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ABSTRACT
Assessment of selected (trace) elements and nitrate along the 26.7 km long Radonja River (Croatia) was examined with the purpose of testing the ability for small rivers to serve as a model for identification of sources and dispersion of common environmental contaminants. The Radonja River rises and flows through specific geological region of the Petrova Gora Mt. (507 m a.s.l.). It is located in the middle part of Croatia, with the Vojnić town (~5,000 inhabit.) as the largest settlement along the whole river course. Two sampling campaigns, covering high and low water flow, were conducted at 13 sampling locations. Concentrations of 23 elements in filtered and unfiltered samples were analysed using HR ICP-MS, while second campaign included also analysis of nitrates. Concentrations of most elements were higher during second sampling campaign in both fractions, when water level was low. Concentrations of majority of elements significantly increased downstream of Vojnić town, whose industrial and sewage waters are discharged into the river. In the whole lower river course concentrations of those elements remained high, indicating significant anthropogenic influence, and absence of self-purification process. However, there are some exceptions like Fe and Mn, whose concentrations are highest in the uppermost part of the river in the Petrova Gora Mt. and are caused by rock composition and ore occurrences in this mountain. Concentrations of nitrates in the uppermost part of the river, which is almost uninhabited, are very low (<0.5 mgL-1). Downstream Vojnić town they increase to over 3.5 mgL-1 and remain approximate at this value up to confluence with Korana River. Nitrates served as a very good tracer to identify Vojnić town and other downstream smaller, mostly agricultural settlements as pollution sources.
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INTRODUCTION
While many elements are naturally present in the aquatic ecosystems at low concentrations (which is primarily related to the local geology), various anthropogenic activities could considerably increase their level. According to the water quality guidelines of the European Water Framework Directive, Hg, Pb, Cd, Ni are on the list of priority, while Cu, Cr, As, Zn are on the list of other specific chemical dangerous substances. Although some of those elements are micronutrients, others are ecotoxic even at low concentrations, and thus many research studies are focused towards their role as contaminants. Determination of spatial and temporal distribution of trace element concentrations as well as the physico-chemical parameters is necessary to access a background status and estimate natural and anthropogenic sources of ecotoxic metal(oid)s [1].
Geochemistry and the state of organic pollution of Kupa River drainage basin, which part is Radonja River, were described in details by Frančišković-Bilinski [2, 3, 4]. Radonja River was found to be under the predominant influence of Petrova Gora Mt. metalogenic zone. In mentioned papers stream sediments were investigated in all parts of the Kupa River drainage basin, but water was not investigated. In quoted papers [2, 3] Radonja River was covered by one sampling point, at location Zimić-Okić, which is located close to location RAD10 from the current research. There was also one location on Budačka Rijeka, tributary of Radonja, whose location is near the location RAD12 from the current research. The research of Frančišković-Bilinski [2, 3] found that second most significant anomaly of elements in sediments in the whole Kupa River drainage basin was the anomaly of manganese in Radonja River. This was the only extreme concentration of Mn in the whole Kupa River drainage basin. At this location Pb extreme was also present and this was the second Pb extreme according to concentration in sediments of the whole Kupa River drainage basin. The only Zn anomaly in sediments in the whole Kupa River drainage basin is also located in Radonja River. These anomalies were prescribed to be of natural origin from the metalogenic zone of the Petrova Gora Mt. Statistical analysis showed their correlation with Carboniferous rocks and with Triassic rocks, in which ophiolites are present. It is also interesting to mention that in the quoted research increased values of Mn in sediments of Korana River, downstream Radonja inflow were found, what is proving its downstream transport. 

Bilinski et al. [5] performed research on proposing of using of multi-instrumental approach for the physico-chemical characterization of stream sediments as an aid to environmental monitoring and pollution assessment. In that research four most anomalous sediment samples from the Kupa River drainage basin were investigated. One of them was Radonja River sample and all of them were from the metalogenic zone of Petrova Gora Mt. As far as we know there were no other studies on geochemistry of water and sediments on Radonja River. 
The aim of the present work was to explore the ability of small rivers to serve as models for geochemical studies of (potential) contaminants behaviour (e.g. heavy metals), providing useful information to elucidate specific anomalies, as exemplified above with heavy metals in sediment. For this purpose we selected Radonja River (Croatia) due to its geologically specific metalogenic zone, with potential anthropogenic point and diffuse contaminant sources. In this work, identification of sources and distribution of heavy metals (and other elements) and nitrates as typical natural and urban contaminants, were studied in details.
STUDY AREA

