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Abstract

The sediments in stormwater runoff are recognised as the major sink of the heavy metals and affect the soil quality in the
catchment. The runoff sediments are also important in the management of contaminant transport to receiving water bodies.
In the present work, stormwater during several major rain events was collected from nine principal locations of Guwa-
hati, India. The solid phase was separated from the liquid phase and was investigated for the total contents of Cd, Co, Cr,
Cu, Mn and Zn as well as their distribution among the prominent chemical phases. Sequential extraction procedure was
used for the chemical fractionation of the metals that contains five steps. The total metal concentration showed the trend,
Cd < Co < Cu < Cr < Zn < Mn. The relative distribution of the metals showed that Cd was available mostly in the exchange-
able and the carbonate bound fractions, which were the most mobile and high-risk fractions. Co with medium mobility was
also found to be in the high-risk category. On the other hand, the mobilities of Cu and Zn were relatively low and these were,

therefore, the least bioavailable metals in the runoff sediments falling in medium-risk category.

Keywords Runoff sediment - Speciation - Sequential extraction - Metals

Introduction

The stormwater sediments form an important sink for the
contaminants emitted from vehicles, accumulation of gar-
bage, effluents from households and various civic ameni-
ties, industrial production and urban constructions (Mahanta
and Bhattacharyya 2011; Huang et al. 2013). The metal
contamination of soil may also be a source of landscape
change, habitat destruction, soil and water contamination
and land resource degradation. Heavy metals in soils are
toxic to plants, animals and humans via the water and the
food chain (Huang et al. 2013). It is important to measure
the pollutant loads of the sediments and the mobility char-
acteristics under different chemical environments (Violante
et al. 2010). The contamination of urban sediments by heavy
metals is a major concern now-a-days due to the possibility
of their release to various water sources or accumulation
in soil that may potentially threaten and endanger human
life and the ecosystem (Yusuf 2007). The heavy metals are
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the potentially toxic contaminants of the runoff sediments
(Zhang et al. 2013). These metals may be transported in the
road runoff either in dissolved (< 0.45 pm) or in particulate
(> 0.45 pm) state (Davis and Birch 2010). The determina-
tion of the total concentration of the metals in the runoff
and the runoff sediments is a useful indicator, but this does
not give complete information about the mobility and avail-
ability of the metals (Larner et al. 2008).

The hazards paused by the metals to humans and the
ecosystem as a whole could not be ascertained with any
degree of certainty if the chemical phases with which
the metals are associated are not identified. The different
chemical forms of the metals in the sediments exhibit dif-
ferent physical and chemical behaviour in terms of chemi-
cal interactions, mobility, bioavailability and potential
toxicity (Li et al. 2000). The mobility and reactivity of
heavy metals in water and soil can affect their bioavailabil-
ity, toxicity and distribution in the environment (Xue and
Yong 2007). The solubility of the metals in the soil during
precipitation and their redistribution into water can further
alleviate the situation and will work against the processes
of immobilisation through adsorption or complexation
(Misra and Chaturvedi 2007). The solubility and bioavail-
ability of the metals are related to the associated chemical
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phases and are found to decrease in the order, exchange-
able > carbonate-bound > Fe—Mn oxide-bound > organic
bound > residual (Li et al. 2009). Fractionation of heavy
metal cations into operationally defined forms by sequen-
tial extraction procedure is an important approach for dis-
tinguishing various species of trace elements according
to their physicochemical mobility and potential bioavail-
ability (Table 1) (Violante et al. 2010). Studies on the dis-
tribution and speciation of heavy metals in sediments can
provide information on the degree of pollution as well as
the actual environmental impact of the metals based on
their bioavailability as well as their origin (Turkey 2007).
The metals present in the exchangeable (F1) and carbonate
bound (F2) fractions are considered to be weakly bound
and may equilibrate with the aqueous phase and becom-
ing more bioavailable (Baruah et al. 1996). Metals in this
fraction are the most mobile and readily available for bio-
logical uptake in the environment.

The reducible phase (F3) extracts metals from the aque-
ous phase by the mechanism of adsorption and coprecipita-
tion (Bordas and Bourg 2001). Fe and Mn make up consider-
able proportion of rocks and sediments; thus the reducible
fractions show higher Fe and Mn concentrations.

