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ABSTRACT
A mercury-cell chlor-alkali plant operated 50 years in Kaštela Bay (situated in the middle of eastern Adriatic coast) near the town of Split. Even after 28 years the abundant cell house is still a hazardous source of the total gaseous mercury. Measured concentrations in the air (2.1 – 9.6 µg m-3) could possibly present Hg-pollution of 9 km distant source of Jadro River. This source is used as a drinking water supply for the town of Split.

The aim of the work was to find how far mercury is transported. 

Total mercury was measured in the air, in soils near the factory and stream sediments of Jadro River. The overall study showed that mercury pollution is localized to specific sites, that concentrations are highly variable and that at 600 m from pollution source they are < 0.2 mg kg-1. At the source of Jadro River concentration of mercury in stream sediment was < 0.06 mg kg-1 in the year 2001. This result was confirmed later by Croatian Waters by monitoring mercury from years 2010 to 2015.

The reason that Hg pollution is not spread to the source of Jadro River, situated east from pollution source can be explained by local winds, measured by State meteorological and hydrological service. The rose of the winds shows that western winds are not predominating. 

The conclusion is that nature itself prevented anthropogenic pollution of the precious drinking water supply.
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INTRODUCTION AND STUDY AREA
The present work is an extension of our earlier published studies of mercury pollution in Kaštela Bay [1, 2, 3]. In those papers are given numerous references since the time we were pointing on the possible Hg environmental problems in the studied region. 

History of polyvinyl chloride (PVC) production in Croatia was described [4]. The factory named “Jugovinil” was built in 1949 between Kaštel Sućurac and Kaštel Gomilica. That time it was in uninhabited area. It was one of the biggest PVC factories in Europe. There were years with development of “Jugovinil”, but after 1990 a series of problems occurred. Since year 2001 PVC production in Croatia was closed completely. 

Mercury cell chlor-alkali plant, even it was closed for many years, is obviously sitting on heavily contaminated sites that continue to release mercury in the surrounding environment. However, there are plans to remove old ruins of “Adriavinil” (successor of “Jugovinil”) and to build a tourist complex instead [5]. As reported in epilogue of reference [4], it is planned to contain several hotels, marina, sport terrains, shopping centre, flats, two museums and a church.   
Jadro River is located under the west most part of Mosor Mountain at about 33.5 m above sea level. Its length is 4.35 km, with hydrological drainage area of about 250 km2. It flows through town Solin and its estuary is located at the eastern edge of Kaštela Bay, which is the biggest bay in Middle Dalmatian coast of Croatia. Jadro is a typical karstic river, with flow varying from 4.54 m3s-1 to 63 m3s-1. Mean flow is 9.6 m3s-1. Five torrents flow into Jadro River and they have big impact on its water regime. Jadro River is very important as its water is used for water supply of Split, Solin, Kaštela, Trogir and nearby settlements. From them Split is the biggest water consumer. In greatest part of its flow, Jadro River is regulated. First regulation works date from year 1910 and from 1979 bigger regulation works are performed. Jadro River presents a special natural phenomenon, which gives a special atmosphere to this area. This short river is studied as an example of a relatively unpolluted river which enters the most mercury polluted bay of Croatia. Mentioned locations are presented in Figure 1.
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Figure 1. Map of the study area with location of abundant factory and three sediment sampling locations on Jadro River

The aim of the work was to measure concentrations of total mercury in soil around the pollution source in the PVC factory and find out which direction was pollution distributed. We aim to determine concentrations of mercury in sediment and water of Jadro River, particularly in its source. 