Study area is presented in Figure 1. It covers the whole length of Radonja River (Croatia) of 26.71 km, which is tributary of Korana River, a part of the Kupa River drainage basin and one of its most important tributaries. Kupa River drainage basin is situated at the southern part of Danube basin and covers 10052 km2. Most of its part is situated in Croatia, and minor parts are in Slovenia and Bosnia and Herzegovina. Radonja River and whole Kupa River drainage basin are described in details by Frančišković-Bilinski [2] and data presented here are taken from there. 
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Figure 1. Location of study area and position of sampling stations along the Radonja River and its tributaries.
Radonja River rises from the Petrova Gora Mountain. It flows mostly along the boundary between the Carboniferous rocks, mostly clastites and Middle Triassic rocks. In its lower and middle flow, Radonja Valley is covered with Quaternary deposits. Petrova Gora is a lower mountain range (highest peak Petrovac, 507 m a.s.l.), which has surface of about 300 km2. It is located in the middle part of Croatia, about 50 km south of Zagreb, between towns of Vojnić and Gvozd in Croatia and Velika Kladuša in Bosnia and Herzegovina. It is rich with streams, which limb this mountain by deep valleys, which are drained to Kupa River by its tributaries Glina, Radonja and Utinja. 
In Petrova Gora Mountain there are several ore occurrences, which could influence concentrations of heavy metals in river water and sediments. Among other, following ores are present: Cu-Pb sulphides, siderite, barite, low manganese hematite, manganese oxides, limonite, galena, etc.
MATERIALS AND METHODS

Sampling and field measurements of physico-chemical parameters

A network of 13 sampling stations was organized to cover equally all parts of Radonja River and is numbered consequently from RAD1-RAD13. Twelve sampling stations are located on Radonja River itself, while two stations are located on tributaries: RAD4 on Muljava and RAD12 on its largest tributary Budačka Rijeka close to its confluence with Radonja. First sampling campaign was performed on 27th October 2010, during an extremely rainy period. Water levels were very high; even some lower grounds along river banks were flooded during the sampling day.  Second sampling campaign was performed during 23rd and 24th May 2011, during the warm and dry period. 

In Table 1 are presented data about exact position of all sampling locations, together with physico-chemical parameters measured during the first sampling campaign. Also, positions of sampling stations are shown in Figure 1 in previous chapter.

For determination of total (unfiltered) element concentrations, sample is taken directly into the precleaned LDPE bottle (125 mL) within the stream (3× pre-wash of bottle with ambient water). Syringe filters with nominal pore size of 0.2 µm were used for collection of filtered sample for determination of dissolved fraction (on-site filtration). Sample for filtration was taken directly within the stream with the trace metal clean syringe (60 mL). At each site, before taking final sample, syringe was rinsed at least 5 times by ambient water. Syringe is filled by positioning opening against water flow to avoid contamination of water. First few mL of filtered sample was discarded to avoid possible contamination from the filter. Blank test of capsule filters and syringes were performed in laboratory and no contamination was found for any element. Samples for metals analysis were acidified in laboratory by addition of concentrated nitric acid (Fluka, TraceSelect) - 250 µL on cca 125 mL of water.

Table 1. Description of sampling locations in the Radonja River valley and in-situ measured physico-chemical parameters

	Station
	Coordinates
	Location – River 
	Temp.

(°C)
	pH
	Redox

(mV)
	O2
(mg/L)
	EC

(µS/cm)

	RAD1
	45°18'7.43"N

15°46'28.61"E
	Source – Radonja 
	7.1
	7.97
	20.2
	11.6
	23.3

	RAD2
	45°18'30.88"N

15°46'34.04"E
	Near source – Radonja 
	7.6
	7.92
	45.5
	11.66
	20.57

	RAD3
	45°18'58.71"N

15°46'39.47"E
	Before Muljava confluence – Radonja
	7.7
	7.75
	14.2
	11.8
	34.8

	RAD4
	45°19'1.88"N

15°46'53.89"E
	Before inflow to Radonja – Muljava (tributary)  
	7.7
	7.94
	48.8
	11.74
	38.9

