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Abstract: - The Bussento river basin, located in the south-east of Campania region, shows interesting issues 

related to water assessment and management. Complex interactions and exchanges between surface and 

groundwater exist, influencing also on-shore and off-shore submarine springs. Therefore, gaining river 

segments from karst groundwater and losing river segments towards the aquifer are recognized. Groundwater 

protection for drinking domestic use, riverine wild-life conservation and coastal water quality require a 

progressively optimized knowledge of these interactions. As a support for hydrological modelling tasks, 

various measurement campaigns have been made along the Bussento river for the acquisition of data about 

Radon concentration in the river and spring waters, using a radon monitor, Rad7 (Durridge Inc.) , equipped 

with a water probe and a Rad7H2O to measure radon activity concentration in water. The aim of this 

preliminary study is to perform an useful methodology for the localization of the contributions of the 

groundwater along the riverbed, and for their proportional assessment compared with the superficial back 

return flow. 
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1 Introduction 
Surface and groundwater resources assessment 

represents one of the main issues in 

socioeconomic planning and management [1, 2, 3, 

4] and requires more and more interdisciplinary-

based scientific researches, particularly in 

hydrogeology, hydro-geomorphology and 

hydrology [5,6].  

It is worldwide recognized that global fresh-water 

resources, stored in rivers, lakes, and aquifers, 

constitute less than 0.5 % of all the water on the 

Earth, and therefore, their uses have to be, 

necessarily, sustainable [7], especially, in the light 

of a global severe water scarcity scenario 

forecasted by 2025 [8].  

Karst aquifers provide the 25% of the global 

drinking water resources to the world‘s population 

and sustain aquatic life in most fluvial systems, 

providing several ecological services to humans. 

Being characterized by complex links between 

surface and groundwater, they turn out to be very 

vulnerable to contamination and pollution [9].  

In Mediterranean environments, karst aquifer 

groundwater represents more than 98% of the 

available fresh-water supply and, during summer 

seasons, feeds perennial streamflow through the 

aquifer-derived base flow, thus contributing to the 

total streamflow in a measure of 30% to 70% [10, 

11, 12].  
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An understanding of a given aquifer flow 

characteristics and its interaction with adjacent 

surface water resources, turns out to be critical if 

the total water resource is to be managed 

sustainably [13, 14]. 

In order to assess and manage water resources, the 

European Water Framework Directive 

2000/60/EC [15] suggests an integrated approach, 

taking hydro-geological, hydro-geo-

morphological, hydrological, hydro-geochemical, 

physical and biological contributions into account 

[16], in particular for groundwater-streamflow 

interaction assessment and monitoring [17]. 

Especially in karst Mediterranean landscapes, the 

interdisciplinarity turns out be fundamental [18, 

19, 20]. In fact there are very complex recharge 

processes and groundwater circulation 

mechanisms [21, 22, 23]. 

Determination of the interaction between 

groundwater and surface water in karst landscape 

is particularly difficult.  

In fact, there are complex hydraulic 

interconnections of fractures and solution 

openings in carbonate rocks with basin drainage 

network. J. V. Brahana and E. F. Hollyday [24]  

have indicated that dry reaches of streams can be 

used as indicators of groundwater reservoirs. 

In terms of hydro-biological response to 

hydrologic conditions in karst environments, a 

number of organisms can be used as indicators of 

the aquifer-river interactions.  

P. Vervier and J. Gibert [25]  have quantified the 

interactions between water, solutes, and 

organisms at the interface between a stream and a 

groundwater outlet from karst terrane.  

The location of the ecotone showed marked 

spatial fluctuations according to the prevailing 

hydrology.  

Moreover,  interactions were strong during high 

flows and, on the contrary, negligible, during low 

flows.  

This turns out to be very important in protected 

areas, as in the study area of the Bussento river 

basin, which hosts specific destinations for native 

fish life, regulated by the national environmental 

legislation. 

The use of field measurements to tune and 

improve physical models is a common practice in 

environmental control [26,27,28]. 

In the last decades, a substantial help in providing 

an answer to the questions of interest in karst 

hydro-geomorphology and hydrology has been 

provided by the use of isotopes (stable and 

unstable) like tracers, both in field investigations 

as in laboratory analysis [29, 30, 31, 32, 33, 34]. 

One of the most interesting and promising 

approach to assess quantitatively the groundwater 

contributions to streamwaters and seawaters in 

natural environments, consists in measuring 

Radon-in-water activity concentrations [35,36, 

37].  

Therefore, it has been proved that Radon-222 can 

be an useful natural tracer, because its activity 

concentrations in groundwater turn out to be 

typically one order of magnitude or bigger than 

those ones occurring in surface waters [38]. 

 

 

2 Research Activity 
Radon-222 (for sake of simplicity called simply  

‘Radon‘ in the following) is a volatile gas with a 

half-life of 3.8 days, moderately soluble in water 

and atmosphere.  

It is released to groundwater from Radium-226 

alpha decay, by means of permanent alpha recoil 

in micro-pore or fracture walls [39] and 

progressive dissolution of the aquifer-forming 

material that supplies more and more soluble 

Radium-226, subsequently decaying to Radon 

[40].  

Due to its volatility, Radon gas quickly dissipates 

when exposed to the atmosphere producing a 

significant disequilibrium between concentrations 

in surface and groundwater. 

From the seminal work of A. Rogers [38], the 

assessment of spatial-temporal variations in 

Radon activity concentrations between surface 

and groundwater [40,41,42] have provided 

insights in:  

1) testing soil infiltration-filtration models 

[43,44,45,46],  

2) performing hydrograph separation [47],  

3) calculating residence times [48],  

4) interpreting the role of “old water” in non-

linear hydrological response of 

catchments,  

5) estimating shallow and deep water mixing 

[49,50,51,52,53], 

6) calculating flow velocities in 

homogeneous aquifers [54].  

For instance, M. Yoneda et al. [55] have used 

Radon as a tracer to localize the single discrete 

points of groundwater inflow to a river in Japan. 

K. K. Ellins et al. [40] have used it to quantify 

groundwater inputs to a stream in Puerto Rico, 

and, R. Lee and E. F. Hollyday [42] to assess 

groundwater contribution to the Carters Creek in 

Tennessee. 

In addition, the use of Radon enables the 

researchers to trace groundwater migration 

pathways [56], and to assess the time dependence 

of groundwater migration processes [57].  
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Infiltration of surface waters from a river to 

groundwater [49], as well as flow dynamics in a 

karst system [58], are just few examples of 

applications, where Radon-based methodology 

has been successfully used to gain additional 

information on environmental functioning. 

This potential for using Radon, as a suitable 

aqueous tracer [29], is due to its main 

characteristics:  

1) it occurs naturally in the environment in 

an ubiquitous way; 

2) it behaves like an inert substance;  

3) it has a half-life of 3.8 days, differently 

from other aqueous environmental tracers, 

like stable isotopes;  

4) it is easy to manage, fast to monitor and 

its measurements inexpensive to be 

performed. 

Usually, Radon-in-water activity concentrations 

are measured with respect to typical expected or 

reference values in surface, subsurface and 

groundwaters.  

