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Abstract Heavy metal pollution in urban cities is now
an accepted fact. An understanding of the natural and
anthropogenic contributions to heavy metal accumula-
tion in these cities is necessary to develop strategies to
mitigate their impacts, particularly on human health.
Here, we used multiple records using geological and
biological pollution indicators to assess the extent of
pollution in the Colombo Metropolitan Region
(CMR), Sri Lanka. Elemental concentrations of Cu,
Zn, Ni and Pb were determined in four depositories:
surface soil (90 samples), canal sediments and canal
water (45 samples each) and vegetation (62 samples).
These were mapped using GIS overlapping the road
network to identify hotspots of heavy metals. While
the surface soil, canal sediments and leaves of trees
had higher and different amounts than background
levels of heavy metals, canal water had low levels.
Our results suggest that anthropogenic activities are
the major source of heavy metals in an urban city, and
unique natural factors, such as coastal conditions, terrain
morphology and climate, combine and influence the

distribution of these metals. We discuss the possible
remediation of metal pollution and the necessity of a
holistic multi-proxy approach to understand urban
heavy metal contamination in a rapidly populating area.
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Introduction

Heavy metal pollution in different environments such as
soil, water and sediments are increasingly studied in
urban areas. However, the benefits of combining them
in a multi-proxy study remain poorly explored. Each of
these features record pollution in its unique perspective
of location, sources and distribution method such that
their combination yields a better understanding of the
overall pollution in the area than any data set could
provide on its own. Therefore, despite promising results
from separate studies, it is important to use a multi-
proxy system for pollution studies.

Heavy metals have a significant place among other
common environmental pollutants due to their toxicity,
long residence time, non-biodegradability, irreversible
nature of contamination and accumulation in food chains
(Malik et al. 2010). Further, heavy metal residues in
contaminated habitats can enter the human body either
directly or indirectly, resulting in serious health hazards
(Zhu et al. 2013). Aquatic ecosystems in highly urbanised
areas are considered as the most anthropogenically de-
graded habitat types on Earth (Lytle and Lytle 2001).
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Therefore, sediments are an important pollutant carrier,
absorber and a possible future source of contamination
(Li et al. 2000; Zhu et al. 2013). Thus, most environmen-
tal pollution studies use water and sediments, which
favourably represent the influence of pollution in a rela-
tively small area. Soil, however, can representatively
indicate the effects of pollution in a comparatively larger
area which attracts a great deal of attention in large-scale
pollution studies (Tume et al. 2008). In contrast, use of
higher plants in pollution studies is rare. Although plants
uptake many heavy metals as micronutrients (Peralta-
Videa et al. 2009); excess accumulation of these show
negative effects on plants by inhibiting the growth and
decreasing the functions (Cheng 2003).

This study focuses on the Colombo Metropolitan
Region (CMR), the commercial capital of Sri Lanka,
which is rapidly developing and frequently considered
as highly vulnerable to pollution. The CMR is the most
industrialised city in Sri Lanka and belongs to the new
generation of upcoming urban cities in Asia with similar
characteristics of the heavy flux of motor vehicles, a
transient population and local authorities heavily chal-
lenged by waste disposal. We use four depositories of
heavy metals (surface soil, canal water, canal sediment
and vegetation) and discuss their significance in urban
pollution. The results are interpreted using the multi-
proxy analysis for heavy metals in the context of climate
parameters unique to the urban CMR. These results
would assist policymakers to develop strategies to pro-
tect the environment of the CMR and implement mea-
sures to keep the urban population safe from health
hazards. Further, from a global context, this study would
act as a case study for the successful use of multi-proxy
approach in pollution studies.

Materials and methods

Study area

The city of Colombo, located at 6° 54′N, 79° 52′E on the
west coast of Sri Lanka, has approximately 5.8 million
inhabitants with a population density of 3438 persons per
square kilometre (Department of Census and Statistics
2011). Due to natural limits to the west (Indian Ocean)
and east (extensive marshlands), the city has generally
grown in the N–S direction along the national highways
(Emmanuel and Johansson 2006) (Fig. 1a). The western
coast is mainly a built-up area with government offices

while the northwestern region is the centre for rail and
passenger transportation. The total number of registered
motor vehicles in Sri Lanka was approximately 4 million
in 2010 (Department of Census and Statistics 2011) of
which, nearly 50% are from the Colombo district. On top
of that, CMR experiences a characteristically high traffic
flow in and out of the city centre during peak hours of
every day.

