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Abstract The purpose of this research was to study
chemical characteristics of precipitation in Peradeniya
(Latitude 6.973701, Longitude 79.915256), Kandy District
in Sri Lanka. This study was conducted during 2012 to
2014, and wet precipitation was analyzed for pH, conduc-
tivity, Na*, NH,", K*, Mg**, Ca®*, F, CI', NO; ", SO,*,
Pb, Cu, Mn, Al, Zn, and Fe for a total of 125 samples. Less
than 2% events of acidic precipitation were recorded, and
the VWA of the major ionic species present in precipitation
samples were in the order of Ca®*>Na*>Cl >NH," >

SO,* >K*>NO; >Mg”". Neutralization of acidity of
precipitation is much more related to CaCO; than NHj,
and the presence of high content of Ca®* strongly supports
this fact. When considering marine contribution, SO42
“/Na*, Ca**/Na*, Mg®*/Na*, and K*/Na" ratios are higher
than the reference value suggesting that contribution of
sources other than marine. Concentration of Zn is the

A. B. Liyandeniya * N. Priyantha
Department of Chemistry, University of Peradeniya, Peradeniya,
Sri Lanka

A. B. Liyandeniya - N. Priyantha (D<)

Postgraduate Institute of Science, University of Peradeniya,
Peradeniya, Sri Lanka

e-mail: namal.priyantha@yahoo.com

M. P. Deeyamulla
Department of Chemistry, University of Kelaniya, Kelaniya, Sri
Lanka

S. P. Abeysundara
Department of Statistics & Computer Science, University of
Peradeniya, Peradeniya, Sri Lanka

highest while that of Mn is the lowest. Principal compo-
nent analysis identified probable sources for major ionic
and elemental sources as both natural and anthropogenic
sources such as vehicular emission due to heavy traffic,
waste incineration, bio mass burning, brass industry, and
construction.

Keywords Atmospheric pollution - Chemical
composition - Correlation, - Ionic constituents -
Neutralization

Introduction

Atmospheric deposition can be referred to the introduc-
tion of different types of pollutants, mainly dust, metal
ions and their compounds, anions, nutrients, and volatile
organic compounds, generated through various anthro-
pogenic and natural activities, into ecosystems (Yu et al.
2017; Rao et al. 2016; Huang et al. 2019; Sakihama
et al. 2008). Among them, burning fossil fuels would
probably contribute to significant level toward acid rain
owing to the release of sulfur and nitrogen-containing
compounds to the atmosphere (Ghorani-Azam et al.,
2016). It has also been reported that sulfur concentra-
tions in lake waters began to increase after the industrial
revolution, supporting the above fact (Weyhenmeyer
and Karlsson, 2009).

It is known that in-cloud scavenging and below-
cloud scavenging are the two major types of wet scav-
enging processes of pollutants present in the atmosphere
(Alastuey et al. 2001; Lee et al. 2000; Mahato et al.
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2016; Cao et al. 2009; Herrera et al. 2009; Zhang et al.
2007; Carvalho et al. 2014; Zhu et al. 2016). It is
believed that dissolution of pollutants would change
the characteristics of rainwater, and therefore, determi-
nation of the chemical composition of rainwater, which
is an indirect measure of the extent of pollution, would
be very important for atmospheric quality management
(Huang et al., 2008a; Alkhashman 2005; Wu and Han
2015; Tositti et al. 2018). Among various sources of
atmospheric pollution, the prominent source of aerosols
is the dust released from arid regions, followed by soil
and marine erosion, and anthropogenic sources
(Amodio et al. 2014). Although dry deposition appears
to be a simple process, it occurs with several mecha-
nisms, such as turbulent diffusion, sedimentation,
Brownian diffusion, interception, inertial forces,
thermophoresis and diffusiophoresis, and hence it is
very complex (Amodio et al. 2014). Consequently, rate
of dry deposition is controlled by meteorological factors
(wind velocity, relative humidity), particle characteris-
tics (size and shape), and surface characteristics (friction
velocity, microscale roughness, and temperature) (Chen
et al. 2012; Kim et al. 2016). On the other hand, wet
deposition occurs through rain events, which is also
governed by meteorological conditions, where the ex-
tent of deposition is determined through the concentra-
tion of chemical species in precipitation samples and the
extent of precipitation. Thus, dry deposition is dominat-
ed by the transfer of particulate matter, total phospho-
rous, Ca**, Mg?*, and K, whereas wet deposition by
the atmospheric delivery of Na* and N species
(Morales-Baquero et al., 2013).