	RAD5
	45°19'6.04"N

15°46'34.78"E
	After Muljava inflow – Radonja 
	8.1
	7.78
	34.7
	11.75
	40.6

	RAD6
	45°18'45.28"N

15°42'48.66"E
	Jurga (before Vojnić town) – Radonja 
	9
	7.52
	91.6
	11.13
	55.1

	RAD7
	45°19'41.65"N

15°41'34.32"E
	Vojnić – Radonja 
	9
	7.64
	65
	11.1
	91.8

	RAD8
	45°20'43.59"N

15°40'41.68"E
	Knežević Kosa – Radonja 
	8.7
	7.78
	88.1
	10.4
	171

	RAD9
	45°21'40.47"N

15°39'55.17"E
	Živković Kosa – Radonja 
	8.9
	7.75
	82.6
	10.37
	162.9

	RAD10
	45°22'35.89"N

15°38'50.31"E
	Zimić – Radonja 
	8.6
	7.55
	91.5
	10.22
	151.9

	RAD11
	45°22'26.11"N

15°36'37.63"E
	Tušilović, bridge on D1 road – Radonja 
	8.6
	7.88
	97.3
	10.03
	225

	RAD12
	45°20'45.56"N

15°36'41.46"E
	Budačka Rijeka village – Budačka rijeka (tributary)
	8.8
	7.97
	95.9
	10.42
	296

	RAD13
	45°22'54.61"N

15°36'32.49"E
	Before confluence with Korana – Radonja 
	8.5
	7.82
	99
	9.97
	212.7


Physico-chemical parameters (temperature, pH, redox potential, dissolved oxygen and conductivity, EC) were measured in-situ (in the river main body and in each source) by HACH HQ40d portable multi-parameter instrument with associated probes.
Determination of elements in water using ICP-MS

High Resolution Inductively Coupled Plasma Mass Spectrometer (HR ICP-MS, Element 2, Thermo Finnigan, Bremen, Germany) was used for the determination of element concentrations. The samples for the analyses were prepared in pre-cleaned polyethylene tubes by adding 100 µL of concentrated HNO3 and 50 µL of In(115) internal standard (0.1 mg/L) into 5 mL of a sample aliquot. Quality control (QC) of HR ICP-MS measurements was checked by the determination of elements concentration in "River Water Reference Material for Trace Metals" (SLRS-5, National Research Council Canada). For most elements, a good agreement with the certified data was obtained.

Determination of nutrients in water 

Nitrate concentration was determined by standard UV-Vis spectrophotometric method for fresh water samples using Perkin Elmer Lambda 45 instrument. Sample for measurement is prepared by addition of 1 M HCl. UV-Vis spectra were recorded between 400 and 190 nm. A typical increase of nitrate absorbance at 220 nm was observed with increasing concentration. To eliminate possible positive bias of coloured dissolved organic matter (CDOM), calibration plot was constructed by using 2nd derivative approach. Nitrate QC standard from GEMS intercalibration exercise (UNEP) was used for quality check; measured concentration of nitrate was within the expected range. Results are expressed on the base of nitrogen concentration (NO3-N i.e. mg-N/L).
RESULTS AND DISCUSSION
Distribution of physico-chemical parameters

Spatial distribution of physico-chemical parameters measured in-situ during the first sampling campaign in October 2010 (Table 1) are shown in Figure 2.
Temperature of river water was 7.1°C near the river source. This temperature is very similar to temperatures of Kupa and Rječina springs reported by [6], which both were 7.3°C. Temperature around these values is characteristic for majority of springs in this part of Croatia. From spring temperature is rising until Jurga, about 7 km downstream, where it reaches 9°C, what is normal water temperature in rivers for the end of October. Flowing downstream temperature slightly dropped to 8.5°C before confluence of Radonja with Korana River. 

pH varies between 7.5 and 8. At the river source it is highest, 7.97. Going downstream it decreased significantly until Jurga, from where it starts again to rise, then there is again a decrease and increase until its inflow into Korana River, where the value is 7.82.
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Figure 2. Distribution of physico-chemical parameters downstream Radonja River
Dissolved oxygen had concentration 11.6 mgL-1 at the Radonja River source, what is similar concentration as at Kupa River source and upper flow of Rječina River [6]. In the uppermost flow of Radonja river oxygen concentrations slightly increase up to 11.8 mgL-1, while after sampling station Jurga, where inhabited area begins, they start to decrease until the end of the river. Decrease of oxygen concentration is highest after Vojnić town and before the confluence with Korana River it is 9.97 mgL-1, which is indication of pollution caused by urban effluents [7].  

