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Introduction 
This final report represents one of the three activity deliverables belonging to Work package 3, 
Activity 2. This report will describe the characteristics of the rivers and channels near the port 
areas investigated the characteristics of the karst aquifers in the study areas and the 
characteristics of the salinization processes of aquifers. 
Moreover, the characteristics of the submarine freshwater springs, which are typical of the Split 
and Podstrana area, and more generally of the whole of Kaŝtela Bay will be discussed below. 

Analysis of rivers and channels in proximity to the port areas 
investigated.  
Introduction 
The purpose of the study was to evaluate, through a monthly or bi-monthly monitoring activity, 
the quality of the surface waters of the main rivers that flow near the test sites of the Interreg 
Italy-Croatia ECOMAP project, focusing both on the assessment of the state ecological and 
chemical state of the water following national and European Community regulations. Specifically, 
data deriving from monitoring activities that have affected the Esino river, adjacent to the 
Ancona test site, the Tagliamento river, adjacent to the Bibione test site, and the Jadro and 
Žrnovnica rivers, adjacent to the tests site of Split and Podstrana. 
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Tagliamento river, Bibione site (Italy) 
Description of the hydrographic basin 
The Tagliamento river rises at the Mauria pass (1195 m asl), near the border between Veneto 
and Friuli-Venezia Giulia, and flows into the Adriatic Sea between Lignano Sabbiadoro and 
Bibione cities (Figure 1). 
 

 
Figure 1 - Geographical collocation of the Tagliamento river (Google Earth). 

 
The total hydrographic basin of approximately 2920 km2 and it extends between Friuli-Venezia 
Giulia and Veneto. In detail it borders to the west the hydrographic basin of the Piave and 
Meduna; to the north, it is bordered by the Carnic Alps chain; to the east, finally, it borders the 
basin of the Torre stream. In particular, the river marks the border between the Veneto region 
and Friuli-Venezia Giulia and in Veneto; it develops a catchment area on the left hydrographic of 
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3368 ha, mostly in the province of Venice. The plain originating from the Tagliamento river has a 
very large extension that goes from the river’s current course up to the Lemene basin. 
The Tagliamento river is the largest river in Friuli and the twelfth Italian river by length. The main 
riverbed of the river extends for a length of 178 km, reaching a very variable width ranging from 
a maximum of about 1500 m (Pinzano) to 150 m in some sections. The characteristic of its bed 
and that of the territory it passes through, which passes from the mountain slopes to the karst 
rocks, makes the river assume a predominantly torrential flow with very variable flow rates 
(average flow rate 92 m3 / s, ARPA 2020). 
Overall, there are 18 types of water bodies in the Tagliamento river basin (Figure 2). Its most 
important tributaries, located on the left bank are the Lumiei, the Degano, the But, the Fella and 
the Ledra; the tributaries on the right bank are the Leale, the Arzino and the Cosa. 
In the mountainous region, which can be identified with the part of the basin upstream of 
Venzone (at the confluence with the Fella River), the spatial trend of the reliefs makes it possible 
to precisely fix the line of the watershed. Downstream of the aforementioned confluence, 
however, the delimitation of the catchment basin is difficult as the hydrography is modified by 
man-made works such as drainage, reclamation and irrigation channels. 
Within the Tagliamento river basin, two transitional water bodies have been identified, the 
Baseleghe lagoon complex and the mouth of the Tagliamento river. The Baseleghe lagoon has a 
surface greater than 0.5 km2 and a tidal excursion greater than 50 cm, therefore according to 
the Ministerial Decree 131/2008, it is classified as microtidal (Figure 3). 
There are 88 municipalities placed inside within the Tagliamento basin, none of which have a 
population greater than 20,000 inhabitants. The largest centre is Gemona, with about 13,000 
inhabitants.  

http://www.italy-croatia.eu/
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Figure 2 - Types of water bodies in the Tagliamento river basin (Autorità di bacino Distrettuale 
delle Alpi Orientali, 2010). 
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Figure 3 - Water bodies of transitional waters identified near the mouth of the Tagliamento 

river: the lagoon of Caorle and Baseleghe (ARPAV, 2009). 
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Areas designated for the protection of habitats and species 
SIC e ZPS zones 
The Council of the European Communities with Directive 92/43 / EEC of 21 May 1992 (the 
"Habitats" directive) outlined the directives for the conservation of natural and semi-natural 
habitats and wild flora and fauna, to help safeguard the biodiversity. The EU has promoted the 
establishment of a European ecological network of special areas of conservation (Z.S.C.) called 
“Natura 2000”, to ensure the maintenance, or, if necessary, the restoration, in a satisfactory state 
of conservation of the types of natural habitats and the habitats of the species in their natural 
range. In particular, the Natura 2000 Network, under the "Habitat" Directive (Article 3), is made 
up of the Special Conservation Areas (ZSC) and Special Protection Areas (ZPS). Currently, the 
"network" is made up of two types of areas: the Special Protection Areas (ZPS), envisaged by the 
"Birds" Directive, and the proposed Sites of Community Importance (SIC); these areas can have 
different spatial relationships between them, from total overlap to complete separation. 
In Figure 4 the SCI and ZPS zones present in the Tagliamento river basin are visible. Analyzing the 
study area in more detail, Table 1 and Figure 5 show the prestigious natural areas that fall (even 
partially) into the territory. The areas listed above, SIC or ZPS, falling within the territory of San 
Michele al Tagliamento are almost totally concentrated in the town of Bibione. 
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Figure 4 - SIC and ZPS zones in Tagliamento basin. 
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Table 1 - SIC and ZPS zones in Tagliamento basin falling within the territory of Bibione. 
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Figure 5 - Located SIC and ZPS zones in the territory of Bibione. 
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Hydrogeochemistry of the downstream waters of the Tagliamento river 
By comparing the geochemical characteristics of water sampled in the downstream portion of 
the Tagliamento river, through qualitative diagrams (Piper), the different chemical facies were 
identified, including the dominant one. In Figure 6 the results obtained by various authors are 
reported, including Grassi, (1994), Bortolan, (2008), and Saccon et al., (2013), who highlighted 
how the waters of the Tagliamento belong to the sulphate-calcic facies with a slight increase in 
magnesium (Mg) and an important enrichment in SO42-. Results are in full agreement with 
Martelli and Granati (2010), which correlated the sulphate-calcium nature of the water with the 
dissolution of the gypsum from the Bellerophon formation located in the recharge area of the 
Tagliamento river. This unit crops out in the Carnic Alps in the western sector of the plain. 

http://www.italy-croatia.eu/
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Figure 6 - Piper diagram showing the geochemical composition of the different Tagliamento 
river water samples analyzed by Grassi, (1994), Bortolan, (2008), and Saccon et al., (2013). 

Water pollution of the downstream portion near the mouth 
Estimates of pollution from point sources 
From the processing of the data, provided by the Autonomous Region of Friuli-Venezia Giulia it 
appears that as regards the hydrographic basin of the Tagliamento river, there are 15 sites with 
point discharges. 
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While as regards the four municipalities belonging to the Veneto Region, which includes the 
Bibione test site, there is a single urban wastewater treatment plant (Figure 7). 

 

Figure 7 - Localization of discharges from urban purifiers in the Tagliamento river basin 
(Autorità di bacino Distrettuale delle Alpi Orientali, 2010). 

In Table 2 the values of the potential loads of nutrients and deoxygenating substances estimated 
for the Tagliamento river basin are reported by Autorità di Bacino Distrettuale delle Alpi Orientali 
2010.  

 

Table 2 - Potential loads related to the purifiers that deliver to the Tagliamento river basin. 
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Estimates of pollution from diffuse sources 
To estimate land use, the CORINE LAND COVER 2000 Project database was used, which is the 
most up-to-date with homogeneous coverage for the hydrographic basin of the Tagliamento 
river. The land use mapping carried out in this project has a minimum cartographed area of 25 
hectares. The classes are divided into 5 increasingly detailed hierarchical levels. 
To get an idea of the impact of agricultural activities on the assessment of the theoretical 
contributions of nitrogen and phosphorus in the downstream part of the Tagliamento river, a 
reference was made to the data, provided by the Veneto Region, as part of the survey activities 
for the preparation of “Water Protection Plans”. 
Figure 8 and Figure 9 show the basin-scale representation of the spatial distribution of the 
theoretical agro-zootechnical load of nitrogen and phosphorus in kg/ha of the Utilized 
Agricultural Area (SAU). 

 
Figure 8 - Theoretical agro-zootechnical influence of nitrogen for the Tagliamento river basin 

(Autorità di bacino Distrettuale delle Alpi Orientali, 2010). 
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Figure 9 - Theoretical agro-zootechnical influence of phosphorus for the Tagliamento river basin 

(Autorità di bacino Distrettuale delle Alpi Orientali, 2010). 
 
To get an idea of the impact of the population on the assessment of the theoretical contributions 
of nitrogen and phosphorus in the downstream part of the Tagliamento river, reference was 
made to the data, provided by the Veneto Region, as part of the survey activities for the 
preparation of the " Water Protection Plans "by the provisions of the relative" Annex H ". The 
procedure described in this document considers the contribution of both the resident population 
and the floating fraction. 
Figure 10 and Figure 11 show the basin-scale representation of the spatial distribution of the 
theoretical nitrogen and phosphorus load due to the activities of the civil sector in kg/year. 
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Figure 10 - Theoretical civil sector activities influence of nitrogen for the Tagliamento river basin 

(Autorità di bacino Distrettuale delle Alpi Orientali, 2010). 
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Figure 11 - Theoretical civil sector activities influence of phosphorus for the Tagliamento river 

basin (Autorità di bacino Distrettuale delle Alpi Orientali, 2010). 
 
Finally, to get an idea of the impact of industrial activities on the evaluation of the theoretical 
contributions of the Biochemical oxygen demand (BOD) and phosphorus in the downstream part 
of the Tagliamento river, reference was made to the material, supplied by the Veneto Region, as 
part of the survey activities for the preparation of the "Water Protection Plans". The data that 
was provided to us already presented the calculation of industrial equivalent inhabitants. 
Figure 12 and Figure 13 show the basin-scale representation of the spatial distribution of the 
theoretical load of BOD and phosphorus due to the activities of the industrial sector in kg/year. 
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Figure 12 - Theoretical industrial activities influence of BOD for the Tagliamento river basin 

(Autorità di bacino Distrettuale delle Alpi Orientali, 2010). 
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Figure 13 - Theoretical industrial activities influence of phosphorus for the Tagliamento river 

basin (Autorità di bacino Distrettuale delle Alpi Orientali, 2010). 
 