In case of the oxidisable phase (F4) the affinity of heavy
metals for organic substances and their decomposition prod-
ucts are of great importance for the release of the metals into
water. Organic matter, with high molecular weight acids,
plays an important role in the distribution and dispersion
of heavy metals, by mechanisms of chelation and cation
exchange processes (Purushothaman and Chakrapani 2007).

The metals associated with crystal structures (F5) are not
released easily by mild acids. However, when the samples
are digested completely with strong acids, all the metals
get into the dissolved forms. Hence, under normal sedi-
ment—water interaction, there is not much possibility for the
release of these metals. The concentration of heavy metals in
the crystalline fraction is largely controlled by the mineral-
ogy and the extent of weathering. Heavy metals in this form
are not soluble under experimental conditions and hence
may be considered to be held within the mineral matrix
(Purushothaman and Chakrapani 2007).

In the present work, sediments collected from road runoff
in the city of Guwahati, India, were analysed with respect
to four of the common toxic metals, Cd, Co, Cu and Zn, and
their relative amounts carried by different chemical phases
were determined with a sequential extraction procedure.
This helps to obtain a thorough knowledge on distribution,
mobility and bioavailability of the metals (Degryse et al.
2003).

Materials and methods
Study area and sampling sites

Guwabhati is the ‘Gateway of the entire north-eastern India’,
with its location given by 26°10'N and 92°49'E. As per 2011
census, the population of Guwabhati is 963,429. The city is
situated on an undulating plain with varying altitudes of
49.5-55.5 m above mean sea level and structurally situated
on the 50 m thick alluvium of the middle Brahmaputra val-
ley. The central part of the city is interspersed with small
hillocks like Sarania Hill (193 m), Nabagraha Hill (217 m),
Nilachal hill (193 m) and Chunsali Hill (293 m). The cli-
mate of the city is nearly homogenous over the city and is
characterized by a cold and foggy winter (December—Febru-
ary), a moderately cool spring (March—May), a fairly hot and
humid summer (June—August) and a pleasant autumn (Sep-
tember—November). The average annual rainfall is 180 cm
during the months of May—September.

The city is the main corridor for passage to the Indian
states of Assam, Meghalaya, Mizoram, Tripura, Manipur,
Nagaland and Arunachal Pradesh and all the roads, includ-
ing the two highways, NH31 and NH37, passing through
the city, are busy with vehicular traffic day and night. The
sites selected for collection of rainwater runoff in this study
(Table 2) were:

1. Jalukbari (J) located in the western part of the city is
considered as a major traffic junction for vehicles com-
ing to and going from Guwahati to northern, eastern
and western parts of the state including interstate traffic.

Table 1 Relative mobility and availability of trace metals (Violante et al. 2010)

Fractions Metal species and association Mobility

F1 and F2 Exchangeable (dissolved) cations and
carbonate bound

F3 Metals associated with Fe—Mn oxides

High. Changes in major cationic composition (e.g. estuarine environment) may cause a
release due to ion exchange

Medium. Changes in redox conditions may cause a release, but some metals precipitate if

sulphide mineral present is insoluble

F4 Metals associated with organic matter

Medium/high. With time, decomposition/oxidation of organic matter occurs

Metals associated with sulphide minerals Strongly dependent on environmental conditions. Under oxygen-rich conditions, oxida-
tion of sulphide minerals leads to release of metals

F5 Metals fixed in crystalline phase

Low. Only available after weathering or decomposition
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Table 2 Sampling Locations of S/N

the runoff sediments Site locations Locations Site name
Latitude (N) Longitude (E)

1 26°09'05" 91°40"21" Jalukbari (institutional and traffic) J

2 26°12'04" 91°48'14" Noonmati (industrial) N
3 26°07'13" 91°49'42" Khanapara (traffic) K
4 26°09'33" 91°41'42" Maligaon (traffic) M
5 26°1020" 91°46'17" Rajgarh (residential) R
6 26°11'29" 91°45'25" Ujanbazar (residential) U
7 26°14'06" 91°78'08" Kabhilipara (residential) Ka
8 26°11'02" 91°46'31" Chandmari (traffic) C
9 26°10'30" 91°46'35" Z00 Road Tiniali (residential) Z

This site can be described as an institutional and traffic-
related site, with Gauhati University campus within the
site. A considerable amount of construction activities,
including making a bypass of the National Highway
NH37 with several overbridges, widening of the road
and the bridge over the Brahmaputra have been going
on for quite some time.

