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Abstract 

We studied the origin of elements of an undisturbed stream basin during the dry season as 

derived by atmospheric inputs and lithological processes. Α mass balance model was applied 

taking into account atmospheric (rain and vapor) inputs and their origin from marine aerosol 

and dust, as well as the contribution of rock mineral weathering and dissolution of soluble 

salts. The model results were enhanced using element enrichment factors, element ratios and 

water stable isotopes. Weathering and dissolution of bedrock and soil minerals contributed the 

main element portions, besides sodium and sulfate that chiefly derived from wet deposition. 

Vapor was shown to contribute water to inland waters of the basin. However, rain was the 

main source of elements compared to vapor, with marine aerosol being the only atmospheric 

chloride source, contributing also over 60% of atmospheric sodium and magnesium. Silicate 

derived from mineral weathering (mainly plagioclase and amorphous silica), while soluble salt 

dissolution contributed the main portions of the rest of major elements. In headwater springs 
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and streams, element concentrations were more affected by atmospheric inputs and silicate 

mineral weathering was more intense, contrary to lowland waters that were more affected by 

soluble salt dissolution. Effective self-purification processes were mirrored in low nutrient 

levels, despite the significant inputs from wet deposition, with rain being more important 

contributor than vapor for the majority of nutrient species. Relatively high nitrate 

concentrations in headwaters were attributed to increased mineralization and nitrification, 

while the downstream nitrate diminishing was due to prevailing denitrification processes. The 

ultimate goal of this study is to contribute in establishing stream elements’ reference conditions 

using mass balance modeling approaches. 

Key words: mass balance, hydrogeochemistry, weathering, water stable isotopes, water cycle, 

vapor 

1. Introduction 

The hydrochemical regime of stream water is shaped by a combination of factors and 

processes, including atmospheric inputs, weathering and dissolution of minerals from soil and 

bedrock, groundwater inputs, biological processes, and anthropogenic disturbance (Gibbs, 

1970; Garrels and Mackenzie 1971; Cleaves et al., 1970; Meybeck 1983).  

Atmospheric water deposition has been long recognized as a substantial source of elements to 

stream water (Conway, 1942; Gorham, 1958), especially in weathering resistant basins with 

low solute concentrations (Gibbs, 1970; Meybeck, 1983). In montane areas, additionally to 

rain and snow, fog may contribute considerable amounts of condensed water (De Jong, 2005) 

to stream basins, laden with major ions and pollutants (Dollard et al., 1983; Collett et al., 

2002). Mineral weathering and dissolution imprint the bedrock composition on stream water 

(Garrels and Mackenzie, 1971). Groundwater inputs enhance stream water solute 

concentrations especially at the lowlands where surface- ground-water interactions can be 

intense (Tripathi et al., 2021). In dry regions, readily soluble secondary salts that accumulate in 

soil pores, enrich stream water with major ions and nutrients as a result of flashing during 
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flood events (Walling and Foster, 1975; McClain et al., 2003). Biological processes add or 

remove elements from stream water through decomposition or uptake processes (Velbel and 

Price, 2007). Finally, anthropogenic activities are responsible for the enrichment of stream 

water in all major elements, either directly or indirectly, i.e. through calcium/magnesium 

bicarbonate solubility increase as a result of CO2 rise induced by organic waste decomposition 

(Skoulikidis, 2018). 

To quantitatively relate the hydrochemical composition of running waters to each one of these 

driving forces, geochemical mass-balance methods in small watersheds are being commonly 

used (e.g. Garrels and Mackenzie, 1967, 1971; Cleaves et al., 1970; Miller and Drever, 1977; 

Bricker et al., 1983; Katz et al., 1985; Velbel, 1985, 1992; Taylor and Velbel, 1991; Furman et 

al., 1998; Freyssinet and Sarah, 2000; Oliva et al., 2004; Price et al., 2012; Viers et al., 2014; 

Abe et al., 2019) as a standard method (Velbel and Price, 2007).  

Watershed geochemical mass balance approaches introduce a system of equations that simulate 

the steady-state input–output behavior of an aquatic system at a stream basin scale (Bricker et 

al., 2003). Elemental mass-balances mainly include element inputs by precipitation, mineral 

weathering, biomass decomposition and desorption from soils, whereas element outputs 

include clay mineral formation, adsorption on soils and botanical uptake (Viers et al., 2014; 

Velbel and Price, 2007).  

Stable isotopes of water (
18

O and 
2
H) provide important information about the source 

signatures of the water cycle components, including precipitation origin, moisture and vapor 

sources, and evaporation processes (Clark and Fritz, 1997; Vespasiano et al., 2015; Matiatos 

and Wassenaar, 2019; Villalobos-Forbes et al., 2021; Vystavna et al., 2021a). Moreover, stable 

isotope techniques have been widely used to understand the interaction between precipitation 

(including fog) and the terrestrial water bodies, such as rivers, lakes and groundwater (e.g., 

Blarasin et al., 2020; Matiatos et al., 2014, Li et al., 2020; Vystavna et al., 2021b) and trace the 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

4 
 

relative contributions of potential solute sources to surface- and groundwater (Kendal and 

Caldwell, 1998).  

The contribution of geochemical mass balance models in answering fundamental planetary 

questions, such as soil formation rates, nutrient replenishment for biota (Amundson et al., 

2007), and consumption rates of atmospheric CO2 through silicate chemical weathering related 

to the Earth’s climate (Berner et al., 1983; Dessert et al., 2003), is well known. In addition, 

mass balance approaches may be proved a useful tool in a basin or water body scale as a basis 

to back-cast the quality of disturbed surface water systems (Meybeck, 2003), and to assist 

process-based river basin restoration (Beechie et al., 2010). When reference conditions are 

lacking, the estimation of natural elemental back ground levels using weathering mass-balance 

approaches may serve as a measure to assess the deviation of a water body from reference 

conditions, thus solving fundamental Water Framework Directive (WFD 2000/60/EC)-related 

constraints. Furthermore, understanding the processes shaping the hydrochemical composition 

of a water body can provide evidence towards targeted and more effective and economical 

process-based water bodies restoration. However, it is essential, initially, to understand and 

determine the rates of these processes under natural conditions, as pollution and physical 

disturbances brought by human activities alter the natural weathering rates and the natural 

hydrochemical regime of aquatic systems (Viers et al., 2014) and makes the separation of the 

different water quality contributors and processes more complicated (Hilberg and Riepler, 

2016). 

Thus, undisturbed or minimally disturbed aquatic ecosystems may serve as the baseline for 

disentangling elemental natural background levels. However, the availability of such 

ecosystems is low, both worldwide and in a European scale (Meybeck, 2003; EEA, 2018), 

while focusing on Mediterranean Europe, the long history of human presence created a 

deficiency in reference conditions (Hering et al., 2010). In the frame of this study, we selected 

the small, monolithological Fonias basin on Samothraki Island, NE Aegean Sea, one of the last 

minimally disturbed islands in the Mediterranean (Skoulikidis et al., 2014; Skoulikidis et al., 
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2020) and applied a set of methods to quantify surface- and groundwater element sources as 

derived from the different components of the water cycle during the dry period of the year.  

To the authors knowledge, innovations of this study include the addition of vapor as wet 

deposition contributor to mass-balance models, and the validation of the mass-balance 

approach using water stable isotopes, among other independent methods. The novel idea of 

using mass balance modeling in establishing elements’ reference conditions in stream 

ecosystems may affect future mass balance model applications. 

2. Methodology 

2.1. Study area 

A detailed description of the physical and anthropogenic characteristics of Samothraki Island is 

presented in Skoulikidis et al. (2020). The Fonias basin (9.5 km
2
) (Fig. 1) is mountainous 

(mean basin altitude 795 m asl) and steep (mean basin slope 21.9
o
) and is composed almost 

exclusively by a highly deformed and eroded porphyritic quartz monzonite to granite pluton 

(Christofides et al., 2000; Panagopoulos et al., 2019) with limited regolith cover (Skoulikidis et 

al., 2020) (Fig. S1-supplementary material), as a result of still ongoing uplift tectonic 

movements (Syrides et al., 2009). The stream has a total length of 37.4 km, is perennially 

flowing (average annual discharge 0.48 m
3
/s), has a stream order after Strahler of 4 and a 

flashy flow regime (specific discharge 27.5 L/s×km). Numerous small springs connected with 

shallow, fractured aquifers of low capacity and small brooks contribute to the streams’ 

hydrograph, developing a dendritic pattern with relatively high drainage density (3.9 km/km
2
). 

The basin is uninhabited and uncultivated, and anthropogenic disturbance comprise the 

reduction of woodland cover through the past two centuries (Heiling, 2018) in combination 

with more recently introduced intense free grazing livestock (Noll et al., 2020). Apart of a 

riparian plane forest that borders the stream along its entire course, the vegetation cover in the 

watershed is poor and mainly consists of shrub, while bare rock surfaces dominate; natural 

grasslands, sclerophyllous vegetation, transitional woodland-shrub areas and bare rock surfaces 
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occupy 94.4 % of the basin, broad-leaved forests cover 4.1 % and land principally occupied by 

agriculture with significant areas of natural vegetation 1.5 % (EEA, 2020). 

 

Figure 1. Τhe Fonias basin with contours, the hydrographic network, the monitoring stations 

and the sampling sites. 1: harp-type vapor collector and Hobo, 2: Amoni (Am) spring; 3: 

Fonias upstream (F-us), 4: Itamos (It) spring, 5: 2
nd

 Fonias tributary (2
nd

 T), 6: 1
st
 Fonias 

tributary (1
st
 T), 7: Barrels (Ba) spring, 8: meteorological station and dehumidifier-type vapor 

collector, 9: Ag. Antonios (AA) spring, and 10: water level recorder and Fonias downstream 

(F-ds). 
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2.2. Methods 

2.2.1. Data collection 

Meteorological, hydrological, and hydrochemical data were collected from July to September 

2021 (10/7 to 26/9/2021). Meteorological data were collected by an automatic, telemetric 

meteorological station (ExMachina, Froggit WH3000 SE PRO; time-step 60 min) at an altitude 

of 780 m asl, operated by the Hellenic Centre for Marine Research (HCMR). At the beginning 

of July, an automatic Hobo instrument (time-step 30 min) was installed close to the 

meteorological station for five days to compare air temperature and relative humidity between 

the two instruments. Hydrological data were gathered using an automatic telemetric ultrasonic 

water level recorder (ExMachina, Maxbotix MB7076 XL; time step 60 min) mounted near the 

stream outflow (Fig.1).  