High humidity (75–95%) and high average annual
rainfall (2400 mm) are characteristic climatic conditions
of the city (Department of Meteorology 2013). Average
annual temperature is 25 °Cwith a small variation inmean
monthly temperatures. Colombo is always open to ocean
winds flowing into the city, mainly from the southwestern
direction which varies depending on monsoonal condi-
tions andmoves across the city towards the central parts of
the country. The city canal system occupies a total length
of 29.2 km and is fed by a catchment area of approximate-
ly 100 km2. Most of the canals are artificial which inter-
connect major streams and surrounded by natural drainage
network in the suburbs and wetlands. Undulated morphol-
ogy in Colombo reduces the flow rate which results in
slowly flowing or stagnant water.

Inland water bodies in urban areas in Sri Lanka are
increasingly polluted with contaminants coming from
industrial, automobile and domestic waste (Senarathne
and Pathiratne 2010); therefore, various water quality
parameters have occasionally been measured in selected
drainage systems in Colombo (De Alwis et al. 1994;
Ranasinghe et al. 2006; Senarathne and Pathiratne
2010). However, no study has been done on the surface
soil in Colombo concerning heavy metal pollution. Sim-
ilarly, there are several previous studies which identify the
effects of pollution in the country using mosses and
lichens (Gunathilaka et al. 2011; Karunaratne et al.
2010), but no studies were done on higher plants in an
urban area on the heavy metal pollution. However, trees
have been used to assess heavy metal pollution in other
urban areas in China and Europe and to serve as biomon-
itor (Qing et al. 2015; Sawidis et al. 2011). Therefore, this
study also establishes baseline data in the absence of
previous studies and identify the heavy metals that are
important in future pollution studies within the city.

Sampling strategy and analytical protocol

Ninety surface soil samples were collected from urban
areas and 10 from the suburbs considering the intensity of
traffic, commercial and industrial activities of sampling
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Fig. 1 Map showing a the land-use patterns of the Colombo metropolitan region and b surface soil, c sediment and d plant leaves sampling
locations during this study
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sites (Fig. 1b). Soil samples were collected using a stain-
less steel spade. Forty-five sample locations were selected
from the drainage network mainly covering the CMR
considering the distances between locations and joining
of sub-streams to the main (Fig. 1c). Canal sediment
samples were collected using a grab sampler while water
samples were collected from the same location, acidified
and transferred to the laboratory on the same day. Simi-
larly, 62 plant leaves were collected from 26 locations
from five plant species (Terminalia catappa, Polyalthia
longifolia, Delonix regia, Peltophorum pterocarpum and
Cassia fistula) (Fig. 1d). All these plants are found close
to main roads as avenue trees in the busiest areas of the
city and are vulnerable to heavy metal pollution.

Laboratory analysis

Three subsamples of soil and sediment were collected
from each location and combined to obtain ca 1 kg of
sample. All samples were air dried, sorted and sieved and
pan fractions were selected for geochemical analysis. The
total organic matter content of samples was measured by
the loss on ignition method as described in Herath et al.
(2016). The second set of samples was acid digested by
microwave digestion (Milestone, Italy) according to US
EPA 3052. A mixture of reagents (7 ml of 90% HNO3,
2 ml of 75% HClO4 and 1 ml of 78% HF) were added to
the digestion mixture (Wei et al. 2010). Concentrations of
Cu, Zn, Pb and Ni in the acid digested and water samples
were measured by Atomic Absorption Spectrophotome-
ter (AAS, Varian AA240FS, Australia).