2. Noonmati (N) growing rapidly around the Indian Oil
Corporation Refinery is both industrial and residential
in nature, but is mainly categorised as an industrial site.
It is also a traffic hub connecting the city to the east-
ern parts of greater Guwahati as well as the district of
Morigaon.

3. Khanapara (K) is one of the main traffic junctions of the
city, receiving thoroughfare from upper Assam districts
and the state of Meghalaya moving. Although the area
is known for several educational institutions like the
Veterinary College campus of the Assam Agriculture
University, Government offices, business establishments
and tourist resorts, the location is mainly a traffic-related
site.

4. Maligaon, (M) is a hub of business and traffic activi-
ties, and all thoroughfares to the west of the city as well
as to the north bank of the River Brahmaputra, cross
through this location. The site houses the headquarters
of the Northeast Frontier Railway and has expanded
tremendously in recent times with business and com-
merce. This site is also considered as traffic-congested
site mainly.

5. Rajgarh (R) is mainly a residential area with a consider-
able amount of traffic.

6. Ujanbazar (U), near the Brahmaputra River and sur-
rounded on one side by hills, is principally a residential
site. The area is one of the oldest settlements of Guwa-
hati and has moderate amount of traffic movement.

7. Kahilipara (Ka) is situated at the south-eastern part of
the city with relatively lesser traffic. It is mainly a resi-
dential area.

8. Chandmari (C) is considered as the eastern hub of the
city, with high traffic at the intersection of two main
roads of the city, R G Barooah Road and G N Bardoloi
Road. Large and small business activities have grown
rapidly on both sides of the G N Bardoloi Road and the
area sees almost continuous traffic jam from morning to
late evening. The site is considered as a traffic-related
site.

9. Zoo Road Tiniali (Z) not far from Chandmari area is
busy with considerable traffic along the R G Baruah
Road, but on both sides of the road, prime residential
areas have grown up. The site is considered mainly as a
residential site.

Figure 1 shows the approximate locations of the sampling
sites.

Collection of samples and analysis procedures

The road runoff was collected at the nine locations in a few
major rain events during and immediately afterwards in two
rainy seasons. The sediments were separated from the liquid
phase by filtering with Whatmann 42 filter paper. The sedi-
ments collected from several rain events in a single location
were mixed thoroughly to get a composite, representative
sample. These were dried overnight at 70 °C in an air oven
and were ground in a manual mortar and were sieved with a
230 mesh sieve to obtain particles of relatively uniform size.

For the speciation of metals, the sequential extraction pro-
cedure (Tessier 1979; Yusuf 2007; Mahanta and Bhattacha-
ryya 2011) was followed and five extracts were obtained
as follows: 1 g of the runoff sediment was extracted with
10 ml of 1.0 M MgCl,, pH 7.0, 1 h shaking at 300 K to
get the exchangeable fraction (F1). The residue from ‘F1’
was treated with 10 ml 1.0 M NaOAc, pH 5.0, 5 h shak-
ing at 300 K to obtain the carbonate-bound phase (F2).
The fraction bound to the reducible phase (iron and man-
ganese oxides) (F3) was obtained from the residue of ‘F2’
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Fig. 1 Runoff sampling locations of Guwahati, India

by treating with 20 ml of 0.04 M NH,OH.HCI in 25% ace-
tic acid at 369 K, 6 h shaking. The residue from ‘F3’ was
mixed with 3.0 ml of 0.02 M HNO; and 5.0 ml of 30% (v/v)
H,0,, pH 2.0, heated at 358 K, 2 h shaking, cooled to room
temperature, treated with 3.0 ml of 30% (v/v) H,0O,, pH 2.0,
3 h shaking at 358 K, cooled and 5.0 ml of 3.2 M NH,OAc
in 20% (v/v) HNO; was added. The solution was diluted
to 20 ml, agitated for 30 min. This procedure yielded the
fraction (F,) of trace metals bound to organic matter. The
residual or lattice metals (Fs) was obtained from the residue
of ‘F,’” by digesting with tri acid mixture of HCI, HNO; and
H,SO, in the ratio 1:2:4.