In total, 17 event-based rain (R) water samples were collected within or close to Fonias river 

basin using bulk rain collectors targeting water stable isotope analysis. Two of them were 

placed to collect long-term rain (LTR) samples. In particular, 7 of the rain events were 

collected during the field work period (July-September 2021), whereas the rest were collected 

by volunteers prior to the actual field work (May – beginning of July). All rain samples were 

gathered immediately after the events and stored in a refrigerator. Vapor (V) samplings were 

carried out using a power-supplied dehumidifier, as active fog collector, and a passive harp-

type wire fog collector (Fischer and Still, 2007). The active fog collector was installed close to 

the meteorological station (at 780 m asl), and was equipped with a hygrostat to collect vapor 

by air humidity > 85 %. By these means, 11 vapor samples were collected directly after fog 

events and three additional long-term vapor samples (LTV). To avoid evaporation, vapor that 

accumulated during night and early day hours was collected early in the morning, before the 

fog cleared, and stored within an hour in the refrigerator. The passive fog collector was 

installed at an altitude of 1095 m asl. Τo avoid evaporation, vapor from the collector was 

gathered in a 500 ml High Density Polyethylene (HDPE) vial placed at 0.5 m underground. 
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Due to the difficulty to access this station, only one composite (vapor plus rain) long-term 

sample (named long-term vapor/rain sample; LTV/R) was possible to be collected several days 

after the events.  

Hydrochemical data were obtained from rain, vapor, stream, and spring samples. In-situ 

measurements and samplings were performed at Fonias upstream and downstream (F-us and F-

ds), two Fonias stream tributaries, called first and second tributary (1
st
 T, 2

nd
 T), and four 

springs; three upstream ones, i.e. Amoni (Am), Itamos (It) and Barrels (Ba) and a lowland 

spring (Ag. Antonios; AA) (Fig. 1). Hourly samplings during and after a rain event on 22 

September were additionally performed at the Ba spring, the 1
st
 T, 2

nd
 T and at F-ds. In total, 

21 spring samples and 32 stream samples were collected. Finally, regarding water stable 

isotopes, four additional post-rain samples were collected by volunteers at F-ds in May. 

For major ions and nutrients, rain, spring, and stream samples were collected in 500 ml HDPE 

bottles, preserved using 0.5 ml HgCl2 and stored in the refrigerator. For chloride analysis, extra 

samples were collected in 50 ml plastic vials and stored in the refrigerator.  

2.2.2. Field measurements and laboratory analysis 

Physicochemical measurements (water temperature, electrical conductivity, dissolved oxygen 

and pH) in springs and streams and, where possible (according to the collected volume of 

water), in rain and vapor, were carried out in-situ using a ΗΑΝΝΑ 98194 portable device.  

Water samples were analyzed for water stable isotopes at the University of Natural Resources 

and Life Sciences, Vienna (Austria) and for major ions (Ca
2+

, Mg
2+

, Na
+
, K

+
, HCO3

-
, CO3

2-
, Cl

-

, SO4
2-

), Si, water hardness and nutrients [NO3
-
, NO2

-
, NH4

+
, PO4

3-
, total nitrogen (TN) and 

total phosphorous (TP)], at the HCMR laboratory after being filtered with 0.45 μm pore size 

membrane filters. 

Major ions were measured by ion chromatography using a 940 Professional Metrohm Ion 

Chromatographer. Hydrogen carbonate and carbonate were determined by titration with 0.1 N 
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HCl and the proper selective electrode using a Metrohm  Omnis automatic titrator. The limits 

of quantitation (LOQs) were: 0.74 mg/l for Ca
2+

, 0.43 mg/l for Mg
2+

, 0.27 mg/l for Na
+
, 0.46 

mg/l for K
+
 and 0.17 for Cl

-
 . Nitrate, nitrite, ammonium, orthophosphate and silicate were 

determined by a Skalar San++ Continuous Flow Analyzer according to standard methods (for 

ammonium Kerouel and Aminot, 1997; for phosphate Boltz and Mellon, 1948; for nitrate and 

nitrite Navone, 1964; for silicate Babulak and Gildenberg, 1973. The limits of quantitation 

(LOQs) were: 1 μg/l for nitrite (Ν-ΝΟ2
-
), 2 μg/l for nitrate (Ν-ΝΟ3

-
), 1 μg/l for phosphate (P-

PΟ4
3-

), 5 μg/l for ammonium (Ν-ΝΗ4
+
) and 0.20 mg/l for silicate. The determination of total 

Nitrogen (TN) and total Phosphorus (ΤΡ) was performed by the wet chemical oxidation 

method, WCO, according to Raimbault et al. (1999). According to this method, after 

oxidation/digestion all nitrogen and phosphorus organic compounds convert respectively to 

inorganic salts. The assay mixture was analyzed for nitrates and phosphates. The analysis was 

performed with a Skalar Auto analyser as mentioned above. Organic nitrogen (ON) and 

organic phosphorous (OP) were obtained from the differences between total dissolved nitrogen 

(TN) and dissolved inorganic nitrogen (DIN = N-NO3
-
 + N-NO2

-
 + N-NH4

+
) and between total 

P (TP) and P- PO4
3-

, respectively. Finally,  Total Dissolved Solids (TDS) of each water sample 

was calculated by adding major ions and silica concentrations. 

Water stable isotope ratios (
18

O/
16

O and 
2
H/

1
H) were analyzed using a Picarro L2140-i series. 

The isotope values were expressed in delta (δ) units with a per mil (‰) notation relative to 

Vienna Standard Mean Ocean Water (VSMOW): 

δsample (‰) = ( 
𝑅𝑠𝑎𝑚𝑝𝑙𝑒 

𝑅𝑉𝑆𝑀𝑂𝑊
 -1) ×1000 

where Rsample and RVSMOW is the 
18

O/
16

O or 
2
H/

1
H ratio of the sample and the standard for δ

18
O 

and δ
2
H, respectively. The analytical uncertainty was ±0.1 ‰ for δ

18
O and ±0.5 ‰ for δ

2
H. 

Gaps in measurements were due to the following facts: rainfall samples collected by volunteers 

prior the actual field work targeted only water stable isotopes; the collected volume of a 

number of vapor and rainfall samples during the field work samplings was insufficient to 
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perform all chemical analyses; and a defect of the portable device did not allow us to measure 

physicochemical parameters during the last day of field work. 

2.2.3. Data analysis 

2.2.3.1. Hydro-meteorological data 

Hourly meteorological data, including air temperature (AT), relative humidity (RH), solar 

radiation (SR), rainfall (P), wind speed (WS), and direction (WD) were analyzed. To assess 

relationships between RH and other meteorological data, we calculated mean values of the 

other meteorological parameters for RH≥85 % and RH<85 %. To compare increased RH with 

fog events, field observations were supplemented with satellite images (NASA, 2022). To 

distinguish any day-night meteorological differences, we calculated average meteorological 

parameters for SR=0 (night) and SR>0 (day). The number of night hours was 9-11, according 

to the month. To assess the average meteorological data at different wind directions, eight 

wind direction classes were used, i.e. N-NE (0-44
o
), NE-E (45-89

o
), E-SE (90-134

o
), SE-S 

(135-179
o
), S-SW (180-224

o
), SW-W (225-<269

o
), W-NW (270-<314

o
) and NW-W (315-

360
o
). Finally, to estimate the impact of wind speed on the other meteorological parameters, 

we classified wind speed into 4 categories: 0-3, >3-6, >6-9, and >9 m/s and calculated average 

values for each one. Finally, water level data were analyzed to assess daily and hourly 

fluctuations and day-night differences. To convert water level to discharge, an existing stage-

discharge rating curve were applied (Skoulikidis et al., 2020). 

2.2.3.2. Hydrochemical data 

A Piper diagram was used to demonstrate the hydrochemical variability of the stream and 

spring samples under investigation, using Geochemist Workbench. To assess the relationships 

between major ions, silica, and nutrients in atmospheric and inland waters, Spearman rank 

correlations were carried out for stream and spring samples separately. To assess the 

relationships among the different components of the water cycle, i.e. rain, vapor and the inland 

waters’ (surface and groundwaters) sampling sites, two cluster analyses on normalized data, 
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using Euclidean distance and group average, were carried; one on major cations, sulfate and 

silica, and one on nutrients, i.e. nitrate, nitrite, ammonium, phosphate, TP, organic nitrogen 

(ON) and organic phosphorus (OP). Hydrogen carbonate and chloride were excluded since a 

number of atmospheric samples was incompletely analyzed due to inadequate volume of water 

collected. Finally, a simper analysis was performed for the groups produced by the cluster 

analysis. Spearman rank correlations were performed in R programming language (v. 4.0.3; R 

Core Team, 2020), package Hmisc v.4.7-2 (Harrel, 2022). Cluster and simper analyses were 

performed in Primer 6 (Clark and Gorley, 2006). Since in the majority of atmospheric samples 

a portion of elements were below LOQ, for multivariate analysis the 
LOQ

2
 values were applied 

(Antweiler et al., 2015).  

To assess stream nutrient quality for each site, the median values of nutrient species were 

compared to the nutrient thresholds according to the Hellenic Nutrient Quality Index (HWQI) 

(Skoulikidis et al., 2006; Panagopoulos et al., 2022). For comparison reasons, the system was 

also applied to atmospheric samples and springs. 

As a first approach to apportion the marine influence on the elements of surface and ground 

waters, we calculated their enrichment factors (EF), by comparing their ratios in the examined 

waters to the sea water ratios (Wu et al., 2008; Wang et al., 2019; Keresztesi et al., 2019), 

according to the equation: 

EF seawater =
     

X
Cl

 freshwater

X
Cl

 seawater
 

where X is the concentration of the ion of interest, 
X

Cl
 freshwater represents the ratio of X ion to 

chloride found in the examined waters, whilst 
X

Cl
 seawater is the respective ratio in seawater. 

An ion is considered to show high affinity to sea water when the EF is close to the unit, and it 

is enriched relatively to seawater if the EF value is higher than the unit.  
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We used chloride as reference element, since sodium in the basin and the broader area derives 

additionally from silicate weathering, and it is thus expected to be contained in atmospheric 

dust. This is confirmed by the average Na/Cl molar ratio of the stream basin waters (1.15), 

which exceeds the respective seawater ratio (0.86). Assuming that chloride originates only 

from marine sources, this element may be used as the basis to approximately detect seawater 

contribution for other elements found in atmospheric sources and inland waters (Meybeck, 

1983; Rao et al., 2016). 