Water quality monitoring 
The monitoring of river water bodies, by the Friuli-Venezia Giulia Regional Agency for 
Environmental Protection (ARPA FVG), is carried out following Legislative Decree 152/06 ss. mm. 
and ii., updated by Legislative Decree 172/2015, which incorporates the criteria defined by 
Directive 2000/60/EC and Directive 2013/39/EU, modifying the basic setting of environmental 
quality monitoring of inland waters both in terms of approach and setting. 
The general purposes are the prevention and reduction of pollution and the rehabilitation of 
surface and underground water bodies, and the protection and improvement of strictly aquatic 
ecosystems. By focusing on annexed wetlands and terrestrial ecosystems dependent on aquatic 
environments themselves, together with sustainable water use aimed at long-term protection of 
available water resources that can help mitigate the effects of floods and drought. 
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ARPA FVG, in collaboration with the Friuli Venezia Giulia Region, is engaged in the execution of 
various activities provided for by the European and Italian regulatory frameworks. 
In particular, the structure responsible for assessing the state of inland waters deals with the 
organization of monitoring networks aimed at defining the environmental status of significant 
surface and underground water bodies and water with a specific functional purpose, water used 
by man and which they must meet particular quality requirements. 

Monitoring results in 2014-2019 and comparison with the period 2010-2012 
The results shown in this section are related to the monitoring activities carried out by ARPA FVG 
of the downstream waters of the Tagliamento River through two stations, station 06AS5F1 and 
station 06AS5F2 (Figure 14). 
La valutazione della qualità del corpo idrico superficiale si basa sulla valutazione dello stato 
ecologico e dello stato chimico. 
The assessment of the quality of the surface water body is based on the assessment of the 
ecological status and the chemical status. 
The Ecological Status defines the quality of the structure and functioning of aquatic ecosystems, 
by monitoring the biological quality elements, the specific pollutants, the physical-chemical 
parameters in support and the hydro morphological elements in support. 
There are five Ecological Status classes for natural water bodies: high (blue), good (green), 
sufficient (yellow), poor (orange), and bad (red). 
Specifically, the biological elements analyzed for the evaluation of inland surface freshwaters 
(rivers) are benthic diatoms, macrophytes, benthic macroinvertebrates and fish. 
The physicochemical elements supporting the EQBs are summarized in the LIMeco (Pollution 
Level by Macrodescriptors for ecological status), a synthetic index that describes the quality of 
running waters about nutrients and oxygenation. The parameters considered for the definition 
of LIMeco are Oxygen in% saturation (deviation from 100%), Ammonia nitrogen, Nitric nitrogen 
and total Phosphorus. 
Ministerial Decree 260/10, which was partially amended by Legislative Decree 172/2015, 
provides that the Chemical Status is assessed based on the presence or absence of the polluting 
substances included in the priority list of Ministerial Decree 260/10 (tab . 1 / A), partially 
amended by Legislative Decree 172/2015. To achieve a Good status, the concentrations of these 
substances must be lower than the Environmental Quality Standards in terms of annual average 
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or maximum permissible concentration, where applicable. It is sufficient that a single element 
exceeds these values for the failure to achieve the Good status. The quality classes of the 
chemical state are two: Good (blue) and not Good (red). 

 
Figure 14 - Location of the two monitoring stations ARPA FVG downstream of the Tagliamento 

River. 
Figure 15 and Figure 16 show summary sheets of the ARPA FVG containing the results obtained 
on the ecological and chemical status in the two stations examined. 
In detail, station 06AS5F1 (located to the north) is located in a large stretch of the Tagliamento 
river with a conformation of braided canals, with a floodplain, and the area is highly natural. The 
main anthropogenic pressure is constituted by the extractive activities of the territory and by the 
mainly agricultural use of the surrounding territory. The sampled stretch is characterized by good 
fluvial functionality, despite the hydro-morphological simplification given by the presence of 
simplified riparian formations. The monitoring results show that the ecological status of the 
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water body is sufficient in the second three years of the 2014-2019 monitoring period, therefore 
the quality objective is not maintained. While the analysis of priority substances led to the 
assignment of good status. Figure 15 shows the results obtained for each class examined. 

 
Figure 15 - Summary sheets of the ARPA FVG containing the results obtained on the ecological 

and chemical status in station 06AS5F1 (data from ARPAFVG). 

While station 06AS5F2 (located towards the mouth) is located in the portion of the Tagliamento 
river, which begins with the introduction of the Varmo river and ends with the beginning of the 
saline wedge, where it assumes a potamal character and a monocursal course. The main 
anthropogenic pressures are attributable to the agricultural use of the territory, the impressive 
bank works and the profound morphological changes of the riverbed, both longitudinally and 
transversally, which strongly affect the fluvial functionality. The monitoring results show that the 
ecological status of the water body is sufficient in the monitoring period 2014-2019, therefore 
the quality objective is not achieved. While the analysis of the priority substances led to the 
assignment of a good chemical status. Figure 16 shows the results obtained for each class 
examined.  
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Figure 16 - Summary sheets of the ARPA FVG containing the results obtained on the ecological 

and chemical status in station 06AS5F2 (data from ARPAFVG). 
Seasonal monitoring results in 2018-2019 
Although the chemical state of the waters of the Tagliamento river downstream was good for the 
three years 2014-2016 and 2017-2019 no concentrations of priority substances were found 
higher than the regulatory threshold of Ministerial Decree 260/10. However, a more detailed 
focus was carried out on the temporal trend of some chemical / physical parameters and ions 
closely related to anthropogenic pollution which have shown a certain variability over time. 
In Figure 17 and Figure 18 the trend of water temperature and pH is visible. The temperature 
varies from about 15 ° C in winter, although in March/April 2018 the values were around 10 ° C, 
and above 20 ° C in the summer months with a similar trend for the two monitoring stations. The 
pH for both points varies from 7.6 to 8.2, with average values close to 8.0. 
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Figure 17 - Trend of temperature values in the period 2018-2019 in the two stations examined 

(data from ARPAFVG). 
 
 

 
Figure 18 - Trend of pH values in the period 2018-2019 in the two stations examined (data from 

ARPAFVG). 
 
Figure 19 and Figure 20 show the time course of the concentration as a percentage of dissolved 
oxygen in the water and the electrical conductivity. The waters of the Tagliamento river in both 
stations have good oxygenation, over 90%, and the point towards the mouth (0606AS5F2) in the 
summer months, due to a few more degrees of water, has greater oxygenation. The electrical 
conductivity, on the other hand, varies from 350 to 500 uS/cm with an average value of 400 
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uS/cm. Values above 500 uS/cm are observed only in July 2019 in the most upstream station 
(0606AS5F1), most likely due to the increase in nitrate concentrations in the water. 
 

 
Figure 19 - Trend of DO values in the period 2018-2019 in the two stations examined (data from 

ARPAFVG). 

 
Figure 20 - Trend of EC values in the period 2018-2019 in the two stations examined (data from 

ARPAFVG). 
Finally, nitrate and total phosphorus data were processed as main indicators of human activities 
and how the latter affect water quality. Although below the regulatory threshold, in the figure it 
is possible to observe how nitrates tend to have average values close to 5-7 mg/l, except in July 
2019 when the values of station 0606AS5F1 reached 18 mg/l, and the total phosphorus values 
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tend to be almost always lower than 0.016 mg/l; except September 2018, for station 0606AS5F1, 
with values close to 0.4 mg/l and December 2019, for both stations, with values close to 0.2 mg/l. 
 

 
Figure 21 - Trend of nitrate concentration in the period 2018-2019 in the two stations examined 

(data from ARPAFVG). 

 
Figure 22 - Trend of total phosphorus concentration in the period 2018-2019 in the two stations 

examined (data from ARPAFVG). 
 
Discussion 
We have seen how the waters of the Tagliamento are greatly influenced and exposed to 
anthropogenic pollution, both of civil origin and agricultural/industrial origin. 
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Focusing on the downstream sector of the Tagliamento river, we have seen how the Bibione area 
has an important purifier discharge (> 50,000 AE) and, from the point of view of the estimated 
potential loads of nutrients and deoxygenating substances, it has an annual production of 
nitrogen, phosphorus, BOD and COD important. In the area of interest, it was seen how the 
greatest influence on phosphorus and nitrogen concentrations is linked to activities of civil and 
industrial origin, although the influence of agricultural activities should not be underestimated. 
However, the monitoring activities of the downstream sector through two ARPA FVG control 
points have shown how the waters of the Tagliamento stretch of interest in the 2014-2019 
semester have preserved a good chemical status, due to the absence of pollutants beyond the 
regulatory thresholds, and a steady ecological state, which should continue to be worked on. 
Ultimately, the waters of the downstream stretch of the Tagliamento river, close to the Bibione 
test site, are of good quality both from a chemical and ecological point of view. 
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Esino river, Ancona site (Italy) 
Description of the hydrographic basin 
The Esino River is the main river of the Province of Ancona and its catchment area, which 
measures a total of 1,203 sq km, falls with an appreciable part in the province of Macerata and 
only marginally in the provinces of Pesaro and Perugia (Figure 23). It originates from Mount 
Cafaggio (1,116 m) in Esanatoglia (MC) and flows, after about 75 km, to Falconara Marittima in 
the locality of Fiumesino. The river has very particular characteristics; upstream it is characterized 
by a typically torrential regime, downstream and up to the mouth it looks much more like a classic 
plain river. 
The entire river course of the Esino river is conditioned by the tectonics, lithology and 
stratigraphic structure of the formations; four sections with different morphological 
characteristics of the riverbed can be distinguished (Piano Tutela acque Regione Marche, 2008): 
• from the spring in Matelica, the riverbed generally affects the carbonate formations of the 
Umbrian-Marche succession, sometimes the terraced alluvial deposits. More or less straight 
sections alternate with slight sinuosity; 
• from Matelica to Cerreto d’Esi, the riverbed is meandering. The banks are well defined and 
sidebars emerge only during lean periods. In this section, the riverbed affects the Miocene 
terrigenous formations; 
• from Cerreto d’Esi to Scisciano, the riverbed from irregular becomes straight, affecting the 
almost all of the path of the carbonate formations. Numerous sidebars not very durable over 
time are observed; 
• from Scisciano to the mouth, the riverbed is anastomosed, rather large, with gravelly and 
pebbly alluviums furrowed by canals that give rise to numerous bars. 
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Figure 23 - Geographical collocation of the Esino river (Google Earth). 

