whole rainfall event was monitored by artificial
sampling. In the first 30 min of the runoff formation,
samples were collected at 5 to 10 min intervals by using
1 L polyethylene bottles; samples were collected at 10 to
15 min intervals during 30 to 60 min; after that, samples
were collected at 30 to 60 min intervals to the end of the

rainfall event. JS22 Siphon-hyetometer ( Tianjin meteoro-
logical instrument industry) was applied to record the
properties of the rainfall including volume and intensity of
rain, within the catchment 500 m apart and 1.5 m above
the surface (see Fig.1).

1.3 Hg analysis

Once collected, samples were sent to the laboratory
and analyzed in 24 h. Total suspended solids (TSS), to-
tal Hg ( THg), dissolved Hg ( HgD), particulate Hg
(HgP), volatile Hg (Hgo) , active Hg (Hg2+ ), and inac-
tive Hg (Hg"™) were analyzed.

The samples were pretreated by adding HCI to adjust
the pH to less than 1 and then 0.5 g K,CrO,to keep the
orange color of the water, followed by shaking up. Pre-
treated samples were kept in the temperature range of 0 to
4 °C to minimize the loss of Hg. HgT and HgD were de-
termined by Hydra II A mercury vapourmeter, while Hg
at various valence states was detected by Hydra [l C mer-
cury vapourmeter. Analysis methods are shown in Tab. 2.

Tab.1 Summary of the properties of rainfalls

Rainfall/ Duration Runoff Max st'orm Av.erage'storm Min st'orm Dry
Date mm of rainfall/ time/ intensity/ intensity/ intensity/ periods/
min min (mm - min ") (mm - min ") (mm - min ") h
2012-04-12 1.96 185 37 0.023 8 0.010 6 0.006 0 32.0
2012-04-20 7.15 450 65 0.0350 0.0159 0.001 7 180.5
2012-04-24 1.27 100 85 0.026 7 0.0127 0.001 1 83.8
2012-04-29 22.01 385 15 0.290 8 0.057 2 0.001 7 47.6
2012-05-14 6.13 438 213 0.0189 0.014 0 0.001 2 240.5
2012-05-19 4.40 450 26 0.050 0 0.009 8 0.002 6 98.3
2012-08-08 14.30 288 38 0.3497 0.049 7 0.003 1 120.7
2012-08-21 9.40 158 8 0.400 0 0.059 5 0.001 9 23.0
2012-08-25 2.35 138 42 0.040 0 0.001 3 0.012 4 59.0
2012-09-02 4.80 267 21 0.080 0 0.040 0 0.018 8 72.4
2012-09-07 0.91 121 52 0.020 0 0.007 5 0.003 1 88.3
Tab.2 Analysis methods of different Hg species
Hg Methods

THe 50 pL storm\jvater, taken by- pipetTe, was placed in a nickel boat, and Hydra IT A mercury analyzer was utilized to measure the abso-

lute values of Hg concentrations directly.
HgD Stormwater samples were filtered with a 0.45 pm filter membrane, and a 50 pL sample was analyzed by the method of THg.
HgP HgP = THg - HgD.

Concentrated sulfuric acid by sub-boiling distillation was used to acidify 100 mL stormwater; then, N, was used to blow the samples
Hg" at a rate of 350 to 400 mL/min for 30 min, and Hg" was captured onto the gold tube. Finally, samples were analyzed by Hydra IIC

mercury analyzer.

Stormwater samples, which have been measured for Hg®, continue to be used to analyze Hg?>*. Hg?* in water samples was reduced
Hg?* to Hg® by 5 mL of 20% SnCl,. N, was used to blow the samples at a rate of 350 to 400 mL/min for 30 min, and Hg" was captured

onto the gold tube. Finally, samples were analyzed by Hydra IIC mercury analyzer. Hg?* =Hg® - Hg’.
Hg™ Hg™ = THg - Hg" - Hg?*.

1.4 Events mean concentrations (EMC)

The concentrations of contaminants vary greatly during
the whole rainfall process. Therefore, EMC was adopted
to assess the pollution levels in road runoff, which was
represented by the ratio of total pollution loads and total

volume of runoff (USEPA)"". The formulation of EMC
is

fch(z)dr Zl,C(t)Q(t)

EMC =C = .
Joar S o)

<|=
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where M is the total mass of the contaminant; V is the to-
tal volume of runoff; C(¢) is the concentration of the
contaminant at different times; Q(t) is the flow of run-
off; r is the runoff time.

This study does not monitor the volume of runoff due
to the limitation of equipment, but records the beginning
of rainfall and the formation time of runoff, and elimi-
nates the hysteresis of runoff and the duration of rainfalls
to guarantee the synchronicity of them. In addition, the
evaporation and infiltration of runoff during the rainfall
are limited, which can be ignored. Therefore, rainfalls
could be used to alternate the total volume of runoff to
calculate EMC.