Considering the fact that a hydrological-, and thus an elemental-, flux balance approach 

(Cleaves et al., 1970) is not realistic to be applied for only a portion of the hydrological year 

(dry period), to quantify the lithologic sources of elements in the stream basin, a simple 

elemental mass-balance model has been applied:  

To estimate the atmospheric contribution of major ions and silica (from now on termed 

elements) to inland waters (surface- and groundwaters), the mean molar element 

concentrations of wet deposition (rain plus vapor) were subtracted from the respective 

concentrations measured in inland waters (Garrels and Mckenzie, 1971; Meybeck, 1996; Wu et 

al., 2008, Harmon et al., 2013). This approach was applied for each element and sampling site 

separately. Due to insufficient sample volume, chloride was not measured in rain, and 

bicarbonate neither in rain nor in vapor samples. Thus, chloride data were taken from literature 

(Skoulikidis et al., 2020). Regarding bicarbonate, we assumed that the minimum concentration 

found in the basin was entirely due to wet deposition (rain and vapor) (Wu et al., 2008; Li et 

al., 2019). The same procedure has been applied for calcium, magnesium and potassium, as 

their concentrations in rain and vapor exceeded their minimum concentrations in the basin 

waters.  

Furthermore, we assumed that the ionic ratios of marine aerosol resemble to those of sea water, 

and that all chloride in wet deposition (rain plus vapor) derives from marine aerosol. Then, 

based on the chloride concentration in wet deposition and the elemental sea water composition 
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we calculated stoichiometrically the respective molar concentrations of elements that can be 

assigned to marine aerosol. The results of this approach were compared with the EF approach 

using linear correlations for each element separately.  

By subtracting the elemental molar concentrations of marine aerosol from the total 

concentrations in wet deposition (rain plus vapor), we estimated the concentration and portion 

of elements that derive from other atmospheric sources (i.e., dust particles and/or atmospheric 

pollution).  

Considering only minimal anthropogenic terrestrial sources (i.e., small free grazing ruminants; 

Skoulikidis et al., 2020), and assuming that biological processes in the basin are in steady-state 

(Drever and Clow, 1995; Likens and Boorman, 1994; Viers et al., 2005; Abe et al., 2019), we 

estimated the concentration and portion of elements released from lithological sources by 

subtracting the atmospheric (rain plus vapor) concentration from the mean stream or spring 

concentration for each element and for each sampling site separately.  

We finally applied the elemental mass-balance model, first introduced by Garrels and 

Mckenzie (1967) to allocate the purely geogenic element portion of inland waters to particular 

mineral weathering and salt dissolution reactions. To assess the type of the clay mineral 

formed through rock mineral weathering we applied mineral stability diagrams (log SiO2 vs 

log K
+
/H

+ 
and log

 
K

+
/H

+ 
vs log

 
Mg

2+
/H

+
) with the Geochemist’s Workbench 

(https://www.gwb.com/). 

The relative portions of orthoclase, plagioclase, hornblende, and biotite in the granite of Fonias 

basin were estimated as follows: The sum of hornblende plus biotite on the basis of their 

average Ti, Fe, Mn and Mg portions, compared to the portions measured in the Fonias basin 

bedrock, according to Christofides et al. (2000). We then assumed a biotite to amphibole ratio 

of 1.33, according to the estimations of Seymour et al. (1996). The granite is termed 

porphyritic quartz monzonite (Christofides et al., 2020). It thus includes a relatively high 

portion of plagioclase (30-65 %). Based on the estimations of Seymour et al. (1996), we 
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assumed an orthoclase to plagioclase ratio of 1.07. Thus, the granite composition used 

(excluding quartz) was: 48.6 % orthoclase, 45.5 % plagioclase, 3.4 % biotite and 2.5 % 

hornblende, by weight. The formulas of plagioclase, biotite and hornblende have been 

estimated using the elements’ oxides of these minerals in quartz monzonite (Christofides et al., 

2000), according to the methods of Leake et al. (1997) and Brady et al. (2022), assuming iron 

in biotite and hornblende is in the form of Fe
+2

 and aluminum is conserved between initial 

reactant phases (biotite, hornblende, plagioclase, orthoclase) and kaolinite as the final product 

during weathering. The applied sequence of silicate mineral reactions followed the Goldichs’s 

order of weatherability (Goldich, 1938) from less to more weathering resistant minerals, i.e. 

biotite, hornblende, plagioclase and orthoclase.  

Using the portion of biotite in Samothraki granite we assigned 3.4 % of silica found in the 

precipitation-corrected spring and stream water sites, together with stoichiometric amounts of 

potassium, magnesium and bicarbonate (in mmol/l) to the weathering of biotite to kaolinite, 

according to the following reaction:  

K0.9(Mg1.43Fe
2+

1.14Mn0.04 Ti0.26)(Al1.2 Si2.8)O10(OH)2 +8.34 CO2 + 1.44 O2 + 8.14 H2O = 0.9 K
+
 + 

1.43 Mg
2+

 + 1.14 FeOOH +  0.26 TiO2 + 0.04 MnO2 + 1.6 H4SiO4 +  8.34 HCO3
-
 + 0.6 

Al2Si2O5(OH)4 

We then assigned 2.5 % of silica, together with stoichiometric amounts of sodium, calcium, 

magnesium and bicarbonate to hornblende weathering according to the reaction:  

(Ca1.8 Na0.42)(Mg3.06Fe
2+

1.83Al0.27)(Al0.81Si7.19)O22(OH)2 + 15.83 CO2 +1.83 O2+ 21.13 H2O = 

0.42 Na
+
 +1.8 Ca

2+
 +3.06 Μg

2+
 +  1.83 FeOOH +  6.11 H4SiO4 + 15.83 HCO3

-
 + 0.54 

Al2Si2O5(OH)4 

Similarly, we allocated 45.5 % of silica and related elements to plagioclase weathering, 

according to the reaction: 

Na0.65Ca0.34Al1.36Si2.65O8 + 1.32 CO2 + 4.6 H2O = 0.64 Na
+
 + 0.34 Ca

2+
 + 1.29 H4SiO4 +1.32 

HCO3
-
 + 0.68 Al2Si2O5(OH)4 
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We then assigned 10% of the remaining potassium to orthoclase weathering, according to the 

following reaction:  

KAlSi3O8 + CO2 + 5.5 H2O = K
+
 + 2 H4SiO4 + HCO3

-
 + 0.5 Al2Si2O5(OH)4 

Any elements remaining after silicate weathering reactions were attributed to the dissolution of 

soluble salts, that may derive from fluid inclusions in minerals (Garrels and Mckenzie, 1971; 

Drever, 1997; Clow and Sueker, 2000) or accumulate in soil pores or rock fractures during the 

dry season (e.g., Schofield et al., 2001), in descending solubility order, i.e. calcium chloride, 

halite, potassium chloride, epsomite, gypsum, calcite and dolomite (HCP, 2022). In order to 

check the ability of the mineral phases and soluble salts to dissolve, the saturation indices were 

calculated based on the chemical analysis and physicochemical measurements using PhreeQc. 

In the case of aluminosilicate minerals this was not feasible due to the lack of dissolved Al 

data. 

2.2.3.3. Isotopic data 

The “deuterium excess” or “d-excess” was calculated as follows (Dansgaard, 1964): 

d-excess (‰) = δ
2
Η – 8×δ

18
Ο 

Mixing model: To investigate the contribution of precipitation in the Ba spring, the tributaries 

and the F-ds site prior and after the occurrence of the rain event of the 22
nd

 of September (i.e., 

beginning of rainy period) a two-end member mixing model was applied using the mass 

balance equations below:  

f1(δ
18

OR) + f2(δ
18

OXPrior) = δ
18

OXPostr (Eq. 1) 

f3(δ
2
HR) + f4(δ

2
HXPrior) = δ

2
HXPostr (Eq. 2) 

where R is the rain samples during the 22
nd

 of September with f1 and f3 representing their 

proportional contribution in %, XPrior and XPostr are the samples in Ba springs, tributaries and F-

ds prior and after the rain event, respectively, with f2 and f4 representing their proportional 

contribution in % prior the rain event. The average proportional contributions for rain and XPrior 
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were derived from (f1 + f3)/2 and (f2 + f4)/2, respectively, with f1 + f2 = 1 and f3 + f4 = 1. No 

fractionation effect was considered given that the sampling was done immediately after the 

rain event. 

Origin of vapor: To investigate the origin of the vapor samples we calculated the theoretical 

isotopic composition of vapor (δ
18

Ov) produced by the local stream waters or the sea (δ
18

Οl) 

after considering a total fractionation between the water column and the open air as the sum of 

fractionation factor for equilibrium water-vapor exchange (εl-v) and the kinetic factor (Δεbl-v) 

using the following equation (Clark and Fritz, 1997): 

δ
18

Οl – δ
18

Ov = εl-v + Δεbl-v (Eq. 3) 

where εl-v = 9.7 ‰ after assuming an air temperature of 20 
o
C in the equations of Kakiuchi and 

Matsuo (1979), and Δεbl-v = 2.1 ‰ after assuming a humidity of 85 % in the equations of 

Gonfiantini (1986). The theoretical isotopic composition of the vapor (δ
18

Ov) from stream 

water and sea water was compared with the observed isotopic composition of the vapor.  

3. Results 

3.1. Hydrometeorological conditions 

3.1.1. Meteorological characteristics 

During the time of the study, the average values of AT, RH and WS at 780 m asl (Fig. 1, site 8) 

were 20.9 
o
C, 60.0 % and 5.7 m/s, respectively. The sum of precipitation (P) was 15.1 mm. At 

the same time, the sum of P at the meteorological station in Chora of Samothraki (50 m asl) 

was 13.7 mm. Around 15 % of all measurements revealed RH values ≥85 % (average 92.3 %). 

According to field observations and satellite images, 14 days within July and August, were 

marked by fog events; thick layers of fog covered the mountain summits down to about 400 m 

asl during the night/morning hours until about 12:00 noon. Ιn the night, the average RH was 

64.2 %, with 20.3 % of the values exceeding 85 %. During day time, the average RH was 57.1 

%, with 14.4 % of the measurements exceeding 85 %. The frequency of measurements with 
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RH ≥85 % was maximum in September (41.5 %), followed by July (25.1 %) and August (18.9 

%). Finally, W-NW and W-SW winds prevailed with frequencies of 39.8 % and 17.8 %, 

respectively) followed by E-SE and E-NE ones.  

To validate the Hobo measurements, a comparison of AT and RH data of the meteorological 

station and the Hobo for 108 measurements showed satisfactory correlations (r=0.90, at 

p<0.01, for both variables). The average difference between the meteorological station and the 

Hobo was +0.6 
o
C for AT and -1.6 % for RH.  

