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Abstract. In this study, chemical composition of the rain water in Mugla was investigated from
February to April 2002. Rain water samples were obtained from Mugla, a small city in south western
Turkey. The Yatagan Power Plant is located 30 km northwest of Mugla city. The values of pH and
the concentrations of major ions (Ca%t, Nat, K*, SOi_, NOy, NH}') in the rainwater samples were
analyzed. The pH varied from 4.5 to 7.7 with an average of 6.9 which was in alkaline range considering
5.6 as the neutral pH of cloud water with atmospheric CO, equilibrium. In the total 30 rain events, only
two events were observed in acidic range (<5.6) which occurred after continuous rains. The equivalent
concentration of components followed the order: Ca>* >S03~ >NH} >NO; >Na*>K*>H*. The
volume-weighted mean (VWM) of the measured ionic sum is 371.62 peq/l. The ratio of between sum
cations and sum anions (} cations /Y anions) is 1.52 ueq/l. The alkaline components (Ca’*, Na*,
K™) contribute 52%, NHZr 8%, whereas, the contribution from the acidic components is relatively
small (40%). The low concentrations of H" found in rainwater samples from Mugla suggest that an
important portion of H,SO4 and HNOj3 have been neutralized by alkaline particles in the atmosphere.
The dust-rich local and surrounding limestone environment might have caused the high concentration
of Ca?* in Mugla area. The relatively high concentration of NH] observed at Mugla is suspected to
be due to surrounding agricultural. The results obtained in this study are compared with those other
studies conducted at various places in the world.
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1. Introduction

The issue of acid precipitation has received more and more attention in the in-
ternational community for the last several decades because of its notable direct
adverse effects on ecosystem and indirect effects on human health. It is primarily
caused by a mixture of strong acids, H,SO4 and HNO3, resulting from fossil fuel
combustion so that it has been observed in many industrial regions, particularly in
North America and Central Europe. The composition of wet deposition actually
reflects the composition of the atmosphere through which it falls. Determination of
composition of rain helps to evaluate the relative importance of the different sources
for gases and particularly matter. Thus the research of chemistry composition of
precipitation has been a primary focus of the field of acid deposition (Galloway
et al., 1983; Lacaux et al., 1992; Smirnioudi and Siskos, 1992; Tuncel and Ungor,
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1996; Gulsoy et al., 1999; Lee et al., 2000; Tuncer et al., 2001; Topcu et al., 2002;
Hu et al., 2003; Kulshrestha et al., 2003; Basak and Alagha, 2004).

The natural acidity of rainwater is often taken to be pH 5.6, which is that of pure
water in equilibrium with the global atmospheric concentration of CO, (330 ppm),
and this pH value of 5.6 has been used as the demarcation line for acidic precipita-
tion. However, CO; is not the only background trace constituent that is capable of
influencing the pH of rainwater. The processes controlling the composition of rain
are complex and influenced by both natural and anthropogenic sources. Rainwater
pH values, in the absence of common basic compounds such as NH3 and CaCOs
may be expected to range from 4.5 to 5.6 due to natural sulfur compounds alone
(Charlson and Rodhe, 1982; Gulsoy et al., 1999; Okay et al., 2002).

The pH of the precipitation is expected to be lower than 5.6 for the areas which
are exposed to strong influence of SO, and NO, gases, and free from any natural
cleansing mechanism of the atmosphere. However, in regions where the atmosphere
is highly loaded with one or more of the alkaline species, such as CaCO3 and NHs,
acidity of the precipitation is through the aerosols containing Ca’>* and NH; ions
(Gulsoy et al., 1999).

The continental sources of CaCOj3 have been linked to the soil type. More than
90% of the emissions are attributed to ‘open sources’, while the remaining are
attributed to the industrial and miscellaneous sources. Traffic on unpaved roads
(67%), wind erosion (28%), and agricultural tilling (5%) can be named as the main
open sources (National Acid Precipitation Assessment Program, 1987). Emissions
from the livestock waste are the dominant source of the ammonia in the precipi-
tation. In the USA, it constitutes 62% of the total ammonia emissions, compared
with 81% in Europe (Buijsman et al., 1987). Fossil fuel combustion, fertilizer pro-
duction, vegetative decomposition including the combustion of agricultural waste
such as straw and stubble, incineration, and waste water treatment are also sources
of ammonia (Gulsoy et al., 1999).