Electric conductivity (EC) was at the Radonja River source very low (23.3 µScm-1), what is about 10 times lower than values reported for Kupa and Rječina springs [6]. This could be due to the fact that Kupa and Rječina springs are situated in carbonate rocks, which dissolve in water much more than magmatic rocks, which are present around Radonja River source.  Going downstream, soon after spring, EC values start to increase, especially after Vojnić town. In the downstream part of the river values are above 200 µScm-1, what are values comparable with those in upper Kupa River and in Rječina River [6]. This significant increase of EC is result of anthropogenic pollution, mostly from Vojnić town [7].
Distribution of elements
Average and minimum/maximum dissolved concentrations of all measured elements (in filtered water samples), as well as dissolved fractions (ratio between dissolved (filtered) and total (unfiltered) concentration of elements) for both sampling campaigns are presented in Table 2, whereas concentrations (dissolved) of 8 selected elements (Zn, Cd, Pb, Cu, Ni, Cr, U and As) in downstream direction during both field campaigns (October 2010 with very high water level and May 2011 with low water level) are presented in Figure 3. Their behaviour will be briefly described.

Table 2. Average (minimum/maximum) concentrations of dissolved elements (CD) and dissolved fraction (D-frac*) for two sampling campaigns

	
	Average (Min/Max)

	
	October 2010
	May 2011

	Element
	CD (µg/L)
	D-frac*
	CD (µg/L)
	D-frac*

	Li
	0.803 (0.274/1.597)
	0.78 (0.46/1.00)
	1.490 (0.767/2.453)
	0.87 (0.68/0.94)

	Rb
	0.996 (0.761/1.337)
	0.79 (0.67/0.99)
	0.964 (0.730/1.413)
	0.89 (0.82/0.96)

	Cd
	0.006 (0.003/0.011)
	0.46 (0.30/0.75)
	0.009 (0.002/0.033)
	0.37 (0.18/0.75)

	Sb
	0.064 (0.031/0.078)
	0.84 (0.71/1.00)
	0.112 (0.049/0.395)
	0.92 (0.84/1.00)

	Cs
	0.007 (0.005/0.009)
	0.25 (0.14/0.44)
	0.006 (0.002/0.018)
	0.27 (0.11/0.54)

	Tl
	0.003 (0.002/0.004)
	0.61 (0.38/1.00)
	0.003 (0.002/0.005)
	0.74 (0.50/1.00)

	Pb
	0.166 (0.040/0.384)
	0.14 (0.07/0.25)
	0.598 (0.043/3.444)
	0.20 (0.09/0.36)

	U
	0.166 (0.008/0.435)
	0.61 (0.23/0.86)
	0.223 (0.006/0.553)
	0.82 (0.27/1.00)

	Al
	33.3 (14.1/53.3)
	0.40 (0.15/0.62)
	12.9 (4.9/37.9)
	0.09 (0.04/0.20)

	Ti
	1.899 (0.575/3.838)
	0.35 (0.28/0.46)
	0.208 (0.072/0.704)
	0.16 (0.04/0.42)

	V
	0.248 (0.057/0.46)
	0.44 (0.35/0.52)
	0.316 (0.078/0.644)
	0.51 (0.23/0.63)

	Cr
	0.141 (0.07/0.243)
	0.50 (0.38/0.71)
	0.129 (0.104/0.158)
	0.39 (0.12/0.83)

	Mn
	17.4 (5.70/41.7)
	0.49 (0.29/0.73)
	67.4 (11.1/166.9)
	0.71 (0.18/0.91)

	Fe
	74.5 (38.9/97.2)
	0.34 (0.23/0.57)
	171.8 (66.0/379.9)
	0.31 (0.12/0.64)

	Co
	0.078 (0.059/0.109)
	0.41 (0.27/0.62)
	0.137 (0.068/0.572)
	0.44 (0.17/0.72)