The comparison of the AT and RH at 780 m asl (meteorological station) and 1095 m asl 

(Hobo) showed that the average RH and AT at 780 m (20.5 
o
C and 60.0 %, respectively) 

differed insignificantly  from that at 1095 m asl (19.3 
o
C and 62.3 %, respectively). At both 

elevations, RH was higher during the night than during the day; the average night RH was 60.1 

% and 60.2 % and the average day RH was 54.5 % and 58.4 %, at 780 and 1095 m asl, 

respectively. 

Compared to the other wind direction classes, the prevailing W-NW winds revealed minimum 

average AT (19.3 
o
C), while average RH and wind speed were at the maximum (65.9 % and 

8.1 m/s, respectively). During the night, when W-NW winds were blowing, the air temperature 

dropped to 15.4 
o
C, the RH increased to 78.7 % and the wind speed reached 9 m/s. W-SW 

winds were associated with the second lowest air temperature (20.3 
o
C) and the second highest 

RH and wind speed (61.9 % and 6.5 m/s, respectively). W-SW winds were related with 

maximum precipitation, which occurred at wind speeds <9 m/s. When W-SW winds were 

blowing, the night temperature dropped to 16.9 
o
C and the RH increased to 73.1 %. W-NW and 

W-SW winds predominated primarily in July (38 %) and September (35 %) and were less 

common in August (27 %). 

3.1.2. Hydrological characteristics 

Fig. 2 illustrates the daily average water level fluctuation during the time of the study, as well 

as the hourly post-rain water level variation on 22-23/9. During the observation period, the 
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average water level at F-ds was 23.3 cm. No significant difference in monthly water levels was 

observed (Fig. 2) as evidenced by the average and median values and the low coefficient of 

variation. Excluding the days with rain events (30/8 and 22/9), a 13 % increase of water level 

(average 2.9 cm or 0.07 m
3
/s) during the night (20:00’- 7:00’) was detected compared to the 

day (7:30’- 19:30’). This trend was evident every day.  

The light rain events during August only slightly affected water level at F-ds. On the contrary, 

the rain event of 22/9 (6 mm in late afternoon-22:00’) triggered a water level rise, starting 2 

hours after the end of the rain event (22/9 at 24:00’), reaching its peak (33 cm) after 5 hours 

(23/9 at 5:00’) and ending 11 hours after the end of the rain event (23/9 at 21:00’) (Fig. 2). 

 

 

 

Figure 2. Daily water level fluctuation (in m) during the time of investigations at the F-ds 

gauging station (time step 60’) and a snapshot of post-rain (22-23/9) hourly water level 

variation. 

 

3.2. Hydrogeochemical characteristics 

3.2.1. Element distribution in the water cycle components 

3.2.1.1. Major ions and silica 
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Regarding spring and stream samples, the total cation – total anion Spearman correlation 

coefficient (r) was 0.95 (p<0.01), and the median and absolute median 
𝑇𝐾−𝑇𝐴 

𝑇𝐾+𝑇𝐴
𝑋 100 were -

2.14 and 3.1, respectively. 

Fig. S2 illustrates the hydrochemical variability of the examined stream and spring samples. 

The most common hydrochemical type (using meq/l) was calcium bicarbonate 

(Ca
2+

>Na
+
>Mg

2+
>K

+
 - HCO3

-
>Cl

-
>SO4

2-
), representing ¾ οf spring and ¾ of stream samples 

(AA, Ba, two out of four Am samples, two out of three F-us samples, four out of five 1
st
 T 

samples, and F-ds). The rest of the samples fitted to a sodium type; the sodium bicarbonate 

type (Na
+
>Ca

2+
>Mg

2+
>K

+
 - HCO3

-
>Cl

-
>SO4

2-
) predominated and was represented by the 2

nd
 T 

and the early summer samples of the F-us, the 1
st
 T and two Am spring samples. Finally, the It 

spring fitted in a sodium chloride type (Na
+
>Ca

2+
>Mg

2+
>K

+
 - Cl

-
>HCO3

-
>SO4

2-
).  

Two of the three rain samples (where only cations and sulfate were determined) were of a 

sodium-type and one of a calcium-type. In most of the vapor and the long-term vapor (LTV) 

samples, major ions and silica fell under the LOQ. The long-term rain (LTR) sample was of a 

calcium bicarbonate type, while the long-term vapor/rain (LTV/R) sample was of a sodium 

chloride type.  

The average TDS of springs was 92.1 mg/l, with AA spring showing the highest value (181 

mg/l). On the contrary, headwater springs revealed minimum TDS (It 38.2 and Am 46.4 mg/l), 

compared to all inland waters examined, followed by Fonias upstream (F-us) (51.9 mg/l) and 

the two tributaries (average 53.2 mg/l). The LTV/R sample showed maximum mineralization 

(TDS 532 mg/l), followed by the LTR sample (144 mg/l) (Fig. 3a, Table S1a).  

In general, major ion concentrations in LTR and LTV/R, exceeded the inland water levels (Fig. 

3a, Table S1a). On the contrary, rain (R), vapor (V) and LTV samples were less enriched than 

inland waters regarding major ions, besides potassium and sulfate that revealed higher 

concentrations in rain (R) compared to a number of inland waters (Fig. 3a, Table S1a). All 

atmospheric samples were particularly poor in silica. On average, springs were more enriched 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

20 
 

in magnesium, silica, sodium, chloride and bicarbonate compared to surface waters. However, 

headwater springs such as It and Am revealed exceptionally low concentrations in all ions and 

the Ba spring was poor in chloride, sodium, sulfate and potassium. In contrast, the downstream 

AA spring was highly mineralized, especially regarding calcium and bicarbonate. All springs 

were particularly rich in silica. Finally, compared to the springs’ average, the main course of 

Fonias was more enriched in sulfate and the F-ds was more enriched in calcium and potassium. 

Directly after the rain event, only hydrogen carbonate revealed a clear decreasing trend in F-ds 

and the Ba spring (Fig. 3a, Table S1a), whereas in the two tributaries a post-rain TDS increase 

was observed. Potassium concentration was particularly enhanced in post-rain samples of the 

two tributaries.  

In line with the silicate nature of the stream basin, pH in the stream and the tributaries was low 

(average 6.51), with maximum value at F-ds (6.88). The tributaries showed particularly lower 

pH levels (average 5.75). In spring waters, the pH ranged from 5.07 (It) to 6.67 (AA). Among 

the atmospheric samples, the LTV/R sample showed the lowest pH value (5.88), followed by 

the vapor (6.53), the LTV (6.55) and the LTR (6.63) samples (Table S1b). Dissolved oxygen 

concentration was high, both in streams and springs (average 9.7 and 10.4 mg/l, respectively). 

Regarding streams, calcium, magnesium, sodium and bicarbonate where highly correlated with 

each other (r: 0.89-0.95, p<0.001). The aforementioned cations correlated less with chloride 

and sulfate (r: 0.66 and 0.88, respectively, p<0.001). Potassium was correlated with sulfate, 

especially when including post-rain samples (r: 0.81, p<0.001), and less with the other cations 

and anions (r: 0.54-0.77, p<0.001). Its correlation with potassium was far more significant than 

with silicate. Finally, chloride showed best correlations with sodium and magnesium (r: 0.80 

and 0.78, respectively, p<0.001), whereas silica presented relatively week correlations with 

ions.  

In spring waters, cations, bicarbonate and chloride showed high correlations with each other (r: 

0.79 - 0.96, p: <0.005 - <0.001). Sulfate revealed weak correlations with other major ions, and 
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only its correlation with sodium was satisfactory (r: 0.61, p:0.02). When excluding It spring 

from the analysis, the correlations among sulfate and the other ions improved substantially (r: 

0.70-0.93, p<0.01 - <0.001). Finally, silica did not correlate significantly with any ion. 

 

Figure 3a. Box plots of major ions, silica and TDS (mg/l) in the different aquatic systems 

examined. V: vapor samples, LTV: long-term vapor sample, LTV/R: long term vapor and rain 

sample, R: rain samples, LTR: long-term rain sample, AA: Agios Antonios spring samples, 

SPR: spring samples except AA, F-US: Fonias upstream, F-DS: Fonias downstream, F-DS-PR: 

Fonias downstream post rain, TRIB: tributaries, TRIB-PR: tributaries post-rain. Y-axis is in 

log scale. The AA spring was kept separately since it differed hydrogeologically from the other 

springs.  

3.2.1.2 N-P nutrients 
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In the LTV/R and LTR samples, nutrient concentrations exceeded by orders of magnitude 

stream and spring water levels. The LTV sample also exceeded nutrient levels in streams and 

springs (especially regarding ammonium and nitrite), apart from nitrate (Fig. 3b, Table S1b). 

Vapor (V) exceeded the rain levels regarding phosphate, nitrite and OP, whereas rain exceeded 

vapor concentrations regarding nitrate, ammonium and ON (Table 1). Compared to the average 

of spring and stream waters, vapor revealed substantial phosphate, ammonium and nitrite 

enrichment, whereas nitrate was more enriched in inland waters. Compared to the average of 

spring and stream waters, rain was enriched in all nutrient species, and particularly regarding 

ammonium (Table 1). Finally, regarding ON% and OP% (organic N and P portions relatively 

to TN and TP, respectively), atmospheric and inland water samples illustrated comparable 

levels, besides the LTV/R sample which exhibited minimum levels (Fig. 3b, Table S1b).  

 

Table 1. Nutrient species concentration ratios between average vapor (V, n=4), rain (R, n=6) 

and inland waters (IW, n=44). Long-term atmospheric samples are excluded. Inland waters: 

springs and streams 

  N-NO3
-
 N-NO2

-
 N-NH4

+
 ON TN P-PO4

3-
 OP TP 

V/R 0.1 3.2 0.4 0.5 0.3 49.0 1.2 31.9 

V/inland waters 0.2 23.9 27.3 3.6 1.6 152.9 2.6 86.0 

R/inland waters 1.8 7.5 73.0 7.0 4.7 3.1 2.2 2.7 

 

Nutrient concentrations in Fonias surface and ground waters were low, consistent with the 

undisturbed nature of the basin (Skoulikidis et al., 2020) (Fig. 3b, Table S1b). Median (used 

for the purposes of the WFD) stream nitrate concentration (0.23 mg/l N-NO3) was close to the 

high/good boundary (0.22 mg/l N-NO3) of the HWQI. Springs revealed a similar median 

concentration of 0.20 mg/l N-NO3.  In the tributaries, the F-ds, the Ba spring and the vapor 

samples (including the long-term one) nitrate levels were less than 0.21 mg/l N-NO3, whereas 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

23 
 

the rain samples illustrated a median value of 0.29 mg/l. Despite the high nitrite concentrations 

in all atmospheric samples (Fig. 3b, Table S1b), stream and spring concentrations were below 

or close to the LOQ (Table S1b). Ammonium showed also high levels in atmospheric samples, 

however stream and spring concentrations were very low (Fig 3b, Table S1b). Surface and 

groundwaters did not differ significantly regarding ON levels, with minimum values recorded 

in Am and It springs and maximum in F-ds (Fig. 3b, Table S1b). The ON% fraction in surface 

waters was variable, ranging between 7.7 % (F-us) and 59.4 % (2
nd

 T) in streams and between 

3.9 % (It) and 48.8 % (Ba) in springs. 