The metals were analysed for each of the extracts with
Atomic Absorption Spectrometer (PerkinElmer AAnalyst
200) using three standards calibration method.

Results and discussion

The distribution and mobility of the metals, Cd, Co, Cr, Cu,
Mn and Zn, in the runoff sediments, could be discussed on
the basis of their contents in the five different fractions. The
total concentration of the metals determined separately in
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all the locations (Fig. 2) was compared with the sum of the
contents of the metals in the five fractions. The two sets of
values mostly tallied, but differences were also shown in a
few cases.

The ranges and the mean values of the metals are given in
Table 3. The statistical summary, viz., the minimum, maxi-
mum and mean values of the metals in the five fractions of
all the locations are given in Table 4. The following general
observations can be made with respect to each metal:

Cadmium

Total Cd contents of the runoff sediments and the sum of
Cd in the five fractions differed little except for the loca-
tion U (Fig. 3a). This might be due to comparatively higher
contents of Cd in the runoff sediments of the location U that
might be lost partially in the extraction procedure.

In the sequential extraction (Fig. 3b), Cd was detected in
the first three fractions, i.e. exchangeable (F1), carbonate
bound (F2) and reducible (F3). The exchangeable fraction
(F1) was dominant in the location C, whereas the carbonate
fraction (F2) and the fraction bound to the reducible phase
(F3) were in abundance at the location U.



Applied Water Science (2018) 8:18

Page50f14 18

Fig.2 Total concentration (mg/ 600 -
kg) of Cd, Co, Cr, Cu, Mn and
Zn in the runoff sediments (Cd 500 -

is shown with a multiplication
factor of 10) (J, N, K, M, R,
U, Ka, C and Z, respectively,
represent the sampling sites as
defined in Table 2)

Metal concentration (mg/kg)

OCdx 10
@ Co
acCr
= Cu

J N K M U Ka C V4
Sampling Location
Table3 Range and mean values g0 Metal (mg/ke) Cd Co Cr Cu Mn Zn
of the metals in the locations
(EDL below detection limit of J  Range 0-020 428-16.66 147-29.18 2.71-3541 6.33-122.36  9.36-94.47
the instrument) Mean 006 9.6l 9.33 13.82 51.47 4523
N Range 0-043 156-1095 196-30.19 2.56-7.16  8.49-180.84  9.6-74.52
Mean 023 668 8.98 4.61 69.72 41.17
K  Range 0-0.99 271-1273 225-2821  2.15-1228 7.19-12234  8.02-60.04
Mean 030 626 14.20 7.17 51.90 3473
M  Range 0-0.32 1.08-18.10 6.58-13.94 2.02-10.14 821-186.91  7.08-66.78
Mean 017 67 9.95 6.44 65.30 29.47
R Range 0-0.19 1.75-10.50 2.38-19.19  2.88-9.17  7.53-81.60  9.91-39.79
Mean 007 537 8.03 5.27 44.52 21.89
U Range 0-4.88 0.62-1544 112-132.24 3.91-28.79 18.95-217.36 11.09-41.08
Mean 161 630 61.88 11.84 95.32 26.71
Ka Range 0-0.54 1.72-691  2.35-7.94 224918 4.89-5328  9.74-46.2
Mean 0.18 4.5 3.98 543 18.83 2243
C  Range 0-175 3.59-10.60 1.78-21.97 2.62-11.37 0.6-85.58 7.17-36.34
Mean 055 653 8.03 5.62 27.87 22.52
Z  Range 0-0.50 134-11.70 3.20-11.83 4.06-17.49 3.82-73.16  8.54-47.46
Mean 018 641 6.27 10.14 29.38 25.41

From the average values of Cd in all the locations, it was
observed that the carbonate bound fraction (F2) of Cd was
the dominant fraction (Fig. 3c) while there was negligible
Cd presence in the exchangeable fraction (F1). Cd could not
be detected in the oxidisable or organically bound fraction
(F4) and the residual (F5) fraction. Cd contents followed the
trend F2 (48%) > F3 (27%) > F1 (25%) in the three extracts
where it was detected. Thus, despite Cd-content being very
low, it appeared in the mobile fractions and may easily pass
on to water. Lu et al. (2007) proposed the Cd to be the most
mobile in his work on the fractionation of urban soil.