The measurements can be made through either 

sampling (batch sampling), performed on fixed 

volume samples of collected waters from springs 

or along the riverbed and followed by laboratory 

analysis, or through continuous monitoring 

directly in-situ [59].  

In the last case, in order to better implement such 

an approach, it is required the use of simple and 

inexpensive, field-usable Radon-in-water 

monitors, with temporal resolutions of hours or 

less.  

There are few commercially available Radon-in-

air devices fulfilling those requirements, among 

which the most commonly used are the 

“AlphaGuard” (Genitron Instr.) and the “RAD7” 

(DURRIDGE Co. Inc.). 

 

 

2.1 Study Area 
In this paper, the preliminary results of the 

experimental investigations on the spatial-

temporal variations in Radon activity 

concentration along the reference segments and 

reaches of the Bussento river, are illustrated and 

discussed. 

The basin is located inside the Cilento and Vallo 

di Diano National Park, in the southeastern sector 

of the Campania region (Southern Italy) (Fig. 1). 

It is well known to hydro-geomorphologists and 

hydrologists for the widespread and unique karstic 

features [60] (i.e., the sinkhole “La Rupe” and the 

related “Morigerati resurgence”), and to ecologists 

for its wildness landscape and wildlife sites (i.e., 

the otter protection area in the Morigerati WWF 

Oasis). 

In this river basin, the results of previous hydro-

geological and hydrological studies [61, 62, 63] 

indicate a weak correspondence between 

instrumental registrations and model simulations.  

 

Fig.1 - Location of the study area in Campania region and 

inside the Cilento and Vallo di Diano National Park. 

Fig.2 - Hydro-geomorphological map of Bussento river and 

surrounding. 
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This is  due to the strongly conditioning deep 

karst circulation in surface hydrological response, 

with an alternation between gaining river reaches 

from  groundwater, and losing river reaches 

towards the karst aquifers, and also towards 

external watershed. 

Due to these karst-induced features, the surface 

and groundwater recharge, circulation and 

discharge turn out to be very complex.  

So, a conceptual hydro-geomorphological model 

has been developed as a physical context in 

assessing basin and sub-basin water budget by a 

semi-distributed hydrological model [64, 65]. 

As a support for the hydrological modelling tasks, 

since September 2007, several measurement 

campaigns have been planned monthly, along 

sampling stations located either at the beginning 

or at the end of hydro-geo-morphologically 

homogeneous fluvial segments or reaches. 

For the experimental implementation of the Radon 

measurements and in compliance with the 

boundary conditions of the area, where to operate, 

the most suitable experimental setup turned out to 

be  the portable Radon-in-air analyzer, RAD7 by 

Durridge Company, Inc. (Bedford, MA, U.S.A.). 

It is capable to perform Radon short-lived 

progenies‘ alpha spectrometry, both directly in–

situ, along the riverbed and, offline, in the 

laboratory, on water sample vials collected during 

the campaigns.  

Besides Radon activity concentrations, chemical 

and physical parameters (pH, water temperature, 

dissolved oxygen, TDS, water conductivity, water 

resistivity, etc..) have been collected. 

The instrument used is the multi-parametric HI 

9828 (HANNA Instruments S.r.l.). 

The Durridge RAD7 Radon Monitor has been 

extensively used by Bill Burnett and his 

coworkers in their fundamental work for the 

assessment of groundwater seepage sites into 

lakes, rivers, and coastal areas. 

These activities have brought to the development 

of in-situ and continuous radon experimental 

equipments capable of producing automatic 

measurements of Radon-222 in surface waters. 

[66, 67, 68]. 

During our testing surveys a quick comparison 

with the Radon-in-Air analyzer AlphaGuard 

(Genitron Instr.) has been also carried out.  

It has been made for one specific monitoring 

station, confirming the detailed inter-comparison 

performed by M. Schubert [57, 69]. 

Synthetically, the objectives of the Radon in-

water monitoring program have been: 

1) to localize and quantify the contributions 

of groundwater along the main stream 

riverbed and banks;  

2) to set up an adaptive methodology, based 

on monthly Radon activity concentration 

measurements in streamflow and springs, 

for the baseflow separation from the 

other streamflow components;  

3) to verify the hydrodynamical behaviour 

of the karst circuits and their influence on 

streamflow.  

The investigation reported in this paper has been 

performed in order to implement and improve this 

approach in the conventional regional public 

practice, to compliance the suggestions derived 

from the European Water Framework Directive 

[15] and to apply the methodology to other similar 

karst-conditioned river basin in Southern Italy. 

 

 
2.1.1 Hydro-geomorphology of the study area 
The Bussento river drainage basin is one of the 

major and more complex drainage river systems 

of the southern sector of Campania region, in 

Southern Italy (Fig. 1).  

This complexity is due to the highly hydro-

geomorphological conditioning induced by the 

karst landforms and processes (Fig. 2). 

In fact, it is characterized by widely and deeply 

karst features, like summit karst highlands with 

dolines and poljes, lowlands with blind valleys, 

streams disappearing into sinkholes, cave systems, 

karst-induced groundwater aquifers and 

gravitational karst-induced “sackungs” [60,70]. 

The main stream originates from the upland 

springs of Mt. Cervati (1,888 m asl), one of the 

highest mountain ridges in Southern Apennines. 

Tab.1 - Climatic characterization of the study area. 

Statio

n 

Eleva

tion 

(m 

a.s.l.) 

Mean 

annual           

Precipit

ation       

(mm) 

Mean 

annual 

Temper

ature                  

(°C) 

Mean 

annual 

Potential 

Evapotrans

piration 

(mm) 

Effectiv

e 

Precipit

ation  

(mm) 

Morig

erati 

300 1439 15.9 820 619 

Casell

e in 

Pittari 

315 1657 15.3 788 869 

Casale

tto 

Sparta

no 

310 1811 15.3 789 1022 

Sanza 569 1596 12.2 668 928 
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Downstream, the river flows partly in wide 

alluvial valleys (i.e., Sanza valley) and, partly, 

carving steep gorges and rapids. 

Here a number of springs, delivering fresh water 

from karst aquifers into the streambed and banks, 

increase progressively the river discharge.  

Near the Caselle in Pittari village, the Bussento 

river and adjacent neighbour minor creeks flow, 

respectively, into “La Rupe” (Bussento Upper 

Cave), Orsivacca and Bacuta-Caravo sinkholes, 

channelling the entire fluvial surface flow drained 

in the upper Bussento basin into the hypo-karst 

cave system and re-emerging a few kilometers 

downstream, in the neighbourhood of the 

Morigerati town, from the resurgence, called 

“Bussento Lower Cave”.  

Downstream the resurgence, the Bussento river 

merges with Bussentino creek, originating from  

the eastern sector of the drainage basin and 

flowing along deep canyons and gorges, carved 

into the meso-cainozoic litho-stratigraphic 

sequences, prevalently constituted of limestone 

and marly limestone, referred to the Alburno-

Cervati Unit [71].  

In the western and southern sectors of the basin 

(Sciarapotamo creek sub-basin), marly-

argillaceous successions of the Liguride and the 

“Affinità Sicilide Complex” or “parasicilides” 

[72, 73,74]  dominate the hilly landscape, whereas 

they underlie the arenaceous-conglomerate 

sequences at Mt. Centaurino [75] (Guida D. et al., 

1988).  