Fresh plant materials were separated, cleaned, oven-
dried (at 85 °C for 15 h), powdered and used for the
preparation of samples for total metal concentration
analysis. Acid digestion of 0.5 g of plant samples was
done by microwave digestion (CEM-MARS-6) (Oliva
and Espinosa 2007) with an acid ratio of 10:1
(HNO3:H2O2). Concentrations of Cu, Zn and Pb in
acid-digested samples were measured by AAS. For
quality control, reagent blanks, three replicates and stan-
dard reference materials were incorporated in all analy-
sis to detect contamination and assess precision and
bias. Analytical results showed no signs of contamina-
tion and revealed that the precision and bias of the
analysis were generally < 10%. The recovery rates for
the heavy metals in the international standard reference
material were around 75–105%.

Geochemical maps of the CMR were prepared by
overlaying GIS maps (Arc Map 10.2.2) of the heavy

metal distribution of the sample locations onto the sur-
face soil and road network to identify hotspots of the
different heavy metals.

Statistical analysis of pollution assessment

Correlation coefficient and coefficient of variation were
calculated for measured elements separately to identify
similarities between the source and distribution of the
metals. To assess the level of heavy metal pollution in
the area, Pollution Index (PI) and Integrated Pollution
Index (IPI) were calculated based on methods described
by Guo et al. (2012). Pollution Index is described as the
ratio between the metal concentration and the back-
ground value of the metal while IPI is the mean PI value
for considered metals from the area. These values were
then classified as low (PI or IPI ≤ 1), moderate (1 < PI ≤
3 or 1 < IPI ≤ 2) or high (PI > 3 or IPI > 2) contamina-
tion. The R statistical software (R for windows 3.3.3)
was used for all statistical calculations.

Enrichment factor (EF) for mean metal concentration
in soil and sediment were calculated using the following
formula:

EF ¼ X=Feð ÞSediments

X=Feð ÞCrust ð1Þ

where X is the metal studied and X/Fe is the ratio of the
concentration of element X to iron. Iron was chosen as
the element of normalisation because natural sources
(98%) vastly dominate its input (Tippie 1984). The
crustal abundance data of Wedepohl (1995) were used
for all EF values.

The Geoaccumulation Index (Igeo) has been exploited
to evaluate the degree of pollution by heavy metals in
sediments (Hoque et al. 2011). Igeo can be calculated by
the following formula:

Igeo ¼ log2
Cn

1:5Bn

� �
ð2Þ

where Cn is the concentration of the examined metals,
Bn is the geochemical background value of a given
metal in the area (data obtained by Dissanayake (1987)
were used as the background values) and 1.5 is the
background matrix correction factor. The factor 1.5 is
used for possible variation in the background due to
lithogenic effects. The following classification is given
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for the index of geoaccumulation by Förstner et al.
(1990) and inferences can be drawn accordingly:

< 0 Practically unpolluted
0–1 Unpolluted to moderately polluted
1–2 Moderately polluted
2–3 Moderately to strongly polluted
3–4 Strongly polluted
4–5 Strongly to very strongly polluted
> 5 Very strongly polluted

Results

Physicochemical characteristics of surface soil

The surface soil of the study area, in general, was black and
of sandy texture. However, some areas were covered with
lateritic soil showing yellowish colour. Organic matter
content varied broadly within a range of 4.6–19.9% with
an average of 10.6%. Similarly, concentrations of Cu, Zn,
Pb and Ni also varied widely in the surface soil (Table 1)
which is typical for urban soils (Lee et al. 2007). Except for
Ni, other element concentrations were high in the north-
west and depleted in the east and south (Fig. 2). Interest-
ingly, urban soil samples have characteristically higher
concentrations (except Ni) than the suburban soils and
lateritic peaty soil. Due to lower concentrations and simi-
larity to the background (suburban) levels, Ni was exclud-
ed from further discussion.

Due to lack of official threshold values for heavy
metals in Sri Lankan soils, results of this present
study were compared with similar studies carried

out elsewhere in the world (Table 2). In comparison,
it was found that concentrations of Cu and Zn from
this study were characteristically high while Pb con-
centrations were comparable with other countries.
Although urbanisation and industrialisation have
proceeded rapidly in the CMR in the last five de-
cades, city-based industrial activities are low com-
pared to other larger cities of the world as well as
Asia. Therefore, the comparison of heavy metal con-
centrations in Colombo with other cities indicates
that there is a potential threat of metal pollution in
the area in the future.