Very low solubility of Cd and its inability to form com-
plexes with organic matter might be responsible for very low
or below detectable quantity of Cd in the runoff sediments.
This was also observed by Sposito et al. (1982). In several
earlier works, Cd was found to be the most bioavailable and

mobile metal in the study of soil in France (Waterlot et al.
2013), Barcelona (Perez et al. 2008), Bangladesh (Kashem
et al. 2007) and Saudi Arabia (Turki 2007) indicating that Cd
can be released easily into water and the food chain.

Olajire et al. (2003) and Kashem et al. (2007) have shown
that Cd fractions bound to other than the residual can be
taken up easily by plants and, therefore, plants growing in
the area of higher Cd-availability due to runoff sediment
deposition may accumulate Cd in them. Thus, Cd bound to
other than the residual fraction may be bioavailable easily.

In fraction F1, the minimum and the maximum values
of Cd were found at the locations, Ka and C, respectively.
Cd was very low in F2 fraction of the locations, J and R,
and high in the location U. Cd in F3 fraction was very low
in the locations R and Z, but was comparatively high in the
location U.
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Table 4 Statistical summary of

Statistics (mg/kg) Fractions Cd Co Cr Cu Mn Zn

the metal (Cd, Co, Cr, Cu, Mn

and Zn) contents in mg/kg for Min Exchangeable  0.02 4.00 1.35 2.02 7.22 7.08

g:jr‘;cvg()f;aglo";sd:l"rseq“e“t‘al Max 175 1810 112 406 1895 1315
Mean 0.46 9.62 6.79 2.83 12.45 9.73
Min Carbonate 0.08 1.34 1.78 2.56 10062  8.02
Max 4.88 16.66 7.83 6.25 9733 2626
Mean 0.89 5.88 5.26 4.12 44.77 14.06
Min Reducible 0.00 0.62 2.38 4.18 53.28 18.12
Max 2.89 4.49 23.28 1708 21736 52.88
Mean 0.50 2.82 7.30 9.05 12483  29.13
Min Oxidisable 0.00 6.91 1.47 7.16 0.6 18.90
Max 0.00 1544 1212 35.41 2707 845
Mean 0.00 10.85 20.81 15.59 824 4391
Min Residual 0.00 1.56 3.01 3.17 11.61 23.85
Max 0.00 5.06 13224 1290  180.5 94.47
Mean 0.00 3.29 32.20 7.49 62.12 5291

Similar values of Cd were found but with highest avail-
ability in the residual fraction by Mahanta and Bhattachar-
yya (2011). Jalali and Arfania (2011) have reported that Cd
accumulated in 0-2 cm top soil layer. The runoff sediments,
which were most likely to have come from the unstable top
layers in the city’s soil, however, did not show much Cd in
the present work.

Cobalt

The variations in total Co concentration and the sum of the
five fractions are shown in Fig. 4a. The two sets of values
had some differences, the highest being in the locations, J
and K, relative to the other locations. The total Co content
varied from 21.6 to 53.27 mg/kg. The highest and the low-
est Co contents in the runoff sediments were found in the
locations, J and Ka.

The distribution of Co in the nine locations is shown in
Fig. 4b. The exchangeable fraction (F1) was predominant
in the location M; the locations J, N, R, C and Z had almost
equal availability; the locations K, U and Ka had very simi-
lar contents, but lower than those of the other locations. The
carbonate bound fraction (F2) was detected in larger amount
in the location J and a similar, slightly lower content was
found in the locations, N and U. Co in this fraction was
equally predominant in the remaining locations, K, M, R,
Ka, C and Z. The third, i.e. the reducible fraction (F3) con-
tained Co almost in the same order in all the locations, yet
the values were slightly higher in the locations J, N, M and
C; and the location U had the lowest Co content in this frac-
tion. Co in the oxidisable and sulphide bound fraction (F4)
was highly predominant in location U followed by almost
equal abundance in the other locations. Co was distributed
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in the reducible fraction (F5) almost equally in all the runoff
sediments.