All inland waters revealed a high orthophosphate and TP quality (Table S1b, Fig. 3b). The 

highest P-PO4 concentrations were found in the springs, ranging from 0.003 (AA) to 0.017 (Ba) 

mg/l. In surface waters, orthophosphate concentrations ranged between 0.001 (2
nd

 T) and 0.003 

(F-us) mg/l P-PO4. The highest OP concentration was at the Ba and AA springs and the 2
nd

 T 

(0.005-0.007 mg/l) and the lowest at the Am and It springs, the F-us and F-ds, and the 1
st
 T 

(0.002-0.004 mg/l). Finally, the OP% fraction was maximum at the 2
nd

 T (78.8 %), followed 

by the Ba spring and F-ds (49.5 and 24.9 %, respectively), whereas It and Am springs and the 

F-us were characterized by low OP% (4-7.9 %) (Fig. 3b, Table S1b). 

Contrary to the general trend in running waters (e.g. Skoulikidis, 2018; Skoulikidis et al., 

2021), F-us was more enriched in most nutrients compared to F-ds, except of ON (Fig. 3b, 

Table S1b). After the rain event, streams and springs presented an increase in nitrate 

concentration (1.3 - 1.4 times), except of the 2
nd

 T that revealed a nitrate decrease. The other 

nutrient species did not show any particular trends (Fig. 3b, Table S1b).  

The N/P (DIN/P-PO4
3-

) ratio varied substantially both among the examined water cycle 

components and among samples of the same water cycle component, particularly regarding 

atmospheric samples (Table S1b). The average N/P ratio for streams was 134 and for springs 

51 (median 118 and 19, respectively). Regarding surface waters, the 1
st
 T p-r and F-us 
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presented maximum N/P levels (232 and 264, respectively) and the 2
nd

 T a minimum one (44). 

In the springs, the N/P ratio ranged between 3.9 (Ba) and 168 (AA) (Table S1b). 

 

Figure 3b. Box plots of nutrient species’ concentrations (mg/l) in the different aquatic systems 

examined. V: vapor samples, LTV: long-term vapor sample, LTV/R: long term vapor and rain 

sample, R: rain samples, LTR: long-term rain sample, AA: Agios Antonios spring samples, 

SPR: spring samples, F-US: Fonias upstream, F-DS: Fonias downstream, F-DS-PR: Fonias 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

 

25 
 

downstream post rain, TRIB: tributaries, TRIB-PR: tributaries post-rain. Y-axis is in log scale. 

The AA spring was kept separately since it differed hydrogeologically from the other springs. 

3.2.1.3 Stable isotopes 

The δ
18

O and δ
2
Η values in rain water samples ranged from -11.3 ‰ to 0.0 ‰ (average -5.5 

‰) and from -69.6 ‰ to -2.9 ‰ (average -36.8 ‰), respectively, whereas the LTR samples 

exhibited a more enriched isotopic composition (average -1.8 and -8.7 for δ
18

O and δ
2
Η, 

respectively) (Fig. 3c, Table S1c). The isotopic data in rainwater allowed producing a Local 

Meteoric Water Line (LMWL) similar to the Global Meteoric Water Line (GMWL) (Craig, 

1961). The spring and stream water samples were plotted between the LMWL and the Eastern 

Mediterranean Water Line (EMWL) (Gat and Carmi, 1970) (Fig. S3). As expected, vapor and 

long-term vapor samples showed lower isotopic composition compared to rainwater samples, 

given that during evaporation vapor undergoes a negative enrichment opposite to the initial 

composition of water (Gonfiantini, 1986). In particular, the δ
18

O and δ
2
Η values of the vapor 

samples ranged from -14.0 ‰ to -0.3 ‰ (average -7.1 ‰) and from -68.8 ‰ to -10.7 ‰ 

(average -31.9 ‰), respectively, whereas in the LTV samples the values were between -11.6 

‰ and -4.8 ‰ (average -9.1 ‰) for δ
18

O and between -44.5 ‰ and -23.9 ‰ (average -35.9 ‰) 

for δ
2
Η. The samples of the springs, the F-us and the tributaries showed similar δ

18
O and δ

2
Η 

values (average ~-8.5 ‰ for δ
18

O and ~-51.0 ‰ for δ
2
Η), whereas the F-ds, including the post 

rain samples, exhibited a slightly enriched isotopic composition (on average -8.0 and -47.9 for 

δ
18

O and δ
2
Η, respectively). Most d-excess values of the rain water samples were lower  than 

+10 ‰, whereas the terrestrial water samples averaged d-excess values ~+15‰. 

We also examined the influence of the rain event that occurred on 22/9 in Ba spring, the 

tributaries and the F-ds sites for which post and prior to rain isotope values were available 

(Table S1d). The isotopic composition of the rain event was -9.9 ‰ and -64.6 ‰ for δ
18

O and 

δ
2
Η, respectively. The prior to rain period was from July till 20 September given that during 

this period no significant rain events occurred. The results showed that the δ
18

O and δ
2
Η values 
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in Ba spring slightly decreased from -8.5 ‰ and -49.8 ‰, prior to the rain event, to -8.7 ‰ and 

-51.2 ‰, after the rain event, respectively. Similarly the isotopic composition in the F-ds site 

slightly decreased from -7.9 ‰ (δ
18

O) and -47.6 ‰ (δ
2
Η) to -8.1 ‰ and -48.1 ‰, respectively, 

and in the tributaries from -8.8 ‰ (δ
18

O) and -52.4 ‰ (δ
2
Η) to -9.0 ‰ and -53.6 ‰, 

respectively.  

The application of two end member mixing model (Eq. 1, 2) showed that the rain water of 22 

September with δ
18

Ο values lower than -9.0 % explained ~20±7 % of the isotopic composition 

of the Ba spring, ~31±17 % of the tributaries but only ~6±2 % of the F-ds.  

The application of Equation 3 showed that the theoretical δ
18

O values of the water vapor 

originating from the sea (-11.0 ‰) were closer to the observed ones (average LTV = -9.1 ‰) 

compared to the theoretical δ
18

O values of the water vapor originating from the river (-20.5 

‰).  

 

Figure 3c. Box plots of stable isotopes in the different aquatic systems examined. V: vapor 

samples, LTV: long-term vapor sample, LTV/R: long term vapor and rain sample, R: rain 

samples, LTR: long-term rain sample, AA: Agios Antonios spring samples, SPR: spring 

samples, F-US: Fonias upstream, F-DS: Fonias downstream, F-DS-PR: Fonias downstream 

post rain, TRIB: tributaries, TRIB-PR: tributaries post-rain. The AA spring was kept separately 

since it differed hydrogeologically from the other springs. 

3.2.2. Element sources 
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Based on the EF values, the element’s marine aerosol portion, both in surface and 

groundwaters, declined in the following order: Na
+
>Mg

2+
>K

+
>SO4

2-
>>Ca

2+
>>HCO3

-
>>Si, 

similarly to the long-term atmospheric samples (Table 2). On the average, the contribution of 

marine aerosol was higher for surface waters than for springs. The long-term atmospheric 

samples showed maximum affinity to marine aerosol, followed by the upstream springs and 

stream sites of the basin. Post rain samples showed variable response to marine aerosol inputs; 

increased inputs in F-ds and the 2
nd

 T and mostly diminishing inputs in the Ba spring and in the 

1
st
 T.  

 

Table 2. EFseawater for atmospheric samples, springs, and streams using Cl as reference element 

 

EF-Ca EF-Μg EF-Na EF-K EF-HCO3 EF-SO4 EF-Si 

LTV/R 11.0 1.1 1.1 1.8 37 1.8 250 

LTR 23.2 0.8 0.7 2.9 43 1.7 142 

Am 46.4 1.7 1.2 4.4 263 4.0 41080 

It 29.8 1.1 1.5 3.5 203 3.7 66174 

Ba 80.5 4.2 1.4 3.6 534 3.2 70008 

Ba p-r 79.6 4.3 1.5 3.7 441 3.3 72926 

AA 195.3 4.1 1.4 3.2 755 9.2 33953 

springs 89.2 3.3 1.4 3.7 472 4.6 57709 

F-us 31.3 1.5 1.3 3.5 296 4.4 38592 

1
st 

T 28.4 1.7 1.2 2.3 294 3.3 45584 

1
st
 T p-r 31.3 2.0 1.3 3.7 310 3.3 46418 

2
nd

 T 25.5 1.4 1.2 1.5 263 2.7 41933 

2
nd

 T p-r  21.3 1.2 1.1 2.1 185 2.6 31894 

F-ds 89.8 2.0 1.4 4.7 510 4.8 37809 

F-ds p-r 68.8 1.9 1.3 4.6 365 4.8 36676 
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streams 58.8 1.8 1.3 3.8 378 4.2 38970 

 

Table 3 presents an estimate of the contribution of wet deposition (rainfall and vapor), 

including sea spray and terrestrial portions (i.e. dust and/or atmospheric pollution), to inland 

waters’ element concentrations according to the methodology described in section 2.2.3.2. 

Detailed results of this procedure are presented in Table S2. 

Wet deposition to inland waters contributed over the half of sodium and sulfate and high 

portions of the rest of elements, besides silica. The contribution of rain to major ions and silica 

was far more significant compared to vapor, especially regarding sodium. With the assumption 

that 100% of chloride derives from marine aerosol (see section 2.2.3.2), over the half of 

sodium, and magnesium found in precipitation may be attributed to marine aerosol, whereas 

for silica, bicarbonate and calcium the contribution of terrestrial sources was significant (>95 

%).  

A Spearman correlation comparing the two methods applied to estimate marine aerosol 

contribution to inland waters’ elemental concentrations, i.e., the EF (Table 2) and the mass-

balance model (Table S2), showed satisfactory linear correlations; calcium (r=0.81), 

magnesium (r=0.87), sodium (r=0.40), potassium (r=0.80), bicarbonate (r=0.90), sulfate 

(r=0.90) and silica (r=0.84), for p<0.001. 