Undesirable effects of atmospheric deposition can be
predicted with the aid of bioindicators, such as moss
species and bryophytes (Jayalath et al. 2020; Schroder
et al. 2017; Shi et al. 2017). Sensitivity of bryophytes
toward nitrogen levels has made it possible to use them
to monitor atmospheric nitrogen deposition which could
be due to environmental pollution and land use practices
(Shi et al. 2017). A study on the use of moss species to
compare atmospheric deposition in two geographic
areas in Sri Lanka has also been reported
(Weerasundara, et al. 2018). However, it is important
to investigate whether the concentrations of nitrogen
and/or heavy metals estimated through biomonitoring
of atmospheric deposition lead to meaningful results
(Schroder et al. 2017).

Rapid economic development of South Asia, South-
East Asia, and China during the last few decades
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increased demand for energy (Li et al. 2016; Park et al.
2015). According to the state environmental protection
administration of China, acid precipitation has generally
affected about 30% of the country, and seriously affect-
ed in several parts including industrialized areas of East
and South China. Unlike water pollution, which is re-
stricted to certain areas, atmospheric pollution has no
boundaries, and transboundary effects could cause en-
vironmental damages to neighboring countries. It has
already been reported that transboundary pollution orig-
inating from countries in the Asian region, such as India,
China, and Thailand, has contributed to deposition of
environmental pollutants in Sri Lanka (Tleperuma 2015).

Sri Lanka, being an island has both positive and
negative impacts with regard to atmospheric pollution.
Diffusing out of atmospheric pollutants from coastal
cities is an example for former, while ship movements
around the country contributing to acid deposition is be
an example for the latter (Ileperuma 2015, Chathuranga
et al. 2020). Kandy, the second largest city in Sri Lanka
is located in the central hills surrounded by mountains.
Although there are not much industrial activities in
Kandy, atmospheric pollutants once generated within
the city area would not diffuse out at a significant rate,
requiring a regular atmospheric pollution monitoring
program for the city of Kandy.

There were few isolated studies on atmospheric de-
position in Sri Lanka. Among them, heavy metals and
microorganisms present in atmospheric deposition have
been characterized in Kandy, Sri Lanka, together with
health implications (Weerasundara et al. 2017, 2018). It
has been reported that Al and Fe are at uncontaminated
levels, and other metals investigated, Cr, Mn, Ni, Cu,
Zn, Cd and Pb, are in the range of uncontaminated to
contaminated levels, but with the potential to exacerbate
in the long-term (Weerasundara et al. 2018). It has also
been implicated that traffic and land use influence at-
mospheric metal concentrations. Nevertheless, detailed
investigation on the composition of atmospheric depo-
sition with regard to anions, cations, and other pollution
parameters and their correlation studies have not been
reported to date. Although there are few studies related
to the bulk deposition, this detailed study is the first of
that sort carried out in Sri Lanka to the best of our
knowledge.

The results of this research can be used in prediction
and modeling of rain water quality variation due to
anthropogenic activities which could alter the atmo-
spheric environment. Also, the scarcity of water has
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already affected many parts of the world, and as the
access to good quality water is becoming a problem, rain
water harvesting has been paid much attention. Howev-
er, it is important to study temporal variation of rain
water quality which could impact harvesting of water.
This project thus aims to fill this void by investigating
composition of rain water collected in a selected area in
Peradeniya, Sri Lanka, for selected chemical
parameters.

Materials and methods
Study area

The sampling location is University of Peradeniya (Lat-
itude 6.973701, Longitude 79.915256) in Kandy Dis-
trict of the Central Province of Sri Lanka. The mean
altitude of this location is 400 m above sea level and
covered by mountains. University of Peradeniya is lo-
cated near the Kandy-Colombo (A1) highway where
high traffic digestion is present during daytime. High
rainfall occurs in Peradeniya by monsoon, and much
rainfall is received during South Western monsoon from
May to September. Less socioeconomic impact can be
seen in this area with less industrial activities (Fig. 1).