Figure 4c represents the distribution of average con-
centration of Co in the five fractions. It shows that the five
chemical fractions were in the order of F4 (34%) > Fl1
(30%) > F2 (18%) > F5 (10%) > F3 (9%), i.e. organic and
sulphide bound fraction (F4) was predominant among all
the fractions. Considerable amounts of Co were found in
the exchangeable fractions (F1). This fraction is very labile
and can be bioavailable easily (Li et al. 2009). The reduc-
ible fraction, F3, was the least available form of Co in the
sediments.

It is to be noted that the three fractions, F1, F2 and F3,
contained as much as 57% of Co in the sediments that indi-
cated that more than half of Co in the runoff sediments is
labile and under suitable environment, may be released to
water. Similar trends were reported in earlier researches
(Pardo et al. 1990; Braungardt et al. 2007).

Chromium

The variations of total Cr and the sum of the five fractions
of the sequential extraction are shown in Fig. 5Sa. There were
considerable differences in the total and the sum of fractions
in the runoff sediments of the locations, N and K.

Figure 5b shows the Cr content in the sequential extraction
procedure spatially. The spatial distribution reveals that the
location U had the highest content of Cr in all the fractions
(except F2). Cr was predominantly present in the residual frac-
tion, FS (mean 45%) (Fig. S5c). It means that nearly half of Cr
is immobile and is not bioavailable. Similar results were found
by Jain et al. 2007 in the sediments of Uttaranchal, India. In an
earlier work, Mahanta and Bhattacharyya (2011) have shown



Applied Water Science (2018) 8:18

Page7of14 18

Fig.3 a Variation in sum (of a 12 -
the fractions) and total concen- 0
tration of Cd in sediments of 10 Sum Total
nine runoff locations (top), b
concentration of Cd in the five 8
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that the residual fraction bound Cr was 34% in the street dusts
of Guwabhati.

The exchangeable fraction (F1) had the lowest Cr in the
location Ka and highest in the location U. Location C had the
lowest and location M had the highest content in the carbonate
bound fraction (F2) of the sediment. The reducible fraction
(F3) had the lowest value in the location R and the highest
value in the location U. The fraction bound to organic matter
(F4) could be detected lowest in the location J and highest in
the location U and last the residual fraction (F5) was lowest in
the location Ka and highest in the location U. The sequential
extraction process revealed that Cr is bound to the different
fractions in the following way:

FS (44%) > F4 (29%) > F3 (10%) > F1 (9%) > F2 (7%).

Sampling location

F1 (25%)

F2 (48%)

It is clear that only 26% of Cr was found in the first three
fractions, F1, F2 and F3 that mostly define mobility of a
metal, Therefore, Cr in the runoff sediments had only mod-
erate mobility and about one-fourth of the total Cr may be
bioavailable. The F2 fraction was the least predominant frac-
tion of Cr. This may be due to the inability of Cr** to form a
precipitate or complex with carbonates (Huang et al. 2013).

Copper

Total Cu and the sum of the five fractions of the sequential
extraction vary spatially as shown in Fig. 6a. The two sets
vary little except at the locations, U and Z. The spatial dis-
tribution of Cu in the sequential extraction (Fig. 6b) shows
that the exchangeable fraction (F1) was almost equally
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Fig.4 a Variation in sum (of

. a 55
the fractions) and total concen-
tratipn of Co in the .sediments 50 o—Sum = Total
of nine runoff locations (top), b 45 -
concentrations of Co in the five = 40 1
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(middle), ¢ comparison of the %‘3 35 A
average concentrations of Co in ~ 30 4
the five fractions of the runoff 8
sediments (bottom) (J, N, K, M, 25 1
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represent the sampling sites as J N K M R 18] Ka C Z
defined in Table 2) Sampling location
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BF1 aF2 F3 B F4 aoF5

)

&4

B

g

o

3 N

— =
J N K M R U Ka C Z
C F5 (10%)
F1 (30%)
F4 (33%)
F2 (18%)

distributed in all the nine locations. The location Z had the
highest value of Cu in exchangeable (F1), carbonate bound
(F2) and residual fraction (F5). The location J had Cu
mostly in the reducible (F3) and oxidisable (F4) fractions.