In terms of the assumptions of the mass-balance model regarding the selection of dissolving 

salts and common silica phases, the utilization of PhreeQc software indicated that the stream 

and spring waters analyzed were undersaturated, and only quartz revealed slight oversaturation 

in over the half of the samples (Table S3). However, precipitation of quartz under non-

pedogenic circumstances and the physicochemical conditions encountered is kinetically 

prohibited (Wilson, 2020). The activity diagrams employed to determine the hydrochemical 

composition of the examined stream and spring waters at the average temperature of 17°C 

revealed that the most likely clay mineral resulting from the weathering of silicate minerals is 
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kaolinite, rather than various types of smectites and saponites (Fig. 4). This finding aligns with 

earlier studies on the weathering products of granitoid rocks (Banfield and Eggleton, 1988; 

1990). 

 

 

Figure 4. Activity diagrams a) log SiO2 vs log K
+
/H

+ 
(left) and b)

 
log

 
K

+
/H

+ 
vs log

 
Mg

2+
/H

+ 

(right) with superimposed activity data from Fonias streams and tributaries calculated  from 

hydrochemical data. Activity diagrams drown with Geochemist’s Workbench and data points 

calculated with PhreeQc superimposed. 

In Table 3 the portion of elements that derive from crustal sources, i.e. silicate mineral 

weathering and salt dissolution, according to the mass-balance model applied, compared to 

atmospheric inputs is presented. The detailed results of the model per site are presented in 

Table S4b. Compared to TDS, the average absolute modelled element error (remaining 

unbalanced elements after the model application) ranged between  0% (for silica) and 4.7% 

(for chloride). The average absolute sum of element errors was 8.9 % of TDS and ranged 

between 2.3 % for Ba and 20.7 % for the 2nd T p-r. When considering the concentrations in 

meq/l, the median TC-TA difference (total cations minus total anions) of the remaining ions 

after the model application was -0.009, whereas the median TC-TA difference of the 

precipitation corrected input data was -0.019 and for the measured data (prior precipitation 

correction) -0.027 (Tables S2, S3a). Median values were used to balance the high positive TC-
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TA difference of the AA spring. Remaining TC-TA values after the model application 

correlated well with the TC-TA values of the precipitation corrected data (r=0.99, p<0.001). 

This evidence point out that the main source of the model error was caused by the analytical 

error.  

According to Table 3, crustal processes contributed the vast majority of silica, and over the 

half of calcium, bicarbonate, potassium, magnesium and chloride to inland waters. Silica 

exclusively originated from silicate mineral weathering, whereas all the other elements chiefly 

derived from soluble salt dissolution.  

Plagioclase, amorphous silica and biotite weathering contributed the vast portion of elements 

originating from silicate mineral weathering (Table 3). Potassium resulted primarily from 

biotite weathering; silica equally from amorphous silica and plagioclase; bicarbonate, sodium 

and calcium from plagioclase, whereas magnesium mainly derived from biotite weathering. 

Considering salt dissolution, the vast portions of calcium and bicarbonate resulted from 

calcium carbonate dissolution; magnesium and sulfate derived chiefly from epsomite, while 

sodium and potassium chloride dissolution were the main sources of sodium, potassium and 

chloride (Table 3).  

 

Table 3. Portion of marine aerosol and terrestrial sources in wet deposition. Portions of wet 

deposition (rainfall and vapor) and geogenic sources inputs (mineral weathering and salt 

dissolution), and of specific minerals and salts on the elements of inland waters in Fonias 

basin. 

 
Ca

2+
 

Mg
2

+
 

Na
+
 K

+
 

HCO

3
-
 

SO4
2

-
 

Cl
-
 SiO2 

% of marine aerosol in wet deposition 4.74 

62.6

3 

62.2

5 

40.2

6 

0.40 

20.3

0 

100.0

0 

0.02 
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% of terrestrial sources in wet 

deposition 

95.2

6 

37.3

7 

37.7

5 

59.7

4 

99.60 

79.7

0 

0.00 

99.9

8 

% of rain in inland waters 

21.5

0 

33.2

0 

59.9

0 

30.1

0  

53.4

0  

3.60 

% of vapor in inland waters 5.20 

15.0

0 

1.60 

11.8

0  

13.4

0  

1.90 

% of wet deposition in inland waters 

23.9

1 

33.1

9 

58.3

9 

35.9

2 

29.70 

51.7

5 

47.75 5.33 

% of wet deposition in streams 

35.1

4 

50.0

3 

63.3

4 

46.2

1 

41.93 

71.1

4 

50.47 6.01 

% of wet deposition in springs 

29.0

9 

28.8

8 

55.0

2 

30.8

0 

30.00 

51.2

6 

46.58 4.78 

% of lithological sources in inland 

waters 

76.0

9 

66.8

1 

41.6

1 

64.0

8 

70.30 

48.2

5 

52.25 

94.6

7 

 

Portion of mineral weathering/dissolution in inland 

waters 

Biotite weathering  0.00 6.58 0.00 

19.1

7 

4.53 0.00 0.00 3.19 

Hornblende weathering  0.45 2.76 0.05 0.00 1.69 0.00 0.00 2.39 

Plagioclase  weathering 7.30 0.00 6.86 0.00 12.01 0.00 0.00 

43.0

4 

Orthoclase  weathering 0.00 0.00 0.00 4.86 0.26 0.00 0.00 2.27 

Amorphous silica weathering 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

43.7

9 

NaCl dissolution 0.00 0.00 

34.4

8 

0.00 0.00 0.00 37.73 0.00 

KCl disolution 0.00 0.00 0.00 

37.4

7 

0.00 0.00 2.85 0.00 

MgSO4 dissolution 0.00 39.7 0.00 0.00 0.00 43.2 0.00 0.00 
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9 4 

CaSO4 dissolution 1.80 0.00 0.00 0.00 0.00 5.01 0.00 0.00 

CaCO3 dissolution 

57.1

3 

0.00 0.00 0.00 49.12 0.00 0.00 0.00 

MgCO3 dissolution 0.00 3.57 0.00 0.00 1.48 0.00 0.00 0.00 

Silicate weathering 7.75 9.34 6.91 

24.0

3 

18.49 0.00 0.00 

94.6

7 

Salt dissolution 

58.9

2 

43.3

5 

34.4

8 

37.4

7 

50.60 

48.2

5 

40.58 0.00 

Error  9.41 

14.1

2 

0.22 2.58 1.21 0.00 11.67 0.00 

 

Table 4 illustrates the ratio between silicate weathering and salt dissolution portion 

contribution to the elements of the individual spring and stream sites examined, using the data 

of Table S4b. Upstream sites (headwater springs, F-us and the tributaries), revealed higher 

silicate mineral weathering contribution than downstream sites (AA and F-ds), where salt 

dissolution predominated.  

 

Table 4. Ratio of silicate weathering versus salt dissolution contribution to each element for 

the stream and springs examined. Us: upstream sites (Am, Ba, F-us, 1
st
 T and 2

nd
 T), Ds: 

downstream sites (AA, F-ds). 

 

Ca
2+

 Mg
2+

 Na
+
 K

+
 HCO3

-
 SO4

2-
 Cl

-
 Si 

Am 0.25 0.21 0.38 0.24 0.74 0 0 1 

Ba 0.13 0.09 0.24 0.41 0.26 0 0 1 

AA 0.12 0.24 0.21 1 0.30 0 0 1 

F-us 0.16 0.21 0.22 0.54 0.42 0 0 1 

1st T 0.13 0.29 0.21 0.37 0.41 0 0 1 
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1st T p-r 0.18 0.67 0.26 2.02 0.49 0 0 1 

2nd T  0.17 2.50 0.18 1 0.65 0 0 1 

2nd T p-r 0.12 0.17 0.14 0.24 0.20 0 0 1 

F-ds 0.06 0.11 0.13 0.26 0.25 0 0 1 

F-ds p-r 0.02 0.03 0.08 0.23 0.07 0 0 1 

Us 0.16 0.29 0.24 0.88 0.45 0 0 1 

Ds 0.06 0.09 0.12 0.24 0.17 0 0 1 

 

When correlating stream silica concentrations with TDS, two different trends were apparent; 

upstream sites (F-us, 1
st
 and 2

nd
 T) revealed a positive correlation (r=0.59, p<0.05), whereas 

for downstream sites (F-ds) the opposite trend was apparent (r=-0.57, p<0.05) (Fig. 5). 

Moreover, upstream sites revealed satisfactory positive correlations between silica and major 

ions, particularly with magnesium (r=0.94, p<0.001), calcium (r=0.79, p<0.01) and 

bicarbonate (r=0.68, p<0.05). On the contrary, downstream sites were marked by negative 

correlations between silica and major ions, particularly with calcium (r=-0.89, p<0.001), 

sodium (r=-0.68, p<0.05), magnesium (r=-0.60, p<0.05) and bicarbonate (r=-0.59, p<0.05).  

 

Figure 5. Linear regressions between silica and TDS concentrations (mg/l) for upstream 

(triangles) and downstream (cycles) stream sites  
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Element ratios in water are applied to track their possible sources (e.g., Mast et al., 1990; 

Gaillardet et al., 1999; Horton et al., 1999; Oliva et al., 2004). Table 5 presents the average 

element ratios of upstream and downstream spring and stream waters, the average element 

ratios in wet deposition used for the model, as well as the theoretical average element ratios of 

springs and streams that derive from silicate weathering and salt dissolution, according to the 

mass-balance model weathering and dissolution equations (Table S4a). 

 

Table 5. Average ion ratios in upstream (Am, It, F-us, 1
st
 and 2

nd
 T) and downstream (AA, F-

ds) springs and stream waters, and in wet deposition, and theoretical average element ratios of 

springs and streams resulting purely from silicate weathering and salt dissolution according to 

the model. Us: upstream, Ds: downstream. 

Element ratios 

Us springs and 

streams 

Ds springs and 

streams 

Wet 

deposition 

Silicate 

weathering 

(modelled)  

Salt dissolution 

(modelled) 

Ca
2+

/Na
+
 0.43 0.88 0.21 0.53 1.45 

Ca
2+

/Mg
2+

 3.22 4.39 1.87 3.55 4.42 

K
+
/Na

+
 0.05 0.07 0.03 0.51 0.00 

Ca
2+

/HCO3
-
 0.40 0.42 0.27 0.16 0.65 

Mg
2+

/HCO3
-
 0.13 0.10 0.14 0.04 0.12 

Na
+
/HCO3

-
 1.02 0.51 1.27 0.29 0.63 

 

Upstream water ratios revealed higher affinity to wet deposition and silicate weathering ratios 

than downstream ones. In addition, downstream water element ratios were closer to salt 

dissolution ratios than upstream ones (Table 5).  