EXPERIMENTAL
Sediment cores were taken using short (20 cm long, 10 cm diameter) plastic tubes. Soil samples were taken from the surface. Samples were air dried. Sediments were sieved in coarse- (63µm – 2000 µm) and fine- (< 63µm) fraction. Soil samples were sieved to obtain fraction < 2000 µm, which was used for analysis. Unfiltered water samples were collected in Jadro River at the same stations as sediment samples. Method for determination of total Hg and methyl Hg in water are described in reference [1]. The map of locations of 40 soil samples are presented in Figure 2. Exact geographical coordinates are presented in Table 1 later in Results and discussion section. 
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Figure 2. Locations of soil sampling around the PVC factory (KS is used to describe Kaštela soils)
Experimental methods for sediment and soil samples are described in details in references [1] and [6]. CVAAS (Cold Vapour Atomic Absorption Spectrometry) method was used for mercury measurments. This method requires conversion of all forms of mercury to Hg 2+ (acid , oxidative digestion) and its reduction to Hg0 by Sn2+ solution (10% SnCl2 in 20% H2SO4), adsorption/desorption on Au-wire and detection of Hg0 vapour by Elemental Mercury Detector (a mercury MonitorTM3200 by a Thermo Separation Products).  For the total mercury measurements the soil sample were treated/decomposed in a closed quartz vessel (pressure about 3 bars) with mixture of 10 ml  of nitric and perchloric acids at 140 0C. For each sample a known amount of astandard Hg solution was subsequently added for the calibration purposes. The actual mercury concentration obtained was corrected with the average blank value of the system. The detection limit of such CVAAS system is 5 pg with the linearity range from 5 to 10000 pg. The detectin limit of the method for soil and sediment samples is 0.01 ng g-1. The reproducibility is 2% for concentrations >200 ng g-1 and  10% for concentrations >1 ngg-1. The efficiency is > 90% for solid matrices.
RESULTS AND DISCUSSION

Gaseous mercury was measured in the air of closed chlor-alkali plant in which there are neither windows nor doors, as shown in Figure 3.
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Figure 3. Former PVC factory without doors and windows (Foto: Neven Cukrov)        
Concentrations of mercury in the air were between 2.1 and 9.6 µg m-3. Outside the factory in diameter up to 1000 m gaseous mercury was between 0.015 and 0.400 µg m-3 determined in 20 samples.

Soil samples were analyzed on total mercury and concentrations are presented in Table 1 together with geographical coordinates of each location. 

Table 1. Geographical locations of sampling stations and total mercury concentrations (mg kg-1 dry wt.) in soil round the pollution source in the PVC factory in Kaštela Bay

	sample
	Geographical coordinates
	(a) Hg (mg kg-1)
	(b) Hg (mg kg-1)