The aim of this study is to gain an initial understanding of the rain water chem-
istry, to identify possible sources that contribute to its chemical composition. The
results obtained in this study are compared with those other studies conducted at
various places in the world.

2. Materials and Methods
2.1. SAMPLING SITE

Mugla is an urban city in Turkey the south-western Turkey (Figure 1). It lies in
south western Turkey (latitude 36°20'-37°31'N and longitude 21°14'-29°15'E)
about 646 m above sea level and about 30 km away from the sea. Figure 1 shows
the map of the sampling site. Mugla’s average rainfall was 121 mm and the daily
mean humidity was 73% with the temperature ranging from the minimum of —2°C
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Figure 1. Map of study area.

to maximum of 38°C in the all year period. The population of city is low (43.845).
The Yatagan Power Plant is located 30 km northwest of Mugla city. The annual
average 18000 tons of coal is burned by houses for heating in Mugla. Yatagan
Thermal Power Plant has a 360 MW energy capacity. There, 1500 tons of coal is
burned daily (Demirak et al., 2005). The large of the Mugla plain is covered by
alluvium which is consist of limestone, clay, silt, sand and gravel (Akalan, 1988).
The rain samples were collected at the terrace of a building in the city center. The
height of the building is around 7 m. In the immediate vicinity of the site, there are
other buildings. In this sampling site, there is heavy traffic. The limekiln and lime
industry is located to the 2 km south of the sampling site.

2.2. SAMPLE COLLECTION

Precipitation samples were collected daily in high density polyethylene containers.
Sample collection equipment used on an event basis were washed with 10% HCI
and then rinsed with double distilled water (DDW). The containers were manually
uncovered and rinsed with deonized water just before each rain event started. A total
of 30 samples had sufficient volume for chemical analysis, which represented about
60% of the total rainfall during the study period. Upon arrival at the laboratory, pH
were measured in situ using a “Hanna” water quality checker. The pH meter was
calibrated before and after each measurement. The samples were filtered through
0.45 um pore size membrane filters and then partitioned into separate aliquots. All
the filtered samples were preserved at 4 °C in a refrigerator until subjected for ion
analysis.
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2.3. CHEMICAL ANALYSIS

The major anions (SO2~, NHI, NOy5') were analyzed by spectrophotometer us-
ing Dr Lange (CADAS 50S). The ammonium ion was determined by the Nessler
Method. The concentration of sulphate ions was determined by the turbidimetric
method basing on the formation of turbidity. Nitrate analyses were performed us-
ing the Cadmium Reduction Method (APHA-AWWA-WPCF, 1994). Na*, K* and
Ca™ were measured by flame photometer JENWAY PFP7). Blanks and standard
samples were run to check accuracy.

3. Results and Discussion
3.1. DATA SCREENING

A total of 30 rain water samples were collected from February to April 2002.
Data quality of each rainwater sample was checked by ionic balance. The data
was rejected if it could not meet the quality criteria, which allowed for a 10%
deviation of the ion balance (ratio sum cations/sum anions) (Melack et al., 1985).
Consequently, three rain water samples were rejected. The linear correlation of sum
cations on sum anions gave 72 value of 0.826 (Figure 2) indicating that the quality
of the data was good. All the correlation results presented in this communication
were calculated using the standard statistical software.
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Figure 2. Sum of cations against sum of anions.
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3.2. MAIN COMPOSITION OF RAINWATER

Volume weighted means and standard deviations of the measured parameters in
the rain water samples of Mugla were summarized in Table I. Cloride was not
included in table since the concentrations of cloride had not above the detection
limit. Magnesium can not be measured by flame photometry. Geometric means and
standart deviations were also included as most of parameters showed log-normal
distribution.

The average pH of rainwater has been observed to be 6.9 which is in the alkaline
range. Figure 3 shows the distribution of the pH in rain water samples. In total
measured rain samples, 92% reflects the pH of rainwater to be in the alkaline range
as compared to (5.6) pH of cloud water at equilibrium with atmospheric CO;.