Sampling

The sample collector (Polyethylene container and
funnel) was placed 120 cm above the ground level
(Fig. 2). Diameter of the funnel was 20.6 cm. All glass-
ware, funnels, and containers used for sampling, stor-
age, and standard preparation were first cleaned with
phosphate-free detergent solution followed by deionized
water. Thereafter, they were placed in 5% HNO; acid
solution overnight followed by thoroughly cleaning by
ASTM type 1 water until all acid was washed out.
Sampling was done after events of precipitation starting
from December 2012 to June 2014. If a rain event did
not occur for 1 week, the container and the funnel were
washed using 200 ml of deionized water and replaced
with new collector. A total of 110 wet samples were
collected during the entire period of sampling.

After measuring the volume of each sample, they
were filtered using 0.45 pm nylon filters and divided
into two parts; one part was stored in pre-cleaned poly-
ethylene bottles and refrigerated at 4 °C prior to ion
analysis (Rao et al. 2016; Huang et al., 2008b). The
other part was stored in pre-cleaned polyethylene bottles
followed by acidification to about pH<2 by adding

analytical grade HNO; (BDH VWR, 69%, AnalaR
NORMAPUR) and refrigerated at 4 °C prior to metal
analysis. Conductivity and pH of rainwater samples
were measured soon after sampling using Sens ION+
ECS5 portable conductivity meter and Orion 3 Star pH
meter, respectively.

Selected cations (Na*, NH,*, K*, Mg*?, Ca*) and
anions (CI~, NO5, SO4*") were quantified using Ther-
mo Dionex ICS 900 ion chromatograph with chemical
suppression mode. For anion analysis, Dionex ionpack
AS23 (4 x250 mm) column was used, while Dionex
ionpack CS12A (4 x 250 mm) column was used for
cation analysis. The detection limits of F~, CI', NOs,
and SO,> ions were found to be 1.6, 1.1, 1.0, and
2.0 peq 17!, respectively, and those of Na*, NH,*, K*,
Mg**, and Ca®* were 2.2, 2.8, 1.5, 6.5, and 6.0 peq 1",
respectively (Liyandeniya et al. 2020a).

Trace metals (Al, Fe, Mn, Zn, Cu, Pb) were deter-
mined using Graphite Furnace Atomic Absorption
Spectrometer (GFAAS) (Thermo electron M5 GF95
Graphite Furnace System) with deuterium background
correction. Detection limits for elements were within the
range of 0.1-2.0 ug I"".

Quality of the analysis was achieved by running
known standards with the same matrix as analyte (both
ions and elements) between 20 sample-intervals to
check reproducibility of analytical results. Confidence
level of 95% was maintained for all analyses. Weather
data were measured using Watchdog 2700 automated
weather stations located at two stations.

Statistical analysis

The principal component analysis (PCA) was applied to
the determination of the sources of respective pollutants
whether anthropogenic or natural. Minitab 16 statistical
software was used for statistical treatment of data.

Results and discussion
Rainfall data

Figure 3 shows rainfall measurements throughout the
period of sampling at Peradeniya. Rain is received at
Peradeniya during two monsoons; South-Western mon-
soon that prevails during May to September, and North-
Eastern monsoon that prevails during October to Febru-
ary. Consequently, moderate drought season usually
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Fig. 1 Map of location of Sri Lanka in the Indian sub-continent (a). Peradeniya sampling stations (Latitude 6.973701, Longitude
79.915256) located in Kandy District (b). Terrain map, Peradeniya (source: google terrain map © 2020) (¢)

prevails in the months from December to March. This
might lead to increase dry particulate matter in the
atmosphere and deposited with rain as well as with dry
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deposition. However, in the year 2014, the first inter-
monsoon rain started in April. Nevertheless, when the
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Fig. 2 Rain water collector;
HPDE, high density polythene

H=120 cm

entire year 2014 was considered, it had more dry periods
and lower rainfall as compared to the previous year.