Downstream the confluence with Sciarapotamo 

creek, the Bussento river flows as a meander 

stream in a terraced floodplain and, finally, in the 

Policastro coastal plain.  

In particular, the river drainage sector, which this 

paper concerns about, refers to the “Morigerati 

Hydrogeological Structure” [62], comprising the 

Middle Bussento river Karst System (MBKS). 

This karst system develops within the carbonate 

ridge of Mt. S. Michele - Mt. Pannello - Mt. 

Zepparra , between the four sinkholes located to 

East of Caselle in Pittari and the final fluvial reach 

of the gorge located to SE of the Sicilì village 

(Sicilì bridge), up to the Bussento hydropower 

plant, just downstream the confluence with 

Sciarapotamo creek.  

In Fig. 3 the detailed hydro-geo-morphological 

map of the study area, with the hydrogeological 

complexes and main springs, the hypothesized 

paleo- and present-day sink-cave-resurgence 

system, and the river segments and reference 

reaches of interest, are graphically drawn. 

The Middle Bussento segment, comprising the 

Oasis WWF reach, is located in the Morigerati 

gorge. 

It is a typical epigenetic valley [76, 60], along 

which groundwater inflows from epikarts spring, 

conduit spring (Old Mill Spring) and cave spring 

(Bussento Resurgence) supply a perennial 

streamflow in a step-and-pool river type [77].  

The Middle-lower segment, comprising the Sicilì 

bridge reach, is located more downstream.  

Along the first one, beginning at the end of the 

Morigerati gorge and stretching to the 

Sciarapotamo creek confluence, three reaches can 

be recognized from down-valley:  

1) the more downstream, in correspondence 

of the Bussento Hydropower Plant results 

a typical riffle-pool river [77], as a 

meander entrenched in fluvial and strath 

terraces [78];  

2) the second upstream reach, called Bottelli 

House reach, results in a riffle-pool river 

along low order alluvial terraces; 

3)  the third, the above cited Sicilì Bridge 

reach, a plane bed river slightly 

entrenched in alluvial terrace and 

bedrock.  

The hydro-geo-morphological setting, above 

briefly illustrated, induces a very complex 

surface-groundwater interaction and exchanges. 

 

 

 

 

 

Fig.3 - Detailed hydro-geomorphological map of the study 

area and related features. 
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Therefore, groundwater inflows from outside of 

the hydrological watershed and groundwater 

outflows towards surrounding drainage systems, 

frequently occur. 

This influences the basin water budget and 

streamflow regime.  

The Bussento river regime is also affected by a 

very complex hydropower plant system, which 

retains and diverts the river discharge in the 

Sabetta reservoir and the Casaletto weirs, 

respectively, from the upper Bussento river and 

the Bussentino creek reaches segment to the 

Lower Bussento fluvial segment.  

In order to provide a physical scheme of the 

complex recharge, storage and routing system of 

the Middle Bussento karst area, a preliminary, 

physically-based, conceptual model has been 

built-up, accounting for an interconnected 

sequence of geologic substrates, structural 

discontinuities, type and rate in permeability 

distribution, recharge areas and discharge points, 

that collectively attempt a conceptualization of the 

karst aquifers-river interactions [79, 80, 81, 82]. 

This model focuses on the variety of hydro-

geomorphologic settings and their influences on 

the streamflow regime.  

With reference to the work done by G. Iaccarino 

et al. [62] and by D. Guida et al. [63] , the 

conceptual hydro-geomorphological model of the 

MBKS, contains three nested hydrological 

domains (Fig. 4):  

1) a hydrogeologic domain;  

2) a hydro-geo-morphological domain; 

3) an aquifer-river domain. 

The hydrogeological domain represents the 3-D 

structure of aquifer, aquitard and aquiclude, 

conditioning the groundwater circulation and 

storage. 

It is vertically differentiated in the classic 

subdivision of karst hydro-structures [83]: 

epikarst, vadose, percolation and saturated or 

phreatic zones [18].  

The last one is hydrodynamically subdivided in 

cave, conduit and fracture routing system [79]. 

The hydro-geomorphological domain comprises 

karst and fluvial landforms and processes, 

conditioning groundwater recharge (“karst input 

control”[19]), by means of the infiltration and 

runoff processes, including:  

a) allogenic recharge from surrounding 

impervious drainage basins into deep and 

shallow sinking stream infiltration points, 

and fractured bedrock stream infiltration; 

b) autogenic recharge, including sub-soil and 

bare diffuse epikarst infiltration, 

endorheic runoff infiltration in dolines 

and poljes;  

c) groundwater discharge (“karst ouput 

control”[19]), differentiated in the 

groundwater-river interactions within the 

aquifer-river domain.  

This last comprises the complex interactions 

between the streambed-springs system, which 

generally results in a downstream river discharge 

increase. 

It occurrs generally in typical bedrock streams, 

flowing in gorge and canyons carved in enlarged 

fractured limestone sequences. 

 

Tab.2 - Annual minimum streamflow data (m3/s) from 

published and unpublished river discharge measurements 

along the cited reference reaches. 

Period 
1985-

1987 

1989-

1990 

1999-

2001 

2002-

2005 

2007

-

2010 

Mean 

RiverSectio

n 

Dischar

ge  

(m3/s)  

(Iaccarin

o G.  et 

al., 

1988) 

(courtes

y of  

author  

D.Guid

a) 

(courtes

y of 

Nationa

l Park 

of 

Cilento) 

(courtes

y of 

CUGRI

) 

(this 

study

) 

Discharg

e  (m3/s) 

Upper 

epikarst 

springs 

0.08 0.12 0.06 0.04 0.05 0.07 

Upstream 

Gorge 

reach 

0.08 0.12 0.06 0.04 0.05 0.07 

Lower 

conduit 

springs 

0.25 0.31 0.22 0.2 0.21 0.238 

Intermedia

te Gorge 

reach 

0.33 0.43 0.28 0.24 0.26 0.308 

Intermedia

te cave 

resurgence 

spring 

0.35 0.44 0.28 0.23 0.25 0.31 

Downstrea

m Gorge 

reach 

0.68 0.88 0.56 0.47 0.51 0.62 

Basal 

fracture 

springs 

0.45 0.38 0.41 0.37 0.39 0.4 

MBKS             

Total 

Mimimum 

streamflow 

1.13 1.25 0.97 0.84 0.9 1.018 
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Fig.4 - Conceptual hydro-geomorphological model of the 

Middle Bussento river Karst System (MBKS). 

Following the routing karst system, the springs 

inflowing into streamlow can be characterized in: 

i) upper epikarst springs,  

ii) intermediate cave resurgence springs,  

iii) lower conduit springs, 

iv) basal fracture springs.  

Figure 4 highlights, also, the hypothesized deep 

losses toward the Submarine Groundwater 

Discharges (SGD), emerging in the Policastro gulf 

[84], as reported in Fig. 2. 

Each of the mentioned components corresponds, 

in the modelling conceptualization of the scheme, 

to a linear storage, which releases streamflow as a 

function of the water storage and of a 

characteristic delay time.  

The characteristic time indicates that there is a 

delay between the recharge to the system and the 

output from the system itself, and this delay is 

greater for deeper aquifers.  