Physical and chemical quality of canal water
and sediments

Several water quality parameters were measured in the
canal system of the city, which feeds the human-made
Beira Lake in the city centre (Fig. 1c). Observed pH
values in canal water samples were close to neutral
while high pH values (pH = 10.6) were observed only
in the Beira Lake. The average temperature was 30 °C
which is nearly equal to the daytime temperature of the
area. Negative oxidation-reduction potential values
were observed at all locations and similar to pH; the
lowest values were recorded in the Beira Lake (−
222 mV). Most canal water samples were black, indi-
cating the presence of organic matter in the suspended
form which cleared after filtration.

Heavy metal concentrations in canal water were all
below the tolerance limits for the discharge of industrial
wastewater into inland surface waters in Sri Lanka
(Table 3), while in canal sediments concentrations were
relatively high. These results indicate that there is a high

Table 1 Heavy metal concentrations of surface soil

Elemental concentration (ppm)

Cu Zn Pb Ni

Surface soil (n = 90) Average 112 390 89 14

Range 33–681 72–890 >bd–418 5–42

Standard error 8.6 19.0 10.2 0.5

Suburban soil (n = 10) Average 14 55 4 8

Range 11–17 43–62 1–5 6–11

Lateritic peaty soila Average 20 67 NA 15

>bd below detection limits, NA not available
a After Dissanayake 1987
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input of heavy metals into the canal system in Colombo
which was not reflected in the canal water analysis. This
suggests that the input of heavy metal into the canal

system from the surrounding environment is deposited
with the suspended particles in the canal beds. Similar to
surface soil, heavy metal concentrations in canal

Fig. 2 The geochemical distribution maps of Cu, Zn, Pb and Ni in surface soils of the Colombo metropolitan region
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sediments were also higher than different types of sed-
iments in other urban environments of the world
(Table 4).

Concentration levels in sediments show an increase
with the distance from the start of the canal except canal
three which experience backwatering from the large-
capacity Kelani River and canal four which flows
through a marshy land (Fig. 3). Further, concentrations
are relatively low in canal six which undergo ocean
sediments mixing during high tide.

Elemental contamination of plant leaves

In all sampled tree species, the elemental concentration
increased in the order Zn > Pb > Cu (Table 5).
T. catappa, which is the most frequently found tree,
accumulated the highest level of all elements. Leaves
from the same species of vegetation from the suburbs of
Colombo with similar geological and climatic condi-
tions indicate lower concentrations than in the urban
trees, particularly Zn (Table 5). Highest levels of Zn
and Pb were measured in the central bus station where
there is a high volume of bus traffic compared to all
parts of the country (Fig. 4).

Assessment of heavy metal pollution in the area

All statistical parameters calculated to assess the extent
of heavy metal pollution in the CMR are given in
Table 6. High correlations between the metals provide
information on the similarities in sources and distribu-
tion methods of heavy metals. Except for plant samples,
others records show a significant positive correlation
between Zn and Cu while correlation is also high be-
tween Cu and Pb in sediments, suggesting a strong
possibility for a common source and/or pathways be-
tween these elements.

Further, except in canal water, Pb concentration
showed the highest variability among locations while
Zn concentrations had a relatively smaller variation.
Calculated Pollution Index (PI) and Integrated Pollution
Index (IPI) values varied greatly among different envi-
ronments (Table 6). Samples collected from lateritic soil
was used as the background values for the PI calculation
of soil, and it indicates that the surface soil in the area is
extremely polluted especially with Pb. This was also
supported by the high IPI value. Similarly, plant leaves
also indicate moderate contamination with heavy metals
based on the PI and IPI levels. Contrastingly, canal
water indicates low PI and IPI values supporting the

Table 2 Comparison of average metal concentrations of the present study with some other studies in the world