 
From a hydrographic point of view, the basin of the Esino river has an amphitheatre-like head, a 
medium trunk of almost uniform width and a terminal trunk, from Moie downstream, which 
progressively expands to the mouth. The upper part, in reality, is a pseudo-amphitheatre, which 
gives rise to a substantially binary system (Sentino torrent and Esino river proper), the second of 
which with complex hydrography, is the Giano stream, a tributary to the left of the Esino river, 
more important than the mainstream. 
The major tributaries of the Esino river, the Giano and Sentino torrents flow entirely between 
the internal Umbrian-Marchigiana ridge and the external Marchigiana ridge, carving the same 
lithological sequences of the main course, while the Esinante torrent, a smaller tributary than the 
others by extension and water supply, cuts the Mio-Pliocene formations of the external Marche 
basin. 
The intermediate part of the Esino river has a modest average total width, with a shallow 
watershed and with very asymmetrical draining slopes since those on the right predominate over 
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those on the left. The terminal part is typical of a plain watercourse, with slopes that become 
more and more extensive and less steep. The meandering of the channel is manifested only in 
the high and medium-high parts and then alternates with anastomosed sections in the medium-
low and low parts. 
In the catchment area of the Esino river, the most significant underground water resources are 
found in the carbonate succession of the Umbrian-Marchigiana and Marchigiana ridges and the 
aquifer of the alluvial plain (Figure 24). 

 
Figure 24 - Hydrological scheme of the Esino River basin (Piano Tutela acque Regione Marche 

2008). 
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Areas designated for the protection of habitats and species 
SIC e ZPS zones 
The creation of the 2000 network with Special Areas of Conservation (ZSC) and Special Protection 
Areas (ZPS) satisfies a clear community obligation established in the framework of the United 
Nations Convention on Biological Diversity. 
The "network" was structured based on two directives: n. 92/43 / EEC of the Council of 21 May 
1992 on the conservation of natural and semi-natural habitats and wild flora and fauna, 
commonly known as the "Habitats" directive and the "Birds" directive (Dir. N. 79/409 / EEC) 
concerning the conservation of wild birds, replaced by Dir. 2009/147 / EC. " 
In the downstream sector of the Esino river, within the catchment area, in Ripa Bianca, there is a 
Special Conservation Area (ZPS), which perfectly matches the Special Protection Area (ZSC), 
called " Fiume Esino in località Ripa Bianca" (Figure 25). 
The area extends to 406 hectares and includes the Ripa Bianca Regional Nature Reserve in the 
province of Ancona. The ZPS-ZSC area is characterized by the river environment with riparian 
forests in a good state of conservation and by some humid areas of artificial origin. 
The river geomorphological system is represented by the riverbed of the Esino river, with 
dynamics mainly conditioned by the presence of an ENEL traverse used for the derivation of 
water serving a hydroelectric plant, and by the alluvial plain, consisting of terraced Holocene and 
Pleistocene. 
The vegetation on the banks of the river is characterized by a band of shrubby willows in the 
inner part of the river and by a tree band in the outer area with white willow, black poplar and 
white poplar. 
The area represents the most important nesting, wintering and aestivation site for the aquatic 
avifauna of the region. 
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Figure 25 - Area ZSC / SIC Esino River in Ripa Bianca locality  (Rete Natura 2000 Regione 

Marche). 
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Socio-economic characteristics: Estimation of the organic load and potential trophic load 
The hydrographic area of the Esino extends for approximately 1299.44 square kilometres 
(approximately 13% of the regional territory) and is mainly characterized by the significant basin 
of the same name (89% of the territory). 
The resident population in 2001 stood at 261,270 inhabitants (17.8% of the region) with a 
population density of 212 inhabitants per sq km (Figure 26), higher than the regional average 
(151 inhabitants / sq km). Density like the regional data can be found in the significant Esino basin 
(157 inhabitants / sq km). 
 

 
Figure 26 - The resident population in 2001: distribution in hydrographic units (Piano Tutela 

acque Regione Marche 2008). 
Traduzione vocale 

As regards the characterization of land use, by comparing the percentages of land use of the four 
most significant macro-classes, the analysis carried out with the Corine Land Cover '90 
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elaboration reveals how the values of the hydrographic area and the significant basin do not 
deviate much from regional values (Figure 27). In the urban area: 2.9-2.4% hydrographic area-
Esino basin versus 2.3% regional; arable land: 34.8- 36.2% against 33.9% regional; crops: 28.0-
29.9% against 31.6% regional; woods-pastures: 25.6-28.4% against 29.4% regional. 

 
Figure 27 - The typing of hydrographic units concerning the dominant characters of land use. 

Corine Land Cover 2000 (Piano tutela acque Regione Marche 2008). 
 

The estimated potential organic load in the hydrographic area can be estimated at 1,410,805 
Equivalent Inhabitants, who represent about 19.1% of the regional load. 
In the characterization concerning production sources both in the hydrographic area and in the 
Esino, percentages higher than the regional data relating to the zootechnical source are 
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highlighted: 44-49% against 38%. Values lower than the regional one regarding both the 
industrial component: 38-35% against 42%, and the civil component: 19-15% against 20%. 
The AbEq / territorial surface ratio of 1,086 in the hydrographic area and 1,038 in the significant 
basin, is higher than the regional value of 761. The AbEq / resident population ratio is similar: 
5.4-6.6 versus 5.0. 
The high territorial density found in the Esino-Musone NE coast should be highlighted: 4,946 
AbEq / Kmq. 
The estimated potential trophic load in the hydrographic area can be estimated at 8,754 
tons/year of nitrogen and 4,733 tons/year of phosphorus, respectively equivalent to 14.8% and 
14.2% of the regional total. In the characterization concerning production sources, both in the 
case of nitrogen and phosphorus, the percentages of hydrographic area and basin are similar to 
the regional ones. Nitrogen: about 13-17% for the point source (civil industrial), 83-87% for the 
widespread (agricultural-zootechnical) source; Phosphorus: about 2-3% for the point source, 97% 
for the diffuse source (Figure 28). 

http://www.italy-croatia.eu/


 
 

 

  35 
 
 

European Regional Development Fund  www.italy-croatia.eu/ecomap 
 

 

 
Figure 28 - The potential trophic load (nitrogen and phosphorus) in the hydrographic units 

(Piano Tutela acque Regione Marche 2008). 
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Water quality monitoring in Marche Region 
The monitoring of river water bodies, by the Marche Regional Agency for Environmental 
Protection (ARPAM), is carried out following Legislative Decree 152/06 ss. mm. and ii., updated 
by Legislative Decree 172/2015, which incorporates the criteria defined by Directive 2000/60/EC 
and Directive 2013/39/EU, modifying the basic setting of environmental quality monitoring of 
inland waters both in terms of approach and setting. 
The general purposes are the prevention and reduction of pollution and the rehabilitation of 
surface and underground water bodies, and the protection and improvement of strictly aquatic 
ecosystems. By focusing on annexed wetlands and terrestrial ecosystems dependent on aquatic 
environments themselves, together with sustainable water use aimed at long-term protection of 
available water resources that can help mitigate the effects of floods and drought. 
ARPA MARCHE carries out, on behalf of the Marche Region, the monitoring of the 185 identified 
and typified river water bodies. The ARPAM monitoring network is made up of 124 sampling 
stations, 6 stations were used to assess the qualitative state of the downstream stretch of the 
Esino river (Figure 29). 
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Figure 29 - ARPAM river water bodies monitoring network in period 2018-2020. The red circle 

highlights the 7 stations examined. 
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The D.M. 260/2010 provides for the definition of the chemical status and ecological status of 
natural water bodies and the ecological potential for artificial or heavily modified ones. 
To classify the ecological status and the chemical status of river water bodies, the Ministerial 
Decree 260/2010 provides for the monitoring of biological quality elements, and physical, 
chemical, chemical and hydromorphological parameters. 
In detail, the monitoring of the indicators from the legislation, carried out by ARPAM, has the 
purpose of evaluating the quality status of the river water body by determining: biological 
indicators; physical-chemical parameters; priority and non-priority chemicals. 
The ecological state expresses the quality of the structure and functioning of the aquatic 
ecosystem through the monitoring of a series of indicators that come biological, chemical, 
physicochemical and hydromorphological representative of the different conditions of the river 
ecosystem. In detail, the biological elements analyzed are macroinvertebrates, diatoms, 
macrophytes, and fish fauna.  
The monitoring of the Physico-chemical parameters, of the priority substances (table 1/A) and 
non-priority substances (table 1/B) was carried out on a quarterly, bimonthly or monthly basis 
depending on the characteristics of the monitoring site. 
The ecological status is expressed in 5 quality classes: high, good, sufficient, poor, and bad, which 
represent a progressive departure from the reference conditions corresponding to the 
undisturbed state. 
The chemical state is classified based on the presence of the priority chemical substances 
identified by the legislation (heavy metals, pesticides, industrial pollutants, etc.) in 
concentrations higher than environmental quality standards; the chemical state is evaluated in 
two classes, good and not good.  
The definition of good chemical status of internal surface water bodies is defined based on 
compliance with the SQA defined for each substance referred to in table 1/A of Legislative Decree 
172/2015. The SQA established for the substances in the priority list are expressed as an annual 
average (SQA-MA) and/or as maximum allowable concentrations (SQA-CMA). The chemical 
status can be classified as good/not good based on meeting or exceeding the SQA. 
The results of the monitoring contribute to the definition of the ecological status and the 
chemical status. 
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Monitoring of river bodies located downstream of the Esino river 
The results obtained from the monitoring carried out in the last three years will be shown below, 
and compared with the previous results, for the 6 stations examined for the characterization of 
the water quality downstream of the Esino river (Figure 30; ARPAM, 2021). Table 3 shows the 
coordinates in Gauss Boaga. 

 
Figure 30 - Stations examined for the characterization of the water quality downstream of the 

Esino river. 
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Table 3 - The coordinates of the stations. 