The number of storages, each representing, thus, a 

different process, contributes to the total 

streamflow through a recharge coefficient, that is 

a measure of the magnitude of the single storage. 

The application of a conceptual model, such as the 

one briefly described, requires the calibration of 

the model parameters, and in particular of the 

characteristic delay time and of the recharge 

coefficient of each single storage.  

In complex catchments, such as the Bussento 

River System, characterized by a large impact of 

karstic phenomena, raw streamflow data are not 

sufficient to the quantification of the contribute 

and magnitude of the single storage, and, 

therefore, are not sufficient to calibrate the 

model.To this aim, the use of Radon activity 

concentration measurements could represent a 

valuable future perspective. 

The study area is characterized by a typical 

Mediterranean climatic regime, tending to 

temperate from the coast to the mountain reliefs. 

The 50-years (1921-1977) mean annual rainfall 

and mean annual temperature for historical 

meteorological stations of Morigerati, Caselle in 

Pittari, Casaletto Spartano and Sanza, located 

within the Bussento River watershed, are shown 

in Table 1 [85]. 

Since streamflow gauging stations, with long and 

high quality recorded data, are not available, a 

characterization of the hydrometric low flow 

regime is given in Table 2, through data from G. 

Iaccarino et al. [62], and D. Guida et al. [63], and 

through discharge data collected during several 

field campaigns along the river segments of 

interest (Fig. 3) and from connected groundwater 

inflows.  

 

 

3 Materials and Methods 
In order to gain useful and effective insights 

derived from Radon activity concentration 

measurements and elaborations, improving the 

MBKS conceptual model above described, 

monthly measurement campaigns have been 

performed in the Bussento river basin. 

Preliminarly, a Bussento Radon Monitoring 

Station System (BRMSS) has been established in 

such a way to be adequate to the locations at the 

different segment and reach scales of river. The 

stations, whose coordinate locations have been 

measured by means of GPS GS20 Professional 

Data Mapper Leica Geoystems, have been chosen 

according to their relevance for the study of the 

interactions between groundwater and surface 

waters and, then, have been associated to 

locations either along appropriate points of the 

main course of the river or in correspondence of 

the lateral spring inflows. 

Each monitoring station has been labeled with an 

alphanumeric code, beginning with the two letters 

BS (BS stands for Bussento) followed by a string 

of bits, containing the station ID number plus a 

code for distinguishing between spring and river 

stations (Tab. 3 and Fig. 5). 

The format of the identification code has been 

chosen in the framework of the requirements of 

the realization of a Relational DataBase, designed 

specifically for storing all the data related to the 

assessment of Radon in the territory of Region 

Campania. 

According to the types of stations to be 

monitored, different measurement techniques, 
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from discrete sampling to continuous 

measurements, have been tested, both in-situ as in 

the laboratory, during the preliminary phase of 

experimentation and testing, aimed to optimize 

sampling and measurement protocols. In fact, 

usually, the sampling method is adopted for water 

samples collected especially from spring 

locations, where the Radon activity concentrations 

turn out to be high, while for measurements in 

surface waters along the river, where lower values 

can be reasonably expected, a continuous 

monitoring experimental setup is usually used 

[59]. The experimental tests have demonstrated a 

best comparison between data from discrete 

sampling and continuous monitoring procedures, 

within the experimental errors. 

Therefore, in order to optimize the monitoring 

campaigns, the sampling measurement approach 

has been chosen for all type of stations. 

The following data acquisition procedure and 

measurement protocol, consisting of the following 

steps, have been adopted: sample collection 

protocol; experimental measurements of the 

Radon-in-water activity concentrations; 

evaluation of the effective Radon-in-water activity 

concentration at the collection time; assessment of 

the experimental errors. 

During the different campaigns, water samples for 

discrete measurements have been collected, either 

at some stations along the main course of the river 

or at some lateral spring inflows. These water 

samples have been stored in two different types of 

glass vials: W250 (calibrated volume of 250 ml) 

and W40 vials (calibrated volume of 40 ml), 

depending on the value of the Radon activity 

concentration presumably expected for that 

location. More specifically, W40 vials have been 

used for stations with expected high values (about 
the order of tens of  Bq/l), like those 

characterizing the springs in the Bussento basin, 

and W250 vials for much lower values (from few 

Bq/l down to tenth or hundredth of them), like the 

ones typically occurring  in the waters along the 

streamflow.  

In order to be sure that Radon cannot escape from 

the sample (degassing phenomenon) during the 

sampling procedure, transportation and offline 

analysis in the laboratory, both types of vials have 

been capped with TEFLON lined caps, as quickly 

as possible after filling them up. 

After collecting a sample, each vial has been 

inverted to check for air bubbles. In presence of 

air bubbles the sampling procedure has been 

repeated. The sampling information (code station, 

date, time and operator‘s name) have been 

recorded both on the label sample, as, later, stored 

in the Relational DataBase for Radon Data from 

Region Campania.Finally, the samples have been 

stored in a cooler bag for safe transportation and 

late analysis in the laboratory. 

The water samples have been analysed as soon as 

possible after the collection on the field, in the 

laboratory, using as equipment, the Radon-in-air 

analyzer RAD7 (DURRIDGE Company, Inc. - 

Bedford, MA, U.S.A.), capable to perform Radon 

short-lived progenies‘ (Polonium-218 and 

Polonium-214) alpha spectrometry from the air 

stream maintained through the system with an 

internal pump.  

For these measurements, the RAD7 has been 

equipped with the accessory kit for sampling 

measurements in water, RADH20, enabling it to 

measure radon-in-water, over a wide activity 

concentration range, from less than about 1 Bq/l 

up to much greater (orders of magnitude) values 

than 3 kBq/l [86, 87], with an accurate reading 

achieved in 30 minutes  acquisition data runs. 

The RAD7 device, used together with this 

accessory, contains two built-in measurement 

protocols for Radon-in-water measurements, for 

the two types of vials: W250 and W40 protocols. 

Each run, 30‘ long , consists of 6 cycles, each one 

5‘ long.  

During the first cycle, the water sample is aerated 

with air pumped from the internal pump of RAD7. 

In this way 95% of Radon contained in the water 

is extracted to air.  

In the next one, the system waits for the formation 

and decay of Polonium-218, while the effective 

counting of the alpha particles emitted by 
218

Po 

starts only in the third cycle and goes on until to 

the end of the run, when Polonium-218 reaches 

the secular equilibrium with Radon; thus, enabling 

the device to compute the Radon activity 

concentration value. 

It must  be underlined that the instrumental 

output, together with the associated alpha 

spectrum, represents the final value of the Radon 

activity concentration value in water and not the 

one occurring in the air.  

From our preliminary tests it has turned out to be 

that, within the experimental errors, the final 

reading of these sampling measurements provides, 

for a given Radon monitoring station, a 

comparable result with a 60‘ acquisition run 

performed with the continuous measurement 

setup, consisting of a RAD7 unit and a Radon 

Water Probe unit, working like an extraction 

module for Radon from water into the air, also 

manufactured by DURRIDGE Company, Inc. 