	Ni
	0.375 (0.216/0.482)
	0.70 (0.54/0.82)
	0.338 (0.217/0.555)
	0.58 (0.45/0.81)

	Cu
	0.370 (0.129/0.607)
	0.67 (0.46/0.89)
	0.417 (0.335/0.572)
	0.65 (0.37/1.00)

	Zn
	1.081 (0.316/2.356)
	0.46 (0.31/0.88)
	5.56 (1.93/12.56)
	0.66 (0.10/1.00)

	Sr
	32.4 (8.7/56.7)
	0.98 (0.95/1.00)
	56.4 (14.2/95.4)
	1.00 (0.95/1.00)

	Ba
	13.6 (3.9/22.8)
	0.86 (0.71/0.94)
	19.0 (5.80/32.2)
	0.88 (0.64/0.98)

	As
	0.300 (0.174/0.386)
	0.74 (0.53/1.00)
	0.618 (0.350/0.904)
	0.86 (0.66/1.00)


* - ratio between dissolved and total concentration of elements
Zn concentrations were significantly higher in May 2011 on all locations. In October 2010 concentrations were extremely low in its upper course, while downstream from Vojnić concentrations slightly increased, what is due to anthropogenic influence. In May 2011 the highest Zn concentration was measured at the Radonja River source. This is most probably caused by composition of rocks of the Petrova gora Mt., as there are no known anthropogenic influences. Water levels were very low during this sampling campaign, so influence of rock weathering was higher than during high water levels, when there was significant dilution of some elements. Going downstream Zn concentrations decreased significantly up to Vojnić town, after which they increased due to anthropogenic influence and then again gradually decreased in direction of confluence with Korana River.

Cd and Pb behaviour is very similar. Their concentrations in the upper flow were low and very similar during both sampling campaigns, while in the lower flow of Radonja River there are differences between them. In October 2010 downstream of Vojnić town Cd concentrations slightly increased due to anthropogenic influence, while in May 2011 increase downstream of Vojnić was much more intense. On last two sampling stations concentrations dropped to approximate same levels as in October 2010.

Cu concentrations in October 2010 increase with a constant trend along the whole course of Radonja River. In May 2011 concentrations are fluctuating, but there are no significant differences between upper and low part of the river.
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Figure 3. Concentrations of 8 selected elements in downstream direction

Ni concentrations in October 2010 have a slight increasing trend along the whole river course, while in May 2011 there is a slight decreasing trend in downstream direction. Differences in concentrations are highest in the uppermost part of the river, where concentrations from May 2011 were much higher than those from October 2011. 

Cr concentrations in October 2010 have a slight increasing trend along the whole river course, while in May 2011 concentrations are rather uniform along the whole river course. 

U concentrations have the same behaviour during both sampling campaigns, with the note that in May 2011 concentrations were slightly higher than in October 2010. In the upstream course of the river U concentrations are extremely low and after reaching inhabited area they start to increase. This could be to agriculture, from the use of phosphate fertilizers, for which is known to contain U, but also Cd [8, 9].

As concentrations are significantly higher in samples taken in May 2011 than in those taken in October 2010. Concentrations are rather uniform along the whole river course, with one exception – in May 2011 concentrations were a bit elevated in the upper course of the river. 

Fractionation of elements

Based on the water quality guidelines, concentrations of trace elements (metals) are reported as operationally defined dissolved fraction (filtered through 0.45 or 0.2 µm filter). This is because their bioavailability/toxicity is more related to dissolved than total concentrations. However, the optimal would be to perform speciation analysis, either by modelling or experimental approach [10, 11]. Due to lack of major water composition (dissolved organic carbon, major cations and anions) we were not able to perform speciation modelling, however a potential risk could be estimated taking into account total concentrations of elements. Note, that here we noted "total" concentrations of elements those obtained only by weak acid leaching (~0.2% HNO3). Dissolved fractions of elements for two sampling campaigns are given in Table 2. Among previously discussed elements, Pb is element which in Radonja River exists primarily in particulate fraction. Taking into account its average dissolved concentration, potential increase of Pb concentrations would not be over official EU water quality guidelines for freshwaters (7.2 µg/L). The dissolved fraction of other elements (Zn, Cd, Cu, Ni, Cr, U and As) is higher than that of Pb, and assuming their concentration level, they are not considered as potentially toxic. 