Investigation of pH variation of depositions

Figure 4 shows the frequency histogram of pH for
samples of atmospheric precipitation. Only two acid
precipitation events were recorded during the entire
sampling period which accounts for only 2% of total
samples collected. The average pH was 6.55, and the
VWA of pH values was 6.22 within the pH range
between 5.26 and 7.48. This pH variation reflects the
minor anthropogenic activities, such as traffic conges-
tion, in this area, mainly during daytime. On the other
hand, neutralization would occur due to the presence of
considerable amounts of Ca?* and NH,* in the atmo-
sphere. When these values are compared with those
reported in other parts of the world including India, it
is clear that the pH values recorded in the study area are
on the high side.

Chemical composition

Table 1 presents VWA values, ranges obtained for pH,
conductivity, inorganic ions including F~, CI', NOs,
SO4%", Na*, NH,", K*, Mg**, and Ca®" along with
chemical elements for a total of 125 precipitation sam-
ples collected. The VWA value and range for conduc-
tivity were 19.40 uS cm ' and 4.00-136.10 uS cm ',
respectively. The VWA concentrations of the major

- HDPE funnel

. HDPE collector

stand
L Weight

ionic species present in precipitation samples were in
the order of Ca?*>Na*>Cl >NH,">S0,> >K*>
NO; > Mg**. Although there is a difference in the order
ofions, Ca’*,Na*, CI", NH,*, and SO, are found to be
the dominant ions. The F~ ion was undetectable for all
samples. Similar observation has been made in India in
2017 (Bhaskar & Rao 2017; Bisht et al. 2017). It is
clearly indicated in Fig. 5 that a much higher contribu-
tion of 22.6% was recorded for Ca**, while Mg** con-
tributes to only 4%. It has also been reported that marine
contribution was indicated by the presence of Na* and
CI at high concentrations (Li et al. 2016) although the
sampling locations were far away from the coast. The
most abundant cation in the sampling sites was Ca*",
which is probably be due to dust particles which con-
tains Ca2+(Martins, et al., 2019; Migliavacca et al.
2005). The Ca** ion plays a major role along with
NH," in neutralization of acidified rain. This is further
supported by the fact that high pH was recorded together
high SO4>~ concentration. More importantly, these ions
are mainly found in dry months during November to
February where South-East monsoon is not occurred.

Quantification of chemical elements

Concentration of elements (Pb, Cu, Al, Zn, Fe, and Mn)
determined in rainwater, as shown in Table 1, indicates
that Pb levels in samples collected at almost all stations
are lower than the MDL value. This is probably due to
the lack of Pb sources in these areas, and abandoning the
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Fig. 3 Rainfall (mm) during study period

usage of leaded gasoline which had been used many
years ago. The element having the highest concentration
was Zn followed by Al, Fe, Cu, and Mn. Major input
pathways of Zn, Cu, and Fe into air are brass industry in
smaller scale, waste incineration, traffic during daytime
and occasional forest burning. On the other hand, Al and
Mn are mostly from natural processes, and further, Al is
one of the major constituents in soil. Moreover, con-
struction and soil erosion could also contribute to Al in

.

0"0

Month

the atmosphere. Dissolution of the above chemical ele-
ments is one of the important phenomena to leach them
into rainwater. This may be governed by moderately
acidic pH and some rain events with acidic pH below
5.60. Apart from the above-stated contributions, Sri
Lanka, being a small island in the middle of the Indian
Ocean, trans-boundary pollution also plays an important
role for elevated levels of these elements.

Fig. 4 Histograms of pH values
in bulk precipitation
40
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Table 1 Average, range, VWA in samples of atmospheric pre-
cipitation at Peradeniya in Kandy District for pH, conductivity
(uS cm "), and major ion concentration. Except for pH and con-
ductivity, values of other major ions are given in eq 1. Elemen-
tal concentrations are given in ug 1"

Variable Avg Range VWA
pH 6.55 526-7.48 6.22
Conductivity 30.27 4.00-136.10 19.40
F <MDL <MDL <MDL
cr 64.7 <MDL-649.2 50.2
NO;~ 145 <MDL-109.4 13.4
S0, 33.7 <MDL-182.9 23.8
Na* 85.0 <MDL-601.0 543
NH,* 49.6 <MDL-391.6 452
K* 193 <MDL-541.5 17.9
Mg’ 17.9 <MDL-165.3 11.2
Ca®* 95.9 <MDL-429.5 632
Pb <MDL <MDL <MDL
Cu 43 <MDL-36.6 6.1