Exploiting the law of Radon exponential decay, 

backward-in-time, the data obtained are re-
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evaluated at the time when the water samples have 

been collected in situ.The overall experimental 

errors σoverall displayed in the following tables and 

the associated graphs have been calculated by 

means of the following protocol: 

�������� � 	�
�������� � ��������    (1) 

where σinstrument is the total instrumental error, 

taking into account also the re-evaluation process 

of the results at the collection time; σsample is the 

overall error we have attributed to the sample 

collection procedure in-situ, the sample storage, 

the sample treatment before the measurement in 

the laboratory, as it cannot be excluded that 

during the first steps of the experimental 

procedure, some Radon degassing could have 

occurred, due to some air entering the vial non 

perfectly sealed by the TEFLON cap, also, at the 

moment of the opening of the vials before the 

laboratory analysis, the non-availability of a 

cooler, etc. etc.. We have estimated that this kind 

of error can be reasonably assessed around 10%. 

Then, following the measurement protocol made 

of the previous steps, we have identified some 

significant portions of the river, which could turn 

out to be ideal for our analysis and which are 

described in the following sections. More 

precisely, the data were collected along two 

fluvial segments: the former, the Middle Bussento 

segment, from the Old Mill Spring to the 

Bussentino creek confluence, and, then, the latter, 

the Middle-Lower Bussento segment, stretching 

from this last confluence to the Bussento 

Hydropower Plant. 

 

 
Fig.5 – Map of the Bussento Radon Monitoring Station 

System (BRMSS). 

Tab.3 - Radon Monitoring Stations along the Bussento river 

basin. Bussento Radon Monitoring  Station System 

(BRMSS).  

 

 

 

 

 

 

 

 

Station Name Code X_Coord. Y_Coord. 

Distance 
from the 
Coast (m) 

Bussento Mouth BS00 543605.3366 4435295.3874 0 

Bussento Mouth 
Bridge BS01 543365.5730 4435974.7175 1740 

Bussento Railway 
Bridge BS02 542247.8301 4438272.0435 3680 

Vallonaro Creek BS03 541834.8402 4440099.9059 6200 

Sciarapotamo 
Creek BS04 543412.8693 4442664.5218 10930 

Bussento 
Hydropower BS12 543583.6737 4442368.8007 10246 

Sicilì Bridge BS13 546446.5601 4442939.8484 14100 

Casaletto Creek BS14 553475.0352 4445318.3639 22717 

Old Watermill 
Spring 

BS15-
S01 546915.6349 4444081.9437 15580 

Ciciniello Creek BS16 545934.8916 4449803.4248 22300 

Sabetta Reservoir BS17 547207.9202 4449424.2903 20900 

Acquevive Bridge BS18 548000.0954 4451699.0969 23534 

Farnetani Bridge BS19 546973.6582 4452744.0284 25550 

L'Abate Bridge BS20 544406.0243 4453604.0162 28460 

Inferno Creek 
Bridge BS21 543083.6774 4454695.1836 30300 

Persico Bridge BS22 543049.7711 4454630.4533 30095 

Bussentino Bridge BS23 548065.3782 4443510.8961 15995 

Melette Spring 
BS24-
S01 557102.7175 4446756.1804 28734 

Bacuta Sinkhole BS25 548948.4602 4447695.8382 20500 
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4 Results and Discussion 
The Radon activity concentration data, acquired 

as reported above, have been arranged in relation 

to the fluvial level hierarchy and scale analysis: 

firstly, at segment scale, managing the data 

collected only from the main stations; secondly, at 

reach scale, including also the data from the 

complementary stations.  

Finally, as experimental support to improve the 

MBKS conceptual model, the results of the Radon 

activity concentration from the karst spring 

monitored have been explained and discussed. 

 

 
4.1 River segment scale analysis 
The first river segment, the Middle Bussento 

Segment, starting from Old Mill Spring to 

Bussentino creek confluence gorge, comprises, 

from upstream, the following stations: 

BS15_S01_US (Upstream Old Mill Spring 

Station), BS15_S01_01 and BS15_S01_03 (below 

Old Mill Spring Station), BS15_S01_DS 

(downstream Old Mill Spring Station). 

The second river segment, the Middle-lower 

Bussento, starts from the above cited confluence 

gorge to the Bussento Hydropower Plant, 

comprising, from upstream, the following 

stations: BS13_US, BS13_01, BS13, BS13_DS 

and BS12, with the numerous groundwater 

inflows from the bank and bed fracture along the 

uppermost segment reach.  

The groundwater inflows from the Cillito spring 

group are represented with the main spring code 

BS13_S01.  

Tables 4 and 5 contain all the Radon activity 

concentration data from some selected stations on 

the two river segments of interest together the 

main contributing springs.  

The correlation between the Radon activity 

concentration mean values vs. the topographic 

distance of the stations, monitored along the two 

segments, are graphically displayed in Figg. 6 and 

7, highlighting the locations of the Radon high-

content inflows from the main spring stations.  

In Table 4 the BS25 (Bacuta Sinkhole Station)  

has been added to compare the Radon activity 

concentration in streamwater ingoing the MBKS,  

with the unique groundwater inflow into 

streamflow from the karst conduit Old Mill Spring 

(spring code: BS15_S01).  

Data analysis at segment scale highlights the 

spatial variations of Radon activity concentration, 

detected along the medium and medium-lower 

Bussento river segments. 

 

The following considerations can be made: 

i) the in-water variations of  Radon activity 

concentration vs. the river long profile 

detect clearly the location of the surface-

groundwater interactions, also where no 

discharge increments result from 

quantitative surveys (see BS15_S01_US 

and BS13_DS values); 

ii) the linear extension downstream of the 

groundwater influx can be roughly 

defined, strictly related to the magnitude 

of the groundwater inflow and hydraulic 

condition of each reach;  

iii) the approximate streamflow reference 

base value in the Radon activity 

concentration for the Bussento river can 

be estimated, corresponding to the lower 

values detected from BS12 station (mean 

value: 0.7 Bq/l) and BS25 station (mean 

value: 0.3 Bq/l). 

 

 

 
Fig.6 - Average Radon activity concentration values 

measured along the Middle Bussento segment 

 

 
Fig.7 - Average Radon activity concentration values 

measured along the Middle-lower Bussento segment. 
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Tab.4 - Radon activity concentration values measured along 

the Middle Bussento segment. 

 
Tab.5 - Radon activity concentration values measured along 

the Middle-Lower Bussento segment 

STATIO

NS BS13_US BS13_S01 BS13_01 BS13 BS13_DS BS12 

Measure

ment 

Campaig

n 

222Rn 

Concentr

ation 

(Bq/l) 

222Rn 

Concentr

ation 

(Bq/l) 

222Rn 

Concentr

ation 

(Bq/l) 

222Rn 

Concentr

ation 

(Bq/l) 

222Rn 

Concentr

ation 

(Bq/l) 

222Rn 

Concentr

ation 

(Bq/l) 

Sept. 07 N.M. 28 ± 2 N.M. 4.5 ± 0.8 N.M. N.M. 