Region Cu (ppm) Zn (ppm) Pb (ppm) Reference

Hong Kong 23 125 94 Li et al. 2004

Pakistan 26 94 121 Malik et al. 2010

China 28 108 13 Liu et al. 2006

Chile NA 333 35 Tume et al. 2008

Sri Lanka 112 390 89 Present study

NA not available

Table 3 Measured heavy metal concentrations of canal water and canal sediments in parts per million. Standard error for all water
measurements was < 0.01 ppm

Elemental concentration (ppm)

Pb Cu Zn

Water 0.02 (>bd–0.03) 0.02 (>bd–0.1) 0.03 (>bd–0.1)

TL 0.1 3 2

Sediments 91 (bd–311) 149 (26–348) 360 (107–709)

Standard error 23.5 13.2 12.6

>bd below detection limits, TL tolerance Limits for the discharge of industrial wastewater into inland surface waters in Sri Lanka
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earlier findings suggesting low heavy metal pollution in
water. Unfortunately, background levels were not

available for canal sediment samples to assess their
pollution levels. These pollution assessments suggest

Table 4 Comparison of elemental concentrations observed in different types of sediments in the world with the current study

Area Metal concentration (ppm) Reference

Zn Cu Pb OM

Tsurumi River, Japan 381 133 40 6.5 Mohiuddin et al. 2010

Bharali River, India 61 44 8 NA Hoque et al. 2011

Gomti River, India 43 63 32 1.9 Singh et al. 2005

Miyun Reservoir, China 106 38 29 NA Zhu et al. 2013

Pearl River Estuary, China 41 115 59 NA Li et al. 2000

Tamaki Estuary, New Zealand 3.7 5.2 4.6 NA Abrahim and Parker 2008

Coastal plain, Australia 68 5.8 7.3 5.5 Liaghati et al. 2004

Kaohsiung Harbour, Taiwan 596 226 89 9.7 Chung and Lee 2006

Colombo, Sri Lanka 360 149 91 15 This Study

NA not analysed, OM organic matter

Fig. 3 Variation of measured heavy metals in the canal sediments based on the direction of flow in different canal segments of the Colombo
metropolitan region. Black arrows point towards the direction of flow. G1 wastewater pipeline opening
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that the surface soil in the area is heavily polluted by the
measured metals which point towards the necessity for
immediate remediation methods.

Enrichment Factor (EF) is the extent to which heavy
metals exceed pre-anthropogenic concentrations (Birch
and Scollen 2003). It is presumed that high EF values
indicate an anthropogenic accumulation of heavy
metals, mainly from activities such as industrialisation,
urbanisation and deposition of domestic wastes
(Abrahim and Parker 2008; Mohiuddin et al. 2010).

Enrichment factors for mean metal concentration in
surface soil and canal sediments are less than 5 except
for Cu in sediments (Table 6). This indicates that these
toxic metals are moderately enriched in soil and sedi-
ments while Cu is significantly enriched in sediments
(Barbieri 2016). Similarly, according to the
Geoaccumulation Index, Colombo city is moderately
polluted in terms of Zn and Cu of surface soils and Zn
in sediments while moderately to strongly polluted by
Cu in sediments. This reveals that a high amount of

Table 5 Measured element concentration values in different plant species

Plant type Elemental concentration (ppm)

Zn Cu Pb

Terminalia catappa (n = 20) 60.7 (39.9–89.4) 19.2 (11.2–23.5) 31.5 (>bd–85.8)

Suburban 50.8 13.7 29.6

Polyalthia longifolia (n = 15) 42.4 (30.1–58) 15.2 (8.4–32) 32 (>bd–87.4)

Suburban 19.3 11.7 27.5

Delonix regia (n = 10) 54.2 (33.5–78.8) 13.2 (9.6–20.1) 21.2 (>bd–44.3)

Suburban 16.4 6.4 >bd

Peltophorum pterocarpum (n = 8) 54.6 (33–72.8) 10.7 (7.2–15.7) 18.7 (>bd–48.4)

Suburban 41.4 8.8 >bd

Cassia fistula (n = 9) 62.9 (34.2–89.6) 16.7 (9.7–27.1) 30.4 (>bd–60)

Suburban 41.6 13.6 10.2

Total (n = 62) 53.5 (16.4–89.6) 15.3 (6.4–32) 27.8 (>bd–87.4)