 

R1101216ES station 

 
 

The station is located near the mouth in Fiumesino (altitude 5 m a.s.l.), at a distance of about 75 
km from the source. The watercourse has a very wide riverbed, a moderate current speed and a 
substrate mainly consisting of mud, sand and gravel. At this level, the river no longer presents 
the succession of mesohabitat pool and riffle but flows in a large run which, in terms of depth 
and type of flow, is closest to the characteristics of a pool. Peripheral vegetation is hygrophilous 
and well-diversified. The site is located near the API refinery which is located on the hydrographic 
right and the surrounding area is the man-made one of the coastal strips. 
Figure 31shows the results obtained from the monitoring activity. 

http://www.italy-croatia.eu/


 
 

 

  41 
 
 

European Regional Development Fund  www.italy-croatia.eu/ecomap 
 

 

 
Figure 31 - Results obtained from the monitoring activity in the R1101216ES station (data from 

ARPAM). 
The sufficient ecological status is determined by the state of the macrobenthic community and 
the chemical-physical parameters (limeco) and is improved compared to the previous monitoring 
cycle. 
The objective of sufficient ecological quality has been achieved. 
Both macroinvertebrates and chemical-physical parameters (limeco) have a sufficient quality 
class, with a stable trend for limeco and increasing for macroinvertebrates. They determine the 
overall class of the ecological status. 
Diatoms improved the quality class from sufficient to good. 
No criticalities were found in the monitoring of priority chemicals and therefore the water body 
is attributed to a good chemical status. 
The objective of good chemical quality has been achieved. 
In detail, we analyze: 
• Pressures analysis 2019 
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• Pollution by organic and microbiological load 
 

 
 

• Chemical pollution: Presence of pesticides 
 

R110121TP station 

 

The station is located on the shaft of the Triponzio stream, downstream of the town of Chiaravalle 
(altitude 25 m a.s.l.), after the canalized section, at a distance of about 20 km from the source. 
At this point, the stream has already received the waters of the tributary Fosso Guardengo and 
shortly afterwards it flows into the Esino River. 
The Triponzio stream flows in an area mainly used for agricultural purposes, but it also flows near 
some industrial areas (Ostra, Monte San Vito). 
Figure 32 shows the results obtained from the monitoring activity. 
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Figure 32 - Results obtained from the monitoring activity in the R110121TP station (data from 

ARPAM). 
 
The water body is characterized by poor ecological quality and is unchanged compared to the 
previous monitoring cycle. The goal of good ecological quality is foreseen for 2027; at the 
moment it has not been achieved. 
The chemical-physical parameters (limeco) stably show a poor quality class. 
It is one of the sites with a limeco lower than the sufficient class, consequently, the monitoring 
of biological indicators was not conducted pending the observation of positive changes in the 
limeco (as required by the ISPRA guideline n.116 / 2014). 
No criticalities were found in the monitoring of priority chemicals and therefore the water body 
is attributed to a good chemical status. 
The objective of good chemical quality has been achieved.  
In detail, we analyze: 
• Pressures analysis 2019 

 

 
 
 

http://www.italy-croatia.eu/


 
 

 

  44 
 
 

European Regional Development Fund  www.italy-croatia.eu/ecomap 
 

 

• Nutrient pollution 
 

 
 

• Pollution by organic and microbiological load 
 

 
 

• Chemical pollution: Presence of pesticides and metals 
 
R110121PR station 

 
 

The Pratacci ditch is a short stream that crosses the territories of the municipalities of Polverigi, 
Agugliano and Camerata Picena where, in the locality of Le Piane, it flows into the Esino river. Its 
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waters are taken for irrigation purposes and its basin acts as a receptor for numerous discharges 
from industrial settlements. 
The monitoring station is located not far from the confluence with the Esino river, in the locality 
of Le Piane. 
Figure 33 shows the results obtained from the monitoring activity. 

 
Figure 33 - Results obtained from the monitoring activity in the R110121PR station (data from 

ARPAM). 
 
The water body is characterized by poor ecological quality. In the previous monitoring cycle, the 
water body was not directly monitored, and the ecological status class was obtained by merging. 
The goal of good ecological quality has not been achieved. 
It is one of the sites with a limeco lower than the sufficient class, consequently, the monitoring 
of biological indicators was not conducted pending the observation of positive changes in the 
limeco (as required by the ISPRA guideline n.116 / 2014). 
No criticalities were found in the monitoring of priority chemicals and therefore the water body 
is attributed to a good chemical status. 
The objective of good chemical quality has been achieved. 
In detail, we analyze: 
• Pressures analysis 2019 
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• Nutrient pollution 
 

 
 
 

• Pollution by organic and microbiological load 
 

 
 

• Chemical pollution: Presence of pesticides and metals 
  
 
R1101214bES station  
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The station is located at 40 m a.s.l., at a distance of about 65 km from the source. In this section, 
the active riverbed widens considerably. The section of the wet riverbed is natural, with a bottom 
mainly made up of pebbles and gravel. 
Peripheral vegetation is natural on both sides. The site is located downstream of the 60000 A.E. 
The territory is mainly used for agricultural practices and animal breeding. 
Figure 34 shows the results obtained from the monitoring activity. 
 

 
Figure 34 - Results obtained from the monitoring activity in the  R1101214bES station  (data 

from ARPAM). 
 
Sufficient ecological status is determined by the state of the biological communities investigated 
and by the chemical-physical parameters (lieco) and does not show class variations compared to 
the previous monitoring cycle. 
The objective of sufficient ecological quality is foreseen for 2027; at the moment it has been 
achieved. 
Biological indicators and chemical-physical parameters (limeco) have a sufficient quality class. 
The trend is stable for macroinvertebrates and limeco, decreasing for diatoms. 
In the year 2020, a maximum concentration value was detected for the mercury parameter (0.08 
μg/l) higher than the SQA-CMA (0.07μg/l). 
Consequently, the objective of good chemical quality was not achieved. 
In detail, we analyze: 
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• Pressures analysis 2019 
 

 
 
• Pollution by organic and microbiological load 

 

 
 

• Chemical pollution: Presence of pesticides. 
 
R110121GR station 

 
 

The Granita stream is a short 13 km long stream. It was born on the slopes of Mount Morello 
(243 m) and, after having crossed the territories of Belvedere Ostrense and San Marcello and 
having received the waters of the Gorgolungo canal, on the outskirts of Jesi, it enters the Esino 
river. 
The monitoring station is located not far from the confluence, in the last stretch where the 
stream is channelled. 
Figure 35 shows the results obtained from the monitoring activity. 
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Figure 35 - Results obtained from the monitoring activity in the R110121GR station (data from 

ARPAM). 
 
The water body is characterized by good ecological quality. In the previous monitoring cycle, the 
water body was not directly monitored and the ecological status class was obtained by merging. 
The goal of good ecological quality has been achieved. 
The chemical-physical parameters (limeco) show a good quality class. 
As this is a new monitoring site, there is no information relating to the trend. 
No criticalities were found in the monitoring of priority chemicals and therefore the water body 
is attributed to a good chemical status. 
The objective of good chemical quality has been achieved.  
In detail, we analyze: 
• Pressures analysis 2019 

 

 
 
 
 

• Nutrient pollution 
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• Pollution by organic and microbiological load 
 

 
 

• Chemical pollution: Presence of metals 
 
 
R1101201CL station 

 
 

The station is located less than 1 km from the confluence with the Esino river, in Pian del Medico 
(altitude 86 m a.s.l. at about 11 km from the source). 
The surrounding area is mainly for agricultural and livestock use but the stream also flows close 
to some industrial activities often linked to the transformation of local products (oil, wine, milk). 
Figure 36 shows the results obtained from the monitoring activity. 
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Figure 36 - Results obtained from the monitoring activity in the R1101201CL station (data from 

ARPAM). 
 
The water body is characterized by poor ecological quality and has deteriorated compared to the 
previous monitoring cycle. The goal of good ecological quality is foreseen for 2027; at the 
moment it has not been achieved. 
The chemical-physical parameters (limeco) worsened the quality class, passing from sufficient to 
poor. 
It is one of the sites that in the previous period had a limeco lower than the sufficient class, 
consequently, the monitoring of biological indicators was not conducted pending the observation 
of positive changes in the limeco (as required by the ISPRA guideline n.116 / 2014). 
No criticalities were found in the monitoring of priority chemicals and therefore the water body 
is attributed to a good chemical status. 
The objective of good chemical quality has been achieved. 
In detail, we analyze: 
• Pressures analysis 2019 

 

 
 

• Nutrient pollution 
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• Pollution by organic and microbiological load 
 

 
 

• Chemical pollution: Presence of metals 
 
Discussion 
We have seen how the waters of the Esino are strongly influenced and exposed to anthropic 
pollution, both of civil origin and agricultural/industrial origin. 
Focusing on the downstream sector of the Esino river, the monitoring activities of the 
downstream sector through six ARPAM control points have shown how the waters of the Esino 
stretch of interest in the three years 2018-2020, compared to the previous three years, have kept 
a good chemical status and discreet ecological status. In detail, they have maintained a good 
chemical state due to the absence of pollutants beyond the regulatory thresholds, except for 
station R1101214bES due to the presence of mercury slightly above the threshold. 
While ecological status should continue to be worked on to maintain or improve the status, 
several stations exhibit biological and chemical indicators ranging from poor to sufficient. 
Ultimately, the waters of the stretch downstream of the Esino river, near the experimental site 
of Ancona, are of good quality from a chemical point of view and of good quality from an 
ecological point of view. 
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Jadro and Žrnovnica river, Split and Podstrana sites (Croatia) 
Introduction 
The Jadro and Žrnovnica rivers are streams that flow north of the Split test site and north of the 
Podstrana test site respectively (Figure 37). They are rivers that originate from the karst springs 
of Jadro and Žrnovnica which share the same catchment area. 
The Jadro and Žrnovnica springs are located on the southwestern slopes of the Mosor and Kozjak 
mounts, in the contact zone between the carbonate sedimentary rocks of Splitska Zagora, with 
good permeability, and the coastal strip composed of flysch.  The source of Jadro is 35 m above 
sea level while that of Žrnovnica is 90 m above sea level.  
Precisely for this reason, the Jadro and Žrnovnica rivers, although adjacent to two different test 
sites, will be treated in a single chapter. 
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Figure 37 - Location of the Jadro and Žrnovnica rivers compared to the two Croatian test sites. 
Description of the hydrographic basin 
The catchment area of the Jadro and Zrnovnica springs before the 2000s had not been precisely 
defined, in fact, it varied between 300 and 500 km2 depending on the authors (Bonacci, 1978) 
and (Fritz et al, 1988). This difficulty was encountered mainly due to the difficult definition of the 
hydrographic basins in the east and west limits, as the north and south boundaries of the basin 
are much easier to determine since the contact with impermeable sediments acts as a complete 
hydrogeological barrier. 
According to more recent research (since 2000), and above all based on the results of the 
groundwater tracing tests, the hydrographic basins to the east and west of the catchment area 
of the Jadro and Zrnovnica springs have been redefined, determining the influence of the basins 
contiguous and the significant contribution of the contiguous rivers (Krka River from the west 
and the Cetina River from the east). 
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This is confirmed by the fact that the Žrnovnica spring, under natural conditions, was an 
intermittent spring, which dried up in periods of drought, but after the construction of dams on 
the Cetina River for HE Dale, it became a permanent spring. 
The catchment area is mainly composed of carbonate, limestone and dolomitic rocks and flysch 
sediments, while other rocks are found more rarely. In the hydrogeological map of the catchment 
area, four main categories of rocks are distinguished based on their permeability (Figure 38; 
Kapelj, 2013): 
• Carbonate rocks of the Permian, Mesozoic and partly Eocene - mainly permeable rocks (in 

dark green). 
• Dolomite limestone rocks and Cenomanian dolomites and platey limestones from the 

Turonian period - moderately permeable rocks (in green), 
• Clayey limestones of the Permian, Anisian dolomite, clastic rocks and breccias, marly 

limestones and calcareous marls of the Paleocene age - poorly permeable rocks (in light 
green). 