The concentration of major ionic species has the following order:
Ca’* >S0;” >NH; >NO; >Na* >K*>H*. The high pH can be due to the influ-
ence of dust particles suspended in the atmosphere. These dust particles can be rich
in calcium bicarbonate/carbonate which is a major buffering agent for acidity gen-
erated by sulphuric and nitric acids. The sum of major anions (SO?[ and NOy) is
147 peq/1, while the sum of major cations (Ca?*, NH;", Na*, K+, H") is 225 eq/l.

TABLE I
Chemical composition of rain water samples (ueq/l) in Mugla
H* NO; SO;” Ca¥t K*F Nat NHf pH PRI

AM 0.12 23 124 174 35 17 30 69 152
STD 9.09 16 80 86 3 9 20
GM 0.09 17 92 106 3 16 50
MIN 0.019 6 9 93 1 7 13 4.5
MAX 316 48 307 280 8 30 48 7.7
NS 27 27 27 27 27 27 27 27

AM, arithmetic mean (volume weighted); GM, geometric mean; STD, standard deviation;
NS, number of samples.

pH=45-56
8%

pH=56-7.7
92%

Figure 3. pH distribution in rain water samples.
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From these values a cation excess of 78 ueq/l is observed. The significant anion
deficiency in rain water samples may be due to the exclusion of some anions. The
main anions which may cause the imbalance are bicarbonate, organic ions (formate
and acetate) and NO,, POi_ and Br™. The role of HCO3 becomes very important
due to the highly alkaline nature of soil in Mugla (Akalan, 1988). Since no direct
method is available for the measurement of HCO;, the concentration of HCO3 has
been estimated from the theoretical relation between pH and HCO; When pH is
above 5.6 and the sample is in equilibrium with atmospheric carbon dioxide, the
concentration of HCOj is calculated as follows (Kulshrestha et al., 2003):

[HCO;] — 10—11,2+pH

The above equation could under estimate the concentrations of HCO3'. At very
high pH, the HCO; concentrations so calculated are too high and do not match the
ion balance (Kulshrestha er al., 2003).

The percentage contribution of each ion towards the total deposition is shown in
Figure 4(a). Calcium makes the highest contribution to both total ion concentration
(~47%), and to total cation concentration (~77%). This may be due to dust particles
activities in the region. Contribution of proton is very low (around 0.1%). The
alkaline components (Ca®*, Na™, K) contribute 52%, NH; 8%, whereas, the
contribution from the acidic components is relatively small accounting to 40%
(Figure 4b).The dust-rich local and surrounding limestone environment might have
caused the high concentrations of Ca>* in Mugla. In addition, Mugla is a city in the
coastal Mediterranean. Mediterranean sites are under the influence Saharan dust
including high concentration of Ca** (Basak and Alagha, 2004).

Acidity of the precipitation is mostly dependent on sulfate and nitrate which are
the measure of acid concentrations.

The relatively high NH; and SOi_ concentrations suggest the effect of local
anthropogenic emissions. The high average concentration of SOi_ is due to local
pollution over the city.

3.3. NEUTRALIZATION FACTORS

Calcium and ammonium are known as the principal neutralizing agents of the
acidity. The main source of the calcium is the soil with high CaCOj3 content, and
the source of the ammonium is the ammonium based fertilizers. The role of NH;
and Ca”* has been validated by calculating neutralization factors as follows (Kul-
shrestha et al., 2003):

NFc,= Ca’*/NO; +S0;~
NFxma= NHj /NO; +SO3
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Figure 4. (a) Percentage contribution of each ion towards the total deposition. (b) Percentage contri-
bution of cations, NHy4, and anions.
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For the above calculations, equivalent concentrations of Ca*™ and NH; have been
used. The values of neutralization factor (NF) for Ca’>* and NHZr were 1.18 and
0.20, respectively. This feature suggests that major neutralization has occured due
to Ca’>". On the other hand, Ca** aerosols seem to be a major component for
neutralization of rainwater acidity at most of Turkey sites (Tuncel and Ungor,
1996; Gulsoy et al., 1999; Topcu et al., 2002; Okay et al., 2002; Basak and Alagha,
2004).