Standard error 1.9 0.7 2.7

>bd below detection limits

Fig. 4 Variation in Zn, Pb and Cu in the measured plant leaves of the Colombo metropolitan region
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Table 6 Statistical parameters calculated to assess the extent of heavy metal pollution in the CMR. All p values are < 0.1

Correlation coefficient Coefficient of variation PI IPI Enrichment factor Igeo

Soil

Zn Cu Pb

Zn 1.00 48.21 7.19 12.92 4.7 1.9

Cu 0.52 1.00 75.30 8.22 4.9 1.9

Pb 0.24 0.46 1.00 109.47 23.34 3.3 NA

Sediment

Zn Cu Pb

Zn 1.00 43.80 NA NA 3.9 1.8

Cu 0.73 1.00 59.45 5.9 2.3

Pb 0.57 0.64 1.00 95.08 3.0 NA

Water

Zn Cu Pb

Zn 1.00 134.92 0.01 0.06

Cu 0.59 1.00 213.16 0.01

Pb − 0.10 0.23 1.00 82.24 0.18

Plant

Zn Cu Pb

Zn 1.00 27.84 1.19 1.22

Cu 0.34 1.00 34.56 1.40

Pb 0.22 0.25 1.00 87.91 1.06

NA not available

Fig. 5 Geochemical maps of a Pb and b Zn overlaid with the road network of the Colombo metropolitan region. SS selected sample
locations
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contaminants are enriched in the sediments and there is a
significant pollution in the studied canal system.
Geoaccumulation Index for Pb was not calculated since
background Pb concentrations are not available for the
region.

Discussion

Sources and accumulation processes of metal pollutants
in the area

Statistical analysis, as well as the comparison with other
parts of the world, indicated that the heavy metal pollu-
tion in urban surface soil from this study is characteristi-
cally high. It points to a substantial enrichment of heavy
metals in the urban soil, which could be due to long-term
accumulation from various sources in the urban environ-
ment. In urban cities, the major sources of heavy metal
pollutants are natural as well as anthropogenic. As shown
by lower concentration values in the suburbs which have
similar geological and climatic conditions, natural geo-
chemical sources for heavy metal pollution in the area are
negligible. Therefore, pollution from vehicular traffic can
be considered as a major source of pollutants since large-
scale industries are absent in the CMR (De Alwis et al.
1994). To confirm this, we overlaid geochemical distri-
bution maps of heavy metals on the road and rail
network.

Hot spots of Pb were observed in the northwestern
part of the study area, which is the centre for rail and
passenger transportation of the country with an exten-
sive network of roads and railway yards (Fig. 5a). Inter-
estingly, Pb concentrations were high in the parking
areas for motor vehicles than where they are running.
This distribution pattern confirms that the major source
of Pb in soil is vehicles. Leaded fuel, which was used for
vehicles in Sri Lanka until 2005 (Ranasinghe et al.
2006), is a well-documented source for Pb pollution
all over the world (Ahmed and Ishiga 2006; de Miguel
et al. 1997). Results suggest that although leaded fuel is
no longer in use, contaminants continue to remain in the
surface soil.

Elevated concentrations of Zn were associated with
major highways in the city (Figs. 1a and 5b). High
concentrations at road junctions or near major roads
indicate the role of vehicles, which add Zn to the envi-
ronment from wear and tear of tires, especially at junc-
tions by constant braking and halting. Unlike Pb, Zn

concentrations were high in areas where vehicles are
constantly moving, which suggests that the source of Zn
is from moving parts of the vehicles. Other than this, Zn
concentration is also high in the built-up area which
points towards sources such as electronic parts, paints
and plastics which are well known Zn contaminants in
the environment (Alloway 1995; Li et al. 2004).

High concentrations of Cu were found north of the
international harbour (Colombo harbour) where large
amounts of metallurgical parts are used, and large me-
tallic bodies are stored (Fig. 2). The high corrosion rate
of these metallurgical parts from exposure to ocean
water facilitates the addition of Cu to surface soil. Other
than these general trends, several isolated hot spots were
found in different geochemical maps. These can be
attributed to the point sources associated with these
locations. Most elements have low concentration values
in the southern and eastern parts of the study area where
most residential facilities are concentrated.