Dec.07 N.M. 45 ± 8 N.M. 5.0 ± 0.8 N.M. 0.9 ± 0.2 

January 

08 4.3 ± 1.2 35 ± 6 6.7 ± 0.6 5.2 ± 1.1 7.0 ± 1.4 0.7 ± 0.3 

February 

08 3.2 ± 0.5 

33.7 ± 

1.2 8.9 ± 0.9 5.1 ± 0.6 7.2 ± 0.8 1.1 ± 0.4 

March 08 
0.9 ± 0.5 

No 

Measure 5.0 ± 0.5 1.0 ± 0.5 1.2 ± 0.3 0.6 ± 0.4 

April 08 
7.6 ± 1.3 

35.5 ± 

7.5 

12.2 ± 

1.8 6.9 ± 0.6 8.0 ± 0.8 0.8 ± 0.5 

May 08 
No 

Measure 37 ± 9 

No 

Measure 8.7 ± 1.7 9.1 ± 1.8 

No 

Measure 

June 08 8.8 ± 1.5 

No 

Measure 14 ± 4 9.4 ± 1.2 8 ± 2 

No 

Measure 

October 

08 9.0 ± 0.8 

35.5 ± 

4.5 

11.3 ± 

1.5 7.7 ± 1.0 7.6 ± 0.9 0.3 ± 0.3 

Decembe

r 08 4.5 ± 0.3 

36.5 ± 

3.5 10 ± 2 5.4 ± 0.6 6.2 ± 1.1 0.6 ± 0.3 

 

Tab.6 - Radon measurements data from all the stations along 

the Middle-lower Bussento Segment. 

Stat

ions 

BS13

_US 

BS13

_03 

BS13

_02 

BS13

_01 

BS13

_00 BS13 

BS13

_DS 

BS13

_DS_

J_DS BS12 

          

Mea

sure 

Ca

mpa

ign 

222R

n 

Conce

ntrati

on 

(Bq/l) 

222R

n 

Conce

ntrati

on 

(Bq/l) 

222R

n 

Conce

ntrati

on 

(Bq/l) 

222R

n 

Conce

ntrati

on 

(Bq/l) 

222R

n 

Conce

ntrati

on 

(Bq/l) 

222R

n 

Conce

ntrati

on 

(Bq/l) 

222R

n 

Conce

ntrati

on 

(Bq/l) 

222R

n 

Conce

ntrati

on 

(Bq/l) 

222R

n 

Conce

ntrati

on 

(Bq/l) 

Sep 

07 

No 

Measu

re 

No 

Measu

re 

No 

Measu

re 

No 

Measu

re 

No 

Measu

re 

4.5 ± 

0.8 

No 

Measu

re  

No 

Measu

re 

1.1 ± 

0.3  

Dec

07 

No 

Measu

re 

No 

Measu

re 

No 

Measu

re 

No 

Measu

re 

No 

Measu

re 

5.0 ± 

0.8 

No 

Measu

re 

No 

Measu

re 

0.9 ± 

0.2 

Jan 

08 

4.3 ± 

1.2 

5.0 ± 

0.6 

6.5 ± 

1.3 

6.7 ± 

0.6 

5.3 ± 

1.5 

5.2 ± 

1.1 

7.0 ± 

1.4 

5.1 ± 

0.5 

0.7 ± 

0.3 

Feb

08 

3.2 ± 

0.5 

6.6 ± 

1.0 

7.7 ± 

0.9 

8.9 ± 

0.9 

7.9 ± 

0.8 

5.1 ± 

0.6 

7.2 ± 

0.8 

6.1 ± 

0.9 

1.1 ± 

0.4 

Mar

08 

0.9 ± 

0.5 

2.7 ± 

0.5 

3.4 ± 

0.7 

5.0 ± 

0.5 

1.9 ± 

0.2 

1.0 ± 

0.5 

1.2 ± 

0.6 

1.1 ± 

0.5 

0.6 ± 

0.4 

Mea

ns 1 2.2 3.9 5.2 6.2 4.9 3.4 3.8 3.5 0.89 

StD

ev 1 0.3 0.3 0.5 0.3 0.5 0.3 0.4 0.3 0.12 

Var

1 0.11 0.13 0.25 0.12 0.3 0.09 0.2 0.11 0.02 

Apr

08 

7.6 ± 

1.3 

12.1 

± 0.8 

12.1 

± 1.0 

12.2 

± 1.8 

9.4 ± 

1.2 

6.9 ± 

0.6 

8.0 ± 

0.8 

7.5 ± 

0.9 

0.8 ± 

0.5 

May

08 

8.6 ± 

1.8  

19 ± 

2 

8.6 ± 

0.7 

 9.1± 
0.7 

7.9 ± 

1.9 

8.7 ± 

1.7 

9.1 ± 

1.8 

7.8 ± 

1.6 

0.9 ± 

0.7  

Jun0

8 

8.8 ± 

1.5 

17.6 

± 1.7 

19 ± 

2 

14 ± 

4 9 ± 2 

9.4 ± 

1.2 8 ± 2 

7.0 ± 

1.4 

1.2 ± 

0.6  

Oct

08 

9.0 ± 

0.8 

14 ± 

2 

11.5 

± 0.8 

11.3 

± 1.5 

9.4 ± 

1.3 

7.7 ± 

1.0 

7.6 ± 

0.9 

7.7 ± 

0.8 

0.3 ± 

0.3 

Mea

n 2 8.6 13.8 10.8 9.9 9.1 7.5 7.9 7.5 0.6 

StD

ev 2 0.6 0.6 0.4 0.6 0.7 0.4 0.5 0.5 0.2 

Var

2 0.3 0.4 0.2 0.35 0.55 0.2 0.3 0.3 0.05 

Nov

08 
6.6 ± 

1.8   

No 

Measu

re 

13.1 

± 1.1  

No 

Measu

re 

No 

Measu

re 

6.3 ± 

0.8  

No 

Measu

re 

No 

Measu

re 

0.4 ± 

0.2  

Dec

08 

4.5 ± 

0.3 

7.0 ± 

0.6 

8.9 ± 

1.2 

10 ± 

2 

6.4 ± 

1.1 

5.4 ± 

0.6 

6.2 ± 

1.1 

4.6 ± 

1.0 

0.6 ± 

0.3 

Mea

n 3 4.6 7 11.2 10 6.4 5.7 6.2 4.6 0.45 

StD

ev 3 0.3 0.6 0.8 2 1.1 0.5 1.1 1 0.15 

Var

3 0.08  0.65   0.25   0.03 

STATI

ONS BS25 

BS15_S01

_US BS15_S01 

BS15_S01

_01 

BS15_S01

_03 

BS15_S01

_DS 

Measur

ement 

Campai

gn 

Radon 

activity 

Concent

ration 

(Bq/l) 

Radon 

activity 

Concentra

tion (Bq/l) 

Radon 

activity 

Concentra

tion (Bq/l) 

Radon 

activity 

Concentra

tion (Bq/l) 

Radon 

activity 

Concentra

tion (Bq/l) 

Radon 

activity 

Concentr

ation 

(Bq/l) 

Sept. 07 N.M. N.M. 25 ± 2 N.M. N.M. N.M. 

Dec. 07 N.M. N.M. 33 ± 3 N.M. N.M. N.M. 