Al 26.6 <MDL-160.9 232
Zn 27.8 1.2-91.7 25.7

Fe 9.2 <MDL-142.3 8.8

Mn 2.6 <MDL-10.3 22

Acidification and neutralization potentials

Acidity of precipitation is mainly controlled by strong
acids, such as H,SO,4 and HNO3, and to lesser extent by
organic acids. Neutralization of these species would take
place due to the presence of NH,;*" and CaCOj;
(Migliavacca. et al. 2005). As stated earlier, the pH of
precipitation is strongly controlled by the presence of
these acids and bases, and neutralization reactions

Fig. 5 Distribution of average
chemical composition of ionic
species

>

K", 6.4%

Ca?,22.6%

Mg, 4.0 /R —

&

NHy,

among them. Figure 6 shows the linear regression anal-
ysis applied to the variables with acidification and var-
iables with neutralization potential. The correlation co-
efficient is found to be 0.39.

Table 2 shows the results of regression coefficient
analysis, and approximately 63.7% of SO4* and 93.3%
of NO3~ were able to be explained by the two indepen-
dent variables, Ca?* and NH,*. Of 63.7% of SO4>~
explained, 32.2% appears as CaSO,4 and only 31.5%
as (NH,4),S0O,. As for NO;5 , it is found as Ca(NOs), in
62.6% of the cases and as NH4NO; in only 30.7% of the
cases in bulk precipitation. Further, neutralization of
acidity of precipitation is much more related to CaCO;
than to NHs, and high content of Ca®* ions strongly
supports these results. Source of NHj is mainly the
application of fertilizers and biomass burning.

Marine contribution

Ratio between the ion analyzed and Na* is higher than
the ratio of the two ions for sea water indicating negli-
gible marine contribution (Herrera et al. 2009). Ratios
for SO,> /Na*, Ca®*/Na*, K*/Na*, and Mg**/Na*, being
higher than the reference values suggest that the marine
contribution is negligible, and contribution of anthropo-
genic sources is high for these ions (Table 3)
(Migliavacca. et al. 2005). Furthermore, the ratios for
CI'/Na" is less than those of the reference values indi-
cating the strong marine influence for these ions. How-
ever, the ratio for Ca**/Na* is 1.16, and such a higher
ratio can be attributed to the contribution from dust
material containing CaCOj; in addition to other anthro-
pogenic activities. The presence of CaCOs; in the atmo-
sphere is contributed by many dolomite quarries

CI, 18.0 %

‘ NOs, 4.8 %

Na*, 19.4%
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Fig. 6 Linear regression between 500
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established in surrounding areas of the sampling
location.

Principal component analysis for major ions

After applying principal component analysis, three prin-
cipal components were selected for ionic species with
eigenvalues greater than 1 (Table 4). Three PCs selected
explained 69.2% variation from the total variation.
Among them, PC1 explained 39.4% variation which
showed higher loading for CI~, SO,*, Na*, and Mg**.
These species are emitted by both anthropogenic and
natural activities. Further, CI” and Na* are originated
from marine and transferred long distances with wind.
On the other hand, acidic SO427 is originated from
anthropogenic activities, such as vehicular emission,
and it is further supported by heavy traffic present near
Peradeniya suburb. Mg”* ions originated from soil, and
surrounding soil is composed of Mg bearing minerals
further supported this finding. PC2 explained 16.6%
variation and showed higher loading for H* and NO;~
(Migliavacca. et al. 2005). Higher loading of NOx may
be due to fossil fuel burning which is further supported
by heavy traffic in the area at times. Also, it increases H*
ions and shows positive correlation with NO; . PC3

Table 2 Fractions of SO,* and NO 5 explained by Ca®>* and
NH," in samples

56 l(')() 15'0 260
S04+ NOy (peq 1)

which only explains about 13.1% of the total variation
showed higher loading for H*. At the same time, it
showed large but negative loading for both NH,* (—
0.645) and Ca>* (—0.405) supporting neutralization of
acidic species present in the wet precipitation. Sources
for the NH," are frequent bio mass and waste incinera-
tion, and fertilizer application while Ca®* probably from
dolomite quarries present in nearby areas (Liyandeniya
et al. 2020b).