• The clastic deposits of the Lower Triassic and Eocene flysch - impermeable rocks (in brown). 
Furthermore, a subgroup of sedimentary rocks of alternating ownership has also been identified. 
These sediments originate from aerial erosion of source rocks or deluvional processes on the 
slope material. They contain silty-clayey materials with various limestone fragments. 
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Figure 38 - Hydrogeologic map of the hydrographic basin Jadro and Žrnovnica springs (Kapelj, 

2013). 
 
In the interpretation of the Basic Hydrogeological Map of the Croatian Republic (Split and 
Primosten Sheets), Fritz and Kapelj (1998) provided a detailed description of the hydrogeological 
characteristics of the rocks observed in this area. A variety of different karst phenomena can be 
found in the catchment area. The sharp fracture of the ground paved the way for the intense 
karstification of the carbonate rocks. Perennial streams do not form on the carbonate bedrock, 
which means that all precipitation precipitates underground within a short period. In the parts 
of the basin where clastic rocks are present, there are intermittent surface water flows that 
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converge rapidly in single sinkholes that occur in the karst poljes and then enter the horizontal 
circulation zones of groundwater kapelj et al. (2008). 
Hydrology of the Jadro river  
The Jadro spring is used for the water supply of Split, the surrounding settlements and the cities 
of Solin, Kastela and Trogir. 
According to Kapelj et al., 2013, the minimum flow rate of the Jadro spring varies between 3.60 
m3/s (August 1995) and 3.90 m3/s (September 1997, August and September 2003). And it is at its 
lowest level in the dry period, mainly in August and September, when the average monthly flow 
can decrease to just 4.0 m3/s (August 1995 and September 2003). During the drought period, the 
withdrawal of water from the Jadro spring often exceeds the permitted 2.0 m3/s, rising to 2.9 
m3/s, Kapelj et al. (2006). 
The Jadro River flows from its source at the foot of Mosor through an alluvial valley and finally 
flows into the Adriatic Sea through the bay of Kaštela, near Split. The total length of the 
watercourse is 4.3 km (Figure 39). Several smaller streams and two larger tributaries, Poklinovac 
and Rupotina, contribute to the flowing discharge. However, the tributaries are generally 
torrential and, therefore, occasionally feed the Jadro, during the rainy season, bringing 
considerable quantities of sediments. During the summer, the Poklinovac and Rupotina streams 
are mostly dry. 
The Jadro topographical basin is relatively small and covers about 22 km2, although the current 
hydrological basin is probably much larger, its boundaries have not yet been reliably established. 
The complexity of the groundwater flow and the size of the basin guarantees the continuity of 
the river source throughout the year. The flow of the Jadro River is measured at the Majdan 
(hydrological) measurement station. 
The average annual flow rate of the Jadro River measured at the Majdan station, as evidenced 
by Ljubenkov (2015), is 7.9 m3/s (1961–2010), and the highest annual mean flow rate is 12.8 m3/s 
(1970) and the minimum of 5.1 m3/s (1983). Over a year there is a notable variation in the flow 
rate (Figure 40). Therefore, the largest flows occur from November to March, with averages 
above 10 m3/s. The minimum monthly average flow rates are observed in summer (July, August 
and September) and reach values of 3.3 m3/s, 2.9 m3/s and 3.7 m3/s respectively. It should be 
noted that even during the winter months relatively small flow rates can occur with monthly 
averages of less than 4 m3/s (Ljubenkov, 2015). 
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Figure 39 - Location map of the Jadro River (from Ljubenkov, 2015). 

 

 
Figure 40 - Monthly discharges of the Jadro River at gauging station Majdan in the period 1961–

2010 (form Ljubenkov, 2015). 

http://www.italy-croatia.eu/


 
 

 

  59 
 
 

European Regional Development Fund  www.italy-croatia.eu/ecomap 
 

 

Hydrology of the Žrnovnica river  
The spring of Žrnovnica is used for the water supply of the village of Zrnovnica and the irrigation 
of agricultural areas. 
The source of Žrnovnica joins several smaller springs that arise in the wider area, where the 
minimum measured flow rate of this spring area is up to 250 l/s (9 September 1993) while the 
maximum flow rate is up to 19, 1 m3/s (18 December 2004). 
The catchment area of the Žrnovnica River is located in the Dinaric Karst bare in the southern 
part of Croatia near Split. The maximum elevation in the relatively small basin is 1225 m above 
sea level (a.s.l.) and the average height of the basin is over 350 m a.s.l. The water emerges from 
a permanent karst spring at an altitude of 80 – 90 m a.s.l., depending on the level of the water 
table. Its canal is 5235 m long. 
The catchment area of the Žrnovnica River consists mainly of carbonate rocks and partly of 
impermeable flysch. The carbonate layers differ in age, the lithological composition of the litter 
and structural-tectonic position. Quaternary sediments cover the lower basin, generally below 
50 m a.s.l. Figure 41 shows the topographical boundary of the catchment area of the Žrnovnica 
River which has an area of 51.1 km2. Using the hydrographic method of groundwater (Bonacci, 
1987), the hydrogeological basin of the Žrnovnica karst spring is estimated at 40 km2. 
Along the watercourse, the morphology of the canal is extremely varied. The upper river is deep 
and narrow, in the middle portion it is wide (10 m on average) and relatively shallow with well-
developed bedforms, basins and lateral bars (in this part of the river it has special habitat 
conditions important for the development and maintenance of the river and hydrographic biota) 
while near the sea the Žrnovnica river divides into several branches. The delta area is defined as 
the part of the catchment area downstream of this point (Valker, 1989). The Žrnovnica River Delta 
consists of fertile soil with nutrient-rich water bodies. The estuary provides the link between 
fresh water and the marine environment, making this small catchment area extraordinarily 
diverse from an ecological point of view. 
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Figure 41 - Location map of the Žrnovnica River (from Bonacci et al., 1998). 

 
There are three water level and flow measurement stations on the Žrnovnica River (Figure 41). 
Table II presents the characteristic discharges recorded between 1990 and 1994. The data shows 
the hydrological irregularity along the Žrnovnica river caused by karst phenomena. Less than 100 
m downstream from measurement station 1 there is a sinkhole area where water is lost through 
the small karst crevices of the riverbed. After having drained the same water reappears about 
100 m upstream of the measuring station 3. Consequently, the hydrological characteristics of 
measuring station 2 are critical for the determination of the maximum possible water extraction 
and the determination of ecologically acceptable flows. 
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Table 4 - Characteristic discharges recorded between 1990 and 1994 in 3 stations (Bonacci et 
al., 1998). 

 

The complexity of the hydrogeological situation caused by karst features along the Žrnovnica 
river is presented graphically in Figure 42. 

 
Figure 42 -Relationship between mean monthly discharge at gauging stations 1 and 2 

(November 1989 - December 1994; from Bonacci et al., 1998). 
 
The relationship between the monthly mean flows measured at measurement stations 1 and 2 
is strong but hydrologically unusual. For spring discharges below 2.00 m3/s, discharges at 
measurement station 1 are greater than at measurement station 2, downstream, due to water 
leaks through the sinkhole area. When the flow rate at station 1 is greater than 2.00 m3/s, a 
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generally normal hydrological situation arises, depending on the level of the water table. It 
should be remembered that the existence of water loss areas in open waterways in karst rivers 
can often complicate the determination of ecologically acceptable flows. 
Hydrogeochemistry of the downstream waters of the Jadro and Žrnovnica rivers  
By comparing the geochemical characteristics of water sampled in the downstream portion of 
the Jadro and Žrnovnica rivers, through qualitative diagrams (Piper), the different chemical facies 
were identified, including the dominant one. In Figure 43 the results obtained by results obtained 
from the monitoring of downstream waters for the Jadro and Žrnovnica rivers carried out 
throughout 2018 monthly, which highlighted how the waters of the Jadro and Žrnovnica rivers 
belong to the pure carbon-bicarbonate facies. Results are in full agreement with the geology of 
the area and above all the nature of the rivers, which originate from karst springs. 
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Figure 43 - Piper diagram shows the geochemical composition of the different Jadro and 

Žrnovnica rivers water samples. 
 
Monitoring of river bodies located downstream of the Jadro and Žrnovnica rivers 
The results obtained from the monthly monitoring carried out from January 2019 to May 2021 
will be shown below for the 2 stations examined for the characterization of the water quality 
downstream of the Jadro and Žrnovnica rivers (Figure 45).  
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Figure 44 - Stations examined for the characterization of the water quality downstream of the 

Jadro and Žrnovnica rivers. 
 
For the qualitative status of the waters belonging to the Jadro and Žrnovnica rivers, various 
chemical and biological parameters were monitored. The results of the main chemical and 
biochemical parameters, ions and indicators will be shown below. 
The pH varies from values of 7 to 8 (Figure 46) following the geochemical nature of the water 
which presents itself with pure calcium bicarbonate facies, with a seasonal trend that generally 
follows the values of the water temperature (Figure 47). 
They are oxygenated waters with dissolved oxygen values that vary a lot with seasonality and in 
different years, quite close to 9 to 14 mg/L, testifying that being waters of karst origin they are 
influenced by the amount of precipitation that supplies the waters of oxygen (Figure 48). 
The electrical conductivity values, visible in Figure 49, are also very low with seasonal average 
values of about 400 uS/cm with a well-defined trend, values around 450 uS/cm in winter and 
values of 350 uS/cm in summer. The increase in electrical conductivity is hypothesized with the 
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increase of dissolved calcium in the water due to the dissolution of carbonates by rain in the 
wettest periods. In addition, slightly higher electrical conductivity values are recorded for the 
Žrnovnica river. 

 

 
Figure 45 - Trend of pH values in the two monitoring stations for the period 2018-2021. In blue 

are the Jadro river values and in orange are the Žrnovnica values. 
 

 
Figure 46 - Trend of temperature values in the two monitoring stations for the period 2018-

2021. In blue are the Jadro river values and in orange are the Žrnovnica values. 
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Figure 47 - Trend of dissolved oxygen values in the two monitoring stations for the period 2018-

2021. In blue are the Jadro river values and in orange are the Žrnovnica values. 
 

 
Figure 48 - Trend of electrical conductivity values in the two monitoring stations for the period 

2018-2021. In blue are the Jadro river values and in orange are the Žrnovnica values. 
 