The results of simper analysis (Table S5) based on groups formed in cluster analysis (Fig. S4), 

carried out major cations, sulfate and silica of atmospheric, spring and stream samples, 
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distinguished six hydrochemical groups. The AA spring (group 1), presented the most distinct 

composition, compared to all other groups, mostly differentiating based on sulfate and calcium 

concentrations. The Ba spring (group 3) seemed to differentiate based on Si and Mg 

concentrations. The upstream spring and stream sites (group 5) and the F-ds sites (group 6) 

were the groups that accumulated the higher number of samples, with the lower differences 

between them. Groups 5 and 6 differentiated mainly based on potassium. The late rain events 

(group 4), presented similarities with the stream sites, while vapor and a June rain event (group 

2) presented higher similarities with the Barrels spring (group 3). Similar groupings and simper 

results were obtained focusing exclusively on springs and streams when including all major 

ions and silica. 

Focusing on nutrients, according to the cluster analysis groups (Fig. S5), streams and spring 

sites (groups 4 and 5) were similar (average group distance 0.08). The groups of atmospheric 

samples (groups 1,2 and 6-9) presented significant differences between them and from springs 

and streams. Even rain samples collected the same day but at different locations varied 

significantly. A vapor sample differed substantially from all other groups due to its high 

phosphate content. Finally, a number of vapor samples (group 3) presented higher similarities 

with springs and streams than rain.  

4. Discussion 

During the field work (i.e. 77 days), the total rainfall at 780 m asl was only 15 mm. At the 

same time, the mountainous part of the study area was covered several times by thick fog 

layers which promoted humidity, particularly during the night hours, when 20% of the hourly 

measurements exceeded 85% RH. Fog and scarce rain events were favored by strong and cold 

western winds, primarily W-NW and secondarily S-SW blowing. During the same time, water 

level measurements at the downstream portion of Fonias stream did not differed substantially. 

In contrast, marked diurnal fluctuations, with an average increase of 13 % during the night, are 

attributed to the combined action of evapotranspiration during the day and increased vapor 
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condensation during the night. The stream water level increased short after the rain event of 

22/9, along with the relatively quick recession of the hydrograph suggesting that the 

mountainous groundwater aquifers are confined, as previously assumed (Skoulikidis et al., 

2020). 

Regarding methodological aspects of the mass-balance model applied, the assumption that the 

ionic ratios of marine aerosol resemble to those of sea water is based on the evidence that 

major ion fractionation during the production of sea-salt aerosol is limited, if it occurs at all 

(Keene et al., 2007). The assumption that all chloride in wet deposition (rain plus vapor) 

derived from marine aerosol is considered likely since evaporite deposits are not present either 

in Samothraki nor in the broader area of Thrace region, whereas amphiboles and biotites may 

contribute only trace chloride amounts. The higher concentrations of calcium, magnesium and 

potassium in wet deposition compared to their minimum concentrations in inland waters are 

attributed to the fact that precipitation events during the period of sampling (predominately 

summer) were more enriched in elements than in the wet season due to higher atmospheric 

dust and anthropogenic inputs (Keresztesi et al., 2020). Thus, winter and spring precipitation 

events that enriched groundwater aquifers should have been less mineralized than those 

measured during the field work. Concerning the influence of small free grazing ruminants on 

major element mass balance, we assumed that elements taken out from plants by free grazing 

animals return in the form of excrements, thus the faunistic processes being most likely in a 

steady-state (Abe et al., 2019). The influence of vegetation in the particular watershed may be 

justifiably ignored, because there is only thin or lacking soil cover and related plant biomass 

(Drever and Hurcomb, 1986; Giovanoli et al., 1988, Bucher et al., 2017) and, in any case, may 

be considered in a steady state (i.e., elements uptake by the growth of any new vegetation is 

balanced by elements released from plant decay) (Drever and Clow, 1995; Likens and 

Bormann, 1994, Viers et al., 2005; Abe et al., 2019). Moreover, samplings took place in the 

dry season resulting in minor vegetation/water and soil/water element exchanges. Regarding 

in-stream biogeochemical processes that may potentially affect element composition, flashy 
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flow regime of surface waters (Skoulikidis et al., 2020), combined with low in-stream 

productivity (Smeti et al., 2023) ensure minor influences. Finally, regarding cation-exchange 

soil processes, these are expected to be at steady-state since anthropogenic acid deposition in 

the study area is not occurring as the relatively high pH values of wet deposition confirm 

(Berner and Berner 1987; Drever and Clow, 1995; Viers et al., 2014), which exceed the pH of 

natural precipitation (5.5) (Tsagkaraki et al., 2020).  

Compared to the most common Greek stream hydrochemical types (Skoulikidis et al., 2006), 

the predominating Fonias basin type (Ca
2+

>Na
+
>Mg

2+
>K

+
 - HCO3

-
>Cl

-
>SO4

2-
) is relatively 

uncommon, whereas the sodium bicarbonate type is rare. Compared to Greek rivers and 

streams (Skoulikidis, 2018), the average TDS concentration (incl. silica) in Fonias main stream 

and tributaries (64.7 mg/l) was almost six times lower. Considering the low (<1.5 meq/l) 

TC+TA (total cations plus total anions) concentrations of the sodium bicarbonate type samples 

found at the upstream portion of the basin (i.e. the 2
nd

 T and the early summer samples of the 

1
st
 T and of F-us), these stream sites/samples can be termed as rain dominated, according to 

Meybeck (1981). To this type belong also the early summer samples of Am spring. Finally, the 

It spring, fitting in a sodium chloride type, with a TC+TA concentration of 0.92 meq/l, is a 

very rare, rain dominated hydrochemical type. In fact, the elements of these montane stream 

and spring sites were mostly affected by atmospheric inputs, as confirmed by the EFs (Table 

2), the model results (Tables 4, S2) and the simper analysis (Table S5). 

The isotopic results confirmed that the spring and stream waters in the basin are mainly 

recharged from rainwaters produced from Mediterranean air masses (Fig. S3), and particularly 

by those rain events with lower δ
18

Ο and δ
2
Η values, whereas the isotopically more enriched 

rain events due to evaporation, show less contribution. The rain samples (R) showed similar 

average values for δ
18

Ο and δ
2
Η compared to long-term data of isotopes in precipitation from 

Thessaloniki (Argiriou & Lykoudis 2006). However, the d-Excess value was lower in rain, 

also of long-term data from stations close by (Argiriou & Lykoudis 2006) compared to streams 

and springs indicating contributions of vapor as water source. The application of two end 
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member mixing model when using δ
18

O and δ
2
H (Eq. 1, 2) showed that the rainfall event of 22 

September predominately affected the upstream river basin and less the springs and the 

downstream part of the river. This is due to faster response of the upstream part to rain events. 

Rain, vapor and long-term wet deposition samples ranged between a sodium and a calcium 

type, the latter being attributed to the dissolution of calcium carbonate rich dust particles. Low 

anthropogenic acid inputs combined with the neutralizing capacity of carbonate dust particles 

resulted to relatively high pH values in wet deposition. The EFs of LTR and LTV/R revealed a 

much stronger influence of marine aerosol on all elements, compared to inland waters (Table 

2). Dissolution of dust and, especially, of sea salt particles during the time between sampling 

and sample collection of LTV/R and LTR initiated their significant enrichment in solutes. The 

origin of vapor (V) samples was evidenced by the isotopic values (Table S1c, Fig. 3c). The 

results of the mass balance model (Eq. 2) showed that the vapor is probably originating from 

the nearby sea. However, the possibility of a vapor origin from the local rivers cannot be 

excluded, in case secondary fractionation processes (e.g., evaporation) have altered the isotopic 

composition of the vapor. The low d-excess values (<10 ‰) in rain water samples were 

attributed to sub-cloud evaporation of rain drops, which is very common during the summer 

season in Mediterranean climates (Froehlich et al., 2008). The high d-excess values in vapor 

samples (> 20 ‰) were indicative of low relative humidity conditions at the oceanic moisture 

source (Pfahl and Sodemann, 2014). Similar d-excess values in vapor samples have been 

observed in the Mediterranean and elsewhere (e.g., Gat et al., 2003; Uemura et al., 2008). 

Element concentrations in rain and vapor were in some cases lower and in others higher 

compared to other regions around the globe (Dollard et al., 1983; Sigg et al., 1987; Neal et al., 

2003a,b; Beiderwieden et al., 2005; Blas et al., 2010; Budhavant et al., 2014; Giulianelli et al., 

2014; Wang et al., 2019). Compared to European studies (Neal et al., 2003a,b; Blas et al., 

2010; Giulianelli et al., 2014), Samothraki was far less enriched in vapor-related elements. 

Moreover, contrary to other studies (Neal et al., 2003a,b; Beiderwieden et al., 2005; Wang et 

al., 2019), vapor was less enriched with nitrate and ammonium than rain. In contrast, 
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phosphate revealed significant enrichment in vapor relatively to rain compared to other regions 

(Neal et al., 2003a; Beiderwieden et al., 2005), illustrating however substantial variability 

among samples (Fig. 3b). 

The low solute concentration of streams and headwater springs was attributed to the 

weathering resistant silicate nature and steep gradients of the basin with minimal soil 

development, causing low residence times and limited interaction between precipitation and 

minerals, both in the surface and the subsurface (Gibbs, 1970; Meybeck, 1983; Clow and 

Sueker, 2000; Skoulikidis et al., 2020); headwater springs and stream tributaries percolate 

rapidly through steep, V- shaped valleys, predominately covered with large rock debris, while 

the F-us is a bedrock type reach, receiving its water from springs and brooks of the same 

characteristics. The downstream rise in solute concentrations was attributed to increasing 

residence times of baseflow in lowland aquifers and more intense surface/ groundwater 

interactions (e.g. Skoulikidis, 2018). Moreover, the downstream increase of floodplains 

enhances salt flashing rates (Skoulikidis et al., 2006; Skoulikidis, 2018). This is consistent with 

the model results showing that salt dissolution dominates in the lower part of the basin (Tables 

4, 5, S3). 

Focusing on the impact of the rain event on stream and spring composition, post-rain 

diminishing of ion concentrations (e.g., in Ba spring and F-ds regarding calcium and hydrogen 

carbonate) were due to dilution, whereas increasing element concentrations (e.g., in the 

tributaries and partly in F-ds) where due to mineral/salt dissolution and flashing processes 

overwhelming dilution. Moreover, the downstream increase of floodplains enhances salt 

flashing rates (Skoulikidis et al., 2006; Skoulikidis, 2018). This is consistent with the model 

results showing that salt dissolution dominates in the lower part of the basin (Tables 4, 5, S3). 