	1
	Inside the factory
	3.139
	-

	2
	Inside the factory
	2.573
	-

	3
	N 43°32’771” E 16°25’059”
	2.035
	-

	4
	N 43°32’766” E 16°25’096”
	2.198
	-

	5
	N 43°32’761” E16°25’108”
	0.939
	-

	6
	N 43°32’721” E16°25’185”
	0.273
	-

	6A
	N 43°32’714” E 16°25’185”
	1.125
	-

	7
	N 43°32’696” E 16°25’188”
	2.299
	-

	8
	N 43°329717” E 16°25’241”
	0.786
	-

	9
	N 43°32’792” E 16°25’282”
	0.812
	-

	10
	N 43°32’753” E 16°25’362”
	0.416
	-

	11
	N 43°32’762” E16°25’451”
	0.193
	-

	12
	N 43°32’007” E16°25’059”
	11.052
	4.452

	13
	N 43°32’845” E 16°25’059”
	1.058
	1.432

	14
	N 43°32’866” E 16°25’033”
	0.893
	-

	15
	N 43°32’935” E 16°25’088”
	0.204
	-

	16
	N 43°32’995” E16°25’113”
	0.032
	-

	17
	N 43°32’762” E 16°24’747”
	1.35
	0,990

	18
	N 43°32’761” E16°24’438”
	0.49
	-

	19
	N 43°32’756” E 16°24’400”
	0.285
	0.350

	20
	N 43°32’783” E 16°24’433”
	0.27
	-

	21
	N 43°32’768” E16°24’868”
	14.799
	-

	22
	N 43°32’848” E16°24’858”
	0.263
	-

	23
	N 43°32’853” E16°24’945”
	1.03
	5.014

	24
	N 43°32’685” E 16°25’662”
	0.193
	0.211

	25
	N 43°32’810” E 16°24’176”
	0.043
	-

	26
	N 43°32’836” E 16°24’082”
	0.35
	-

	27
	N 43°32’848” E 16°24’259”
	0.33
	-

	28
	N 43°32’977” E 16°24’261”
	1.32
	-

	29
	N 43°33’829” E 16°24’406”
	0.450
	-

	30
	N 43°32’437” E 16°24’285”
	0.800
	-

	31
	N 43°32’986” E 16°24’364”
	0.520
	-

	32
	N 43°33’009” E 16°24’426”
	0.060
	-

	33
	N 43°33’096” E 16°24’392”
	0.060
	-

	34
	N 43°33’162” E 16°24’241”
	0.140
	-

	35
	N 43°33’182” E 16°24’085”
	0.480
	-

	36
	N 43°33’006” E 16°24’014”
	0.490
	-

	37
	N 43°32’895” E 16°24’445”
	0.100
	-

	38
	N 43°32’960” E 16°24’427”
	0.150
	-

	39
	N 43°32’473” E 16°24’532”
	0.220
	-


a) Measured in 2006

b) Measured in 2013, only selected samples

· Not measured

The most polluted soil samples (>11 mg kg-1) are 12 and 21. Sample 12 is located at the eastern edge of the industrial complex, while sample 21 is located approximately in the center of the complex. Samples 1, 2, 3, 4 and 7 have concentrations >2 mg kg-1. 
Mercury pollution is localized to specific sites and concentrations are highly variable. 600 meters from pollution source toward east, north and west from pollution source they are <0.2 mg kg-1. 

Concentrations of mercury were measured in sediments and water of Jadro River, which is a source of drinking water and enters the most mercury polluted bay of Croatia. Results of total mercury and methylmercury concentrations in sediments of Jadro River (three locations J1-J3) and of marine sediment of Kaštela Bay about 200 m from the factory (1B) are presented in Table 2, for comparison of clean Jadro River with polluted environment in Kaštela Bay.

Table 2. Total mercury and methylmercury concentrations (µg kg-1 dry weight) in sediment fractions of the Jadro River and of the Kaštela Bay

	Sampling location
	fraction (μm)
	Total Hg
	Me Hg
	Me Hg / 

Total Hg (%)

	Jadro 1
	63-2000

<63
	15.7

66.3
	0.56

2.70
	3.57

4.07

	Jadro 2
	63-2000

<63
	50.0

67.0
	0.90

1.80
	1.80

2.69

	Jadro 3
	63-2000

<63
	679.0

617.0
	1.60

1.30
	0.24

0.21

	Kaštela 1B
	160-2000

80-160

40-80

<40
	47,300

41,200

36,600

39,400
	15

15

16

8
	0.03

0.04

0.04

0.02


Sampling location Jadro 1 is located at the source of the river, while Jadro 3 is located at the river estuary. 
Determination of total mercury and methylmercury concentrations in water of Jadro River are presented in Table 3.
Table 3. Total mercury and methylmercury concentrations (ngL-1) in water of Jadro River

	Sampling location
	Total Hg
	Me Hg
	Me Hg / 

Total Hg (%)

	Jadro 1, surface wat.
	1.15
	0.12
	10.43

	Jadro 2, surface wat.
	1.15
	0.15
	13.04

	Jadro 3, surface wat.

bottom w. 2 m, S=38
	1.30

13.0
	0.50

0.20
	38.46

1.54


Croatian waters are monitoring mercury in sediments (fraction <63 µm) at the source of Jadro River since 2010. The values of total mercury in sediment varied between 10 and 104 µg kg-1 (average value 50 µg kg-1). The results are modified from Report of Croatian Waters [7].
CONCLUSION
The current study evaluated state of Hg-pollution in air, soils, sediments and waters of the area around the abundant chlor-alkali plant “Jugovinil” located in Kaštel Sućurac, near Split (Croatia).  

This study has shown that Hg (0), which is the most important species emitted from chlor-alkali plant, was detected within the closed factory “Jugovinil”. Abundant factory was years long without doors and windows, so wind could spread the pollution out of it. 

Concentration observed in air in 20 samples (2.1 – 9.6 µg m-3) could possibly present Hg pollution of drinking water supply at the source of Jadro River, which is only 9 km distant in east direction.
Results have shown that most polluted soil samples are located within the abundant industrial complex. Mercury concentrations are highly variable. However, 600 meters from pollution source mercury concentrations are < 0.2 mg kg-1.

Analysis of sediments and water of Jadro River show that Hg pollution was not spread toward East direction from “Jugovinil” factory. This can be explained by local winds in that region, described in 1978 [8]. From the windrose presented in quoted article, it is obvious that Jugo (southern) and Bura (northern) winds are predominating. It is also obvious that west winds blowing toward east are rare in the studied region. Thus nature itself prevented anthropogenic pollution of Jadro River source, which is extremely important drinking water supply for town of Split and surrounding region used since Roman time (end of 3rd and beginning of 4th century A.D.). 
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