To assess the effect of pollutants both related to society and agriculture/industry, the chemical 
and biochemical parameters were examined to investigate the temporal trend throughout the 
monitoring period. 
The first two parameters analyzed specifically are: 
- BOD5 (Biochemical Oxygen Demand) indicates the oxygen requirement of water to oxidize the 
degradable organic substances present in it, by aerobic microorganisms. The greater the 
pollution to be removed, the more oxygen is needed. 
- COD (Chemical Oxygen Demand) indicates the oxygen requirement necessary to chemically 
oxidize the oxidizable organic and inorganic substances present in a water sample. The quantity 
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of oxidant consumed is expressed in mg/l of oxygen and is proportional to the concentration of 
organic and inorganic substances oxidized under the conditions of the method. 
The determination of COD is recommended as a complement to the determination of BOD5, 
which is the only one capable of indirectly indicating the concentration of the biodegradable 
organic substance. 
BOD5 and COD are important because they are related to the amount of oxygen. If water is not 
very polluted, it has a good level of dissolved oxygen. Purification, aimed at condensing the 
natural self-purification processes typical of receiving water bodies in space and time, consists of 
the elimination of pollutants (which subtract oxygen), and the release of the oxygen itself used 
as fuel by aerobic microorganisms for the decomposition of pollutants suspended in stable 
elements (carbon dioxide, gaseous nitrogen). 
In the absence of oxygen, anaerobic putrefactive phenomena are triggered with the 
transformation of pollutants into ammonia, phosphoric acid, and hydrogen sulphide: harmful 
and noxious substances that affect possible uses of water. 
By analyzing in detail, the temporal trend of the values of BOD5 and COD in Figure 50, it is noted 
that the waters of both rivers have very low values, far below the legal limits, defining a low type 
of pollution. biochemist. Furthermore, it is observed that both values from 2018 to 2021 show 
an important downward trend over time, this indicates a marked improvement in the waters of 
the Jadro and Žrnovnica rivers from a biochemical point of view. 
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Figure 49 - Trend of BOD5 and COD values in the two monitoring stations for the period 2018-

2021. In blue are the Jadro river values and in orange are the Žrnovnica values. 
 
Further parameters carefully analyzed are nitrogen and total phosphorus. 
The main sources are identified in the agricultural and livestock sectors and, concerning 
phosphorus, the most significant contributions of nitrogen are derived from diffuse sources 
coming from the soils. 
The nitrogenous nutrients, coming from point sources (cities, urban areas) and the washout of 
the land caused by atmospheric precipitations, reach the sea from rivers and port canals. 
Nitrogen is a nutrient microelement dissolved in water, whose nitrogenous components are 
represented by soluble mineral compounds. The nitrogenous components show high seasonal 
variability, with the lowest concentrations recorded in the summer period coinciding with the 
minimum flow rates of the rivers afferent to the coast; consequently, the trend of these 
parameters is generally well correlated with salinity. 
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Total nitrogen concentrations are closely related to the presence of organic particles suspended 
in the water column, of both phytoplankton and, above all, detrital origin and, therefore, directly 
related to river supplies. 
Phosphorus is carried to the transition waters mainly by rivers. The main sources are identified 
in the civil and industrial sectors. Furthermore, as regards the agricultural sector, the phosphorus 
more than the fertilizer shares assimilated by plants, under certain environmental conditions, 
can be washed away from agricultural land and reach watercourses. 
Phosphorus is a nutrient microelement dissolved in water, the main components of which are 
represented by phosphorus-orthophosphate (P-PO4) and total phosphorus (P-tot). The 
concentrations of total phosphorus are, in particular, closely related to the presence of organic 
particles in suspension in the water column, of both detrital origins, and therefore directly related 
to river and phytoplankton inputs. 
In detail, the temporal trend of the values of nitrogen and total phosphorus in Figure 51 shows 
how the waters of both rivers have very low values, defining low chemical pollution. 
Furthermore, it is observed that both values from 2018 to 2021 always show very low values over 
time, this indicates a good qualitative state of the waters of the Jadro and Žrnovnica rivers from 
a chemical point of view. 
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Figure 50 - Trend of nitrogen and total phosphorus values in the two monitoring stations for the 

period 2018-2021. In blue are the Jadro river values and in orange are the Žrnovnica values. 
 
Discussion 
It has been seen how the monitoring activities carried out in the last 3 years on the Jadro and 
Žrnovnica rivers have revealed good water quality throughout the year. 
They are purely calcic bicarbonate waters due to their karst origin, presenting themselves with 
very low values of electrical conductivity and very oxygenated. 
We have seen how the influence of anthropogenic activities operates in a very limited way in the 
two monitored rivers, having very low biochemical and chemical indices and far from the 
threshold values set by the legislation. In fact, BOD5 and COD, together with total nitrogen and 
phosphorus, were found in very low values. 
With pleasure, it is highlighted that, in addition to the very low values, there was a clear decrease 
in the values examined from the start of monitoring. 
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Karst Aquifers  
Introduction 
Karst terrains contain many natural resources, such as freshwater for human consumption, 
aquatic ecosystems and agricultural irrigation, great biodiversity both at the land surface and the 
underground, and soils that provide the basis for agricultural production, also acting as a natural 
sink for atmospheric carbon dioxide (Goldscheider, 2019). 
In the Alpine orogenic belt and its branches Dinarides, Apennines, Carpathians, Balkans, 
Hellenides and the Pindus the karstified carbonate rocks are either dominant or widely 
distributed (Figure 52), and karst aquifers represent the main water resource for potable water 
supply (Stevanović, 2021). 
Many cities and tourist centers along the Adriatic, Ionian and Aegean coasts are consumers of 
karstic groundwater (Stevanović & Filipović, 1994; Milanović, 2005; Radulović, 2000; Stevanović 
& Eftimi, 2010; Fiorillo & Guadagno, 2012; Kallioras & Marinos, 2015). In Croatia, the Zvir group 
of springs (0.6–3.0 m3/s) supplies water to Rijeka; Jadro Spring (3–50 m3/s) is the main source for 
the water supply of Split; Ombla Spring is the largest permanent karstic spring in the Southern 
Adriatic (Qmin= 2.3 m3/s), supplying water to the city of Dubrovnik (Stevanović, 2021). 
Karst systems are characterized by an unstable groundwater regime because of irregular rainfall 
distribution over the year. Many consumers fight every year to ensure a water supply during low 
water periods. This problem is growing in large urban areas: migration of the population towards 
the cities, their fast urbanization, and the growth of the industry in the 20th century have caused 
an increase in the number of tapped springs. In addition, during the summer seasons, the number 
of consumers and demands significantly increase along the coastal area (Stevanović & Eftimi, 
2010). 
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Figure 51: Draft karst aquifer map of Europe, as an example of the World Karst Aquifer Map. 
Source: The World Karst Aquifer Mapping project: concept, mapping procedure and map of 

Europe (Chen et al., 2017). 
 
Karst process 
Karst aquifers form in soluble rocks by flowing groundwater (Figure 53) and they are 
characterized by solutionally enlarged fractures, bedding planes and conduits, which form a 
hydraulically connected drainage network (Goldscheider and Drew, 2007). 
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Karst systems are the result of intense water–rock interactions, most often with strong 
involvement of the biosphere. They typically form by chemical dissolution of rocks by water 
containing carbon dioxide (Dreybrodt, 2000): 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 + 𝐻𝐻2𝑂𝑂 +  𝐶𝐶𝐶𝐶2 =  𝐶𝐶𝐶𝐶2+ + 2𝐻𝐻𝐻𝐻𝐻𝐻3−. 

 
Figure 52: Schematic illustration of a karst system, its natural resources, and relevant processes 

(Goldshneider, 2019). 

Carbonate sedimentary formations including more than 75% of carbonate minerals such as 
limestone and dolomite are the most important karstifiable rocks (Ford & Williams, 2007). 
Because of their unique hydrogeological characteristics, karst aquifers are particularly vulnerable 
to human impacts (Drew & Hötzl, 1999) and are difficult to manage (Stevanović, 2015). In 
exposed karst systems, contaminants can easily enter the subsurface, often via thin soils and 
open fractures, and rapidly spread in the conduit network. Nonexposed karst aquifers (i.e., 
concealed, confined or artesian aquifers) are better protected against direct contamination from 
the land surface (Chen et al., 2017). 
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Karst aquifers in the Split/Podstrana area 
The area of the cities of Split and Podstrana falls within what is called the "Dinaric Karst". It covers 
about 60,000 km2 stretching the length of the eastern coast of the Adriatic Sea, from the Bay of 
Trieste in the north, to the Drim River basin in the south, and the Western Morava River valley in 
the east (Bonacci, 2015). The hydrogeological and hydrological regime of all water phenomena 
in the Dinaric karst depends mostly upon the interaction between groundwater and surface 
water. The dominant flow of the groundwater contained in the Dinaric karst is towards the 
Adriatic Sea through rivers and many permanent and intermittent coastal and submarine springs 
(Bonacci, 2015). 
As a consequence of karst rocks’ solubility, the Dinaric karst rocks develop high permeability 
along with fractures and faults. A wide range of closed surface depressions, a well-developed 
underground drainage system, and strong interaction between the circulation of surface water 
and groundwater typify Dinaric Karst (Bonacci, 2015). 
Based on lithological differences, major geomorphological features and hydrological 
characteristics, Croatian karst can be divided into three parallel zones (Herak et al. 1969; Šarin 
1984): low coastal and insular Adriatic karst, mountainous hinterland karst and low inland karst. 
This area belongs to the low coastal and insular zone, which is formed mainly by Cretaceous 
limestones, where karst is the dominant relief type, but in many cases, the homogeneity of karst 
is interrupted with belts of Eocene flysch rocks trending in a typical Dinaric northwest-south-
easterly direction, and stimulating superficial drainage, even sometimes containing small ponds, 
often low lying and brackish. One of the main characteristics of the low coastal and insular zone 
is the contact of freshwater with seawater (Čanjevac & Orešić, 2020). 
This area is characterized by sediments of high permeability (foraminiferal limestones), 
sediments with some vertical and lateral changes (calcitic silty clay and coarse gravel, cobbles 
and boulders) in permeability in the form of the presence of partly impermeable sediments 
(clayey glauconitic limestones.), sediments and impermeable sediments (Flysch) (Šestanović et 
al., 2012). 
Analysis of structural-geologic and lithological characteristics of flysch showed that groundwater 
appears in those areas consisting of calcirudites and/ or calcarenites of flysch and highly 
tectonized marls. The depth of groundwater flow varies, and it depends upon the layer’s 
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thickness, the frequency of joints, their orientation, and its surface conditions. The general 
direction of the groundwater flow is from the east toward the west (Šestanović et al., 2012).  
The second general direction is from the west to the east. Water also flows along the faults and 
joints in the southwest, i.e. northeast direction west (Šestanović et al., 2012). 
Several submarine springs are recorded in Kastela Bay, near the northern slopes of the Marjan 
Peninsula (Alfirevic, 1966, 1969; Fritz and Bahun, 1997). Similar phenomena were recorded along 
the whole southern coast of this area (Šestanović et al., 2012). 
The result obtained by Kapelj et al., 2013 on the assessment of the intrinsic vulnerability of the 
aquifer system in karst areas is presented here, using the example of the Jadro and Žrnovnica 
catchment area. The evaluation was made with the application of the SINTACS method, which is 
based on the evaluation of seven parameters that describe the geological, hydrogeological, and 
hydrological conditions that directly affect the sensitivity of the aquifer to the influence of human 
activity leading to contamination. of groundwater. Furthermore, this study also considered the 
density of sinkholes. 
The vulnerability map is shown in Figure 53. 