Variations in concentration of Cu, Zn and Pb along
the canal system indicate a parallel pattern (Fig. 3)
which shows that there can be one or more common
sources or common pathways for these elements in
nature. Further, a significant positive correlation be-
tween Zn, Cu and Pb in canal sediments also suggests
a strong possibility for a common source between these
elements. The cause of heavy metal pollution in the
canal water is from untreated industrial effluents and
domestic wastewater that are directly discharged into
surface water bodies and storm water drainage canals
in the urban areas of the CMR (Hettiarachchi et al. 2011;
Senarathne and Pathiratne 2010). These waste includes
raw sewage, household dust, batteries, disposable
household materials, plastics, paints and inks, house-
hold pesticides and medicines and can act as major
sources of heavy metal pollution in surface water
bodies.

All measured elements in plant leaves show an in-
crease in concentration in the northwestern part of the
study area coinciding with the findings from the surface
soil analysis (Fig. 4). This suggests that the major source
of elevated heavy metals measured in plant leaves could
be the soil these trees grow on. This is further supported
by the lower concentrations in the leaves of the same
species growing in the suburban areas of Colombo. The
reasons for this accumulation are the long lifetimes of
these trees and their continuous exposure to the heavy
metals in the soil, which are leached from the soil
surface to the roots below.
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Although anthropogenic practices dominate the
sources of heavy metal pollution, unique natural factors
involve strongly in the pollutant distribution in CMR.
High wind, humidity and rainfall are common weather
phenomena in the CMRwhich are known distributors of
soil pollutants in tropical latitudes. Similarly, slow water
movement, circulation current and higher clay content
can assist the deposition of pollutants and increase the
retention time in sediments in urban flowing water.
Further, coastal conditions contribute to high metal cor-
rosion which concurrently increases the release of dif-
ferent types of toxic metals into the environment. In
addition, during high tide, ocean water with high sul-
phate concentration can mix with canal waters and
reduce environment sulphate to sulphite. The formed
sulphite ion (S2−) will enhance the precipitation of
heavymetals to sediment and decrease the concentration
of heavy metals in water (Fu and Wang 2011). This was
evident by the high concentrations in canal sediments
compared to canal water in CMR. However, more com-
prehensive studies have to be conducted in the future to
identify the processes responsible for heavy metal dis-
tribution in the CMR, which was not attempted during
this study.

Mitigating metal pollution

As suggested above, the Colombo Metropolitan region
has a unique set of climatic conditions which facilitates
the accumulation and distribution of toxic metal pollut-
ants. In areas where natural climate has a high influence
over pollution conditions, the best way to prevent envi-
ronmental pollution is by minimising the creation of
pollutants. There are various conventional methods in
practice for purification and removing contaminants in
soil, sediment and water which can be costly and non-
eco-friendly (Dhote and Dixit 2009). However, the use
of terrestrial and aquatic plants has been investigated for
the remediation of heavy metal-polluted environments
as an eco-friendly practice (Peng et al. 2008). The
success of phytoremediation depends on the availability
of plant species and the ability of the plant to tolerate
and accumulate high concentrations of heavy metals
(Rajakaruna et al. 2006).

Although none of the plant species which were
analysed in this study is recognised as hyper-accumula-
tors, some, for example, T. catappa was used as an
environment-friendly adsorbent for pollutants (Jnr and
Vicente 2007). This is confirmed by the high elemental

concentrations of Zn and Pb in the leaves of this plant
observed in this study. The common occurrence of this
tree species as avenue trees in the CMR is useful.
However, it is necessary to safely dispose of the leaves
falling from the trees since, otherwise, the leaf decay
would return the heavy metals to the soil.