Jan. 08 0.4 ± 0.1 6.1 ± 1.6 26.5 ± 6.5 N.M. N.M. 2.0 ± 1.7 

Feb. 08 0.2 ± 0.1 0.9 ± 0.4 28 ± 3 3.7 ± 0.4 0.4 ± 0.2 0.2 ± 0.1 

Mar. 08 N.M. 0.6 ± 0.4 7 ± 6 0.4 ± 0.1 0.6 ± 0.3 0.8 ± 0.5 

April 08 0.3 ± 0.2 1.6 ± 0.1 33.5 ± 6.5 3.7 ± 0.9 0.4 ± 0.3 0.8 ± 0.1 

May 08 N.M. 1.7 ± 0.8 17.5 ± 3.5 8.7 ± 0.8 0.9 ± 0.5 0.6 ± 0.3 

June 08 N.M. 6.5 ± 1.2 25.5 ± 3.5 8.2 ± 1.4 0.8 ± 0.3 0.3 ± 0.2 

Oct. 08 N.M. 6.3 ± 1.3 21.5 ± 5.0 N.M. N.M. 0.2 ± 0.1 

Dec. 08 N.M. 4.0 ± 1.0 28 ± 5 6.9 ± 0.5 0.4 ± 0.4 0.5 ± 0.3 
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Fig.8 - Classification of the Sicilì Bridge (1) and WWF Oasis 

reference reaches (2), in relation to: a) longitudinal slope and 

b) gradient vs. Manning‘s n. 

 

 
Fig.9 - Radon Monitoring Stations and geological features 

upstream the Sicilì Bridge. 

 
Fig.10 - Radon Monitoring Stations and geological features 

downstream the Sicilì Bridge. 

 

4.2 River reach scale analysis 
The rate of spatial in-stream groundwater influx 

results differentiated for the two segments of 

interest, in relation to groundwater hydro-

chemical type, discharge magnitude, and 

hydraulic river constraints, related to hydro-

geomorphological typology of stream.   

In order to understand this differentiation, due to a 

different degassing rate in Radon from free 

surface of streamflow, an analysis at reach level 

and more detailed scale has been performed along 

the Sicilì Bridge reference reach and WWF Oasis 

reference reach. In the following, the results and 

data discussion for each reach are explained.  

Their hydro- geomorphological characteristic, 

based on standardized geomorphic measurements 

[88], allow to classify the first reach in the 

category “plane bed”, sensu 

Montgomery&Buffington, [77], defined as an 

alluvial channel bed morphology type “C”, and 

the second, in the  “step-pool” category with a 

channel bed morphology type “B”.  

Figure 8 highlights the relations between the 

above reaches and their classification, sensu 

Montgomery&Buffington [77], referring to the 

main hydraulics parameters (slope/gradient and 

Manning‘s n). 

 

 

4.2.1 Sicilì Bridge reference reach 

This reference reach is located uppermost the 

Middle-lower Bussento river segment (Fig. 3), 

identified by the reference main station BS13 

(Sicilì Bridge). 

The station BS13-US has been chosen as an 

upstream monitoring station. It is placed upstream 

the Cillito springs group, emerging along the right 

bank, from enlarged fractures into Miocene 

calcarenites, overlaid by the marly-clayey 

formation regional aquiclude.  

Downstream, the first spring outlet of the Cillito 

group, four monitoring secondary stations (BS13-

03, BS13-02, BS13-01, BS1300 - have been 

established in the river at a relative distance of 50 

m, one from the other (Fig. 9).  

Downstream the main station BS13, other two 

monitoring stations have been established: BS13- 

DS, and BS13-DS-Jundra-DS, this one 

downstream the superficial inflow from Jundra 

creek (Fig. 10).  

The results of the measurement campaigns are 

reported in Tab. 6 and the associated data are 

plotted in Fig. 11.  

Here, the data from all the stations established 

along this reach are summarized in the context of 

the segment to which they belong, and have been 

classified according to the seasonal period 

(recharge, discharge) of the measurement 

campaign, in order to highlight the time variability 

of the results, with  the respect to the spatial 

variability of the ones reported in Figg. 6 and 7 at 

the segment scale.  
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Fig.11- Average Radon activity concentration values 

measured at the Middle – lower Bussento, divided into three 

groups according to the different seasonal periods (discharge, 

recharge). 

 

 
Fig.12- Radon activity concentration values measured 

(monthly base) at the Sicilì Bridge reference reach. 

 

Tab.7 - Radon degassing coefficient along the Sicilì Bridge 

reference reach. 

Measurement 

Campaign 

Degassing Coefficient α 

(m-1) 

R2 Curve 

Fitting 

January 08 6.4·10-4 0.961 

February 08 5.1·10-4 0.945 

March 08 4.3·10-4 0.420 

April 08 7.8·10-4 0.968 

May 08 6.4·10-4 0.924 

June 08 7.9·10-4 0.884 

October 08 10.0·10-4 0.990 

December 08 7.7·10-4 0.952 

These results show, as expected, that 

concentration measured at the group of 4 stations 

from BS13_03 to BS13_00 increases because of 

the inflow of the lateral springs, whose water is 

richer in Radon. At the following stations there is 

a downstream decrease of Radon concentration 

due to Radon losses to the atmosphere, with the 

exception of the station BS13_DS, which shows a 

certain increase of concentration for almost all the 

measurement campaign. 

The plots from Fig. 11 and Fig. 12 also show: 

1) Homogeneity in the general trend of the 

curves: there is, in fact, an increase in 

Radon activity concentration values 

starting from the station BS13_03 and 

then a decrease from the station BS13 

which is not influenced by the springs. 

2) Seasonality of radon relative 

concentrations, confirming in general that 

the measures made during the aquifer 

recharge period provide values of 

concentrations that are lower than the 

ones of the discharge period. There is also 

an intermediate stripe of values 

corresponding to the first part of the new 

recharge period with a decrease in the 

Radon activity concentration. 

3) There is an anomalous increase in Radon 

concentration, for all the three periods 

considered,  

4) between the stations BS13 and BS13_DS, 

that is at the moment subject of further 

investigations in order to determine 

whether it can be attributed just to 

statistical fluctuations or not. 

An analysis of the Radon diffusion phenomenon 

from water to atmosphere has been made for the 

Sicilì segment. We hypothesize that Radon losses 

due to degassing can be explained by an 

exponential law, e
-αL

 (2),  according to the 

outcome of the application of the stagnant film 

model [40, 89], where L is the distance between 

two stations and α is a decay-like coefficient. So, 

the station BS13_02, can be considered as the 

higher point and the station BS12 as the lower one 

to calculate α for this segment. 

The results are reported in Tab. 7 and they show 

that the estimated value for α is higher in the 

discharge period (mean value: 8.3·10
-4

 m
-1

) than 

the one for the recharge period (mean value: 

5.0·10
-4

 m
-1

). 
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4.2.2 WWF Oasis reference reach 

This second case study concerns another reference 

reach of the Bussento river, located inside a 

World Wildlife Fund (WWF) oasis (Fig. 13), in 

which there is a main spring (BS15_S01 – Old 

Watermill Spring), where an average radon 

activity concentration of 36.5 Bq/l has been 

measured.  