Taking into account low solubility of Fe in freshwater, and relatively high measured concentration of dissolved Fe, it could be assumed that Fe is present in colloidal fraction (Fe-oxyhydroxides) with smaller particle size than the filter pore cut-off (0.45 µm), or there is a high concentration of  humic substances which complex Fe and maintain it to be present in dissolved state. Low dissolved fraction of Fe (~0.32) further suggests that Fe is present primarily in particulate fraction (particle size higher than 0.45 µm), most probably in a form of oxy-hydroxides. Taking into account adsorption affinities of many elements towards Fe-oxyhydroxides, but also Al-hydroxides, it could be assumed that Fe and Al (colloidal) particles are the main carriers for many other elements along the stream. 

Distribution of nitrates

Distribution of nitrates downstream Radonja River is presented in Figure 4. The upper flow of the river is very clean, as it flows through Petrova gora Mt., where there are no settlements and agriculture. In this part concentrations of nitrates are below or about 0.5 mgL-1. At the site RAD6, river reaches first settlement along its course, Jurga village and arable land around. At this site nitrates still have low concentrations, but they are almost double as in the Petrova gora Mt. When river reaches Vojnić town at RAD7 station nitrates concentration increase several times, up to 2.7 mgL-1. On next two sampling stations downstream Vojnić town concentrations continue to increase to the value about 3.5 mgL-1 and then concentrations remain almost unchanged the whole lower course of the river up to confluence with Korana. Budačka Rijeka tributary, which enters Radonja shortly before its end, has nitrates concentrations a bit higher than lower course of Radonja (3.8 mgL-1). 
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Figure 4. Downstream distribution of nitrates (conc. in mgL-1) in water of Radonja River

According to WHO, nitrate can reach both surface water and groundwater as a consequence of agricultural activity (including excess application of inorganic nitrogenous fertilizers and manures), from wastewater treatment and from oxidation of nitrogenous waste products in human and animal excreta, including septic tanks [12]. According to the same literature, the nitrate concentration in surface water is normally low (0–18 mg/L) but can reach high levels as a result of agricultural runoff, refuse dump runoff or contamination with human or animal wastes. In comparison with mentioned WHO data, even the anthropogenically influenced lower course of Radonja River is below 4 mg/L. So, it could be concluded that anthropogenic influence with respect to nitrates in Radonja River is obvious with visible pollution sources, but total concentrations are very low and do not pose any threat yet. 
CONCLUSION 
The suitability of small rivers to serve as models for geochemical studies of (potential) contaminants behaviour was tested in this study. 
From studied physico-chemical parameters, decrease of oxygen concentrations in water going downstream and increase of electric conductivity (EC) are strong indication of pollution caused by urban effluents. However, EC values in the downstream part of the river (above 200 µScm-1) are comparable with those in rather clean upper Kupa River and in Rječina River, what indicates that total anthropogenic influence in Radonja River is not very high. 
Majority of studied element concentrations, including heavy metals show an increasing trend downstream the Radonja River, pointing to anthropogenic influence mostly originating from urban effluents of Vojnić town. Majority of elements showed a bit lower concentrations during sampling campaign in October 2010, when water levels were very high, what points to dilution of effluents during higher water levels. Considering the water quality guidelines, neither of elements was overpassing annual average concentrations (AA-EQS) for freshwaters.
Redistribution of elements between dissolved and particulate fractions indicated that among heavy metals, Pb is element which in Radonja River exists primarily in particulate fraction, while dissolved fraction predominates for majority of other elements (Zn, Cd, Cu, Ni, Cr, U and As). Colloidal and particulate forms are the main fractions of Fe and Al. It was further assumed that these forms serve as the main carriers along the river for those elements which are having high affinity towards adsorption onto amorphous Fe and Al oxi-hydroxides. 
Nitrates are an excellent example of anthropogenic influence on Radonja River. The uninhabited upper flow of the river is extremely clean. When reaching first settlements their concentrations start to increase several times and remained elevated until the end of the river. From this can be concluded that with respect to nitrates there is no self-purification mechanism in the Radonja River.
Finally, based on carefully chosen number of sampling locations, their positions along the stream, as well as measured specific monitoring parameters, it could be concluded that the Radonja River represents a typical small river convenient for studies related to identification of sources contaminants and their dispersion.
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