Many aquatic plants, both living and dead, are heavy
metal accumulators and their use for the removal of
metals from wastewater is well known (Keskinkan
et al. 2004). Different aquatic plant species growing in
the canal systems of the CMR such as Eichhornia
crassipes, Salvinia molesta and Hydrilla verticillata
are recognised as suitable for phytoextraction processes
(Dhir and Kumar 2010; Keskinkan et al. 2004; Xia and
Ma 2006). Proper use of these submerged aquatic plants
can remove heavy metals from aquatic systems in the
CMR such as natural and human-made canals followed
by their harvest and safe disposal.

Further, Colombo has many freshwater wetlands
(mainly marshes) in its vicinity which have provided
water and environmental services for the city and sub-
urbs (Hettiarachchi et al. 2011). Similar natural wetlands
were used for centuries as a sink for waste, being capa-
ble of assimilating large amounts of environmental con-
taminants (Sheoran and Sheoran 2006). Such wetlands
can be used as an inexpensive system for wastewater
treatment in the CMR in the future.

Significance of multi-proxy pollution studies

This study assessed the metal pollutants accumulated in
the surface soil, canal water and sediments, and surface
vegetation. Results showed that contamination of the
canal water was comparatively low (Table 3), indicating
non-threatening conditions; however, the canal sedi-
ments had a higher concentration. Metals accumulated
in sediments can be subsequently released into the over-
lying water column as a result of either physical distur-
bance or diagenesis, and the sediments can persist as a
source of pollutants long after the cessation of direct
discharges (Chen et al. 2007). Similarly, with the varia-
tion of the physiochemical characteristics, such as pH,
oxidation-reduction potential and temperature, elements
in the sediment phase will re-enter the overlying water
and become available to living organisms (Liaghati et al.
2004; Morrison et al. 2001). Therefore, it is of critical
importance to study the chemical characteristics of sed-
iments even though contamination of water in an aquatic
system is relatively low.
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The principal problem with high heavy metal con-
centrations in the surface soil is that biochemical pro-
cesses can promote the translation of metal ions from a
solid phase to the root system in plants (Relić et al.
2010). Plants will then move these non-biodegradable
heavy metals up in the food chain, finally adding them
to the human diet. Thus, for better application of surface
soil pollution data, they have to be combined with
vegetation analysis. The present study indicates higher
concentrations of heavy metals in the studied plant
leaves in polluted surface soils than the unpolluted
suburban soils (Table 5 and Fig. 4). This implies that
surface soil pollution affects the vegetation in the area
and presents the risk of moving heavy metals into the
vegetation. More importantly, edible green leaf vegeta-
bles cultivated in the area face the same risk from heavy
metals which impose a greater health hazard.

Our results also show that sources of heavy metal
pollutants in the area are mainly anthropogenic while
unique natural weather conditions facilitate the distribu-
tion of these contaminants. This indicates that even
though the anthropogenic sources of environmental pol-
lutants are similar in all parts of the world, distribution
of these pollutants can vary from place to place. When
natural and anthropogenic factors interact with each
other, it can create complex situations where the behav-
iour of elements can be misleading. Therefore, in an
urban setting, it is of vital importance to study all pos-
sible indicators of environmental pollution for a better
understanding.

These results suggest that multi-proxy studies can be
helpful in verifying pollution from different records,
identifying the movements of heavy metals through
different phases and assist in interpreting data derived
from complex locations. Therefore, it is of vital impor-
tance to conduct comprehensive studies involving char-
acteristically different geological and biological re-
corders of environmental pollution.

Conclusions

High concentrations of heavy metals in the CMR show
the influence of urban anthropogenic processes on con-
tamination of the environment. Observed concentration
values and patterns of distribution indicate that automo-
biles are the main source of heavy metals in the surface
soil. Further, discharge of domestic and industrial waste
into canals is responsible for the addition of heavy

metals into canal sediments. The trees accumulated an
excess of Zn and Pb in their leaves which are closely
related to the surface soil, and it can be assumed that
plants uptake elements in excessive amounts when they
are exposed to high-pollution conditions.

In addition, the unique natural weather conditions in
an urban area can affect the pollution level. Therefore,
pollution control in an area has to be designed according
to the natural and anthropogenic factors peculiar to the
selected area. Further, this study identified the impor-
tance of studying different pollution recorders which
will collectively yield a better understanding of the
overall pollution in the area.
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