2 Results and Discussion

2.1 EMC of Hg pollutions and their occurrence forms

Tab. 3 presents EMC of Hg in stormwater runoff
events. As it can be seen, the concentrations of Hg in
different occurrence forms varied greatly over 11 rainfall
events, ranging from 0. 173 pg/L to 3. 347 pg/L for
THg, from 0. 069 to 0. 862 wg/L for HgD, and from
0.104 to 2. 485 pg/L for HgP, respectively. The EMC
of THg on 20th April, 14th May, 8th August and also
the average value of all rainfall events far exceeded 1.0
pwg/L, which is the V class limitation value of “Quality
standards of surface water environment ( GB 3838—
2002)” of China. It is hypothesized that dry periods had
a significant influence on Hg pollution due to the relative-
ly long time before these rainfall events. While the EMC

of the other events also exceeded the Il class limitation
value (0.1 pg/L). The high concentrations of Hg in run-
off, therefore, would cause severe pollution once entering
water bodies.

Tab.3 EMC of Hg pollution in runoff

EMC of Hg/(ng-L™") EMCof pnic of
Date Ell_\I/[gé)/f TSS/
THg HeD HgP HgPO (mg-L~")
2012-04-12  0.335 0.085 0.250 0.34 95
2012-0420  2.760 0.786 1.974 0.40 174
20120424  0.437 0.175 0.262 0.67 48
2012-0429  0.337 0.102 0.235 0.43 84
2012-05-14  3.347 0.862 2.485 0.35 256
2012-05-19  0.667 0.236 0.431 0.55 92
2012-08-08  3.001 0.778 2.223 0.35 484
2012-08-21  0.439 0.215 0.224 0.96 32
20120825  0.173 0.069 0.104 0.66 96
20120902  0.373 0.127 0.246 0.52 68
2012-09-07  0.455 0.136 0.319 0.43 123
Mean 1.120 0.325 0.796 0.515 141
Median 0.439 0.136 0.262 0.43 95

Tab. 4 shows relevant studies done by other researchers
around the world. It is clear that Hg pollution in runoff is
more serious in China. Furthermore, the pollution of Hg
in Nanjing is also worse than that in Beijing and Shang-
hai, but comparable to Tianjin. Hg mainly comes from
the discharge of automobile, the wear degree of the road
materials, and some other human activities. It is hypothe-
and traffic

sized that land uses, weather conditions,

caused the differences.

Tab.4 EMC of Hg pollution in different regions (average value)

Sites Land using type EMC of THg/(pg-L") Reference
One road near Lake Ontario in Canada Urban 0.015 [6]
One road in Beijing, China Urban 0.107 5 [10]
One main road in Shanghai, China Urban 0.510 [12]
One road in city Urban 0.520 (0.412 to 2.76)
Tianjin, China One road in city Urban 0.730 (0.174 to 1.223) [13]
Road in industry district Industry 0.660 (0.104 to 1.182)
Nanjing city expressway 1.120 (0. 173 to 3.347) This study

The average EMC of HgP was 0. 796 pg/L, which
was around 3.4 times that of HgD. The forms of Hg can
be reflected by the proportion of HgP and HgD. HgD/
HgP of runoff in the 11 rainfalls were all less than 1 (see
Tab. 3), illustrating that Hg concentrations were in a pre-
dominantly particulate bound form. Eckley and Branfire-
un'” reported a similar result that particulate Hg accoun-
ted for 84% of total Hg. HgD can be easily absorbed by
aquatic organisms, followed by accumulating in the hu-
man body through the food chain; while HgP would be
adsorbed on sediments for a long time, and transfer to
HgD in suitable conditions. Therefore, the partial remov-
al of Hg might be achieved by precipitation.

2.2 EMC of Hg in different valence states

The hazards of Hg in various valence states are differ-
ent, and, therefore, the revealing of different Hg species
in road runoff is significant to assess the pollution level.
The concentrations of Hg in different valence states (Hg’,
Hg’*, and Hg") in runoff were monitored for six rainfall
events, and the results are given in Fig.2.

As it can be seen from Fig. 2, the concentrations of
EMC of Hg’, Hg’*, and Hg“ changed greatly, with
0.023 to 0. 215, 0.026 to 0.359, and 0.250 to 2. 821
png/L, respectively. The average concentration of Hg"
was 1.080 pwg/L, which was much higher than that of
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Fig.2 EMC of Hg in different valence states in runoff

Hg’(0.090 pg/L) and Hg’* (0. 150 pg/L). Wang et
al. " investigated the EMC of Hg in different species in
a farmland near Beijing and found that the EMC of Hg’,
Hg’* and Hg"™ were 0. 011, 0.0429 and 0. 0536 pg/L,
respectively, which were all lower than the results of this
study, indicating that Hg pollution of road runoff was
much more serious, and also demonstrating different oc-
currence regularity in different regions.