3.4. COMPARISON WITH THE LITERATURE

Average ion concentrations for the precipitation of Mugla associated with the liter-
ature data from other urban regions in the world are presented in Table II. The SOi_
concentration (124 ueq/l) was found to be very high when compared with those in
the literature for similar sampling sites on the urban. High SOi_ concentrations are
due to strong SO, emissions. Mugla can be considered with its poor air quality due
to emmisions from central heating and Yatagan Power Plant. The SO, and SOi_
mixture has an average lifetime of 2 to 6 days in atmosphere during which time it
may travel up to 4000 km from its sources (O’Neill, 1993). Therefore, we consider
that Yatagan Power Plant can be effective on level SO}~ concentrations in rain wa-
ter. The SO, concentrations reported by the Public Health Institute were exceeds
400 1g/m? in Mugla in the heating season 2001-2002. The nitrate concentration
(23 pneq/l) was also found to be higher than forest area (Silent Valley) and no point
of pollution area but less than other cities (Table II). During the day, however, NO3
is rapidly broken down by visible light via two possible pathways:

NO; + hv - NO; + O or NO+ 0O,

TABLE II
Comparision of measured ion concentrations (pteq/l) in Mugla with other sites

H* NO; SO~ Ca** Kt Nat NHf pH

This study 0.12 23 124 174 3.5 17 30 6.9
Ankara (Tuncel and Ungor, 1995) 3.7 62 150 210 19 21 12 6.1
Athens (Dikaiakos et al., 1989) 4 942 100 137 67.7 145 219 6.1

Istanbul (Basak and Alagha, 2004) 334 1152 285 574 752 12.8 481
Antalya (Okay et al., 2002) 70 113 140 12.1 450 50 5.17
Gopalpura (Satsangi et al., 1998) 42.6 154 1343 25 194 434

Silent Valey (Rao et al., 1995) 21 20 43 4 46 3
Dayalbagh (Saxena et al., 1996) 17.6 284 839 7.7 548 127

Rize (Balci et al., 2001) 71 33 6.9
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The relative importance of each pathway depends on the wavelength of the radi-
ations involved. Because of the instability of NO3 toward light, highest concen-
trations are observed at night. Even ay night, however, NO3 can be consumed by
reaction with NO, or excess NO,.

NO + NO; — 2NO,
NO; +NO3 <> N>Os5

The dinitrogen pentoxide (N,Os) can react with water, forming nitric acid.
N,05 +H,O — 2HNO;

For this reason, the detectable levels of NOj are observed if the relative humidity is
over 50%. In drier air, the lifetime of NOs is of the order of minutes (Conell, 1997).
Therefore, in the areas which are far away from sea can be low concentrations
of NOj. The concentrations of NOj are very high in coastal areas such as Rize,
Antalya and Athens (Table II).

If sulfate and nitrate ions in the precipitation were completely in the form of
H,SO4 and HNOs, the average pH of the precipitation would be as low as 3.
However, acidity of the precipitation caused by anthropogenic sources may be
neutralized by calcium and ammonium cations as expressed in the other studies
conducted in Turkey (Al-Momani et al., 1995; Tuncel and Ungor, 1996; Gulsoy
etal., 1999).

The average SO?[ is observed to be higher than NO;'. These observations are
similar to that reported at other Turkey sites (Al-Momani et al., 1995; Tuncel and
Ungor, 1996; Basak and Alagha, 2004). The concentrations of Nat and K™ has
been found to be same in rural and urban areas when our results are compared with
that of Rao et al. (1995) and Satsangi et al. (1998). But these values are observed
to be less than other Turkey sites (Table II).

The average ammonia ion is observed to be higher than several sites. In a rural
area, a high concentration of NHJ is usually an indication of agricultural activities.
Ammonia release from the soil to the atmosphere can be low. This shows the
importance of the fertilization can be effective on the NH concentration found in
a rural atmosphere during the period studied here.

3.5. RATIOS

In order to understand the relative contribution of nitric acid to total acid rain
formation in the region studied, the ratios H+/(NO3_ + SOi_) and NO3 (NO3
+ SOi_) have been calculated and the results are shown in Table III. In the first
ratio, the value is very low. Average H*/ (NO; + SOi_) ratio at our site is 0.008
indicating that approximately 99% of the acidity in rain is neutralized at study
period. Although neutralization of rainwater acidity have also been reported in the
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TABLE III
The ratios of H*, NO3 and SO3™ concentrations