 
Figure 53: Map of intrinsic aquifer vulnerability according to the modified SINTACS method 

(including sinkhole density) and weighted factors for karst (from Kapelj et al., 2013). 
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The study highlighted how sinkhole density affects the assessment of the intrinsic vulnerability 
of the aquifer in the karst area. Areas with a higher density of sinkholes are known to indicate a 
higher degree of karstification. These areas represent the potential areas for the fastest 
infiltration of underground water thus indicating a greater vulnerability of the aquifer. 
Consequently, the isolated areas that show a higher density of sinkholes (a very sensitive 
indicator of karstification, or permeability of the rocks), indicate the most vulnerable areas that 
need a high level of protection. However, this also raises the possibility of expanding the 
exploitation areas in the karst which may be suitable for different uses in those areas with 
medium, low and very low vulnerability indexes. 
Karst aquifers in the Ancona area 
The Ancona area belongs to the external domain of the central Apennines, where Mio-Plio-
Pleistocene terrigenous deposits are widespread. From a lithological point of view, these terrains 
are of a pelitic, arenaceous-pelitic and marly nature (Cello & Tondi, 2008). These lithologies do 
not allow the establishment of karst conditions and therefore around the municipality of Ancona, 
no aquifers connected to the karst environment are found. To identify an aquifer that is 
connected to the karst environment, it is necessary to move to the nearby Mt Conero, which is a 
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pronounced coastal cliff that breaks the continuity of the coastal shore along the Italian part of 
the Adriatic Sea; it is located between Ancona and Sirolo and is 572 m a.s.l.  

 
Figure 54: Satellite image of the Ancona area. Source: Google Earth. 
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This cliff is constituted of Limestone rocks. In this area, the main aquifer represented by the 
Scaglia Fm. (Figure 55), is already exploited for water supply with two deep wells, at a depth of 
280 m and it is confined by two marly formations (Mussi et al., 2017).  

 
Figure 55: Fig. 2 – Cross section of Mount Conero (Mussi et al., 2017) Legend: 9- Scaglia Fm. (9a- 

Scaglia variegata member, 9b upper member, 9c, 9d middle members, 9e basal member). 
 
The Scaglia aquifer is laterally sealed by the marly aquicludes owing to tectonics and is therefore 
hydraulically separated from the shallow aquifers (debris deposits and alluvial deposits), which 
stand on the Eocene-Miocene aquiclude (Mussi et al., 2017). In the Scaglia aquifer, the infiltration 
is through fissure and microkarst, although the breccia zones, which characterise this rock at 
many points, are connected to the occurrence of faults (Díaz General et al., 2015) and likely 
represent preferential pathways for infiltration and recharge. Karst phenomena have been 
identified in the peak zone of Mt Conero (Coltorti et al., 1987, 1989), where there is the 
occurrence of a wide doline (thus proving a permeability likely by karst) with residual soils that 
frequently turn into marshlands during the rainy periods was observed. 
Karst aquifer in the Bibione area 
The territory of Bibione constitutes the western distal portion of the megafan of the Tagliamento 
river. In this area, the ancient alluvial plain was buried or remodelled following the formation of 
the Caorle lagoon and delta systems. In these lands there are no conditions for the establishment 
of karst phenomena, therefore there is no presence of karst aquifers in this area. 
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Aquifers Salinization 
Introduction 
Groundwater is a subject of rising social concern, especially in coastal zones where most big cities 
are located. Due to growing demographic pressure in coastal areas, groundwater is increasingly 
mobilized to satisfy water demands (essentially for agriculture and urban uses). Overexploitation 
of coastal aquifers may lead to permanent water quality degradation because of seawater 
intrusion (Oude Essink 2001a).  
The mixing of saline water and freshwater is a frequent cause of aquifer salinization in many 
coastal regions (Werner et al. 2013a). Because of high population densities and predicted sea-
level rise, coastal aquifers are very vulnerable to groundwater extraction. 
Coastal aquifers are more vulnerable to groundwater extraction because of high population 
densities and predicted sea-level rise (Ferguson and Gleeson, 2012). 
In most cases, coastal aquifers are hydraulically connected to seawater. Usually, in natural 
conditions, the net water flow moves from the freshwater aquifer toward the sea. However, any 
excessive pumping of groundwater can alter the hydraulic balance and allow seawater to enter 
the aquifer and replace the fresh water pumped out (Werner et al. 2013a). Furthermore, a low 
natural recharge rate of groundwater in combination with projected sea-level rise can introduce 
and accelerate the movement of saltwater into freshwater aquifers, although Ferguson and 
Gleeson (2012) have found that the impact of groundwater abstraction from coastal aquifers is 
more significant than the impact of sea-level increase or change in groundwater recharge.  
Because of its significant salt content, a small fraction of seawater would dominate the chemical 
composition of the groundwater mixture. The contribution of 1% of seawater would almost triple 
the salinity of typical groundwater (with an initial chloride content of 100 mg/l). The contribution 
of 5% of seawater would result in water with salinity above 1000 mgCI/L (Jones et al., 1999). 
 Salinization can be caused by several salinity sources related to natural phenomena and 
anthropogenic activities. In decreasing order of affected land area globally, the origins of the 
groundwater salinity can be considered terrestrial (67.3% of the global land area), marine 
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(22.0%), anthropogenic (8.3%), and mixed (a combination of the previous three types, 2.4%) 
(IGRAC, 2009). 
 
Aquifers salinization in the Croatian sites 
Littoral karst aquifers subject to seawater intrusion can be divided into two groups (Mijatovic, 
1985):  
- Aquifers opened to the sea, where exploitation of the freshwater zone always causes the 
intrusion of brackish water into the freshwater zone. In general, the intensity of disturbance is 
less for greater distances between the captage and the sea; 
- Aquifers with incomplete barriers to the seawater, where the intrusion is localized to that part 
of the aquifer between sea level and the contact surface of the aquifer with the impermeable 
barrier. 
Karst aquifers are of exceptional importance for drinking water supply and cover about half of 
the country’s needs. In fact, the drinking water supply along the Croatian coastal belt depends 
almost entirely on abstraction from the abundant karst springs (Ravbar & Kovacic, 2015). 
In the coastal belt, the increase in population, the growth of tourism and the concentration of 
agriculture, traffic and industry pose threats to groundwater quality and seasonally determine 
very high exploitation of groundwater resources (Ravbar & Kovacic, 2015). 
Regarding the Split and Podstrana area, the Jadro spring is the main source of drinking water, 
that has been in use since pre-Roman times. Furthermore, the Jadro spring represents the most 
important karst spring in the whole Croatian coastal belt, since it supplies water to the whole 
area of Split, other areas around it, and the island of Trogir (Antolašić 2011; Bonacci 2012; Kapelj 
et al. 2013). 
Salinisation of karst drinking water resources is not a major issue in Croatia and the ECOMAP 
sites, because most springs used for drinking purposes are situated at elevations above possible 
seawater influence (Ravbar & Kovacic, 2015).  
Aquifers salinization in the Italian sites 
As early as the 1970s it was evidenced that the saline intrusion affected a large part of the 
Venetian coastal plain (Benvenuti et al., 1973). However, the study of this phenomenon took a 
back seat compared to that of other processes considered to be a priority at the time for the 
protection of Venice and its lagoon. As part of the "studies to safeguard" the lagoon area, the 
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problem of saline intrusion in the central-northern area was reconsidered at the end of the 
1990s, about the multi-aquifer artesian system that develops between 55 and 340 m of depth 
and whose exploitation was the primary cause of the Venetian subsidence (Carbognin et al., 
2005a).  
In the Venetian area, due to how the process is carried out, it would be appropriate to replace 
the term "saline intrusion" with that "saline contamination", as the former refers to a component 
of the overall process; the terms "saline intrusion" and "saline wedge" should therefore be used 
to indicate only the ingress of seawater into coastal aquifers (Carbognin et al, 2005b). In fact, the 
natural process of saltwater intrusion due to the proximity of the sea and the lagoon is 
aggravated by a series of factors, among which is the critical altitude of the territory (up to -4 m 
a.s.l.) is of particular importance. Therefore, subsidence and eustatism (Carbognin et al., 2004) 
are closely linked to saline contamination. The dispersion of sea and lagoon water from rivers 
and canals, which in lean situations can go up the mouth for 20 km, and drought events that 
prevent adequate recharge of the aquifers are factors that, when they act jointly, can induce an 
increase in the threshold risk of land desertification. 
In the area of San Michele al Tagliamento, at the moment there would not seem to be any 
problems related to the intrusion/contamination of the aquifers by seawater (ARPAV, 2020). 
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Figure 56: Spatial distribution of the average annual concentrations of the electrical conductivity 
parameter at 20 °C. 
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It should be emphasized, however, that the area in question is affected by a strong phenomenon 
of subsidence (Figure 57) ranging from minimum values of 2 mm / y up to maximum values of 7 
mm / y (Provincia di Venezia, 2008). 

 
Figure 57: Map of the subsidence of the Bibione area (Provincia di Venezia, 2008). 