Principal component analysis for elements

Two principal components were selected which have
eigenvalue greater than 1 for elements present in wet
precipitation samples collected. The results of the prin-
cipal component analysis explain 46.8% of the total
variance of the data (Table 5). The PC1 has shown
higher loading of Cu, Al, Zn, and Fe with 29.2% of
the total variation. Sources for these elemental species
are from both anthropogenic and natural (Al and Fe).
Traditional brassware industry may resulted the higher
loading of Cu while Al and Fe loading is due to the
construction (Liyandeniya et al. 2020a). Also, Al is due
to natural sources such as dust which contains alumino
silicates. Major sources of Zn include roofing materials,
lubricants, and metal plating (Rathnayaka at al. 2020).

Table 3 Average ratio for several ions in association with Na*

% explained % explained Total explained SO,? Cr/ Ca®*/ K*/ Mg/

by [Ca**] by NH,* “/Na* Na* Na* Na*  Na*
SO,* 322 315 63.7 Sea water  0.12 1.16 0.02 0.23 0.04
NO;~ 62.6 30.7 93.3 Peradeniya 0.44 0.92 1.16 0.32 0.20
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Table 4 Varimax rotation for principal component analysis of
ionic compositions

Variable PC1 PC2 PC3
H* —0.067 0.608 0.467
Cl 0.439 0.115 0.077
NOs; 0.123 0.718 —-0.113
S0, 0.436 —0.040 0.058
Na* 0.411 -0.227 0.259
NH,* 0.179 0.211 —0.645
K* 0317 —0.065 0.329
Mg** 0.424 0.001 0.069
Ca’ 0.342 -0.015 ~0.405
Total 39.4 16.6 13.1

variance

(%)

Anthropogenic Anthropogenic Anthropogenic

soil sea salt

PCs>0.400 are in italics and considered significant.

Second component explains 17.6% of total variation,
and higher loading of Mn and H* can be due to auto-
mobile emission and waste incineration which may
contain Mn as an impurity or additive. This can be
further supported by loading of H* as such processes
may release acidic gases during combustion of fossil
fuel and waste incineration.

Conclusion

Analysis of wet precipitation at Peradeniya in Kandy
District of Sri Lanka covering a period of 22 months

Table 5 Varimax rotation for principal component analysis of
elements compositions

Variable PC1 PC2

H* -0.114 0.611

Cu 0.489 -0.223

Al 0.537 0.105

Zn 0.428 0.226

Fe 0.422 —0.388

Mn 0314 0.604

Total variance (%) 29.2 17.6
Anthropogenic Anthropogenic
Natural

PCs > 0.400 are in italics and considered significant.

starting from 2012 to 2014 indicates that majority of
events recorded the pH ranging from 6.00 to 7.00 with
less than 2% events of acidic precipitation in which pH
was less than 5.60.. Approximately, 63.7% of SO4* and
93.3% of NO; , in wet precipitation events at
Peradeniya, were able to be explained by the two inde-
pendent variables, Ca** and NH,*. Further, neutraliza-
tion of acidity of precipitation is much more related to
CaCO; than to NHj3, and higher content of Ca** ions
strongly supports this result. The ratios, SO4> /Na*,
Ca**/Na*, Mg?*/Na*, and K*/Na* are higher than the
reference values, suggesting that marine contribution is
negligible, and contribution of anthropogenic sources is
predominant for these ions. On the other hand, the ratios
of CI'/Na* are less than the reference values indicating
marine influence of CI” ions. It is also found that Zn is
the most predominant element, while Mn is the least.
Investigation of principal component analysis of major
jonic species and elements (Ca>*, SO4*~, Mg?*, Al, Cu,
Fe, Zn, and H") in wet precipitation samples identified
probable anthropogenic sources, such as heavy traffic,
biomass burning, waste incineration, construction activ-
ities, and brass industry, in nearby locations.
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