Ratio

H*/(NO3 + SO;") 0.008

NOj; /(NO; + SO;) 0.156

NO; /S0~ 0.185

samples collected at the Mediterranean, Black Sea and Aegean coasts of Turkey,
neutralization of approximately 95% of rainwater acidity at the Central Anatolia
is significantly higher than 60% neutralization reported in other studies (Tuncer
et al.,2001). The second ratio [NO; /(NO5 + SOi_] is found as 0.156. This shows
that about 15.6% of the total nitrates and sulfates in the rain samples are due to
nitrates. It can be assumed that approximately 74.4% of the acid rain is caused by
the acidification with sulfuric acid formed from SO, and 15.6% with nitric acid
coming from nitrogen oxides. On the other hand, the ratio of nitrate concentration
to sulfate concentration in precipitation is found as 0.185 (Table III). It is indicated
that there are less NOj ions per each SO}~ ion in the samples. Takahashi and
Fujita (2000) explained the relative contribution of H,SO, and HNOj to the acidity
of precipitation using the ratio of NO5 concentration to SOi_concentration. Based
on previous discussions, following mechanism can be proposed for neutralization
of acidity in rain arriving to the Anatolian plateau. There is extensive transport
of pollutants including acids from sources in Europe and northwestern parts of
Turkey to the plateau. Approximately 60—70% of the transported acidity is in the
form of H,SO4 and 30—40% is in the form of HNO3. More than 90% of the acids
transported to the Central Anatolia are neutralized both during transport from their
source regions to the receptor site and locally at the region (Tuncer et al., 2001).

3.6. CORRELATION

Table IV shows the linear regression correlation among the ions present in pre-
cipitation. Most of the well correlated pairs have common sources or occur in
precipitation as a result of atmospheric chemistry. We considered the correlation
as good if the value is 72 > 0.6 and if the 7 value is 0.4 < 1* < 0.6 we considered
the correlation as marginal. The SOﬁ_ shows good correlation Ca®* and NHI. Itis
very interesting to see that SOi_ has been observed to be well correlated with Ca®*
as well as NHI. Ca’* is a major earth crust component while NHI mainly comes
from anthropogenic activities. Association of SOﬁ_ with both Ca?* and NH; sug-
gests its origin from crustal as well as anthropogenic sources. The possibility of
SOi_ association with Ca®* is in the form of CaSOy due to the gypsiferous nature
of the crust. In addition, dry deposition of SO,/H,SO, on dust particles during dry
weather conditions can also contribute significant CaSO, (Kulshrestha ez al., 2003).
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TABLE IV
The linear regression correlation among the ions present in precipitation
H* K+ Na* Ca’* NH; NOj S0
H* 1.
K* 0.22 1
Na* 0.01 0.08 1
Ca** 0.56 0.30 0.16 1
NH/ 0.50 0.33 0.13 0.47 1
NOy 0.06 0.15 0.41 0.12 0.12 1
SO~ 0.39 0.56 0.30 0.67 0.67 0.22 1

The SOﬁf and NOj are probably well correlated because of the similarity in their
behavior in precipitation and co-emission of their precursors SO, and NO,. But
the correlation between SO?{ and NOj is not good in this study. The linear regres-
sion coefficient between them in this study is 0.22. The lack of a good correlation
might due to different oxidation mechanisms other than photochemical processes
for these parameters. NH; and SOZ_ were correlated higher than that with NO5'.

4. Conclusion

e The pH of rainwater at this site varied from 4.5 to 7.7 with an average of 6.9
which is in the alkaline range.

e The levels of concentration of components were similar to those at other Turkey
sites.

e SO; has been observed to be well correlated with Ca?* as well as NH;. Asso-
ciation of SO;~ with both Ca?* and NH suggests its origin from crustal as well
as anthropogenic sources.

e Ca’'seem to be a major component for neutralization of rainwater acidity.

e This study indicated that the chemistry of dry deposition of SO, is a very impor-
tant phenomenon. High SO?[ concentrations are due to strong SO, emissions.
Mugla can be considered with its poor air quality due to emmisions from heat-
ing and Yatagan Power Plant. The low concentrations of H found in rainwater
samples from Mugla suggest that an important portion of HSO4 and HNOj3 have
been neutralized by alkaline particles in the atmosphere.

e The dust-rich local and surrounding limestone environment might have caused
the high concentration of Ca?>* in Mugla area. The relatively high concentration
of NH} observed at Mugla is suspected to be due to surrounding agricultural
activity.
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