Regarding nutrients, nitrate was subject to post-rain flashing, indicating (in absence of any 

agrochemical pollution in the basin) natural organic matter mineralization and subsequent 

nitrification processes (Austin et al., 2004; Arce et al., 2014). Rapidly occurring post-rain 
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nitrification processes may have triggered ammonium diminishing, contrary to other studies 

focusing on initial autumn flash floods (Skoulikidis and Amaxidis, 2009; Skoulikidis et al., 

2017). 

Wet deposition (rain and vapor) was the main sulfate and sodium source in inland waters and 

contributed significant portions of chloride and magnesium, with rain being much more 

important element contributor than vapor. Dust and, possibly, atmospheric CO2 and SO2 

contribution, were the main sources of bicarbonate, calcium, sulfate and potassium in wet 

deposition, while dust and marine aerosol sources contributed equal portions of sodium and 

magnesium (Table 3). The high contribution of precipitation on the hydrochemical regime of 

Fonias stream has been confirmed for the hydrological network of the whole island 

(Skoulikidis et al., 2020), and is triggered by low solute concentrations. According to the 

model prescriptions, the lower the TDS concentration of the examined sites the higher was the 

atmospheric contribution. Thus, upstream sites, marked by low solute concentrations, 

presented a higher atmospheric element contribution (Tables 4, S3). However, this result is 

supported by following independent evidences; the upstream springs and stream sites were 

mostly affected by marine aerosol, as the EF values confirm (Table 2), spring and stream 

element ratios showed that upstream sites were more related to wet deposition compared to 

downstream sites (Table 5), whereas isotopic evidence confirmed the higher influence of the 

rain event at the upstream part of the basin compared to the downstream one, as described 

above. These evidences, along with the high positive correlations between the EF (where the 

interference of differing element concentrations among samples is well balanced) and the 

model results, justify the methodology applied for the specific TDS range of the examined 

catchment. Atmospheric contribution would be even more pronounced if we have considered 

dry deposition (Junge and Gustafson, 1957), being the dominant atmospheric deposition 

mechanism of particulate elements (Cheng et al., 2021).  

Besides sodium and sulfate that were primarily of atmospheric origin, the other elements 

chiefly derived from bedrock lithology (Table 3). Silicate mineral weathering played a major 
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role in delivering the main portion of silica to inland waters, and was more expressed at the 

upstream portion of the basin (Table 4). Soluble salt dissolution contributed the main portions 

of calcium, and bicarbonate to inland waters (Table 3) and was more intense at the downstream 

portion of the basin (Table 4). The differing upstream - downstream silicate weathering and 

salt dissolution intensity according to the model is supported by stream and spring element 

ratios; upstream water ratios revealed higher affinity to silicate weathering ratios than 

downstream ones, and downstream water ratios were closer to salt dissolution ratios than 

upstream ones (Table 5). The increase of the δ
18

Ο and δ
2
Η values at the downstream sites are 

indicative of increasing water residence time favoring not only evaporation but also mineral 

dissolution. On the contrary, the positive correlations between silica versus TDS (Fig. 5) and 

major ions, illustrate the dominance of silicate mineral weathering at the upstream portion of 

the basin. On the other hand, the negative correlations between silica and major ions at the 

downstream portion of the basin could be explained by the fact that any acid inputs selectively 

boost soluble salt (e.g., carbonate) dissolution over silicate mineral weathering (Bufe et al., 

2021).  

On average, 85 % of calcium originating from crustal processes derived from CaCO3 

dissolution (Tables 3, S3b), despite the fact that the study area is a monolithological granitoid 

basin. However, intense physical weathering and erosion (Panagopoulos et al., 2019; 

Skoulikidis et al., 2020) expose fresh bedrock that may contain highly concentrated 

disseminated soluble salts in minor amounts which weather relatively quickly compared to 

silicate minerals (Garrels and Mackenzie, 1971; Drever, 1997; Horton et al., 1999; Clow and 

Sueker, 2000; Sun et al., 2018). In addition, calcium salts that accumulate during the dry 

season in soil pores may be flashed in the stream during flood events, particularly at the 

lowland portion of the basin (Moatar et al., 2017; Skoulikidis et al., 2017). Similarly, Mast et 

al. (1990) and Oliva et al. (2004) attributed 80 % of calcium in granite watersheds to trace 

calcic salt dissolution, the remaining 20% being assigned to silicate mineral weathering. As for 

calcium, geogenic elements originated primarily from salt dissolution, besides silica (Tables 3, 
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S3b). Flashing of epsomite and gypsum during initial floods found in other Mediterranean 

basins (Skoulikidis and Amaxidis, 2009; Skoulikidis et al., 2017), points out towards salt 

accumulation processes in soil pores or rock cracks during hot and dry climatic conditions.  

Main restrictions of the applied model include the fact that weathering and dissolution 

reactions in nature do not proceed sequentially but more or less simultaneously and not at the 

same rates (Bucher et al., 2017; Apollaro et al., 2021) and the assumption that only a fraction 

of the remaining potassium after biotite weathering derived from orthoclase weathering. The 

latter assumption grounds on the fact that orthoclase is markedly more resistant to weathering 

than the plagioclase (Banfield and Eggleton, 1990). In addition, it is expected that, like in the 

case of the other major ions, a portion of potassium ions derive from potassium salts’ 

dissolution, e.g., sylvite, which may dissolve assuming undersaturation, dictated by the low 

potassium and chloride ions in the waters examined. Dissolution of KCl salt is supported by 

the higher positive correlation between potassium and chloride than between potassium and 

silica, and by the post-rain increase of both potassium and chloride. Finally, as pyrite has not 

been identified in the geological studies of Samothraki and the Fonias basin (Tsikouras, 1992; 

Seymour et al., 1996, Christophides et al., 2000), we did not consider it in the geochemical 

mass balance model, although its occurrence cannot be excluded and its oxidation and 

dissolution may result due to the high oxygen content of surface and ground waters. 

Nevertheless, despite the aforementioned shortcomings, the mass-balance model provided 

reasonable results, that were supported by independent evidences, considering the remarkably 

low solute concentrations in the basin that amplify the computational error, and the fact that 

the unbalanced ion concentrations remaining after the model application (Table S4a), mainly 

resulted from analytical errors. 

In absence of any pollution sources in the basin, despite any impacts of free grazing animals, 

precipitation comprises a major source for dissolved nutrients. However, all nutrient species 

presented low concentrations in streams and springs, besides nitrate; overall, nutrient levels in 

surface waters were 1.2 (nitrate) to 6 (phosphate) times lower than the average of 163 high-
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quality stream sites of the national WFD network (Skoulikidis et al. 2021). The low nutrient 

concentrations, despite the significant inputs from wet deposition are attributed to effective 

immobilization/removal mechanisms within this undisturbed basin (Boon and Sorrell, 1991; 

Nihlgard et al,. 1994; Bernal et al., 2007) or in-stream (Triska et al., 1994; Costerton et al., 

1995). According to Peterson et al. (2001), low to moderate inorganic N inputs to headwater 

streams are being effectively removed within minutes to hours and within small distances. 

Nitrate was relatively enriched in nearly pristine, mountainous sites (i.e. It spring and F-us), 

and departs from the high quality (according to the WFD) similarly to other upland streams 

and springs of the island (Skoulikidis et al., 2020). This may be attributed to the high 

mineralization and nitrification capacity of the headwaters (Peterson et al., 2001) and indicates 

that plants are not nitrogen-limited (Clow and Sueker, 2000), as the high stream N/P ratios 

show. Further downstream, within interfering pools and stream sections with low flow energy, 

nitrate concentration diminished possibly due to prevailing denitrification (Arce et al., 2015). 

Finally, mineralization processes of the accumulated atmospheric organic matter in the LTV/R 

sample resulted in a vast drop of ON and OP portions causing a phosphate rise and a dramatic 

nitrate increase, which by far exceeded stream and spring levels.  

Conclusions 

The study area, a small, nearly pristine, monolithological basin has been proved ideal for 

linking lithology, atmospheric inputs and stream chemistry. The model applied provided robust 

results that were supported by independent evidence (i.e., EF-values, element ratios and water 

stable isotopes) despite the low basin solute concentrations, the fact that weathering and 

dissolution reactions in reality do not proceed sequentially but more or less simultaneously and 

not at the same rates, and the assumption that only a fraction of orthoclase was subject to 

weathering. As the model results strongly depend on wet deposition composition, to optimize 

the results it is recommended in future studies to obtain dense data on rainfall and fog events. 

Water stable isotope applications revealed the contribution of vapor water to the water cycle of 

the basin. Inland waters showed clear chemical signatures of bedrock mineralogy and 
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atmospheric inputs; weathering and dissolution of bedrock minerals and secondary salts 

contributed the main element portions, besides sulfate and sodium that chiefly derived from 

wet deposition, with rain being much more important element contributor than vapor. In wet 

deposition, terrestrial sources (dust and, possibly, atmospheric pollutants) were the main 

sources of bicarbonate, calcium, sulfate and potassium, whereas marine aerosol, being by 

definition the only source of chloride, was the main contributor of sodium and magnesium to 

inland waters. Weathering resistant bedrock, combined with steep slopes and flashy surface 

and subsurface flow regime, caused low solute concentrations in springs and streams, 

particularly at the upstream portion of the basin that was more affected by wet deposition 

chemistry and silicate mineral weathering than the lowland one. The downstream solute 

concentration increase was due to increasing water residence time favoring salt dissolution 

processes, that may have outpaced silicate mineral weathering reactions. The undisturbed 

character of the basin and effective self-purification processes were mirrored in low nutrient 

levels, despite the significant inputs from wet deposition. Rain was more important N-source 

contributor than vapor. However, phosphate may be significantly enriched in vapor relatively 

to rain compared to other regions. Relatively high nitrate concentrations were attributed to the 

increased mineralization and nitrification capacity of the headwaters, resulting in phosphorus-

limited photosynthesis, while the downstream nitrate diminishing was ascribed to prevailing 

denitrification processes. This study highlights the importance of mass-balance model 

applications to estimate background levels of major elements in disturbed stream basins, thus 

contributing to stream basin reference conditions according to the WFD, as well as the need to 

estimate precipitation-related nutrient inputs, when carrying out pressure-impact assessments 

for aquatic ecosystems.  
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Highlights  

 Vapor contributed to the water cycle of the basin 

 Rain was more important element contributor than vapor 

 Sulphate and sodium mainly derived from wet deposition 

 Atmospheric inputs, silicate weathering and nitrification affected headwaters 

 Salt dissolution and denitrification affected the downstream portion of the basin 
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