 
The subsidence already underway in this area, together with the accelerated sea-level rise due 
to climate change could have major impacts on this area. These impacts can include salinisation 
of aquifers, damage to infrastructure, increased vulnerability to floods and storm surges, and 
permanent flooding of low land. River deltas, with their compressible substrates, low gradients, 
and large populations, are particularly vulnerable (Higgins, 2016). 
As regards the salinization processes of the aquifers, linked to the phenomenon of marine 
intrusion in the Ancona area, it is more or less accentuated in the coastal area. Concerning the 
Esino river, Coltorti & Nanni (1983) and Nanni (1985) concluded that the high conductivity values 
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found near the coastal strip are closely related to the phenomenon of marine intrusion. 
Furthermore, areas with low conductivity waters were generally found between the high 
conductivity areas and the coastline. This could depend on the fact that the marine intrusion is 
not direct but linked to the rising cone of the salty waters due to the strong pumping to which 
the aquifers are subjected near the coastal area (Nanni & Vivalda, 1986). 
More recent studies, carried out in the petroleum refinery located at the mouth of the Esino river 
(Alberti et al., 2009) have shown, through a stationary model dependent on the density of 
groundwater and a large field database, that in the area there it is a slight intrusion of saline 
water. Furthermore, they identified two "secondary" sources of saline water which have been 
shown to have a major influence on the presence of brackish water in the unconfined aquifer: 
leakage from the fire extinguishing system (containing seawater) and small flooding events due 
to maritime events. 
Alberti et al. (2009) conclude that in the area, seawater represents, the main saline source for 
the aquifer system only in the areas adjacent to the mouth. In the Adriatic Sea, the tidal 
fluctuations are too small to cause a high mix of seawater with the waters of the Esino river within 
the river channel. However, surface water bodies cannot always be considered natural barriers 
against seawater intrusion. Although the river creates a dilution of seawater in the mouth area, 
it can lead to saltwater wedge movement inland due to its level changes and strong seasonal 
drainage effects on groundwater flow. 

Submarine springs in the Mediterranean area 
Groundwater discharge into surface water bodies is, in many cases, below the level of surface 
and non-surface water immediately visible. This discharge can be diffuse or concentrated in the 
form of submerged (underwater) sources. Karst rocks make up 60% of the Mediterranean coast 
and it is estimated that they contribute 75% to its freshwater supply, mainly through direct 
discharge into the sea (UNESCO, 2004). The groundwater runoff to the coast and its subsea runoff 
is determined by the hydraulic gradient between the internal recharge areas and the sea level. 
Suppose the aquifer is confined and well protected by a thick aquifer. In that case, the flow of 
groundwater can continue well beyond the coast with the final discharge taking place along a 
distant outcrop in the underwater aquifer (Kresic, 2010) (Figure 58). 
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Figure 58: Idealized cross-section of groundwater flow to Crescent Beach Spring, Florida: (1) 

post-Miocene deposits (green clay, sand, and shell); (2) confining unit (Hawthorn Formation); (3) 
Upper Floridan aquifer (Eocene Ocala Limestone). Barlow, 2003. Modified by Kresic, 2010. 

 
Submarine springs have been known to exist for a very long time. The Phoenicians already used 
their water, 1000 years before our era. Most of these springs have been discovered over the 
centuries but studies focusing on them are nevertheless rare and sketchy (Fleury et al., 2007) 
Much of the karst territory of the Croatian Dinarides is currently submerged following the last 
Late Pleistocene-Holocene transgression. About 18.000 years ago, in the maximum phase of the 
Würm glaciation, the sea level (Figure 59) was about 125 meters below the current one 
(Fairbanks, 1989).  
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Figure 59: Borders of Adriatic Sea during Würm (111,000–11,700 y. ago) and Early Holocene 

(about 11,700 y.a.). From: Malvic, 2016. 
 
Because of this, the karstification processes have affected the carbonate bedrock down to the 
absolute erosive base, i.e., sea level. Today, despite the thousands of years in the sedimentary 
environment, all kinds of karst features (karrens, dolines, poljes, caves, wells, river valleys and 
canyons, etc.) are still recognizable on these bottoms, due to the speed of sedimentation very 
slow thanks to the prevalence of easily soluble carbonate rocks in the drainage area of most of 
the rivers of the eastern Adriatic (Suric, 2001). This means that only about 20% of the river 
material is suspended while the remainder undergoes processes of dissolution. For this reason, 
the seabed is only partially covered by recent sediments. On the contrary, the western Adriatic, 
towards the Italian coasts, is intensively filled with suspended material transported by the Po 
River and other Apennine rivers, rapidly covering existing stretches (Correggiari et al. 1996). 
In this context, Along the Adriatic coast in Croatia, there are over 300 perennial or periodic 
coastal and submarine springs (Ford and Williams, 1989). 
  
Submarine springs in the Croatian sites 
As part of the scientific studies concerning submarine springs in the Croatian area, the first to 
study these phenomena were Alfirevic (1966) and Jeveremovic (1966). 
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Alfirevic (1966), studying two submarine springs located in the western part of Kastela Bay, noted 
that the flow rate of these underwater springs increased during periods of heavy rain, while at 
other times the flow of water stopped allowing seawater to infiltrate down into the limestone 
aquifer. 
In Kastela Bay the depth of water to the seafloor at the orifice of the springs resulted in about 15 
m, and the bottom of the vertical channel through which the springs flow resulted at a depth of 
about 35 m according to profiles based on echo sounding.  
The echographic profiles indicated that the vertical channels were funnel-shaped sinkholes 
which, represented a type of sinkhole present in the karst of that region. (Alfirevic, 1966) 
Alfirevic (1966) stated that during a submarine survey, frogmen noticed specimens of submarine 
vegetation being torn up and sucked into the mouth of the funnel-shaped sinkholes. The 
downward water pressure, which prevented frogmen from moving away from the bottom of the 
sinkhole despite their attempts to swim upward, represented additional evidence of the flow of 
seawater into the underground channels. He added that this type of karst spring, known as an 
"estavelle," acts as a spring during high stages of the ground-water level and acts as an intake 
hole for the flow of seawater into the orifice of the spring when the fresh-water head is low, 
although the flow of seawater into the sinkhole is not so conspicuous on the surface.  
Jeveremovic (1966) investigations showed that in the winter, spring, and autumn when the 
submarine estavelles in Kastela Bay were discharging water, the temperature of the water 
showed little difference from the surface to the bottom of the estavelle. During that time, 
especially in April and May, the salinity of the water from the springs was less than that of the 
Adriatic, and the salinity gradually increased from surface to bottom. During the winter season 
the water of the submarine springs, being lighter (warmer and less saline) than the surrounding 
seawater, spread out on the surface of the heavier seawater. During summer, discharge of the 
spring decreased, and at times the seawater flowed into the sinkhole. 
In September 1971, Alfirevic succeeded in confirming the water sink in the Arbanija submarine 
spring. 20 kg of sodium fluorescein was used on that occasion, and it gradually disappeared into 
the submarine spring. It was proof that this submarine spring is also a swallow hole (Fritz and 
Bahun 1998). 
A large volume of freshwater flows out from the submarine springs which, is karst groundwater 
derived from the hinterland. Since the whole coast and a part of the offshore oh the Kastela Bay 
is composed of impermeable Eocene flysch deposits, overlain by a permeable Cretaceous-
Palaeogene carbonate complex, the flysch deposits provide a hydrogeological barrier for 
mainland karst groundwater (Fritz and Bahun, 1998). So, the groundwater moving to the 
submarine springs must pass beneath those impermeable rocks. The barrier in one part does not 
extend deeply enough underground and forms a "hanging" barrier. From this point laterally, the 
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flysch deposits have the function of a barrier. Under these conditions, a large volume of karst 
groundwater, partly retarded by flysch deposits in the western part of the Kastela Bay, is drained 
towards the hanging hydrogeological barrier (Fritz and Bahun, 1998). 
Regarding the origin of these springs, they formed in the period between the last glacial stage 
until the present conditions in the areas where karst groundwater had hydro geologically open 
pass towards the erosional base - towards the sea.  
Considering the data presented by Segota (1962, 1968) and Segota & Filipcic (1991) on sea-level 
fluctuation from the Wurm till recent times, it’s possible to state that all the old coastal springs 
would have been submerged, becoming submarine springs due to a global sea-level rise between 
the Wurm and approximately 1000 years ago, resulting in a gradual migration of the submarine 
springs toward the direction of the present coastline (Fritz and Bahun, 1991). 
As a result of the hydrogeological conditions in karst terrains, the sea level change (coastal 
movement, or rather the movement of the erosional base) is always accompanied by the 
appearance of new coastal springs. From a primordial spring, several hydraulically connected 
submarine springs could have been formed, as well as the coastal spring occurring at the present 
coast. Therefore, the most distant submarine springs gradually become inactive or are 
intermittently active, during the maximal rates of mainland water flow. This is the reason why 
most present submarine springs are situated relatively near the present coastline, also why a 
small number of them are permanently active and why the largest portion of karst groundwater 
flowing from the mainland hinterland during dry seasons does not emerge from submarine 
springs but along the coastline, from brackish coastal springs (Fritz and Bahun,1991). 
Regarding the influence of these submarine springs from a biological point of view, Novosel et 
al. (2004) studied in depth the colonies of Pentapora fascialis in connection with the underwater 
freshwater springs: the surveys in this study were carried out between 1995 and 2004 in the 
northern area of the Croatian Adriatic coast, inside the Velebit Channel.   
P. fascialis (Pallas, 1766) is the largest and most conspicuous calcified bryozoan in the Adriatic 
Sea (Figure 60). The colonies are attached to the substratum through an encrusting base. From 
this, they grow upwards in bilaminar sheets that from time to time fuse. Adult colonies may be a 
dominant and important part of the sessile benthos and colony size may be substantial (Hayward 
& Ryland, 1999). 
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Figure 60: Specimen of Pentapora fascialis. Source: www.biologiamarina.org. URL: 

https://www.biologiamarina.org/pentapora/ 
 
Novosel et al. (2004) identified large colonies of the P. fascialis bryozoan in four locations along 
the coast of the Velebit Channel in the north Adriatic, growing only near the outflow from 
underwater freshwater springs. Two surveyed underwater springs were active all year except for 
132.9 hours in February and March 2003. The period of inactivity was never constant for the 
entire 24-hour period, which means that the colonies of P. fascialis are permanently adapted to 
grow in conditions of fluctuating medium-low salinity. The temperature of the outflow of 
underwater springs in the area was low and constant. The outflow was expressed as a strong and 
constant current throughout the year. The amount of total CO2 dissolved CO2 and bicarbonate 
was significantly higher in the source runoff than that of seawater. The amount of nitrate in the 
stream was 10 to 50 times that of seawater. Based on the study carried out, the authors 
concluded that both the high concentration of CO2 and bicarbonate, which stimulate a higher 
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concentration of phytoplankton in the area, together with the strong and constant currents, are 
the reason why P. fascialis colonies grow only within the outflow of the underwater spring. 
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Annex 1: data of the Tagliamento river 
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Annex 2: data of the Jadro river 
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Annex 2: data of the Žrnovnica river 
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