As in the previous case, a monitoring station 

(BS15_S01_US – Old Watermill Upstream) has 

been established above the inflow of the water 

coming from the spring, which, through a little 

cascade, falls into the river. Below the cascade 

and down the course of the river other 4 

monitoring stations have been established. This 

part of the river is characterized by high 

turbulence, according to the step and pool stream 

typology, which surely can affects the Radon 

losses, increasing its degassing to the atmosphere. 

The results of the measurement campaigns, 

reported in Tab. 4, are plotted in Fig.14. It can be 

inferred a great increase in the Radon activity 

concentration in correspondence of  the stations 

below the spring inflow, and then a quick 

decrease.  

Also for the WWF Oasis reach, a preliminary 

modeling has been made for the Radon degassing 

from water: in this case, because of the high 

turbulence of the river, we have a very sudden and 

sharp decrease of the Radon activity concentration 

values as shown in Fig.14. The highest point in 

the plot (corresponding to the monitoring station 

BS15_S01_01 below the inflow from the main 

spring BS15_S01) and the lowest one 

(corresponding to the last station BS15_S01_DS) 

have been considered, obtaining that the best 

curve fitting the plot is a power-law-like y = K*x
-δ
  

(3)  with δ as Radon “degassing” coefficient in 

this case (Fig. 15). 

 

 

 
Fig.13- Radon Monitoring Stations and geological features at 

WWF Oasis reference reach. 

 

 
Fig.14 - Radon activity concentration values measured at the 

WWF Oasis reference reach 

 

 
Fig.15 - Radon degassing modeling for the data from the 

WWF Oasis reference reach 

 

 
Tab.8 - Radon degassing coefficient along the WWF Oasis 

reference reach. 

Measurement 

Campaign 

Coefficient K 

[Bq/l*m] 

δ R
2
 Curve 

Fitting 

February 08 10
7
 2.87 0.979 

April 08 1.6*10
4
 1.66 0.578 

May 08 9*10
6
 2.65 0.938 

June 08 2*10
8
 3.22 0.989 

December 08 7*10
6
 2.69 0.795 
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4.2.3 Karst spring groundwater analysis 

Some karst springs along the Bussento river basin 

have been, also, monitored. Their importance is 

due to their content in Radon, which is 

responsible of the Radon activity concentration 

increase in the surface water. According to the 

results in Radon activity concentration, three 

“families”, corresponding to the typologies of 

karst springs assumed in the conceptual model, 

have been identified (Tab. 9) : 

1) Fracture basal springs (i.e., B13_S01 and 

BS13_S02), with high values of Radon 

activity concentration (32.4 Bq/l (mean 

value) from the first one and 35.8 Bq/l 

from the second one) and with low 

standard deviation and variance values; 

2) Conduit springs (i.e., BS15_S01) with 

very variable values (between 17.5 Bq/l 

(min) and 33.5 Bq/l (max)) and with low 

standard deviation and variance values; 

3) Cave resurgence springs with highly 

variable values (between 0.5 Bq/l (min) 

and 6.5 Bq/l (max)). 

There is, therefore, a spatial variability in Radon 

activity concentration, which is shown in figure 

16. As for the seasonal variability, the two basal 

springs of the Cillito group do not show any 

relevant difference in Radon concentration during 

the year. At the conduit spring (BS15_S01), more 

varying values have been obtained: they are a 

little higher in the recharge period (average value: 

26.4 Bq/l) than in the discharge one (mean value: 

23 Bq/l). For the resurgence spring some higher 

values (6.5 Bq/l) have been obtained at the 

beginning of the discharge period, while in the 

other months there are data with little variability. 

 

 
Fig.16 - Seasonal variability of the three “families” of Radon 

concentration in the Bussento karst springs. 

Tab.9 - Data obtained from the measurement at the spring 

monitoring stations 

Spring 

Station 

[222Rn] 

Min (Bq/l) 

[222Rn] 

Max 

(Bq/l) 

[222Rn] 

Mean 

(Bq/l) 

DEV ST VAR 

BS13_S01 28 45 32.4 0.8 0.68 

BS13_S02 32 40 35.8 1.0 1.05 

BS15_S01 17.5 33.5 25.6 1.1 1.20 

BS15_S02 0.5 6.5 1.10 0.13 0.017 

 

Tab.10 - Seasonal variability of the three “families” of karst 

springs according to Radon activity concentration. 

STATIONS BS13_S01 BS13_S02 BS15_S01 BS15_S02 

 
Main Cillito 

Spring 

Little Bridge 

Cillito Spring 

Old Watermill 

Spring 

Bussento 

Lower Cave 

Measurement 

Campaign 

222Rn 

Concentration 

(Bq/l) 

222Rn 

Concentration 

(Bq/l) 

222Rn 

Concentration 

(Bq/l) 

222Rn 

Concentration 

(Bq/l) 

September 
07 28 ± 2 No Measure 25 ± 2 0.5 ± 0.3 

December 
07 45 ± 8 No Measure 33 ± 3 5.7 ± 1.5 

January 08 35 ± 6 40 ± 8 26.5 ± 6.5 1.2 ± 0.4 

February 08 33.7 ± 1.2 36 ± 2 28 ± 3 0.6 ± 0.1 

March 08 30.1 ± 1.8 32 ± 2 7 ± 6 1.4 ± 0.2 

Mean 1 31.9 34.2 26.4 1.1 

Dev St 1 0.9 1.4 1.4 0.14 

Var 1 0.77 1.93 1.91 0.02 

April 08 35.5 ± 7.5 39 ± 2 33.5 ± 6.5 6.0 ± 5.5 

May 08 37 ± 9 32.5 ± 5.5 17.5 ± 3.5 6.5 ± 5.5 

June 08 34 ± 7 36 ± 5 25.5 ± 3.5 0.8 ± 0.6 

October 08 35.5 ± 4.5 37 ± 3 21.5 ± 5.0 0.6 ± 0.5 

Mean 2 35 37.7 23 0.7 

Dev St 2 3 1.5 2 0.4 

Var 2 10 2.3 4.4 0.15 

November 
08 No Measure No Measure No Measure No Measure 

December 
08 36.5 ± 3.5 No Measure 28 ± 5 2.2 ± 0.7 

Mean 3 36.5  28 2.2 

Dev St 3 3.5  5 0.7 

Var 3     
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5 Conclusions 
The implementation of the Radon measurement 

techniques, along the surface and groundwater 

bodies in the Bussento river basin, has confirmed 

the prospective of using these methodologies in a 

karst Mediterranean environment to investigate 

the complex interactions and exchanges between 

streamflow and groundwater.  

Experimental data about Radon concentrations, in 

addition to physical-chemical data and streamflow 

rate, have been acquired during monthly 

measurement campaigns. From the subsequent 

analysis, it has been established the possibility of 

localizing groundwater influx in riverbed. The 

data have also enabled to individuate a spatial and 

temporal variability of the Radon activity 

concentration along the river, and to identify three 

typologies of karst springs assumed in the 

conceptual model. Moreover, a preliminary 

investigation and modeling of Radon diffusion 

from water have been made along two selected 

segments of the river.  

The future aim of this research program is to 

continue and improve these studies using Radon 

as a naturally occurring tracer in the Bussento 

river basin, and to extend this investigation to 

other karst Mediterranean environments in the 

Campania Region and in the whole Southern Italy. 
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