Fig. 3 shows the proportions of different Hg species.
The average percentage of Hg™ is 81. 66% , which is
more than 10 times that of Hg’(7.51% ). Fortunately,
Hg" is relatively stable and less hazardous compared to
Hg’. The proportion of Hg>* is 10. 85%. However,
compared to Hg™ and Hg", Hg’" is relatively activated.
Hg’* can easily transfer to methyl mercury, which has
higher toxicity.

According to the investigation results of Liu et al. "'*'in
some places with different land use types in Beijing, the
concentrations of Hg™ (0. 171 pg/L) were much more
than those of Hg’(0.039 pg/L) and Hg** (0. 066 pg/
L), which was similar to this study. Zhang et al. "' re-
ported that the concentration of Hg"™ was at the same level
as Hg2+ , both of which were about 4 to 5 times that of
Hg" in Beijing'"”'. It is assumed that the species of Hg in
runoff is related to the sources of Hg in the environment,
which in turn leads to the differences of Hg species in wa-
ter. Therefore, the investigation of the sources of Hg is
significant to control Hg pollution.
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Fig.3 Proportion of Hg in different valence states

2.3 Analysis of the relationship between EMC of Hg
and TSS

Tab. 5 provides data of Pearson correlation coefficients
of different Hg species and TSS. Different Hg species
were all positively correlated with TSS in 0. 01 levels ex-
cept Hg' (but correlated in 0. 05 levels) in this study,
with the Pearson correlation coefficients ranging from
0.768 to 0.954. For Hg in different occurrence forms in
runoff, the Pearson correlation coefficient of HgP was the
highest, indicating that Hg mainly existed as particulate
form. There was a significant TSS/THg relationship ( 7*
=0.67, p<0.01) in the study in Toronto near Lake On-
1 which was similar to this study (7 = 0. 657,
Fig. 4(a)). For Hg in various valence states, the Pearson
correlation coefficient of Hg™ was the highest. Further-
more, the concentrations of Hg™ and TSS satisfied linear
correlation (7 =0.910 5, Fig. 4(b)), indicating that
most of Hg™ adsorbed on particles in road runoff.

tario

Tab.5 Pearson correlation coefficients of different Hg species
and TSS

Hg TSS
THg ** 0.807
HgD** 0.768
HgP** 0.819

Hg"* 0.850

Hg?* ** 0.923

Hg"™** 0.954

* % *

Notes: correlated in 0. 01 levels; correlated in 0. 05 levels.

2.4 Influence of rainfall characteristics

Cluster analysis was adopted to study the relationship
between EMC of Hg and different characteristics of rain-
falls. The impact levels were represented by the length
between different variables in the tree diagram of cluster
analysis, which was depicted by Minitab 15. Shorter
length indicates higher relativity, which was taken to as-
sess the influence levels of characteristics of rainfall to Hg
pollution in road runoff.

This study took the Maqun region of Nanjing city ex-
pressway as research site, and some impact factors inclu-
ding road materials, lands use types, vehicle flow rate,
atmospheric sedimentation, and the methods of road
cleaning were relatively stable. Dry periods ( sunny
days), runoff time, duration of rainfall, rainfall intensi-
ty, and rainfall were considered as main influence fac-
tors. The cluster analysis of these factors and Hg in dif-
ferent occurrences is shown in Fig. 5. The influence fac-
tors of rainfall characteristics on different Hg species are
the same. It is then apparent that the length between dry 3
periods and Hg is shortest, no matter which form of Hg
exists, indicating that Hg pollution in road runoff mainly
comes from the accumulation of particle contaminants in
dry periods , which leads to the pollution level of Hg in
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Fig.5 Cluster analysis of different Hg species and characteris-
tics of rainfalls

runoff. It is reported that pollutants accumulate on urban
surfaces mainly from dry atmospheric deposition as well
as from vehicle sources during dry periods'”'. For all of
these impact factors, the order is dry periods > runoff
time > duration of rainfall > storm intensity > rainfall.

3 Conclusions

The ranges of Hg in different occurrence forms in run-
off vary greatly, ranging from 0. 173 to 3.347 pg/L for
THg, 0. 069 to 0. 862 wg/L for HgD, and 0. 104 to
2.485 pg/L for HgP. The average value is 1. 120 pg/L,

exceeding the V class limitation value of “Quality stand-
ards of surface water environment ( GB3838—2002)” of
China. The ranges of EMC of Hg in different valence
states are 0.023 to 0.215 pg/L for Hg’, 0.026 to 0.359
pe/L for Hg’*, and 0.250 to 2.821 wg/L for Hg®. The
concentrations of Hg™are far more than that of Hg’ and
Hg’*. Different Hg species in runoff are positively corre-
lated with TSS, indicating that Hg mainly existed as par-
ticle type, and most of the Hg can be removed by precipi-
tation. The order of impact factors on Hg pollution is dry
periods > runoff time > duration of rainfall > storm in-
tensity > rainfall.
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