The average distribution of Cu (Fig. 6¢) in the speciated
fractions was

F4 (40%) > F3 (23%) > F5 (19%) > F2 (11%) > F1 (1%),

i.e. most copper could be found in the oxidisable (organi-
cally bound + sulphide bound) fraction, F4 as in the case
of Co. Similar results were earlier found by other workers
(Imperato et al. 2003; Jain et al. 2007; Turki 2007, Mahanta
and Bhattacharyya 2011; Huang et al. 2013) and the same
is attributed to the more pronounced tendency of Cu to form
complexes with organic compounds. It is also likely that the
stability of organo-Cu complex influenced the affinity of Cu
towards humic organic matter (Wang and Qin 2007; Morillo
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F3 (9%)

et al. 2004). Zuo et al. 2012) found Cu-organic fraction to be
17.61% in road sediments.

Cu bound to the exchangeable fraction was the least
available and this means that Cu in the runoff sediments
could not be easily exchanged. It is further observed that
the first three fractions F1, F2 and F3 possessed a total of
41% of Cu in the sediments which indicates that nearly
half of Cu present in the runoff sediments might be mobile
depending on the environmental conditions.

The high levels of F4 coincided with the continuous
accumulation of organic matter from large amounts of
domestic sewage. The strong positive correlation between
organic matter and F4 suggests that copper in the sedi-
ments was originally associated with organic matter at the
time of deposition (Saad and Badr 2003).
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F5 (45%)

Manganese

Total Mn in the sediments and the sum of Mn in the five
fractions of sequential extraction tallied very well except in
the locations M, C and Z (Fig. 7a). The spatial distribution
of Mn in the five fractions (Fig. 7b) shows that the location
U had Mn in highest abundance at all the fractions (except
F2).

The average concentration of Mn in the five fractions is
shown in Fig. 7c. The distribution of Mn in the five fractions
followed the trend:

F3 (49%) > F5 (25%) > F2 (18%) > F1 (5%) > F4 (3%).

Reducible fraction of Mn was the most predominant in
the runoff sediments. Similar result was also detected in the
work of Huang et al. (2013). The first three fractions, on

F1 (9%)
F2 (7%)

F3 (10%)

F4 (29%)

the average, contained as much as 72% of total Mn contents
making it the most mobile metal in the runoff sediments.
Thus, Mn can easily transfer itself from the sediment to the
water. Individually studying the fractions, the exchangeable
Mn fraction (F1) and organically bound fraction (F4) was
detected in very low amount. Such results were found in the
study of Zerbe et al. (1999).

In the exchangeable fraction (F1), the location C had the
lowest and the location U had the highest Mn contents. The
location Z had the lowest and the location K had the high-
est content of Mn in the carbonate bound fraction (F2). The
fraction bound to Fe—-Mn oxides (F3) had the minimum con-
tent of Mn in the location Ka and the maximum content in
the location U. The oxidisable fraction (F4) had the lowest
content of Mn in location C and the highest content of Mn
in the location U. The location Ka had the lowest and the
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Fig.6 a Variation in sum (of a
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location U had the highest Mn content in the residual form
(F5).

Zinc

The differences between the two sets of the data, total Zn
content of the runoff sediments and the sum of Zn in the five
fractions were significant only at the locations J, R and C
(Fig. 8a). The spatial distribution of Zn in the five fractions
of the sequential extraction procedure is shown in Fig. 8b.
The exchangeable fraction, F1 had the lowest Zn in the loca-
tion M and the highest in the location K. The carbonate
bound fraction, F2 had the lowest Zn in the location K and
the highest in the location U. The reducible fraction, F3 had
the lowest and the highest contents in the locations Ka and
N, respectively, The oxidisable fraction, F4, had the low-
est and highest Zn contents in the locations, Ka and J. The
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Sampling location

F1 (7%)

F2 (11%)

F3 (23%)

residual fraction, F5, had the lowest and the highest values
at the locations, R and J respectively.

The distributions of Zn in the five fractions followed the
trend (Fig. 8c):

F5 (35%) > F4 (29%) > F3 (19%) > F2 (9%) > F1 (6%).

The residual fraction (F5) is the predominant form of Zn
and the exchangeable (F1) was the least abundant in the sedi-
ment. The fraction bound to organic matter also contained
a large amount of Zn, almost as much as in the F5 fraction.
The first three fractions, F1, F2 and F3 possessed, in aver-
age, a total of 34% of Zn in the runoff sediments. Thus, Zn in
the runoff sediments can be described as moderately labile.

Similar results were reported earlier by Zuo et al. (2012).
In the work of Jalali and Arfania (2011), the residual fraction
of Zn was the most dominant fraction and the exchangeable
fraction was the least dominant in the agricultural soil in
Hamadan, western Iran. In the work of Kashem et al. (2007),
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Fig.7 a Variation of total Mn
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Zn had the dominance in the residual fraction and was com-
paratively less mobile. The work of Turki (2007) showed
that Zn extraction was least dominant in exchangeable and
carbonate bound fractions and, therefore, it was compara-
tively less mobile and fell in the low- to medium-risk cat-
egory for the aquatic environment. Canuto et al. (2013) in
the work in mobility of trace metals, Zn was detected in
residual fraction followed by oxidisable fraction.

Risk assessment

The health risk of the metals can be analysed by using the
Risk Assessment Code, RAC (Jain et al. 2007). The risk
assessment code can be calculated for the metals to obtain
the health risk of the metals to the aquatic bodies or the other
living organisms.

As given in Table 5, the sediments which release less
than 1% of the total metal in the exchangeable and carbon-
ate fractions are considered safe for the environment. On
the contrary, the sediments releasing more than 50% of
the total metal in exchangeable and carbonate fractions are
considered highly dangerous and metals from such sedi-
ments can readily enter the food chain (Perin et al. 1985).

On this basis, the toxicity risks of the metals in the run-
off sediments of this work can be summarised as (1) Cd in
the sediments is of very high risk as 73% of it was found in
the Fractions, F1 and F2, (2) 48% Co appears in the frac-
tions, F1 and F2 and, therefore, fall in the high-risk region,
(3) The metals, Cu, Cr, Mn and Zn were present in the F1
and F2 fractions in 18, 16, 23 and 15%, respectively, of
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Fig.8 a Variation in the sum
(of the five fractions) and

total concentration of Zn in

the runoff sediments (top), b
Concentrations of Zn in the five
fractions of the runoff sediments
(middle), ¢ Comparison of the
average concentrations of Zn in
the five fractions of the runoff
sediments (bottom) (J, N, K, M,
R, U, Ka, C and Z respectively
represent the sampling sites as
defined in Table 2)

Table 5 Risk Assessment Code
(RAC)

a 250 4
216 + —0—Sum —1Total
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N
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Sampling location
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)
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g
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% e
2
0 T i T T N - N i T N - 1
J N K M R Z
Sampling location
(¢
F1 (6%)
F5 (36%)
F2 (9%)
F3 (19%)
F4 (30%)
Risk Assessment  Criteria Cd (%) Co (%) Cr (%) Cu (%) Mn (%) Zn (%)
Code (RAC) (F1 + F2) (%)
No risk <1
Low risk 1-10
Medium risk 11-30 16 18 23 15
High risk 31-50 48
Very high risk > 50 73
Conclusion

the total of the five fractions and, therefore, with respect
to each of these metals, the runoff sediments can be put in

the medium-risk category.
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The present work has yielded a database on the different
geo-chemical forms of the metals in the stormwater runoff
sediments of Guwahati and their mobility characteristics
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with the risk assessment studies.

Cd was found to be the most mobile and can enter into the
food chain very easily and hence the most bioavailable metal
in the runoff sediment. Therefore, Cd though of low con-
centration is with a very high risk. Co is also highly mobile
under proper conditions with high risk to the environment.
Cr showed its presence predominantly in the residual frac-
tion (F5) (mean 45%) indicating nearly half of Cr is immo-
bile and is not bioavailable. Cu with its low mobility is not
very harmful to the environment. 72% of total Mn contents
was mobile and could be bioavailable easily. But Mn was not
in high risk for the environment according to the risk assess-
ment study. Zn was the least mobile and the risk assessment
factor shows that among the metals, Zn has the medium risk
to the environment.
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